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Abstract

The mast cells are an integral part of the human immune system. They are important modulators
of inflammatory and physiological processes. Mast cells exert their functions through
degranulation and release of inflammatory mediators, such as histamine, proteases and cytokines.
There are two main pathways leading to the mast cell activation, the immunoglobulin-dependent
and the immunoglobulin-independent pathway. The latter pathway can be triggered by several
non-immunological stimuli, and two novel receptors responsible for the activation have been
identified, the MAS-related G protein-coupled receptor X1 (MRGPRX1) and X2.

The MRGPRX1 and MRGPRX2 have two established functions: i) they trigger the
degranulation of mast cells and ii) they are involved in pain perception and itch on a specific subset
of sensory neurons. These receptors are not expressed in all of the populations of mast cells, only
in the tryptase and chymase containing mast cells, contributing to the mast cell heterogeneity.
Unlike most G protein-coupled receptors, the MRGPRX1 and MRGPRX2 are quite non-selective,
binding an ever growing list of different ligands. Their ligands include endogenous neuropeptides,
host defense peptides and protein fragments, as well as synthetic compounds such as different
antibiotics. Their endogenous ligands could be a triggering signal in some mast cell-related
diseases by degranulating mast cells and thereby inducing inflammation. Due to the non-
selectivity of MRGPRX1 and MRGPRX2, they probably still have many hitherto unknown
ligands. The aim of this study was to isolate novel endogenous ligands for the MRGPRX1 and
MRGPRX2 from human tissues with the “reverse pharmacology approach” and to determine their
potential to degranulate mast cells.

The starting materials for the isolation, human platelets and plasma, contained MRGPRX1 and
MRGPRX2 activating compounds. From the human plasma, three fragments of albumin able to
activate the MRGPRX2 were isolated and sequenced. These fragments were dose-dependently
activating the MRGPRX2 and degranulating mast cells. Two MRGPRX1 activating hemoglobin
β-chain fragments were isolated from human platelets. These fragments were dose-dependently
activating the MRGPRX1, but had no effect on mast cell degranulation.

Keywords: isolation, mast cell, MRGPRX1, MRGPRX2
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Tiivistelmä

Syöttösolut on tärkeä osa ihmisen immuunijärjestelmää. Ne ovat tärkeitä tulehdus- ja fysiologis-
tenprosessien säätelijöitä. Syöttösolujen vaikutus välittyy degranulaation ja siinä vapautuvien
tulehdusvälittäjäaineiden kautta. Vapautuviin aineisiin lukeutuu esim. histamiini ja lukuisia syto-
kiinejä, sekä proteaaseja. Syöttösolujen aktivaatio voi tapahtua immunoglobuliineista riippuvaa
tai immunoglobuliineista riippumatonta reittiä pitkin. Monet ei-immunologiset tekijät voivat lau-
kaista jälkimmäisen reitin ja kaksi uutta tähän vaikuttavaa G-proteiinikytkentäistä reseptoria on
löydetty, MAS-related G protein-coupled receptor X1 (MRGPRX1) ja X2.

MRGPRX1:llä ja MRGPRX2:lla on kaksi tunnettua tehtävää: i) ne laukaisevat syöttösolujen
degranulaation ja ii) ne osallistuvat kivun ja kutinan aistimiseen tietyissä tuntohermoissa. Näitä
reseptoreita ei ilmennetä kaikissa syöttösoluissa, vaan ainoastaa tryptaasia ja kymaasia sisältä-
vissä syöttösoluissa, ja täten osaltaan selittävät syöttösolujen monimuotoisuutta. Useimmista G-
proteiinikytkentäisistä reseptoreista poiketen MRGPRX1 ja MRGPRX2 ovat laajakirjoisia, sito-
en monia erilaisia ligandeja. Ligandeihin kuuluu endogeenisia neuropeptidejä, antimikrobiaali-
sia peptidejä ja proteiinin fragmentteja, sekä synteettisiä yhdisteitä kuten erilaisia antibiootteja.
Reseptoreiden endogeeniset ligandit voivat toimia laukaisijana jossain syöttösoluihin liittyvissä
sairauksissa, degranuloidessaan syöttösoluja ja aiheuttaen paikallisen tulehdustilan. Reseptorei-
den laajakirjoisuudesta johtuen niillä on oletettavasti monia vielä tuntemattomia ligandeja.
Tämän tutkimuksen tarkoitus oli eristää uusia endogeenisiä ligandeja MRGPRX1:lle ja
MRGPRX2:lle ihmisen kudoksista ”kääteisfarmakologista lähestymistapaa” hyödyntäen ja sel-
vittää ligandien kyky syöttösolujen degranulaatioon.

Lähtömateriaalina käytetyt ihmisen verihiutaleet ja plasma sisälsivät MRGPRX1:ta ja
MRGPRX2:ta aktivoivia yhdisteitä. Plasmasta eristettiin ja sekvensoitiin kolme albumiinin frag-
menttia, jotka aktivoivat MRGPRX2:ta. Nämä fragmentit aktivoivat MRGPRX2:ta ja degranu-
loivat syöttösoluja annosriippuvaisesti. Kaksi MRGPRX1:tä aktivoivaa hemoglobiinin β-ketjun
fragmenttia eristettiin ihmisen verihiutaleista. Nämä fragmentit tunnistettiin hemorfiineiksi ja ne
aktivoivat MRGPRX1:tä annosriippuvaisesti, mutta eivät vaikuttaneet syöttösolujen degranulaa-
tioon.

Asiasanat: eristys, MRGPRX1, MRGPRX2, syöttösolu
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1 Introduction 

The mast cells are an integral part of the human immune system, best known for 

their involvement in allergy. They are important modulators of inflammatory and 

physiological processes (Metcalfe, Baram, & Mekori, 1997). The mast cell 

activation leads to degranulation and to release of inflammatory mediators, such as 

histamine, proteases and cytokines. Some of these secreted compounds can act as 

proinflammatory and chemotactic signals, leading to recruitment of other 

inflammatory cells into the site and further to local inflammation. 

There are two main pathways leading to the mast cell activation, the 

immunoglobulin-dependent and the immunoglobulin-independent pathway 

(Metcalfe et al., 1997). The immunoglobulin-dependent pathway is considered to 

be the classical way of activation, where the antibodies bind the antigens and form 

clusters with antibody binding receptors, thus triggering the downstream signalling 

in the cell. The immunoglobulin-independent or non-immunological activation can 

be triggered by several ways involving toll-like receptors and pathogen-associated 

molecular patterns, the complement system or basic secretagogues. A decade ago, 

Tatemoto et al. discovered a specific receptor, the MAS-related G protein-coupled 

receptor X2 (MRGPRX2) that was responsible for the basic secretagogue-induced, 

non-immunological activation of mast cells (Tatemoto et al., 2006). Another 

member of the same receptor family, the MRGPRX1, was later identified to have 

similar function (Subramanian et al., 2011).  

These two receptors have a ligand-binding mechanism unlike other G protein-

coupled receptors, as they are able to bind a wide array of structurally different 

compounds. So far, tens of different ligands have been discovered to these receptors 

(Akuzawa, Obinata, Izumi, & Takeda, 2008; Fujisawa et al., 2014; Gembardt, 

Grajewski, Vahl, Schultheiss, & Walther, 2008; Gupta, Kotian, Subramanian, 

Daniell, & Ali, 2015; Johnson & Siegel, 2014; Kamohara et al., 2005; Kashem et 

al., 2011; Kiatsurayanon et al., 2016; Lembo et al., 2002; Q. Liu et al., 2009; 

McNeil et al., 2015; Robas, Mead, & Fidock, 2003; Subramanian et al., 2011; 

Subramanian et al., 2013; Tatemoto et al., 2006). The ligands include the 

aforementioned basic secretagogues and also neuropeptides, host defense peptides, 

protein metabolites, etc., compounds that could signal abnormal situation in the 

tissue. The MRGPRXs might have an important role in the development and the 

perpetuation of some autoimmune disorders, due to their ability to induce 

inflammation through degranulation of mast cells and so far the MRGPRX2 is 

related at least to chronic urticaria (Fujisawa et al., 2014). The discovery of new 
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endogenous mast cell-activating peptides could elucidate the mechanisms 

underlying the development of mast cell related diseases and to offer new targets 

for the treatment of such diseases. In addition to the expression in mast cells, the 

MRGPRX1 and X2 are expressed in a specific subset of sensory neurons, thus they 

are involved in pain perception and itch and might be involved in mast cell-nerve 

cross talk (Lembo et al., 2002; Robas et al., 2003). 

In this study, the aim was to isolate hitherto unknown ligands for the 

MRGPRX1 and MRGPRX2 from human tissues and determine their potential to 

degranulate mast cells. The ligands were isolated utilizing the ‘reverse 

pharmacology approach’, with consecutive HPLC purifications and the process 

was monitored with MRGPRX-expressing cell models. Human plasma and 

platelets were used as starting material. The isolated ligands were sequenced with 

mass spectrometry and synthetic peptides were prepared. Synthetic peptides were 

used to determine the potency to activate the receptors and to degranulate the mast 

cells. 
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2 Review of the Literature 

2.1 Mast cells 

Mast cells are an integral part of the immune system in humans, mammals and other 

higher animals. Their existence has been known over a century, as they were 

discovered by a German Nobel Prize laureate Paul Ehrlich in the late 19th century 

in his doctoral thesis (Ehrlich, 1878). Dr. Ehrlich detected the alkaline dye-stained 

cytoplasmic granules of these cells under the microscope and thought that the 

granules were full of nutrients. This mistake lead to their name mast cells 

(Mastzellen in German). The mast cells are a very heterogeneous population, but 

their common nominators are large cytoplasmic granules containing basophilic 

compounds and a spherical nucleus (Welle, 1997). Mast cells are found in most 

human tissues in some numbers, but the highest number in the proximity of surfaces 

and membranes connecting the body to the external environment, such as skin and 

the mucosa of lungs and intestine and long structures connecting the whole body 

like blood and lymph vessel and nerves. The distribution of these cells indicates 

their role as immune sentinels, patrolling the outer surfaces and modulating the 

immune response to encountered foreign threats. 

2.1.1 Origin, maturation and migration 

The mature mast cells derive from the hematopoietic lineage via the myeloid 

pathway (Kitamura, Shimada, Hatanaka, & Miyano, 1977; Kitamura, Go, & 

Hatanaka, 1978; Kitamura & Go, 1979; Rodewald, Dessing, Dvorak, & Galli, 

1996). They have a unique maturation process that differs from other hematopoietic 

cells. The immature mast cells develop in the bone marrow, are released into 

circulation and then enter the destination tissues where the final maturation takes 

place. In the bone marrow, the mast cells originate from CD34+ hematopoietic stem 

cells (HSC) to committed mast cell progenitors (MCP) that can only mature to mast 

cells (Kirshenbaum, Kessler, Goff, & Metcalfe, 1991; Rodewald et al., 1996). The 

maturation from HSC to MCP goes through several intermediate states, first the 

multipotent progenitor (MPP), second the common myeloid progenitor (CMP), 

third the granulocyte/macrophage (or granulocyte/monocyte) progenitor (GMP) 

and possibly the fourth intermediate state the bipotent basophil/mast cell progenitor 

(BMCP) (Arinobu et al., 2005; C. C. Chen, Grimbaldeston, Tsai, Weissman, & 
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Galli, 2005). After maturing into MCPs, the cells enter circulation and from there 

they infiltrate onwards to their destination tissues where the final maturation takes 

place by the local microenvironment (Metcalfe et al., 1997). This local maturation 

causes the huge variety in the phenotype of differentiated mast cells in the different 

tissues that will be discussed in the chapter 2.1.2. In healthy individuals under the 

normal conditions mast cells cannot be detected from peripheral blood (Metcalfe 

et al., 1997). 

The migration of the MCPs to the tissues is regulated by several chemotactic 

molecules. Most of these molecules are chemokines, but also non peptic molecules, 

such as leukotrienes and prostaglandins, can act as chemotactic signals (Matsuura 

& Zetter, 1989; Meininger et al., 1992; Weller et al., 2005; Weller et al., 2007). The 

actual infiltration of MCPs into the tissue requires integrins on the cell membrane 

of MCPs to bind to the vascular cell adhesion molecule 1 (VCAM-1) and/or the 

mucosal vascular addressin cell adhesion molecule 1 (MAdCAM-1) expressed on 

the endothelial cells of the tissue (Abonia et al., 2005; Abonia et al., 2006; 

Collmann et al., 2013; Gurish et al., 2001). There are differences in the required 

integrins between tissues. In the tissues, mast cells adhere to the extracellular 

matrix by binding the structural elements such as laminin, vitronectin and 

fibronectin (Bianchine, Burd, & Metcalfe, 1992; Dastych, Costa, Thompson, & 

Metcalfe, 1991; Thompson, Burbelo, Segui-Real, Yamada, & Metcalfe, 1989; 

Thompson, Burbelo, Yamada, Kleinman, & Metcalfe, 1991). These interactions 

between the tissue matrix and the mast cells also play a part in the final maturation 

of the cells to the tissue-specific phenotype. 

The most important individual factor controlling the mast cell life cycle is stem 

cell factor (SCF). SCF binds to the tyrosine kinase receptor c-kit that is expressed 

on the surface of mast cells and their precursors. SCF has an effect on mast cell 

maturation, migration and survival, as it induces the differentiation of mast cells 

and their precursors, suppresses apoptosis, thus increasing the survivability and acts 

as a chemoattractant in the blood circulation (A. M. Irani et al., 1992; Langley et 

al., 1993; Meininger et al., 1992; Mekori, Oh, & Metcalfe, 1995; Mitsui et al., 1993; 

Valent et al., 1992). Other known cytokines that affect the maturation of the mast 

cells are interleukin 3 (IL-3), IL-4, IL-9, IL-10 and nerve growth factor (NGF), but 

their effects are mainly local in the destination tissues. The different combinations 

of these factors in the tissue combined with the interactions with mast cell and 

tissue matrix determine the final phenotype of the mast cell. 
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2.1.2 Heterogeneity 

Mast cells are a very heterogeneous cell population with several structural, 

histological and functional differences between populations (Metcalfe et al., 1997). 

The classification of mast cells is not straightforward, but the basis of it is the 

division of mast cells to two different populations and further on to subpopulations 

inside the main groups. Historically, rat mast cells have been divided into two 

groups by their phenotype; connective tissue mast cells (CTMC) and mucosal mast 

cells (MMC) (Enerback, 1966; Kitamura, 1989). CTMC are considered to exist 

mostly in skin and the peritoneal cavity and MMC in the intestinal lamina propria. 

Although the mast cells are classified by their existence in certain tissues, most 

tissues contain mast cells from both populations and their subpopulations. 

In humans the division of mast cells is different than rodents and it is based on 

the contents of their intracellular granules (A. A. Irani, Schechter, Craig, DeBlois, 

& Schwartz, 1986). The human mast cells are divided into tryptase and chymase 

containing mast cells (MCTC) and tryptase containing mast cells (MCT). These cell 

groups also have differences in their granule structures (Craig, Schechter, & 

Schwartz, 1989). Even though the cells are divided by their chymase and tryptase 

content, they also differ in other enzyme content in their granules as well. The 

granules in MCTC are positive for cathepsin G and carboxypeptidase A, but negative 

in MCT (A. M. Irani, Goldstein, Wintroub, Bradford, & Schwartz, 1991; Schechter 

et al., 1990). As the granular contents are distinctively different, the effect of the 

mast cell on the surrounding environment after activation is also different. The 

number and distribution of different populations of mast cells can be affected by 

changes in the local microenvironment, for example increased adiposity increases 

the number of mast cells and shifts the mast cells from MCTCs towards MCTs in 

adipose tissue (Divoux et al., 2012; J. Liu et al., 2009). By anatomical distribution, 

the human MCTC corresponds closer to the rodent CTMC than MMC and MCT vice 

versa, but the functional properties do not completely follow this division (Metcalfe 

et al., 1997). The distribution of MCTC and MCT populations in some human tissues 

are summarized in Table 1. 
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Table 1. Tissue distribution of human mast cells (Divoux et al., 2012; A. A. Irani et al., 

1986). 

Tissue MCTC % MCT % SEM % 

Skin 88 12 ±4 

Small intestine    

Mucosa 2 98 ±1 

Submucosa 87 13 ±5 

Lung    

Bronchi/bronchiole subepithelium 23 77 ±4 

Alveoli 7 93 ±2 

Omental adipose tissue    

Lean 55 45 ±13 

Obese 39 61 ±7 

The basis of the classification in humans is the granular content of the mast cells, 

therefore it is important to acknowledge the heterogeneity of their function. The 

mast cell populations have different responses to known degranulating stimuli, such 

as mast cell degranulating peptide (MCDP), compound 48/80, substance P and 

basic secretagogues, and an inhibitory effect of antiallergic drugs (Church, Pao, & 

Holgate, 1982; Church, Mageed, & Holgate, 1983; Ennis, 1982; Hagermark, 

Hokfelt, & Pernow, 1978; Marks & Greaves, 1977; Mousli, Hugli, Landry, & 

Bronner, 1994). In general, the MCTCs are sensitive to these stimuli and insensitive 

to antiallergic drugs, while MCTs are insensitive to stimuli and sensitive to 

antiallergic drugs. 

It had been suggested that the activation of mast cells by aforementioned 

substances (not the antiallergic drugs) are dependent on G protein-coupled 

receptors (GPCR), therefore different mast cell populations should have individual 

expression patterns of these receptors (Ferry, Brehin, Kamel, & Landry, 2002). A 

decade ago, the GPCRs responsible for non-immunological activation were finally 

found and determined to be members of the MAS-related gene (Mrg) family 

(Tatemoto et al., 2006). The members of this GPCR family are expressed more in 

the MCTC than MCT and therefore have a significant contribution to the functional 

heterogeneity of mast cells. There is no difference in how the mast cells react to an 

immunological stimulus, in other words the specific antigen and immunoglobulin 

E (IgE) complex (Barrett & Metcalfe, 1984). The reaction to basic segretagogue 

stimuli also varies between species, most likely due to differences in the Mrg 

(Tatemoto et al., 2006).  
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2.1.3 Function and activation 

Mast cells are involved in several inflammatory and physiological processes, such 

as angiogenesis, wound healing and nociception, but their main functions are to 

participate in the innate, adaptive and pathological immune responses (Aich, Afrin, 

& Gupta, 2015; Galli, Grimbaldeston, & Tsai, 2008; Metcalfe et al., 1997). The 

effects of the mast cells are triggered by activation and subsequent secretion of a 

vast array of different molecules that target the invading pathogens and toxins, or 

modulate the function of the other cells.  Activation of mast cells leads to three 

possible types of biological effects (Mekori & Metcalfe, 2000). The principles of 

the effects are similar, but there are differences between mast cell populations in 

individual components as mentioned in the Chapter 2.1.2 (Metcalfe et al., 1997). 

The first step is degranulation, the exocytosis of cytoplasmic granules, and the 

release of preformed mediators such as histamine and proteases. The second step 

is de novo enzymatic synthesis of lipid mediators, such as prostaglandins and 

leukotrienes, from stored precursors. The third step is synthesis and secretion of 

several cytokines, chemokines and growth factors. The release of step one and two 

mediators happens within seconds or minutes after the activation, but the third step 

is delayed and requires hours to reach its (Gordon & Galli, 1990; Nakamura et al., 

1991). The compounds responsible for the direct effects of mast cells that target the 

pathogens and toxins are mainly released during the first two phases and the third 

phase’s release is mainly immunomodulatory compounds (Galli et al., 2008). It is 

not inevitable that all of these steps follow the initial activation, but that is 

dependent on the stimulus. The activation can be triggered by several routes and 

they can be divided into immunoglobulin-dependent and immunoglobulin-

independent mechanisms. 

Immunoglobulin dependent 

The classical activation of mast cells via the IgE-dependent pathway is a part of the 

adaptive immune system. This kind of activation requires IgE antibodies, 

multivalent antigen and high-affinity IgE receptors (FcεRI) (Kalesnikoff & Galli, 

2008).  In the membrane of mast cells, the FcεRI bind IgE antibodies with high 

affinity in the ratio 1:1 (Metcalfe et al., 1997). One FcεRI-bound IgE-antigen 

complex is not enough to initiate the activation, but when IgE antibodies bind 

multivalent antigens, the FcεRI´s binding IgE form aggregates and initiate the 
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activation. FcεRI dimer is the minimum requirement for the activation of mast cell 

(Segal, Taurog, & Metzger, 1977). 

The FcεRI is expressed in mast cells mostly as a heterotetramer consisting of 

α, β and two γ subunits, but can also be found as a trimer without the β subunit 

(Blank et al., 1989; Miller, Blank, Metzger, & Kinet, 1989). The α-subunit binds 

the IgE. The β subunit is a transmembrane part that amplifies the signal and the two 

disulfide-linked γ subunits initiate the downstream signaling after the receptor 

aggregation through their immunoreceptor tyrosine-base activation motif (ITAM) 

(Lin, Cicala, Scharenberg, & Kinet, 1996). The downstream signaling is well 

defined and consists of several steps which are discussed in Chapter 2.1.4. 

Mast cells can also be activated by immunoglobulin G (IgG) (Tkaczyk et al., 

2002; Woolhiser, Okayama, Gilfillan, & Metcalfe, 2001). The process of IgG-

dependent activation is similar to the IgE-dependent, as the IgG binds its receptor, 

the FcγRII2A in mast cells, requiring aggregation of the receptor to trigger the 

downstream signaling (Bruhns, 2012). 

Immunoglobulin independent 

The immunoglobulin independent activation is a more direct way of activation, 

where ligands bind directly to the receptors on the mast cell surface, triggering the 

response (Kubota, 1992; McCurdy, Olynych, Maher, & Marshall, 2003; Tatemoto 

et al., 2006). There are several different compounds with separate pathways for the 

activation. 

Previously it was believed that IgE-independent activation by basic 

secretagogues of mast cells is receptor-independent and that the activation occurs 

by direct binding of the stimulant to the G proteins inside the cell (Repke & Bienert, 

1987). Tatemoto et al. (Tatemoto et al., 2006) demonstrated that the activation is 

actually receptor-dependent, MAS-related gene receptor dependent. The 

MRGPRX1 and MRGPRX2 were found in cultured human mast cells and their 

activation with polybasic compounds was shown to lead to degranulation (Solinski 

et al., 2013; Subramanian et al., 2011; Tatemoto et al., 2006). The MRGPRXes are 

discussed more thoroughly in Chapter 2.2. 

The degranulation can also be induced via the complement system. The 

complement system is a part of the innate immune system and initiates a series of 

inflammatory responses to complement the humoral immune response 

(Triantafilou, Hughes, Morgan, & Triantafilou, 2016). The system is dependant on 

a large collection of small proteins found in the blood that proteolytically cleave 
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active proteases from inactive precursors in cascade-like fashion. The initiation of 

a complement response can be activated via three major pathways, the classical, 

the alternative and the lectin pathway to form membrane attack complexes to kill 

target cells/bacteria (Klos, Wende, Wareham, & Monk, 2013). These three 

pathways produce the biologically active protein fragments anaphylatoxins, 

especially the complement components 3a and 5a (C3a and C5a). These 

components, C3a and C5a, are responsible for mast cell degranulation (Kubota, 

1992). The C3a and C5a bind specific receptors the C3aR, C5aR1 and C5aR2 on 

mast cells (Kajiwara et al., 2010; Pundir, MacDonald, & Kulka, 2015). The 

activation of mast cells by the anaphylatoxins is MRGPRX-independent (Kashem 

et al., 2011; Subramanian et al., 2011). 

One major pathway for mast cell activation is the Toll-like receptors (TLR). 

The human mast cells express most of the known TLRs (Sandig & Bulfone-Paus, 

2012). The TLRs are part of pattern recognition receptors (PRR) and their function 

is to recognize invading pathogens, like bacteria and viruses via pathogen-

associated molecular patterns (PAMP) and activate the immune system (Akira, 

Uematsu, & Takeuchi, 2006). The activation of TLR2 with agonist is leading to 

mast cell activation with mast cell models, but the outcome, the occurrence of 

degranulation and pattern of released cytokines, differs between models and ligands 

(McCurdy et al., 2003; Olynych, Jakeman, & Marshall, 2006; Varadaradjalou et al., 

2003). 

2.1.4 The signal transduction 

The signal transduction in the mast cells following the activating stimulus is very 

complex as there are several triggering mechanisms and three possible outcomes. 

The beginning of the signal transduction is dependable on the type of the stimulus, 

but the rest of signaling cascades are similar, with the exception of TLRs, where 

the pathways are not as yet fully understood (Gilfillan & Tkaczyk, 2006; Sandig & 

Bulfone-Paus, 2012). The signal transduction pathway of FcεRI is shown in figure 

1. The other activation mechanisms share the key components downstream of 

ITAMs. 
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Fig. 1. Simplified model of FcεRI signaling. Two or more IgEs bind a multivalent antigen 

and the bound IgEs then bind to α-subunits of FcεRIs on the mast cell. The crosslinking 

of the FcεRI activates tyrosine kinases that phosphorylate ITAMs. The phosphorylation 

of ITAMs in β- and γ-subunits leads to further activation of phospholipases C (PLC) and 

mitogen-activated protein kinase kinase/extracellular signal-regulated kinase 

(MEK/ERK)-pathway. The MEK/ERK-pathway triggers the gene transcription for 

cytokine production and arachidonic acid metabolism via activation of phospholipase 

A2 (PLA2) to produce lipid mediators. The PLC activation activates protein kinase C 

(PKC) through diacylglycerol (DAG) and triggers the Ca2+ responses through generation 

of inositol 1,4,5-trisphosphate (IP3). The increased intracellular calcium concentration 

([Ca2+]i) affects the gene transcription, the eicosanoid production via PLA2 and also the 

degranulation directly or indirectly by further activating the PKC (Galli et al., 2005; Galli 

et al., 2005; Galli, Tsai, & Piliponsky, 2008; Gilfillan & Tkaczyk, 2006; Kraft & Kinet, 2007; 

Metcalfe et al., 1997; Rivera & Gilfillan, 2006; Turner & Kinet, 1999). 
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2.2 Mas-related gene receptors 

The Mas-related gene (Mrg) receptors belong to the GPCRs, also known as the 

seven-transmembrane domain receptor superfamily and further to rhodopsin-like 

class A subgroup δ (Dong, Han, Zylka, Simon, & Anderson, 2001; Fredriksson, 

Lagerstrom, Lundin, & Schioth, 2003; Lembo et al., 2002). Their name derives 

from their homology to MAS oncogene (Dong et al., 2001). The receptors are also 

known as the sensory neuron-specific GPCRs (SNSR), as they were also 

discovered in the human dorsal root ganglion (DRG) and the trigeminal ganglia 

(TG) and have a postulated role in pain perception (Lembo et al., 2002). To simplify 

the terminology, the HUGO Nomenclature Committee (HGNC) and the Committee 

on Receptor Nomenclature and Drug Classification of the International Union of 

Basic and Clinical Pharmacology (NC-IUPHAR) refer to these receptors as MAS-

related G protein-coupled receptors (MRGPR) (Bader, Alenina, Andrade-Navarro, 

& Santos, 2014; Davenport et al., 2013; Solinski, Gudermann, & Breit, 2014). The 

MRGPR family is divided into nine subfamilies MRGPR A- H and -X, from which 

the MRGPRD-G and X are found in humans (Dong et al., 2001; Lembo et al., 2002; 

Solinski et al., 2014; Zhang et al., 2005).The human genes coding for the 

MRGPRXs are located in chromosome 11p15.1 and are the results of the 

duplication of a single gene (Choi & Lahn, 2003; Dong et al., 2001; Zylka, Dong, 

Southwell, & Anderson, 2003) 

The MRGPRs were first discovered in mice and humans, then rats and later in 

other mammalian species, such as several primates (Dong et al., 2001; Lembo et 

al., 2002; Zhang et al., 2005). At present, it is considered that the MRGPRs are 

tetrapoda-specific, as they have not been found outside this superclass (Bader et al., 

2014). There are significant differences in the Mrgprs between different species. 

Mice and rats have over 30 different genes and humans have only four to seven 

MRGPRX genes, X1-X7 and one of each MRGPRD-G (Dong et al., 2001; Solinski 

et al., 2014). Of the possible seven different MRGPRXs four (X1-4) are considered 

actual protein-coding genes, as the three (X5-7) probably represent polymorphism 

of the other genes, and only two, X1 and X2, have an established function (Solinski 

et al., 2014). The different MRGPRs in different species are listed in Table 2. 

Importantly, the human and murine MRGPRs do not share significant similarity in 

the amino acid sequence, but the primate receptors are highly conserve d(Yang et 

al., 2005; Zhang et al., 2005). On top of the conservation of the amino acid 

sequence between human and rhesus monkey (Macaca mulata), the function, i.e., 

the ligand-binding and downstream signaling, is mainly conserved as well, with 
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small differences in the binding properties (Burstein et al., 2006). Interestingly, the 

MRGPRXs have gone through strong positive adaptive evolution, especially in the 

ligand-binding extra-cellular domains, suggesting the importance of the evolution 

of the ligand recognition/binding between species (Choi & Lahn, 2003; Fatakia, 

Costanzi, & Chow, 2011; Yang et al., 2005).  

Table 2. The MRGPR members in human, rhesus monkey, mouse and rat (Solinski et al., 

2014). 

Receptor group Human Rhesus monkey Mouse Rat 

MRGPRA   A1, A2a, A2b, A3-A9 A 

MRGPRB   B1-B5, B8, B10, B13 B1-B6, B8 

MRGPRC   C C 

MRGPRD D D D D 

MRGPRE E E E E 

MRGPRF F F F F 

MRGPRG G G G G 

MRGPRH   H H 

MRGPRX X1-X4 X1, X2-1, X2-X4   

The MRGPRX genes do not have direct orthologous pairs in rodents although they 

appear to be most closely related to the Mrgpra subfamily (Zylka et al., 2003). 

Therefore, the research on these receptors is more difficult, as human or primate 

material is required because no conclusion or generalizations should be drawn from 

rodent studies (Solinski, Boekhoff, Bouvier, Gudermann, & Breit, 2010). At the 

moment all the members of the MRGPRX family are still orphan (Davenport et al., 

2013).  

The MRGPRXs are promiscuous receptors with several ligands identified for 

the MRGPRX1 and MRGPRX2, but for the other members of the family no known 

ligands exist at the moment. It is common for both of the receptors to bind several 

different fragments of the same precursor peptide, for example, the MRGPRX1 

binds the BAM(1-22), BAM(1-20), BAM(2-22), BAM(6-22), BAM(8-22), 

BAM(13-22) and BAM(8-25) with varying potency (Lembo et al., 2002). In Table 

3, the most potent fragments of known ligands for the MRGPRX1 and MRGPRX2 

are listed in alphabetical order. It is safe to assume based on the heterogeneity and 

number of very recent publications that there are still several unknown ligands for 

these receptors. To explain the promiscuity of the receptors, it has been suggested 

that the ligands for the receptors might have a common structural motif. However, 

the list of ligands has been growing, but no common amino acid sequence has been 
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found and 3D structures have not yet been studied (Nothacker et al., 2005). There 

are some similarities in some of the ligands, as they have a cyclical or polybasic 

structure and a hydrophobic domain. The receptors have also incited a lot of interest 

from the pharmaceutical field and several agonists, antagonists and modulators 

have been designed (Bayrakdarian, Butterworth, Hu, Santhakumar, & 

Tomaszewski, 2011; Hin et al., 2014; Kunapuli et al., 2006; Malik et al., 2009; 

Wen et al., 2015). 

Table 3. Ligands for the MRGPRX1 and MRGPRX2, and their EC50 value ranges (if 

available) (Akuzawa et al., 2008; Fujisawa et al., 2014; Gembardt et al., 2008; Gupta et 

al., 2015; Johnson & Siegel, 2014; Kamohara et al., 2005; Kashem et al., 2011; 

Kiatsurayanon et al., 2016; Lembo et al., 2002; Q. Liu et al., 2009; McNeil et al., 2015; 

Robas et al., 2003; Subramanian et al., 2011; Subramanian et al., 2013; Tatemoto et al., 

2006). 

Ligand MRGPRX1 (EC50 µM) MRGPRX2 (EC50 µM) 

β-defensin 2 n/a + 

β-defensin 3 n/a + 

γ2-Melanocyte-stimulating hormone 0.3 n/a 

Acetyl-(Cys3,Nle4,Arg5,D-2-Nal7,Cys11)-α-MSH(3-11) 

amide 

n/a 0.4 

AcPhe(ornithine-Pro-cyclohexylamine-Trp-Arg) - + 

Angiogenic peptide-30/5C + + 

Angiopeptin - 4.4 

Angiotensin IV + + 

Atracurium n/a 30.8 

Bovine adrenal medulla (8-22) 0.008 8.5 

C3a receptor superagonist E7 - + 

Catestatin 4.6 28 

Cathelicidin 96 65 

Cetrorelix n/a 0.2 

Chloroquine + - 

Ciprofloxacin n/a 20.5 

Compound 48/80 70 3.8 

Complanadine A n/a + 

Cortistatin-14 - 0.03 

Dynorphin A - 1.9 

Eosinophil peroxidase n/a + 

Granuliberin  R 38 24 

Icatibant n/a 14.4 

Indolicidin 7.6 2.9 

Leuprolide n/a 7.5 



32 

Ligand MRGPRX1 (EC50 µM) MRGPRX2 (EC50 µM) 

Levofloxacin n/a 62.8 

Magainin 2 - 28 

Major basic protein n/a + 

Mast cell degranulating peptide - 1.3 

Mastoparan n/a 3.9 

Morphine n/a 4.5 

Moxifloxacin n/a 24.7 

Neuropeptide FF n/a 0.4 

Octreotide n/a 6.5 

Ofloxacin n/a 83.3 

Oxytocin n/a 1.4 

Pituitary adenylate cyclase-activating peptide(6-27) - 1.6 

Platelet factor-4 - 9 

Proadrenomedullin N-terminal 20 peptide(9-20) - 0.02 

Protegrin-1 n/a + 

Retrocyclin-1 n/a + 

Rocuronium n/a 493.2 

Sermorelin n/a 1.3 

Somatostatin 28 - 0.2 

Substance P - 2.4 

Vasoactive intestinal peptide 18 2.6 

+ = positive, - = negative, n/a = not available 

2.2.1 MRGPRX1 

Like the other MRGPRXes, the MRGPRX1 is primate-specific. The human 

MRGPRX1 consists of 322 amino acids (Dong et al., 2001; Lembo et al., 2002). 

The receptor is expressed mRNA level in the sensory neurons of DRG and TG and 

also mast cells (Lembo et al., 2002; Solinski et al., 2013; Subramanian et al., 2011; 

Tatemoto et al., 2006). The receptor can also be found at the mRNA and protein 

levels in isolated keratinocytes (Kiatsurayanon et al., 2016). 

Seven existing missense mutations have been found in the human MRGPRX1 

gene and some of the mutations have an effect on the receptors’ pharmacological 

function (Heller et al., 2016). The functionally most significant mutations are 

located in the second intracellular loop, a domain that is important for the G protein 

binding, and therefore they could affect the interaction of the receptor and the G 

protein (Hu et al., 2010). Thus, these mutations may have a clinical significance in 

humans by altering the downstream signaling upon ligand binding.  
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The activation of the MRGPRX1 leads to Ca2+ influx and thus increased 

intracellular Ca2+ concentration (Burstein et al., 2006; H. Chen & Ikeda, 2004; 

Dong et al., 2001; Lembo et al., 2002). In the original study, the calcium response 

which resulted from the activation of the MRGPRX1 was not abolished by 

pretreatment with pertussis toxin (PTX) (Lembo et al., 2002), but latter studies have 

demonstrated that the calcium response is partially PTX-sensitive (Burstein et al., 

2006; H. Chen & Ikeda, 2004). These findings indicate that the calcium-signaling 

pathway is dependent both upon Gq-proteins as well as PTX-sensitive Gi -proteins. 

The activation of the Gq-proteins leads to the activation of phospholipases C (PLC), 

an integral messenger in mast cell activation cascade (Breit, Gagnidze, Devi, 

Lagace, & Bouvier, 2006). 

The MRGPRX1 is not regulated by agonist-promoted endocytosis and the 

receptor does not interact with β-arrestins 1 or 2 (Solinski et al., 2010). The lack of 

endocytosis is important for the receptor function since it does not get desensitized 

even after repeated exposure to its agonists. 

Regulation of pain perception and itch 

MRGPRX1 is expressed in the DRG. The DRG is involved in pain perception and 

the DRG neurons extend their peripheral axons through the body to tissues 

including skin (Devor, 1999). In vitro studies with a hybrid cell line F11 (rat DRG 

neurons x murine NG18TG-2 transfected with human MRGPRX1) suggest that the 

MRGPRX1 might have a role in pain sensation by inducing the firing of DRG 

neurons. The activation of the receptor leads to increased intracellular calcium 

concentration ([Ca2+]i) triggering the excitation of the neuron in question (Solinski 

et al. 2010). The MRGPRX1 is also known to interact with the transient receptor 

potential cation channel V1 (TRPV1) the receptor responsible for detecting painful 

stimuli, such as heat and protons (Solinski et al., 2010). The MRGPRX1 sensitizes 

the TRPV1 in a protein kinase C (PKC)-dependent manner, thus lowering the 

triggering threshold, and it also activates the TRPV1 via a diacylglycerol/inositol 

1,4,5-trisphosphate (DAG/IP3)-mediated pathway inducing the pain sensation. It is 

quite likely that the activation of MRGPRX1 causes pain in humans in vivo, as 

intradermal administration of BAM8-22 induces itch, usually accompanied by 

sensations of pricking/stinging and burning in healthy volunteers (Sikand, Dong, 

& LaMotte, 2011). The pain and itch sensations were histamine independent, 

indicating a direct MRGPRX1-dependent signaling pathway. Studies done on mice 

supports the hypothesis that the MRGPRX1 receptor is involved in the pain and 



34 

itch sensation in DRG, even though the data was obtained from mouse orthologue 

sensitive to human MRGPRX1 agonists (Q. Liu et al., 2009). No studies have been 

conducted on the sensory neurons of the TG, but the function of MRGPRX1 is 

probably similar as the sensory neurons in both ganglia are responsible for the same 

functions.  

BAM8-22 induced activation of MRGPRX1 leads to phosphorylation of 

extracellular signal-regulated kinases-1/2 (ERK-1/2) (Solinski et al., 2013). The 

phosphorylation of ERK-1/2 led to activation of ternary complex factors/ serum 

response factors (TCF/SRF) on reporter gene assay and further on to increased 

expression of c-Fos and early growth response protein 1 (EGR-1) on the mRNA 

level. Both of the aforementioned genes have been associated with hyperalgesia, 

supporting the role of MRGPRX1 on pain modulation (Romero et al., 2012; Utreras 

et al., 2009). The same study by Solinski et al. on the signaling pathways of 

MRGPRX1 also found that the elevated [Ca2+]i caused calcineurin mediated 

activation of nuclear factors of activated T cells (NFAT). This activation led to up-

regulation of C-C chemokine receptor type 2 (CCR2) and inositol 1,4,5-

trisphosphate receptor type1 (IP3R-1) genes. The up-regulation of the CCR2 

resulted in increased expression of CCR2 on the protein level, an increased number 

of CCR2-positive cells in cell culture and made the cells responsive for the CCR2 

agonist chemokine (C-C motif) ligand-2 (CCL2). No human data is available, but 

in mice, the CCR2 in the DRG contributes to the hyperexcitability of neurons and 

especially to the pain chronification (White et al., 2005). The expression of CCR2 

is triggered by chronic neuropathic pain and the administration of CCL2 excites the 

neurons isolated after the pain chronification. Also, the perception of pain, except 

in the acute pain sensation, is blunted in the CCR2 knockout mouse model 

(Abbadie et al., 2003). The modulation of the CCR2 might be one more way the 

MRGPRX1 is involved in pain perception. The NFAT activation is also associated 

with plastic changes of primary sensory neurons, like axonal growth and 

transcription, and thus MRGPRX1 might regulate their plasticity via NFAT, 

although no direct evidence yet exists (Graef et al., 2003; Groth, Coicou, 

Mermelstein, & Seybold, 2007). 

Studies performed with three isolated rat neuron populations transfected with 

the human MRGPRX1 propose a more complex role in the pain signaling than just 

the induction of pain. The activation of the receptor inhibits the M-type K+ channel 

and voltage-gated Ca2+ channels and causes presynaptic inhibition (H. Chen & 

Ikeda, 2004). The inhibition of these channels is via the Gi-proteins and the 

inhibition of synaptic responses via the Gq-proteins. The M-type K+ channel is 
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responsible for the potassium efflux and the post-hyperpolarization that follows the 

action potential, so the inhibition of the K+ channel may sensitize the neuron for 

repetitive firing and further on sensitize to pain sensation (Hogan, 2010). On the 

other hand, the inhibition of synaptic responses indicates an analgesic effect, but as 

the inhibition was measured on rat hippocampal neurons, it does not necessarily 

have the same effect on human DRG sensory neurons. The role of MRGPRX1 on 

the pain sensation requires further studies and the findings need to be confirmed on 

a naturally MRGPRX1-expressing system. 

Role in mast cells 

Mast cells are the only other cells known to express MRGPRX1 in addition to the 

sensory neurons of TG and DRG (Solinski et al., 2013; Subramanian et al., 2011; 

Tatemoto et al., 2006). The expression of the receptor is detected at the mRNA 

level in cord blood derived MCTC and in leukemia-derived human mast cell line 

LAD2, but not on MCT, thus the MRGPRX1 could be one factor responsible for 

the functional heterogeneity. The activation of the receptor leads to the activation 

and degranulation of the mast cell by inducing Ca2+ influx (Solinski et al., 2013; 

Subramanian et al., 2011). 

Degranulation is not the only effect of MRGPRX1 activation in mast cells. The 

administration of BAM8-22 induces CCL2 release from mast cells, but the 

mechanisms for this are still unknown (Solinski et al., 2013). In the same study, the 

BAM8-22 induced the expression of the CCR2, the receptor for CCL2, in the DRG 

neurons, indicating a role for the MRGPRX1 in the mast cell-neuron interaction. 

2.2.2 MRGPRX2 

The MRGPRX2 receptor is a seven transmembrane GPCR and in humans it is 

formed out of 330 amino acids (Dong et al., 2001; Lembo et al., 2002). The 

MRGPRX2 gene consists of two exons and it is located on chromosome 11p15 with 

the other MRGPRX genes (Wu, Zeng, Cho, Jiang, & Sha, 2015). In tissues, the 

highest levels of MRGPRX2 mRNA can be found in the DRG, skin, adipose tissue, 

bladder, intestine, colon, testis, uterus, thymus and lymph node (Allia et al., 2005; 

Robas et al., 2003; Tatemoto et al., 2006; van Hagen, Dalm, Staal, & Hofland, 

2008). All of these tissues, except the DRG contain mast cells and especially MCTC 

(Crow, Wilkins, Howe, More, & Helliwell, 1991; Divoux et al., 2012; Fujisawa et 

al., 2014; A. A. Irani et al., 1986; KleinJan, Godthelp, Blom, & Fokkens, 1996; 
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Weidner & Austen, 1991; Yamada, Murayama, Mita, & Akiyama, 2000; Yamanaka 

et al., 2000). Unlike the MRGPRX1, the MRGPRX2 is also detected at the protein 

level in the DRG sensory neurons, the skin mast cells and interestingly also on 

endometrial stromal cells, seminiferous tubules, single cells of neurohypophysis 

and keratinocytes (Allia et al., 2005; Annunziata et al., 2012; Fujisawa et al., 2014; 

Kiatsurayanon et al., 2016; Robas et al., 2003). There exists some discrepancy in 

receptor expression at the protein and mRNA levels in different tissues/cells and all 

the immunohistochemical results have not been reproducible (Fujisawa et al., 2014; 

Tatemoto et al., 2006). The current consensus is that the MRGPRX2 is most likely 

expressed in the DRG-sensory neurons and in MCTCs (Lembo et al., 2002; Robas 

et al., 2003; Subramanian et al., 2011; Tatemoto et al., 2006). As the cells of the 

immune system share similar properties, it is worth mentioning that MRGPRX2 is 

not found in the cells of monocyte-lineage, like monocytes, macrophages or 

dendritic cells (van Hagen et al., 2008). 

The signal transduction pathway of the MRGPRX2 is by definition G protein-

coupled as the receptor is a GPCR. The first ligand found for the MRGPRX2 was 

cortistatin-14 (CST) and the compound increased the intracellular Ca2+, but had no 

effect on basal or forskolin-stimulated cyclic adenosine monophosphate (cAMP) 

levels, indicating that the receptor is Gq-coupled (Robas et al., 2003). Tatemoto et 

al. demonstrated with a similar transfected cell model that the activation partially 

inhibits the forskolin-stimulated cAMP production and the inhibition was abolished 

with PTX, suggesting a Gi protein involvement (Tatemoto et al., 2006). Between 

these two studies, Kamohara et al. reported that MRGPRX2 transduces 

intracellular signaling through both Gi and Gq, a finding which is considered the 

most likely scenario (Kamohara et al., 2005). As the pathways are more studied in 

the mast cell models, the possible pathways are discussed in more detail in the 

following chapter. 

Conflicting data exist on the possible endocytosis of the MRGPRX2, as 

Subramanian et al. found the receptor to be resistant to endocytosis and Akuzawa 

et al. reported minor internalization after ligand treatment (Akuzawa et al., 2008; 

Subramanian, Gupta, Guo, Price, & Ali, 2011). Subramanian et al. also claimed 

that the receptor is resistant to agonist induced phosphorylation via G protein-

coupled receptor kinase (GRK) 2 and 3. Importantly, the receptor does not suffer 

from desensitization, common for GPCRs, even though it may be internalized at 

some level. These results were obtained from mast cell and transfected cell models, 

but no data about the receptor behavior in neurons is available (Subramanian et al., 

2011). 
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Role in mast cells 

Several studies have shown that MRGPRX2 activation leads to the degranulation 

of MCTC and also other mast cell models, so the receptor is one of the receptors 

responsible for IgE-independent activation and degranulation (Fujisawa et al., 2014; 

Kashem et al., 2011; Subramanian et al., 2011; Subramanian et al., 2011; 

Subramanian et al., 2013; Tatemoto et al., 2006). The mechanism leading to 

degranulation after ligand binding to the receptor is dependent on Ca2+ mobilization. 

The degranulation after MRGPRX2 activation can be blocked either with PTX 

or La3+, an inhibitor of Ca2+ release-activated Ca2+ channels (Subramanian et al., 

2011; Subramanian et al., 2013; Tatemoto et al., 2006). The mechanism by which 

degranulation is inhibited varies between these two blockers. La3+ completely 

blocks the increase in [Ca2+]i, but PTX does not affect this (Subramanian et al., 

2011; Subramanian et al., 2013). Further on, the dual inhibitor of IP3R and transient 

receptor potential channels, 2-aminoethoxydiphenyl borate (2-APB), abolishes the 

Ca2+ influx and decreases degranulation (Subramanian et al., 2013). In the same 

study, the PKC inhibitor, bisindolylmaleimide I (GFX), was shown to inhibit the 

degranulation, but not affect the Ca2+ influx. These results lead the group to suggest 

that the activation of MRGPRX2 induces Gq-dependent Ca2+ mobilization and 

causes degranulation with a Gi-dependent pathway, partially via PKC. 

The MRGPRX2 is not only degranulating mast cells, but it has other effects as 

well. The receptor activation causes chemokine production, such as CCL4, and 

chemotaxis (Subramanian et al., 2011). The chemotactic action might be important 

in recruiting the MRGPRX2-positive mast cells to locations where they are needed. 

To support this hypothesis, Fujisawa et al. demonstrated that the number and 

percentage of MRGPRX2-expressing mast cells was significantly higher in the skin 

of chronic urticaria (CU) patients compared to healthy controls (Fujisawa et al., 

2014). In the same skin biopsies increased eosinophil infiltration and eosinophil 

co-localization with MRGPRX2 positive mast cells was observed. As shown in 

Table 3., proteins secreted by eosinophils from their granules, major basic protein 

(MBP) and eosinophil peroxidase (EPO), activate the MRGPRX2 increasing the 

probability of mast cell degranulation in the CU skin. These findings indicate the 

involvement of MRGPRX2 in pathogenesis of CU and recruitment of mast cells to 

the inflammatory site and also underlines the function of the MRGPRX2 in the 

communication of mast cells with other cells of the immune system. 
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Role in nervous system 

So far there is no direct evidence of MRGPRX2 function in the nervous system, 

although the receptor has been detected in several locations in the nervous system, 

such as amygdala, caudate nucleus, hippocampus (CA2, CA3 and CA4), corpus 

callosum, thalamus, cerebellum, frontal lobe, spinal cord, medulla oblongata, pons, 

cerebral cortex, dorsal horn and thoracic, lumbar and cervical DRG (Kamohara et 

al., 2005; Robas et al., 2003). In other studies, the receptor has not been detected 

in all of the aforementioned locations (Fujisawa et al., 2014; Tatemoto et al., 2006). 

The expression in the sensory neurons of DRG indicates a role in pain perception, 

which is supported by a study in macaques, where the MRGPRX2 was co-

expressed in DRG with several known nociceptive neuronal markers (Zhang et al., 

2005). Besides the sensory neurons of DRG, the MRGPRX2 is expressed in the 

nerve cells in skin (Fujisawa et al., 2014). No role for the receptor in these cells has 

been suggested, but it might have a similar effect as the MRGPRX1 as a part in 

pain detection or itch. 

Kamohara et al. found that the MRGPRX2 is expressed in the chromaffin cells 

in adrenal medulla (Kamohara et al., 2005). The proadrenomedullin N-terminal 20 

peptide (PAMP-20) activates the MRGPRX2, being so far the only known receptor 

to do so. These findings lead the group to suggest that MRGPRX2 might be 

responsible for the epinephrine-dependent hypotensive functions (Kamohara et al., 

2005). Similarly it has been suggested that the MRGPRX2 might be responsible 

for the functions of its other ligands, like CST, as the MRGPRX2 is expressed in 

the target areas of CST (Robas et al., 2003). The MRGPRX2 might be involved in 

CST-14-mediated slow-wave sleep in the hippocampus. 

None of these potential roles of the MRGPRX2 has been proven, so further 

studies are required.  

2.2.3 MRGPRX3 and MRGPRX4 

Very little is known about the MRGPRX3 and X4. First, the receptors were reported 

to act as oncogenes in some cancers (Gylfe et al., 2013; Kaisho et al., 2005; 

Solinski et al., 2014). Recently, both receptors were found to be expressed in the 

keratinocytes and two ligands were identified, angiogenic peptide (AG)-30 and its 

more stable derivative AG-30/5C (Kiatsurayanon et al., 2016). The AG-30/5C 

stimulation induces chemokine/cytokine production, migration and proliferation in 

keratinocytes via MRGPRX3 and X4. The downstream signaling of these receptors 
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in keratinocytes is transmitted through mitogen-activated protein kinase (MAPK) 

and nuclear factor kappa-light-chain-enhancer of activated B-cell (NF-κB) 

pathways. The expression patterns outside keratinocytes of the receptors are not 

known, but neither of the receptors are expressed in the mast cells as the other 

members of the MRGPRX family (Tatemoto et al., 2006). Later, the MRGPRX3 

receptor was found in the human corneal endothelial cells, but the function of the 

receptor in these cells is unknown (Yoshihara et al., 2015). The overexpression of 

the human MRGPRX3 in mice lead to the liquification/degeneration and swelling 

of the lens fiber cells and several skin problems like acanthosis and focal 

parakeratosis (Kaisho et al., 2005). One single nucleotide polymorphism (SNP) 

near the MRGPRX3 gene has been associated with increased incidence of hallux 

valgus (Hsu et al., 2015). Taken these findings together, it is possible that the 

MRGPRX3 and X4 might affect the proliferation, differentiation and migration of 

cells in skin and also MRGPRX3 in the eye. 
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3 Aims of the study 

The main purpose of this study was to isolate novel endogenous ligands for the 

MRGPRX1 and MRGPRX2 from human plasma and platelets with the ‘reverse 

pharmacology approach’ and to determine their effects on mast cell activation.  

The specific aims were: 

1. Isolation of MRGPRX-activating peptides from human plasma and platelets 

with consecutive HPLC purifications  

2. Sequencing of isolated peptides with mass spectrometry 

3. Determination of the activation capacity of synthetic peptides on MRGPRXes 

4. Determination of the degranulation capacity of synthetic peptides on the 

human LAD2 mast cell line 
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4 Materials and methods 

The isolation process is based on the “reverse pharmacology approach”, where the 

isolated fractions are tested for activity on MRGPRX-expressing cells and the 

active fractions are taken to the next step of purification until required purity for 

sequencing is achieved. The flow chart of the ‘reverse pharmacology approach’ 

protocol used in this study is presented in Figure 2. 

Fig. 2. Flowchart of the isolation protocol used in this study. 

4.1 Preparation and screening of the MRGPRX-expressing cells 

Human Embryonic Kidney 293 (HEK 293) cells were transfected with either 

MRGPRX1 or MRGPRX2 subcloned into the retrovirus vector pEF/Myc-HisA 

(Invitrogen, CA, USA). The DNA for the MRGPRX1 was obtained by PCR 
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amplification from human mast cell line-1 (HMC-1) cDNA and for the MRGPRX2, 

a commercially available pCMV6-XL4 carrying human MRGPRX2 (Origene, MD, 

USA) was used. The cells stably expressing MRGPRX1 and MRGPRX2 were 

obtained by G418 selection. 

HEK 293 cells expressing the receptors were loaded with Fluo-4 and [Ca2+]i 

mobilization induced by 1 µM MCDP for MRGPRX2 or 100 nM BAM(8-22) for 

MRGPRX1 was monitored using a fluorescence imaging system. The most potent 

clones from both receptors were selected and the activity was measured with lower 

concentrations of controls, 50 nM BAM(8-22) for MRGPRX1 and 100 nM MCDP 

for MRGPRX2 to select the most potent clones. 

4.2 Activity measurements  

4.2.1 Sample preparation 

Samples dissolved in 100 µl of a calcium buffer (20 mM HEPES, 115 mM NaCl, 

5.4 mM KCl, 0,8 mM MgCl2, 1,8 mM CaCl2, 13,8 mM glucose, 0.2% bovine 

serum albumin, pH 7.4) were placed in 96 wells of a micro-plate. In a case where 

the sample contained acidic compounds, it was dissolved in 100 µl of the calcium 

buffer (pH 7.5). 

4.2.2 Preparation of Fluo-4-loaded cells 

MRGPRX1 or MRGPRX2-expressing HEK 293 cells were cultured in DMEM 

containing 10% horse serum (HRS). Cells were washed with 5 ml phosphate 

buffered saline (PBS) and detached from culture flask by adding 4 ml of 0.1% 

trypsin-EDTA solution and gently tapping the culture flask. After addition of 8 ml 

of DMEM containing 10% fetal bovine serum (FBS), cells were separated by 

centrifugation at 1,500 rpm for 3 minutes and re-suspended in 10 ml of PBS. 500 

µl of cell suspension was used for cell counting using a cell counter (Coulter 

particle counter Z1, Beckman Coulter, CA, USA) and the rest of suspension was 

centrifuged and washed twice with 10 ml PBS. Cells (2 x 106cells/ml) were loaded 

with fluorescent dye in DMEM containing 10% FBS, 2.5 µM probenecid 

(Invitrogen) and 2 µM Fluo-4AM (Invitrogen) for 60 min at 37°C. After loading, 

cells were washed thrice with 5 ml of the calcium-buffer containing 2.5 µM 
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probenecid and 0.04% Pluronic F-127 (Invitrogen). The final concentration of cell 

suspension used for assay was 2 x 106 cells/ml. 

4.2.3 Intracellular calcium measurements 

Intracellular calcium mobilization of samples (100 µl) in a 96-well micro-plate was 

monitored at 30°C using a spectrofluorometer (Victor 2, PerkinElmer, MA, USA). 

100 µl of the cell suspension was injected onto the sample into a 96 well microplate 

and fluorescence increase in each sample was monitored with excitation at 485 nm 

and emission at 535 nm for 30 seconds. In monitoring the purification process, a 

sample was considered active if a more than 5% increase in absorbance from the 

baseline was detected, and inactive if a smaller increase was observed. 

4.3 Isolation of MRGPRX2 activating peptides from human plasma 

4.3.1 Peptide purification by ultrafiltration 

6 liters of human plasma (20 units, 300 ml/unit, Finnish Red Cross) was used as 

starting material. One plasma unit at a time was diluted with 200 ml of water and 

acidified with an addition of 40 ml of 10% trifluoroacetic acid (TFA). The plasma 

sample was subjected to ultrafiltration using a 10 kDa molecular filter (PBGC, 

Millipore, MA, USA) for 4 days in 4°C under constant stirring. The filtration was 

carried out under high pressure (3 atm) in nitrogen gas. The filtrate obtained was 

stored at -70°C. Approximately 8 liters of the filtrate was obtained. 

4.3.2 HPLC purification with preparative C18 column 

The plasma filtrates obtained after molecular filtration were purified with HPLC 

(Beckman System Gold, Programmable Solvent Module 126, Programmable 

Detector Module 166, Beckman Coulter, CA, USA)  using a reversed phase C18 

column (UltraSphere ODS, 5 µm, 80 Å, 10 x 250 mm, Beckman Coulter, CA, USA). 

After loading the filtrate (400 ml each) to the column at a flow rate of 4 ml/min, 

the column was washed with 0.1% TFA until the absorbance at 210 nm reached 

near the basal level and washed again with 5% acetonitrile (ACN) in 0.1% TFA 

until the absorbance reached the basal level. The peptides were purified using a 

gradient of ACN (from 5% to 60% in 30 minutes) in 0.1% TFA at a flow rate of 4 
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ml/min. Fractions (4 ml) were collected lyophilized overnight using a vacuum 

concentrator (Savant Speed Vac Plus SC210A, Savant Vapornet VN100, Savant 

Refrigerated Vapor Trap RVT400, Savant Vacuum Pump VP190, GMI, MN, USA). 

The plasma fractions were dissolved in 200 µl of 1% acetic acid and combined in 

the following fashion: 1-2, 3-4, 5-6,... 35-36 to 18 (no.1- no.18) combined fractions. 

10% of the final volume of the fractions were separated and lyophilized overnight, 

another 10% of the volume was used to optimize the next-step conditions and the 

remaining 80% was stored in -70°C for next-step purification. The activity of the 

fractions (10% of total material) was determined by using the intracellular calcium 

assay with the MRGPRX2-expressing cells and with the non-transfected cells. 

4.3.3 HPLC purification with ion exchange column 

The fractions 6-18, retention time (RT) 12-36 min, from the purified plasma (80%) 

samples were pooled and divided into 47 aliquots and lyophilized overnight. The 

aliquots were dissolved in 10 ml of ammonium formate (NH4HCO2) 10 mM. 

Aliquots were injected into HPLC at a time and washed with NH4HCO2 10 mM 

until the absorbance at 280 nm reached the baseline. The ion exchange HPLC on 

an SP column (TSK gel SP-2SW, 4.6 x 250 mm, Tosoh, Tokyo, Japan) with 0.5 µm 

porosity in-line filter (Phenomenex, CA, USA) was carried out using a gradient of 

NH4HCO2 from 100 mM to 500 mM in 60 min and then to 1 M (pH 3.8) in 10 min 

at a flow rate of 1 ml/min with absorbance monitored at 280 nm. The fractions 1-

80 (1 ml) were collected and stored at -70°C for next-step purification.  The HPLC 

was repeated 20 times. One sample set was lyophilized for 3 days to remove the 

NH4HCO2 and used for activity measurement with MRGPRX2-expressing cells. 

4.3.4 HPLC purification with analytical C18 column 

The fractions 39-40, RT 38-40 min, were combined from all ion exchange HPLCs 

to fraction A and the fractions 43-50, RT 42-50 min, to fraction B. Fraction A was 

divided into 8 equal aliquots from which two were used to optimize the reversed 

phase HPLC conditions on an analytical C18 column (Vydac 218TP, 5 µm, 300 Å, 

4.6 x 250 mm, Alltech Associates, IL, USA) with the in-line filter. The rest of the 

aliquots were injected into HPLC one at a time and the ACN gradient in 0.1% TFA 

was used, first from 0 to 10% ACN in 10 min, then to 30% in 40 min and finally to 

60% in 10 min with a flow rate 1 ml/min with absorbance monitored at 230 nm. 

Fractions 1-70 (1 ml) were collected, divided into two aliquots, frozen and 
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lyophilized overnight. One half was used for the activity measurement with 

MRGPRX2-expressing cells and the other half for mass spectrometry (MS) 

analysis. 

Fraction B was divided into eight equal aliquots from which one was used to 

test the HPLC conditions on analytical C18 column. The seven remaining aliquots 

were injected to HPLC with the same gradient as the fraction A. Fractions 1-70 

were collected, divided into two aliquots, frozen and lyophilized overnight. One 

half was used for the activity measurement with MRGPRX2-expressing cells and 

the other half for MS analysis. 

4.4 Isolation of MRGPRX1 activating peptides from human 

platelets 

4.4.1 Peptide purification by ultrafiltration 

250 ml of human platelet preparation (5 units, 50 ml/unit, Finnish Red Cross) was 

used as starting material. The platelet unit diluted with 200 ml of water and 

acidified with 12.5 ml of 10% TFA. The platelet preparation was subjected to 

ultrafiltration in a similar manner as the plasma for one day. Approximately 900 ml 

of filtrate was obtained. 

4.4.2 HPLC purification with preparative C18 column 

Platelet samples were purified in a similar manner as the plasma with the same 

HPLC conditions, the ACN gradient from 5% to 60% in 30 min at a flow rate of 4 

ml/minute. Filtrate from one platelet unit (180 ml) was injected at a time. The 

platelet fractions obtained from HPLC runs were dissolved in 200 µl of 1% acetic 

acid and combined into 18 fractions as plasma. 20% of the total volume of the 

combined fractions were transferred in equal volume to 2 tubes, lyophilized, and 

one tube (10%) was used for assay measurements with MRGPRX1-expressing cells 

and with the non-transfected cells and the other 10% for preliminary HPLC run for 

the next purification step. The remaining 80% was lyophilized and stored at -70°C 

for next-step purification. 
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4.4.3 HPLC purification with ion exchange column 

The fraction 5-18, RT 8-36 min, from the purified platelets (80%) were dissolved 

in 10 mM NH4HCO2, combined and the final volume was adjusted to 50 ml. The 

sample was divided into 1 ml aliquots from which 25 were subjected to ion 

exchange HPLC 1 ml at a time.  The samples were centrifuged at 12,000g for 5 min 

prior to the injection to HPLC. The TSK gel column with the in-line filter was used 

with a gradient of NH4HCO2 200 mM to 800 mM in 30 min and then to 2 M (pH 

3.8) in 10 minutes, flow rate 1 ml/min, absorbance 280 nm. Fractions 1-70 (1 ml) 

were collected and stored at -70°C. Six sets of samples were used for testing the 

next step HPLC conditions and one lyophilized for activity measurement with 

MRGPRX1-expressing cells. 

4.4.4 HPLC purification with analytical C18 column 

Fractions 9-28, RT 8-28 min, from the ion exchange HPLC were combined to 15 

equal parts. The samples were purified with reversed phase HPLC with the Vydac 

C18 column with the in-line filter one at a time. The ACN gradient used in 0.1% 

TFA was from 0 to 20% in 10 minutes, then to 40% in 40 minutes and finally to 

60% in 10 minutes. The flow rate was 1 ml/min and absorbance 230 nm. Fractions 

1-36 (2 ml) were collected. Two sample sets were lyophilized and used for activity 

measurement with MRGPRX1-expressing cells. 

4.4.5 HPLC purification with analytical C8 column 

Fractions 13-14, RT 24-28 min, from the previous C18 HPLC were combined and 

lyophilized to dryness. The sample was dissolved in 15 ml 0.1% TFA and divided 

into 15 equal aliquots. One aliquot was used to optimize the conditions on reversed 

phase HPLC on a C8 column (Capcell Pak C8-DD 5 µm, 80Å, 4.6 x 250 mm, 

Shiseido, Tokyo, Japan) with the in-line filter. The remaining aliquots were 

subjected to C8 HPLC one at a time with an ACN gradient in 0.1% TFA from 20% 

to 25% in 60 minutes and finally to 60% in 5 minutes, with a flow rate of 1 

ml/minute and absorbance of 215 nm. The fractions 1-70 (1 ml) were collected. 

The fractions were divided into two equal aliquots, frozen and lyophilized 

overnight. One half was used for the activity measurement with MRGPRX1-

expressing cells and the other half for MS analysis. 



49 

4.5 Mass spectrometry 

Peptide fractions were characterized by mass spectrometry on an UltrafleXtreme 

(Bruker Daltonics, MA, USA) MALDI-TOF-TOF instrument.   0.5 µl of the HPLC 

fractions were applied on an MTP anchor chip 800-384 target plate and allowed to 

dry. 0.5 µl of matrix solution (α-Cyano-4-hydroxycinnamic acid, 0.8 mg/ml in 85% 

ACN in water (v/v) containing 0.1% TFA and 1mM NH4H2PO4) was added and 

dried on top of the peptide sample. Dried samples were measured with external 

calibration (Bruker peptide calibration standard) first in reflectron mode (mass 

range 700-4000), and signals with sufficient intensity were then measured in LIFT 

mode to obtain MSMS spectra. MSMS spectra were used to search the swiss prot 

human database using Mascot (Matrix Science, MA, USA) with the following 

search parameters: MS tolerance 20 ppm, MSMS tolerance 0.5Da, no enzyme, no 

fixed or optional modifications. 

4.6 Peptide synthesis 

The peptides based on the MS sequencing were synthetized using an ABI 433A 

Peptide Synthesizer (Applied Biosystems, MA, USA) instrument, based on Fmoc 

chemistry. The synthetized peptides were desalted with a Sephadex G-15 column 

and further purified by reversed phase HPLC using a 25 x 100 mm Radial 

Compression Module C18 column with an ACN gradient in 0.1% TFA. MS was 

used to confirm the structures and purity of the final peptide products. 

4.7 Determination of EC50 

The EC50 values for the test compounds were determined using MRGPRX1 and 

MRGPRX2-expressing cells. Serial dilutions of the compounds from 500 µM to 1 

nM were used. To measure the maximum activation, 100 nM BAM(8-22) for 

MRGPRX1 and 1 µM MCDP for MRGPRX2 were used. For each sample, the ratio 

of the signal from the peak to the baseline was measured and then compared to the 

maximum activation of the standard. The EC50 values were calculated with 

GraphPad Prism 6 statistical software (GraphPad Software, CA, USA) from a four-

parameter logistical equation. 
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4.8 Measurement of degranulation 

Human mast cell line LAD2 was used as a model of human mast cells 

(Kirshenbaum et al., 2003). The cell line was kindly provided by Dr. Kirshenbaum 

(National Institute of Allergy and Infectious Diseases, National Institutes of Health). 

The LAD2 cell line expresses the MRGPRX1 and MRGPRX2 (Subramanian et al., 

2011). The LAD2 cells were cultured in a serum-free growth medium containing 

StemPro-34 medium (Thermo Fisher Scientific, MA, USA), StemPro-34 Nutrient 

Supplement, Penicillin/Streptomycin, 2mM L-glutamine and 100 ng/ml stem cell 

factor (Thermo Fisher Scientific, MA, USA). 

The degranulation was measured by monitoring the β-hexosaminidase release 

with method adapted from Kuehn et al. (Kuehn, Radinger, & Gilfillan, 2010). The 

β-hexosaminidase cleaves the p-nitrophenyl N-acetyl-β-D-glucosamide (PNAG) to 

produce 4-nitrophenol that can be detected spectrophotometrically at 405 nm 

(Wendeler & Sandhoff, 2009). 

The LAD2 cells were washed thrice with HEPES buffer (pH 7.4) consisting of 

HEPES 10 mM, NaCl 137 mM, KCl 2.7 mM, Na2HPO4•7H2O 400 µM, glucose 

5.6mM, CaCl2 1.8•2H2O  mM, MgSO4 1.3•7H2O  mM and BSA 0.04%. 10 000 

cells/well were plated on 96-well plate in 90 µl of HEPES buffer and incubated 10 

min in 37°C to equilibrate the temperature. After the incubation samples were 

added in 10 µl HEPES buffer and incubated 30 min at 37°C without CO2. Then, 

the plate was centrifuged 450 g at 4°C for 5 min and 50 µl of supernatant from each 

well were transferred onto new 96-well plate containing 100 µl of 3.5 mg/ml PNAG 

in citrate buffer (ph 4.5) containing citric acid 40 mM and Na2HPO4•7H2O 20 mM 

(Sigma-Aldrich, MO, USA) to measure the released β-hexosaminidase. The 

remaining 50 µl of the cell suspension were lysed with 150 µl 0.1% Triton X-100 

and 50 µl of the lysates were transferred onto a new 96-well plate containing 100 

µl of 3.5 mg/ml PNAG solution to measure the total β-hexosaminidase content. 

The plates were incubated for 90 minutes at 37°C without CO2. The reaction was 

stopped with 400 mM glycine (pH 10.7) and the absorbance read with 405 nm and 

620 nm with microplate reader Varioskan Flash (Thermo Fisher Scientific, MA, 

USA). The degranulation percentage was calculated in each sample by comparing 

the released to the total β-hexosaminidase content. 
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4.9 Expression analysis 

The mRNA was isolated from cells harvested from T75 flask with RNeasy mini kit 

(QIAGEN, CA, USA) according to the manufacturer’s instructions. The mRNA 

was converted to cDNA 500 ng at a time with iScript cDNA synthesis kit (Bio-Rad 

Laboratories, CA, USA). The PCR was performed with Invitrogen Taq DNA 

recombinant Polymerase (Thermo Fisher Scientific, MA, USA) with 32 cycles of 

95°C, 60°C and 72°C. The primer sequences for MRGPRX1 were 

GCCTTCTCCATCTACATC and AACATCATCACAGGATAGAG and for 

MRGPRX2 GAAGCATCCTTCACTGTG and AGTTGTCCTGTCATCTCT. The 

products were separated by gel electrophoresis in 4% agarose gel. 
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5 Results 

5.1 Preparation and screening of MRGPRX-expressing cells 

115 clones stably expressing the MRGPRX1 and 130 clones stably expressing the 

MRGPRX2 were isolated after the transfection. Out of the 115 clones expressing 

the MRGPRX1, 5 clones were selected for further analysis. For the MRGPRX2, 11 

of the most potent clones were chosen. After testing with the lower concentrations 

of controls, one cell clone for both receptors was chosen as a cell model for the 

intracellular calcium mobilization assay. 

5.2 Isolation of MRGPRX2 activating peptides from human plasma 

5.2.1 HPLC purification with preparative C18 column 

The ultra-filtrated plasma was purified with preparative C18 HPLC and 10% of the 

HPLC fractions that were used for the activity measurement, the fractions 7-9, RT 

12-18 min, contained some activity on MRGPRX2 (Figure 3.). No activity was 

detected with non-transfected cells. 
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Fig. 3. Plasma purification after ultrafiltration with C18 preparative reversed phase 

HPLC, ACN gradient. Two minute fractions were used for the activity measurement. 

Albumin fragments containing active fractions are striped, retention time 12-18 min. 

5.2.2 HPLC purification with ion exchange column 

To avoid loss of active peptides, fractions outside the active area were also taken 

for ion exchange HPLC. Fractions 6-18, RT 10-36 minutes, obtained from the 

preparative C18 purification were used for ion exchange HPLC. One fraction set 

obtained from ion exchange HPLC that was used for the activity measurement 

contained activity on the MRGPRX2 cell model in fractions 39-40 and 43-50, RTs 

38-40 minutes and 42-50 minutes, respectively (Figure 4.). 
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Fig. 4. Plasma purification from preparative C18 HPLC (retention time 12-36 min) with 

ion exchange HPLC, ammonium formate gradient. One minute fractions were used for 

the activity measurement. Albumin fragments containing active fractions are striped, 

retention times 38-40 min and 42-50 min. 

5.2.3 HPLC purification with analytical C18 column 

The fraction A, RT 38-40 min, obtained from ion exchange HPLC had the capacity 

to activate the MRGPRX2 on fractions 36 and 43-44, RTs 35-36 minutes and 42-

44 minutes, respectively (Figure 5.). The fraction B, RT 42-50 minutes, contained 

activity on MRGPRX2 on fractions 34-36, RT 33-36 min (Figure 6.). 
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Fig. 5. Plasma fraction A from ion exchange HPLC (retention time 38-40 min) purification 

with analytical C18 reversed HPLC, ACN gradient. One minute fractions were used for 

the activity measurement. Albumin fragments containing active fractions are striped, 

retention times 35-36 min and 42-44 min. 
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Fig. 6. Plasma fraction B from ion exchange HPLC (retention time 42-50 min) 

purification with analytical C18 reversed HPLC, ACN gradient. One minute fractions 

were used for the activity measurement. Albumin fragments containing active fractions 

are striped, retention time 33-36 min. 

5.3 Isolation of MRGPRX1 activating peptides from human 

platelets 

5.3.1 HPLC purification with preparative C18 column 

The 10% of the HPLC fractions that were used for the activity measurement, the 

fractions 6-11, RT 10-22 minutes, contained some activity MRGPRX1 (Figure 7). 

No activity was detected with non-transfected cells. 
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Fig. 7. Platelet purification after ultrafiltration with C18 preparative reversed phase 

HPLC, ACN gradient. Two minute fractions were used for the activity measurement. 

Hemoglobin fragments containing active fractions are striped, retention time 10-22 min. 

5.3.2 HPLC purification with ion exchange column 

To avoid any peptide loss, fractions outside the active area was also taken to the 

ion exchange HPLC. Fractions 5-18, RT 8-36 min, from preparative C18 HPLC 

were used for the ion exchange HPLC and activity on MRGPRX1 was detected in 

fractions 20-22 and 30-40, RTs 19-22 min and 29-40 min, respectively (Figure 8). 

The activity detected in fractions 30-40 was lost after the next HPLC purification 

step and therefore not considered further (data not shown). 
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Fig. 8. Platelet purification from preparative C18 HPLC (retention time 8-36 min) with ion 

exchange HPLC, ammonium formate gradient. One minute fractions were used for the 

activity measurement. Hemoglobin fragments containing active fractions are striped, 

retention time 19-22 min. 

5.3.3 HPLC purification with analytical C18 column 

To avoid peptide loss, several fractions after the activity-containing area were also 

taken for the analytical C18 HPLC. The combined fractions 9-28, RT 8-28 min, 

obtained from ion exchange HPLC, the fractions 12-15, RT 22-30 min, contained 

activity on the MRGPRX1 after the analytical C18 HPLC (Figure 9). 
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Fig. 9. Platelet purification from ion exchange HPLC (retention time 8-28 min) with C18 

analytical reversed phase HPLC, ACN gradient. Two minute fractions were used for the 

activity measurement. Hemoglobin fragments containing active fractions are striped, 

retention time 22-30. 

5.3.4 HPLC purification with analytical C8 column 

To limit the possible overlap with inactive peptides, only the large peak in the 

middle of the activity-containing area was selected for the analytical C8 

purification. The combined fractions 13-14, RT 24-28 min, obtained from 

analytical C18 HPLC were used on the C8 purification and the fractions 31 and 49, 

RTs 30-31 min and 48-49 min, respectively, were able to activate the MRGPRX1 

(Figure 10). 
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Fig. 10. Platelet purification from analytical C18 HPLC (retention time 24-28 min) with 

C8 analytical reversed phase HPLC, ACN gradient. One minute fractions were used for 

the activity measurement. Hemoglobin fragments containing active fractions are striped, 

retention times 30-31 min and 48-49 min. 

5.4 Mass spectrometry 

With the MS analyzes, the peptides in the purified fractions were identified. The 

peptide sequences from the main peak in the fractions, calculated relative molar 

mass (Mr), measured Mr and their origins are presented in Table 4. The MSMS 

analysis and spectra of the main peak from each fraction are provided in the 

Appendix. 

Table 4. Amino acid sequences of isolated peptides 

Fraction Sequence Calculated 

Mr (g/mol) 

Measured 

Mr (g/mol) 

Origin 

Plasma A 36 LVRYTKKVPQVSTPTL 1829.077 1829.084 Albumin(408-423) 

Plasma A 43-44 LLVRYTKKVPQVSTPTL 1942.162 1942.160 Albumin(407-423) 

Plasma B 34-36 VRYTKKVPQVSTPTL 1715.993 1715.995 Albumin(409-423) 

Platelets 31 VVYPWTQRF 1194.619 1194.625 Hemoglobin β-chain(34-42) 

Platelets 49 LVVYPWTQRF 1307.703 1307.701 Hemoglobin β-chain(33-42) 
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5.5 Determination of EC50 

The tested compounds were dose-dependently activating the MRGPRX1 (Figure 

11.) and MRGPRX2 (Figure 12). The determined EC50 values for the compounds 

are listed in table 5. None of the albumin or hemoglobin fragments activated the 

non-transfected HEK 293 cells with 100 µM concentration.  

Fig. 11. The effects of hemoglobin fragments on MRGPRX1. Hemoglobin fragments 

induced increase in i[Ca2+] on MRGPRX1-expressing HEK 293 cells as percentages of 

maximum. Values represent means ± S.E. (n=4-8). 
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Fig. 12. Fig 12. The effects of albumin fragments on MRGPRX2. Albumin fragments 

induced increase in i[Ca2+] on MRGPRX2-expressing HEK 293 cells as percentages of 

maximum. Values represent means ± S.E. (n=3-8). 

Table 5. The EC50 values of test compounds on MRGPRX1- and MRGPRX2-expressing 

cell models (n=3-8). n/a, no activity. 

Compound MRGPRX1 (µM ± SD) MRGPRX2 (µM ± SD) 

BAM(8-22) 0.01 ± 0.004 n/a 

Hemoglobin β-chain(33-42) 8.3 ± 1.0 > 100 

Hemoglobin β-chain(34-42) 4.5 ± 0.4 > 100 

Substance P n/a 0.8 ± 0.3 

Albumin(407-423) > 100 49.5 ± 8.5 

Albumin(408-423) > 100 91.8 ± 2.7 

Albumin(409-423) > 100 85.7 ± 2.6 

HRP 3.4 ± 1.1 13.5 ± 1.7 

5.6 Measurement of degranulation 

The isolated peptides that were able to activate the MRGPRX2 were found to dose-

dependently degranulate the mast cell model LAD2 (Figure 13.). Neither the 

isolated MRGPRX1-activating peptides, nor the known ligands of the MRGPRX1 

had any effect on the degranulation of LAD2 cells (data not shown). 
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Fig. 13. The effects of albumin fragments on human mast cell line LAD2. Albumin 

fragments induced degranulation of LAD2 cells, percentages of degranulation 

measured with β-hexosaminidase release. Values represent means ± S.E. (n=4). 

5.7 Expression analysis 

The MRGPRX1 and MRGPRX2 expression was confirmed in transfected HEK 

293 cells at the mRNA level. The batch of LAD2 cell line used in this study was 

expressing detectable levels of MRGPRX2, but no MRGPRX1 was detected 

(Figure 14). 

Fig. 14. The expression of MRGPRX1 and MRGPRX2 at the mRNA level. The first five 

lanes are with MRGPRX1 primers and the latter five with MRGPRX2 primers. The sample 

order in both primers is the following: H2O, MRGPRX1 transfected HEK 293, MRGPRX2 

transfected HEK 293, non-transfected HEK 293 & LAD2. MRGPRX1 and MRGPRX2 

products were 134 and 160 bp, respectively. Quick-load 100 bp DNA ladder (New 

England Biolabs, MA, USA) is used as marker. 
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6 Discussion 

The MRGPRX1 and MRGPRX2 are unusual GPCRs as they have several 

heterogeneous ligands without clear structural similarity (Tatemoto et al., 2006). 

These receptors have only been studied approximately 15 years and it is highly 

plausible that all of their ligands are not yet discovered. The receptors have two 

identified functions in humans, they are i) responsible for the non-immunological 

activation of the mast cells and they are ii) involved in the pain regulation in 

specific nerves (Lembo et al., 2002; Robas et al., 2003; Subramanian et al., 2011; 

Tatemoto et al., 2006). Here, the effect on the degranulation of mast cells has been 

the main focus.  

In this study, several new peptides were isolated form human material, 

sequenced and synthetized, based on their capacity to stimulate Ca2+ influx on a 

MRGPRX1- and MRGPRX2-expressing HEK 293 cell model. The peptides caused 

dose-dependent increase in [Ca2+]i on the respective MRGPRX-expressing cells, 

but none of the peptides had any effect on the non-transfected cells (data not shown), 

suggesting a receptor mediated pathway. The MRGPRX2 activating peptides also 

were dose-dependently degranulating the LAD2 cell line, thus supporting the 

concept that MRGPRX2 is one of the receptors responsible for the non-

immunological activation of human mast cells. A similar role on the mast cell 

degranulation for the MRGPRX1 could not be proven. All of the isolated peptides 

are fragments of larger abundant proteins. 

The concept of abundant proteins, such as albumin, hemoglobin, fibrinogen, 

etc. acting as source of endogenous bioactive peptides, was suggested in the 1990s 

(Ivanov, Karelin, Philippova, Nazimov, & Pletnev, 1997). These proteins could 

provide tissue-specific peptide pools from which local proteases could cleave 

bioactive peptides to regulate the tissue homeostasis. Albumin normally circulates 

in high concentration and is readily available for cleavage. Hemoglobin, on the 

other hand, is inside the erythrocytes, which need to be lysed before local proteases 

can start cleaving the protein. Thus, in the site of hemolysis, there could be a valid 

reason (pathogen/parasite invasion, foreign particles, etc.) to cleave peptides to 

initiate the inflammatory process. This concept is in accordance with the hypothesis 

that proteases released from activated immune cells cleave MRGPRX1 and 

MRGPRX2 activating peptides from large abundant proteins. In this study, the 

degradation process leading to the production of active peptides was not studied. 
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6.1 Albumin fragments 

The isolated albumin fragments, albumin(407-423), albumin(408-423), and 

albumin(409-423) from human plasma were potent activators of MRGPRX2 in the 

cell model used, but had only weak activity on the MRGPRX1. The fragments also 

degranulated the LAD2 mast cells. On both experiments, the effect was dose 

dependent. The required concentrations are high (> 10 µM) compared to some of 

the most potent reported ligands, such as substance P or MCDP, but still below the 

level of intact albumin in the blood circulation (> 500µM) (Tatemoto et al., 2006).. 

The shortest of the isolated albumin fragments, the albumin(409-423) has been 

previously isolated and identified as histamine releasing peptide, P-1 (Sugiyama, 

Ogino, & Ogata, 1989). This peptide was obtained after pepsin digestion of human 

serum albumin and it activated isolated rat mast cells, with EC50 around 10µM. In 

the same paper, it was also described that other proteases, α-chymotrypsin, 

cathepsin D, and trypsin, cleave histamine releasing components from albumin. 

Albumin(408-423) has been identified earlier as an endogenous peptide 

inhibitor of CXCR4 (EPI-X4), a potent antagonist of C-X-C chemokine receptor 4 

(CXCR4) (Zirafi et al., 2015). The fragment was found to inhibit CXC4-tropic 

human immunodeficiency virus-1 (X4-HIV-1) infection. The 3D-structure of EPI-

X4 was determined to be ring-like with one positively charged and one 

hydrophobic surface, similar to the expected structure of MRGPRX ligands. 

Although, the EPI-X4 is not found in the plasma of healthy individuals, the peptide 

has been detected in urine and hemofiltrate of patients with graft-versus-host and 

kidney disease, indicating that the peptide can be found in the circulation in some 

conditions (Aristoteli, Molloy, & Baker, 2007; Chalmers et al., 2005; Kaiser et al., 

2004; Mohr et al., 2015; Wittke et al., 2005). The generation of EPI-X4 from 

albumin is done by proteolytic cleavage with aspartyl proteases cathepsin D and E 

under acidic conditions (Zirafi et al., 2015). The local acidification is a hallmark 

for inflammation and it acts as a signal to the innate immunity (Menkin, 1956; 

Rajamaki et al., 2013). Interestingly, the CXCR4 is expressed in human mast cells, 

among other cells of the immune system, and it is participating in chemotaxis 

(Juremalm et al., 2000). Zirafi et al. reported that EPI-X4 inhibits the CXCR4 

agonist-induced chemotaxis in T-cells (Zirafi et al., 2015). Therefore, the EPI-X4 

could inhibit the chemotaxis of the mast cells via CXCR4, but at the same time it 

could induce the chemotaxis via MRGPRX2 (Subramanian et al., 2011). The EPI-

X4 may attract mast cells to the sites where it is abundant and prevent them from 

leaving the site in a pursuit of other chemotactic signals. 
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Another albumin-derived mast cell-activating peptide, the histamine releasing 

peptide (HRP) (Albumin(175-182)) has been identified almost 30 years ago 

(Carraway, Cochrane, Boucher, & Mitra, 1989). In this study, the HRP was shown 

to activate the mast cell via the MRGPRX2, but it also activates the MRGPRX1.  

Like the P-1 and EPI-X4, it is an end product of proteolytic digestion of albumin, 

although with partially different proteases, pepsin, rennin or cathepsin D. The same 

group reported in a subsequent paper that HRP can be produced by the proteases 

secreted by activated mast cells (Cochrane, Carraway, & Boucher, 1992). These 

observations suggest an intriguing possibility that local inflammation and mast cell 

degranulation could potentially trigger the proteolytic digestion of albumin, which 

in turn would degrade into mast cell activating peptides and furthermore perpetuate 

the mast cell activation and inflammation via the MRGPRX2. One albumin 

molecule could produce more than one MRGPRX2 ligand, so potentially local 

concentrations can reach significant levels, especially in the inflammatory sites 

where mast cells are present. 

6.2 Hemoglobin fragments 

The isolated hemoglobin β-chain fragments were much more potent activators of 

the MRGPRX1 than the albumin fragments were of the MRGPRX2. The 

hemoglobin fragments also had very weak potential to activate the MRGPRX2. 

Unlike the MRGPRX2 ligands, neither the isolated hemoglobin fragments, nor the 

known, much more potent ligands for the MRGPRX1, did not induce degranulation 

in LAD2 mast cells. This finding is the opposite of what has been published 

previously, as it has been demonstrated that the MRGPRX1 ligands do degranulate 

the LAD2 cells (Solinski et al., 2013; Subramanian et al., 2011). The PCR analysis 

indicate that our batch of LAD2 does not express the MRGPRX1, a finding that is 

contradictory to what has been published. However, these results do not prove or 

disprove that the activation of the receptor could be responsible for the 

degranulation in other mast cell models or the actual mast cells in the tissues. 

The isolated hemoglobin fragments belong to hemorphins, a group of peptides 

derived from hemoglobin, with opioid activity (Brantl et al., 1986). The name of 

these peptides relates to their origin from hemoglobin and their morphine-like 

activity. The fragment hemoglobin β-chain(33-42) (LVVYPWTQRF) corresponds 

to LVV-hemorphin-7 (LVV-H7) and the hemoglobin β-chain(34-42) 

(VVYPWTQRF) VV-hemorphin-7 (VV-H7) (Glamsta, Meyerson, Silberring, 

Terenius, & Nyberg, 1992). These two peptides were originally isolated from 
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porcine hypothalamus, but they were not considered real peptides, but as artefacts 

(Chang et al., 1980). Later, LVV-H7 and VV-H7 were shown to bind the opioid 

receptors and to inhibit the electrically stimulated muscle contraction of isolated 

guinea-pig ileum (Garreau, Zhao, Pejoan, Cupo, & Piot, 1995). LVV-H7 and VV-

H7 can also bind the human bombesin receptor subtype 3 (BRS-3) and the AT4 

receptor, receptors mainly expressed in the brain (Garreau et al., 1998; Lammerich 

et al., 2003; Moeller et al., 1997). Interestingly, morphine, the “mother” of 

hemorphins, is a known ligand for the MRGPRX2 along with other opioid receptor 

agonists such as dynorphin A (Akuzawa et al., 2008; Robas et al., 2003). The effect 

of morphine on MRGPRX1 is not studied, but dynorphin A did not activate the 

MRGPRX1. Morphine causes dose-dependent degranulation in human skin mast 

cells, which are mostly MCTC expressing the MRGPRXes, but not in the lung mast 

cells (mostly MCC, no MRGPRXs) (Stellato et al., 1992). Studies with rat mast 

cells indicate that morphine has a similar mechanism of mast cell activation as 

compound 48/80, a known ligand for MRGPRX1 and MRGPRX2 (Grosman, 1981). 

MRGPRX2 has been identified as the receptor responsible for the morphine 

induced activation of mast cells, but the effect of MRGPRX1 has not been 

studied(Akuzawa et al., 2008). Thus, the activation could also go via the 

MRGPRX1, the receptor for LVV-H7 and VV-H7. 

The VV-H7 is cleaved from hemoglobin by cathepsin D, ubiquitously 

expressed protease, and also produced by macrophages in vitro by a process that 

can be inhibited by a proteinase inhibitor (Dagouassat, Garreau, Sannier, Zhao, & 

Piot, 1996; Garreau et al., 1997). VV-H7 and LVV-H7 are cleaved from bovine 

hemoglobin by pepsin (Zhao, Sannier, & Piot, 1996). These results suggests that 

there is a natural way of producing these active peptides proteolytically. Thus, the 

MRGPRX1-activating hemoglobin fragments may have similar development 

pathways as the MRGPRX2 activating albumin fragments, as they all are 

proteolytic degradation products of big abundant proteins, cleaved by proteases 

released by activated immune cells. Both of the isolated hemorphins have been 

measured in various rat tissues (Yatskin, Philippova, Blishchenko, Karelin, & 

Ivanov, 1998). The measured levels reach > 10 nmol/g of tissue, which are adequate 

levels for physiological effects. In human cerebrovascular bleedings the LVV-H7 

levels can reach several hundred nM, which is in the threshold for physiological 

activity (Glamsta et al., 1992). 
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6.3 Methodological considerations 

This study consisted of three main phases, the screening of activity with the 

MRGPRX-expressing cell model, the isolation process and the degranulation 

measurement. 

The MRGPRX1 and MRGPRX2 were transfected into the HEK 293 cell line. 

The HEK 293 is commonly used standard platform for transfection in this type of 

screening study, due to their low number of endogenous receptors, good 

transfectability, high expression levels of GPCR-related signaling proteins and 

proper protein folding machinery (Atwood, Lopez, Wager-Miller, Mackie, & 

Straiker, 2011; Chaudhary et al., 2011; Thomas & Smart, 2005). The screening 

phase might produce false positive results, if the samples contain compounds that 

are able to bind other receptors naturally expressed by the HEK 293 cells. To avoid 

this, a non-transfected cell line was used to exclude the false-positive results, 

although a mock-transfected cell line would have been even better. 

The method used in this study for the determination of the EC50 values gives 

only a rough approximation of the binding. The used fluorophore, Fluo-4AM, emits 

a distinctive wavelength only when bound to Ca2+, but the unbound cannot be 

measured. Therefore, a better estimation would have been obtained with 

fluorophore, which have distinctive wavelengths for bound and unbound states, 

such as Fura-2AM, as the absolute level of the fluorophore, the bound fluorophore 

and the total Ca2+ could have been measured. The Fluo-4AM-based method has 

bigger variance, as fewer parameters can be measured, but reasonable estimations 

can still be achieved. 

In the case of EPI-X4, the peptide was not detected in the plasma on healthy 

individuals (Zirafi et al., 2015). The starting material used in this study was from 

healthy individuals. If the suggested hypothesis that proteases released from 

activated cells of the immune system can cleave ligands for the MRGPRXs, plasma 

from patients with inflammatory conditions, which are related to mast cell 

activation, would be far better. These patients might have higher concentrations of 

the isolated ligands and there might even be condition-specific fragments that do 

not exist in healthy individuals. Also, it is possible that the isolated albumin 

fragments have been formed during the initial acidification, as the acidification 

activates the aspartic proteases, which then cleaves the albumin (Zirafi et al., 2015). 

The ultrafiltration was the least efficient step in the purification process, as 

more than 30% of the volume and even more of the protein content was lost. The 

leftover in the filter was thicker than the filtrate. During this step, a significant 
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amount of possible ligands were lost. The oxidation of the peptides should not be 

an issue during the filtration, but the preparation of the blood-derived components 

by the blood bank took up to 8 hours, leaving a wide window for oxidation and 

degradation. However, the used material was meant for clinical use in hospitals, so 

no significant degradation was expected. 

The HPLC columns have a limited binding capacity and thus the amount of 

peptides purified in one HPLC is also limited. Together with the huge natural 

variation in the peptide concentrations, the limited column capacity, possibly 

prevented the loading of enough sample to also detect the sparsest active peptides. 

The ion exchange step required several days of lyophilization to remove the 

ammonium formate before the activity measurement, but still some residue might 

remain and affect the cell assay conditions, especially the pH. This might have been 

the reason for the activity detected after the ion exchange HPLC in the latter 

fractions, as no activity was detected any more after the next-step C18 HPLC. 

Mast cell degranulation assay was based on the widely used human mast cell 

line LAD2. The result of the degranulation assay was negative on the MRGPRX1-

activating peptides, both the control peptide and the isolated hemoglobin fragments. 

The PCR results clearly indicate that the cell patch used for the assays did not 

express the MRGPRX1. In the literature, two groups have successfully used the 

same cell line and reported functional MRGPRX1 as well as expression on mRNA 

level (Solinski et al., 2013; Subramanian et al., 2011). This discrepancy can be 

explained with difference between the patches of cells due to their susceptibility to 

lose their mast cell-like properties. The cells were obtained from Dr. Kirshenbaum, 

USA, from where they were sent unfrozen in the culture medium. During the 

shipment, the cell might have suffered and lost some of their key characteristics. 

Also the MS analyses and peptide synthesis could contain errors. The possible 

mistakes in sequencing with MS would have resulted in production of the wrong 

peptides that could possibly be inactive. The likelihood of this is decreased 

significantly by the shared sequence of the fragments, as it would be required to 

make the same sequencing mistake in all of the samples, although it cannot be 

excluded completely. Also all the peptides were potent ligands for the receptors. 

The errors in the peptide synthesis would have been seen when the products were 

checked with MS. 

This study focused on the role of the MRGPRXs on mast cells, but the 

receptors are also expressed in a specific subset of neurons and they have postulated 

and partially proven function on the modulation of pain and itch. It is presumable 

that the isolated fragments have a role in the nerves as well, especially the 
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hemorphins and MRGPRX1, although this was not investigated in the present study 

for the following reasons. The MRGPRXs are primate-specific and even between 

the primate species, there are some differences in the ligand-binding properties 

(Burstein et al., 2006). Thus, human material would be preferential and primate 

material the minimum requirement for studying the receptors. To obtain the DRG 

or TG neurons, expressing the MRGPRXs, from primates difficult and from 

humans almost impossible. So far, only indirect results of the MRGPRX 

involvement in pain modulation has been obtained mainly from studies done with 

transfected rat neurons (Solinski et al., 2010). Proving that the MRGPRX ligands 

activate the receptors in another transfected model, would not yield any additional 

value to this study. 

6.4 Future aspects 

The MRGPRXes are recognizing a multitude of ligands and this study adds new 

peptides to the list. The identification of these new protein fragments opens the 

door to future studies on their physiological significance. First, a method of 

measuring all the peptide levels in tissues should be developed. This would enable 

us to determine, if the peptide levels have any association with any auto-

inflammatory or mast cell related disease, or do the peptides even reach the levels 

needed for the physiological responses. So far, an enzyme-linked immunosorbent 

assay (ELISA) has been developed for measuring the albumin(408-423), but the 

other fragments cannot yet be measured (Mohr et al., 2015). The second phase 

would be to determine and to characterize the possible proteolytic pathways leading 

to the formation of these active peptides and to identify the proteases involved. 

Hence, the possible links between the proteases and inflammatory conditions can 

be studied. It could be also worthwhile to screen other tissues for novel ligands for 

the MRGPRXs due to their omnivorous nature. 

In this study the role of MRGPRXs on mast cells were under investigation, but 

the putative role in the nerves was not. Therefore, unrelated to the isolated 

fragments, more studies are definitely needed for understanding the role of the 

receptors in the nervous system and even their expression sites should be 

investigated. The role of the hemoglobin fragments on mast cells, should be studied 

with different mast cell models or even with isolated MCTCs. 

The clinically most significant future aspect would be the MRGPRXs as 

potential drug targets. If the activation of these receptors participates in the 

development or regulation of any condition (pain, inflammation, etc.), the 
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development of antagonist, agonist or other modulator becomes a feasible option 

for treatment. 
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7 Conclusions 

This study provided novel ligands for human MRGPRX1 and MRGPRX2. The 

major conclusions were: 

1. Three albumin fragments (albumin(407-423), albumin(408-423) and 

albumin(409-423)) isolated from human plasma were activating the 

MRGPRX2 dose-dependently. 

2. Two hemoglobin β-chain fragments (hemoglobin β-chain(33-42) and 

hemoglobin β-chain(34-42)) isolated from human platelets were activating the 

MRGPRX1 dose-dependently. 

3. The albumin fragments dose-dependently degranulated human mast cell line 

LAD2. 

4. Neither the hemoglobin fragments, nor known MRGPRX1 ligands, had any 

effect on LAD2 degranulation. 

  



74 

 



75 

References 

Abbadie, C., Lindia, J. A., Cumiskey, A. M., Peterson, L. B., Mudgett, J. S., Bayne, E. K., . . . 
Forrest, M. J. (2003). Impaired neuropathic pain responses in mice lacking the 
chemokine receptor CCR2. Proceedings of the National Academy of Sciences of the 
United States of America, 100(13), 7947-7952. doi:10.1073/pnas.1331358100 [doi] 

Abonia, J. P., Austen, K. F., Rollins, B. J., Joshi, S. K., Flavell, R. A., Kuziel, W. A., . . . 
Gurish, M. F. (2005). Constitutive homing of mast cell progenitors to the intestine 
depends on autologous expression of the chemokine receptor CXCR2. Blood, 105(11), 
4308-4313. doi:2004-09-3578 [pii] 

Abonia, J. P., Hallgren, J., Jones, T., Shi, T., Xu, Y., Koni, P., . . . Gurish, M. F. (2006). 
Alpha-4 integrins and VCAM-1, but not MAdCAM-1, are essential for recruitment of 
mast cell progenitors to the inflamed lung. Blood, 108(5), 1588-1594. doi:blood-2005-
12-012781 [pii] 

Aich, A., Afrin, L. B., & Gupta, K. (2015). Mast cell-mediated mechanisms of nociception. 
International Journal of Molecular Sciences, 16(12), 29069-29092. 
doi:10.3390/ijms161226151 [doi] 

Akira, S., Uematsu, S., & Takeuchi, O. (2006). Pathogen recognition and innate immunity. 
Cell, 124(4), 783-801. doi:S0092-8674(06)00190-5 [pii] 

Akuzawa, N., Obinata, H., Izumi, T., & Takeda, S. (2008). Morphine is an exogenous ligand 
for MrgX2, a G protein-coupled receptor for cortistatin. Journal of Cell and Animal 
Biology, 2(1), 004-009.  

Allia, E., Tarabra, E., Volante, M., Cerrato, M., Ghigo, E., Muccioli, G., & Papotti, M. 
(2005). Expression of cortistatin and MrgX2, a specific cortistatin receptor, in human 
neuroendocrine tissues and related tumours. The Journal of Pathology, 207(3), 336-345. 
doi:10.1002/path.1839 [doi] 

Annunziata, M., Luque, R. M., Duran-Prado, M., Baragli, A., Grande, C., Volante, M., . . . 
Granata, R. (2012). Somatostatin and somatostatin analogues reduce PDGF-induced 
endometrial cell proliferation and motility. Human Reproduction (Oxford, England), 
27(7), 2117-2129. doi:10.1093/humrep/des144 [doi] 

Arinobu, Y., Iwasaki, H., Gurish, M. F., Mizuno, S., Shigematsu, H., Ozawa, H., . . . Akashi, 
K. (2005). Developmental checkpoints of the basophil/mast cell lineages in adult 
murine hematopoiesis. Proceedings of the National Academy of Sciences of the United 
States of America, 102(50), 18105-18110. doi:0509148102 [pii] 

Aristoteli, L. P., Molloy, M. P., & Baker, M. S. (2007). Evaluation of endogenous plasma 
peptide extraction methods for mass spectrometric biomarker discovery. Journal of 
Proteome Research, 6(2), 571-581. doi:10.1021/pr0602996 [doi] 

Atwood, B. K., Lopez, J., Wager-Miller, J., Mackie, K., & Straiker, A. (2011). Expression 
of G protein-coupled receptors and related proteins in HEK293, AtT20, BV2, and N18 
cell lines as revealed by microarray analysis. BMC Genomics, 12, 14-2164-12-14. 
doi:10.1186/1471-2164-12-14 [doi] 



76 

Bader, M., Alenina, N., Andrade-Navarro, M. A., & Santos, R. A. (2014). MAS and its 
related G protein-coupled receptors, mrgprs. Pharmacological Reviews, 66(4), 1080-
1105. doi:10.1124/pr.113.008136 [doi] 

Barrett, K. E., & Metcalfe, D. D. (1984). Mast cell heterogeneity: Evidence and implications. 
Journal of Clinical Immunology, 4(4), 253-261.  

Bayrakdarian, M., Butterworth, J., Hu, Y. J., Santhakumar, V., & Tomaszewski, M. J. (2011). 
Development of 2,4-diaminopyrimidine derivatives as novel SNSR4 antagonists. 
Bioorganic & Medicinal Chemistry Letters, 21(7), 2102-2105. 
doi:10.1016/j.bmcl.2011.01.138 [doi] 

Bianchine, P. J., Burd, P. R., & Metcalfe, D. D. (1992). IL-3-dependent mast cells attach to 
plate-bound vitronectin. demonstration of augmented proliferation in response to 
signals transduced via cell surface vitronectin receptors. Journal of Immunology 
(Baltimore, Md.: 1950), 149(11), 3665-3671.  

Blank, U., Ra, C., Miller, L., White, K., Metzger, H., & Kinet, J. P. (1989). Complete 
structure and expression in transfected cells of high affinity IgE receptor. Nature, 
337(6203), 187-189. doi:10.1038/337187a0 [doi] 

Brantl, V., Gramsch, C., Lottspeich, F., Mertz, R., Jaeger, K. H., & Herz, A. (1986). Novel 
opioid peptides derived from hemoglobin: Hemorphins. European Journal of 
Pharmacology, 125(2), 309-310.  

Breit, A., Gagnidze, K., Devi, L. A., Lagace, M., & Bouvier, M. (2006). Simultaneous 
activation of the delta opioid receptor (deltaOR)/sensory neuron-specific receptor-4 
(SNSR-4) hetero-oligomer by the mixed bivalent agonist bovine adrenal medulla 
peptide 22 activates SNSR-4 but inhibits deltaOR signaling. Molecular Pharmacology, 
70(2), 686-696. doi:mol.106.022897 [pii] 

Bruhns, P. (2012). Properties of mouse and human IgG receptors and their contribution to 
disease models. Blood, 119(24), 5640-5649. doi:10.1182/blood-2012-01-380121 [doi] 

Burstein, E. S., Ott, T. R., Feddock, M., Ma, J. N., Fuhs, S., Wong, S., . . . Nash, N. R. (2006). 
Characterization of the mas-related gene family: Structural and functional conservation 
of human and rhesus MrgX receptors. British Journal of Pharmacology, 147(1), 73-82. 
doi:0706448 [pii] 

Carraway, R. E., Cochrane, D. E., Boucher, W., & Mitra, S. P. (1989). Structures of 
histamine-releasing peptides formed by the action of acid proteases on mammalian 
albumin(s). Journal of Immunology (Baltimore, Md.: 1950), 143(5), 1680-1684.  

Chalmers, M. J., Mackay, C. L., Hendrickson, C. L., Wittke, S., Walden, M., Mischak, H., . . . 
Marshall, A. G. (2005). Combined top-down and bottom-up mass spectrometric 
approach to characterization of biomarkers for renal disease. Analytical Chemistry, 
77(22), 7163-7171. doi:10.1021/ac050983o [doi] 

Chang, R. C., Huang, W. Y., Redding, T. W., Arimura, A., Coy, D. H., & Schally, A. V. 
(1980). Isolation and structure of several peptides from porcine hypothalami. 
Biochimica Et Biophysica Acta, 625(2), 266-273.  



77 

Chaudhary, S., Pak, J. E., Pedersen, B. P., Bang, L. J., Zhang, L. B., Ngaw, S. M., . . . Stroud, 
R. M. (2011). Efficient expression screening of human membrane proteins in transiently 
transfected human embryonic kidney 293S cells. Methods (San Diego, Calif.), 55(4), 
273-280. doi:10.1016/j.ymeth.2011.08.018 [doi] 

Chen, C. C., Grimbaldeston, M. A., Tsai, M., Weissman, I. L., & Galli, S. J. (2005). 
Identification of mast cell progenitors in adult mice. Proceedings of the National 
Academy of Sciences of the United States of America, 102(32), 11408-11413. 
doi:0504197102 [pii] 

Chen, H., & Ikeda, S. R. (2004). Modulation of ion channels and synaptic transmission by a 
human sensory neuron-specific G-protein-coupled receptor, SNSR4/mrgX1, 
heterologously expressed in cultured rat neurons. The Journal of Neuroscience : The 
Official Journal of the Society for Neuroscience, 24(21), 5044-5053. 
doi:10.1523/JNEUROSCI.0990-04.2004 [doi] 

Choi, S. S., & Lahn, B. T. (2003). Adaptive evolution of MRG, a neuron-specific gene 
family implicated in nociception. Genome Research, 13(10), 2252-2259. 
doi:10.1101/gr.1431603 [doi] 

Church, M. K., Mageed, R. A., & Holgate, S. T. (1983). Human tonsillar mast cells. 
characteristics of histamine secretion and methods of dispersion. International Archives 
of Allergy and Applied Immunology, 72(2), 188-190.  

Church, M. K., Pao, G. J., & Holgate, S. T. (1982). Characterization of histamine secretion 
from mechanically dispersed human lung mast cells: Effects of anti-IgE, calcium 
ionophore A23187, compound 48/80, and basic polypeptides. Journal of Immunology 
(Baltimore, Md.: 1950), 129(5), 2116-2121.  

Cochrane, D. E., Carraway, R. E., & Boucher, W. (1992). Histamine-releasing peptide is 
formed from albumin by stimulated rat mast cells. Annals of the New York Academy 
of Sciences, 668, 333-334.  

Collmann, E., Bohnacker, T., Marone, R., Dawson, J., Rehberg, M., Stringer, R., . . . 
Wymann, M. P. (2013). Transient targeting of phosphoinositide 3-kinase acts as a 
roadblock in mast cells' route to allergy. The Journal of Allergy and Clinical 
Immunology, 132(4), 959-968. doi:10.1016/j.jaci.2013.03.008 [doi] 

Craig, S. S., Schechter, N. M., & Schwartz, L. B. (1989). Ultrastructural analysis of maturing 
human T and TC mast cells in situ. Laboratory Investigation; a Journal of Technical 
Methods and Pathology, 60(1), 147-157.  

Crow, J., Wilkins, M., Howe, S., More, L., & Helliwell, P. (1991). Mast cells in the female 
genital tract. International Journal of Gynecological Pathology : Official Journal of the 
International Society of Gynecological Pathologists, 10(3), 230-237.  

Dagouassat, N., Garreau, I., Sannier, F., Zhao, Q., & Piot, J. M. (1996). Generation of VV-
hemorphin-7 from globin by peritoneal macrophages. FEBS Letters, 382(1-2), 37-42.  

Dastych, J., Costa, J. J., Thompson, H. L., & Metcalfe, D. D. (1991). Mast cell adhesion to 
fibronectin. Immunology, 73(4), 478-484.  



78 

Davenport, A. P., Alexander, S. P., Sharman, J. L., Pawson, A. J., Benson, H. E., Monaghan, 
A. E., . . . Harmar, A. J. (2013). International union of basic and clinical pharmacology. 
LXXXVIII. G protein-coupled receptor list: Recommendations for new pairings with 
cognate ligands. Pharmacological Reviews, 65(3), 967-986. doi:10.1124/pr.112.007179 
[doi] 

Devor, M. (1999). Unexplained peculiarities of the dorsal root ganglion. Pain, Suppl 6, S27-
35.  

Divoux, A., Moutel, S., Poitou, C., Lacasa, D., Veyrie, N., Aissat, A., . . . Clement, K. (2012). 
Mast cells in human adipose tissue: Link with morbid obesity, inflammatory status, and 
diabetes. The Journal of Clinical Endocrinology and Metabolism, 97(9), E1677-85. 
doi:10.1210/jc.2012-1532 [doi] 

Dong, X., Han, S., Zylka, M. J., Simon, M. I., & Anderson, D. J. (2001). A diverse family 
of GPCRs expressed in specific subsets of nociceptive sensory neurons. Cell, 106(5), 
619-632. doi:S0092-8674(01)00483-4 [pii] 

Ehrlich, P. (1878). Beitr\age f\ur theorie und praxis der histologischen F\arbung Leipzig. 
Enerback, L. (1966). Mast cells in rat gastrointestinal mucosa. I. effects of fixation. Acta 

Pathologica Et Microbiologica Scandinavica, 66(3), 289-302.  
Ennis, M. (1982). Histamine release from human pulmonary mast cells. Agents and Actions, 

12(1-2), 60-63.  
Fatakia, S. N., Costanzi, S., & Chow, C. C. (2011). Molecular evolution of the 

transmembrane domains of G protein-coupled receptors. PloS One, 6(11), e27813. 
doi:10.1371/journal.pone.0027813 [doi] 

Ferry, X., Brehin, S., Kamel, R., & Landry, Y. (2002). G protein-dependent activation of 
mast cell by peptides and basic secretagogues. Peptides, 23(8), 1507-1515. 
doi:S0196978102000906 [pii] 

Fredriksson, R., Lagerstrom, M. C., Lundin, L. G., & Schioth, H. B. (2003). The G-protein-
coupled receptors in the human genome form five main families. phylogenetic analysis, 
paralogon groups, and fingerprints. Molecular Pharmacology, 63(6), 1256-1272. 
doi:10.1124/mol.63.6.1256 [doi] 

Fujisawa, D., Kashiwakura, J., Kita, H., Kikukawa, Y., Fujitani, Y., Sasaki-Sakamoto, T., . . . 
Okayama, Y. (2014). Expression of mas-related gene X2 on mast cells is upregulated 
in the skin of patients with severe chronic urticaria. The Journal of Allergy and Clinical 
Immunology, 134(3), 622-633.e9. doi:10.1016/j.jaci.2014.05.004 [doi] 

Galli, S. J., Grimbaldeston, M., & Tsai, M. (2008). Immunomodulatory mast cells: Negative, 
as well as positive, regulators of immunity. Nature Reviews.Immunology, 8(6), 478-
486. doi:10.1038/nri2327 [doi] 

Galli, S. J., Kalesnikoff, J., Grimbaldeston, M. A., Piliponsky, A. M., Williams, C. M., & 
Tsai, M. (2005). Mast cells as "tunable" effector and immunoregulatory cells: Recent 
advances. Annual Review of Immunology, 23, 749-786. 
doi:10.1146/annurev.immunol.21.120601.141025 [doi] 

Galli, S. J., Tsai, M., & Piliponsky, A. M. (2008). The development of allergic inflammation. 
Nature, 454(7203), 445-454. doi:10.1038/nature07204 [doi] 



79 

Garreau, I., Chansel, D., Vandermeersch, S., Fruitier, I., Piot, J. M., & Ardaillou, R. (1998). 
Hemorphins inhibit angiotensin IV binding and interact with aminopeptidase N. 
Peptides, 19(8), 1339-1348. doi:S0196-9781(98)00075-8 [pii] 

Garreau, I., Cucumel, K., Dagouassat, N., Zhao, Q., Cupo, A., & Piot, J. M. (1997). 
Hemorphin peptides are released from hemoglobin by cathepsin D. radioimmunoassay 
against the C-part of V-V-hemorphin-7: An alternative assay for the cathepsin D 
activity. Peptides, 18(2), 293-300. doi:S0196-9781(96)00284-7 [pii] 

Garreau, I., Zhao, Q., Pejoan, C., Cupo, A., & Piot, J. M. (1995). VV-hemorphin-7 and LVV-
hemorphin-7 released during in vitro peptic hemoglobin hydrolysis are 
morphinomimetic peptides. Neuropeptides, 28(4), 243-250.  

Gembardt, F., Grajewski, S., Vahl, M., Schultheiss, H. P., & Walther, T. (2008). Angiotensin 
metabolites can stimulate receptors of the mas-related genes family. Molecular and 
Cellular Biochemistry, 319(1-2), 115-123. doi:10.1007/s11010-008-9884-4 [doi] 

Gilfillan, A. M., & Tkaczyk, C. (2006). Integrated signalling pathways for mast-cell 
activation. Nature Reviews.Immunology, 6(3), 218-230. doi:nri1782 [pii] 

Glamsta, E. L., Meyerson, B., Silberring, J., Terenius, L., & Nyberg, F. (1992). Isolation of 
a hemoglobin-derived opioid peptide from cerebrospinal fluid of patients with 
cerebrovascular bleedings. Biochemical and Biophysical Research Communications, 
184(2), 1060-1066. doi:0006-291X(92)90699-L [pii] 

Gordon, J. R., & Galli, S. J. (1990). Mast cells as a source of both preformed and 
immunologically inducible TNF-alpha/cachectin. Nature, 346(6281), 274-276. 
doi:10.1038/346274a0 [doi] 

Graef, I. A., Wang, F., Charron, F., Chen, L., Neilson, J., Tessier-Lavigne, M., & Crabtree, 
G. R. (2003). Neurotrophins and netrins require calcineurin/NFAT signaling to 
stimulate outgrowth of embryonic axons. Cell, 113(5), 657-670. 
doi:S0092867403003908 [pii] 

Grosman, N. (1981). Histamine release from isolated rat mast cells: Effect of morphine and 
related drugs and their interaction with compound 48/80. Agents and Actions, 11(3), 
196-203.  

Groth, R. D., Coicou, L. G., Mermelstein, P. G., & Seybold, V. S. (2007). Neurotrophin 
activation of NFAT-dependent transcription contributes to the regulation of pro-
nociceptive genes. Journal of Neurochemistry, 102(4), 1162-1174. doi:JNC4632 [pii] 

Gupta, K., Kotian, A., Subramanian, H., Daniell, H., & Ali, H. (2015). Activation of human 
mast cells by retrocyclin and protegrin highlight their immunomodulatory and 
antimicrobial properties. Oncotarget, 6(30), 28573-28587. 
doi:10.18632/oncotarget.5611 [doi] 

Gurish, M. F., Tao, H., Abonia, J. P., Arya, A., Friend, D. S., Parker, C. M., & Austen, K. F. 
(2001). Intestinal mast cell progenitors require CD49dbeta7 (alpha4beta7 integrin) for 
tissue-specific homing. The Journal of Experimental Medicine, 194(9), 1243-1252.  

Gylfe, A. E., Kondelin, J., Turunen, M., Ristolainen, H., Katainen, R., Pitkanen, E., . . . 
Aaltonen, L. A. (2013). Identification of candidate oncogenes in human colorectal 
cancers with microsatellite instability. Gastroenterology, 145(3), 540-3.e22. 
doi:10.1053/j.gastro.2013.05.015 [doi] 



80 

Hagermark, O., Hokfelt, T., & Pernow, B. (1978). Flare and itch induced by substance P in 
human skin. The Journal of Investigative Dermatology, 71(4), 233-235.  

Heller, D., Doyle, J. R., Raman, V. S., Beinborn, M., Kumar, K., & Kopin, A. S. (2016). 
Novel probes establish mas-related G protein-coupled receptor X1 variants as receptors 
with loss or gain of function. The Journal of Pharmacology and Experimental 
Therapeutics, 356(2), 276-283. doi:10.1124/jpet.115.227058 [doi] 

Hin, N., Alt, J., Zimmermann, S. C., Delahanty, G., Ferraris, D. V., Rojas, C., . . . Tsukamoto, 
T. (2014). Peptidomimetics of arg-phe-NH2 as small molecule agonists of mas-related 
gene C (MrgC) receptors. Bioorganic & Medicinal Chemistry, 22(21), 5831-5837. 
doi:10.1016/j.bmc.2014.09.025 [doi] 

Hogan, Q. H. (2010). Labat lecture: The primary sensory neuron: Where it is, what it does, 
and why it matters. Regional Anesthesia and Pain Medicine, 35(3), 306-311. 
doi:10.1097/AAP.0b013e3181d2375e [doi] 

Hsu, Y. H., Liu, Y., Hannan, M. T., Maixner, W., Smith, S. B., Diatchenko, L., . . . Jordan, 
J. M. (2015). Genome-wide association meta-analyses to identify common genetic 
variants associated with hallux valgus in caucasian and african americans. Journal of 
Medical Genetics, 52(11), 762-769. doi:10.1136/jmedgenet-2015-103142 [doi] 

Hu, J., Wang, Y., Zhang, X., Lloyd, J. R., Li, J. H., Karpiak, J., . . . Wess, J. (2010). Structural 
basis of G protein-coupled receptor-G protein interactions. Nature Chemical Biology, 
6(7), 541-548. doi:10.1038/nchembio.385 [doi] 

Irani, A. A., Schechter, N. M., Craig, S. S., DeBlois, G., & Schwartz, L. B. (1986). Two 
types of human mast cells that have distinct neutral protease compositions. Proceedings 
of the National Academy of Sciences of the United States of America, 83(12), 4464-
4468.  

Irani, A. M., Goldstein, S. M., Wintroub, B. U., Bradford, T., & Schwartz, L. B. (1991). 
Human mast cell carboxypeptidase. selective localization to MCTC cells. Journal of 
Immunology (Baltimore, Md.: 1950), 147(1), 247-253.  

Irani, A. M., Nilsson, G., Miettinen, U., Craig, S. S., Ashman, L. K., Ishizaka, T., . . . 
Schwartz, L. B. (1992). Recombinant human stem cell factor stimulates differentiation 
of mast cells from dispersed human fetal liver cells. Blood, 80(12), 3009-3021.  

Ivanov, V. T., Karelin, A. A., Philippova, M. M., Nazimov, I. V., & Pletnev, V. Z. (1997). 
Hemoglobin as a source of endogenous bioactive peptides: The concept of tissue-
specific peptide pool. Biopolymers, 43(2), 171-188. doi:10.1002/(SICI)1097-
0282(1997)43:2<171::AID-BIP10>3.0.CO;2-O [pii] 

Johnson, T., & Siegel, D. (2014). Complanadine A, a selective agonist for the mas-related 
G protein-coupled receptor X2. Bioorganic & Medicinal Chemistry Letters, 24(15), 
3512-3515. doi:10.1016/j.bmcl.2014.05.060 [doi] 

Juremalm, M., Hjertson, M., Olsson, N., Harvima, I., Nilsson, K., & Nilsson, G. (2000). The 
chemokine receptor CXCR4 is expressed within the mast cell lineage and its ligand 
stromal cell-derived factor-1alpha acts as a mast cell chemotaxin. European Journal of 
Immunology, 30(12), 3614-3622. doi:10.1002/1521-4141(200012)30:12<3614::AID-
IMMU3614>3.0.CO;2-B [pii] 



81 

Kaiser, T., Kamal, H., Rank, A., Kolb, H. J., Holler, E., Ganser, A., . . . Weissinger, E. M. 
(2004). Proteomics applied to the clinical follow-up of patients after allogeneic 
hematopoietic stem cell transplantation. Blood, 104(2), 340-349. doi:10.1182/blood-
2004-02-0518 [doi] 

Kaisho, Y., Watanabe, T., Nakata, M., Yano, T., Yasuhara, Y., Shimakawa, K., . . . Taketomi, 
S. (2005). Transgenic rats overexpressing the human MrgX3 gene show cataracts and 
an abnormal skin phenotype. Biochemical and Biophysical Research Communications, 
330(3), 653-657. doi:S0006-291X(05)00471-7 [pii] 

Kajiwara, N., Sasaki, T., Bradding, P., Cruse, G., Sagara, H., Ohmori, K., . . . Okayama, Y. 
(2010). Activation of human mast cells through the platelet-activating factor receptor. 
The Journal of Allergy and Clinical Immunology, 125(5), 1137-1145.e6. 
doi:10.1016/j.jaci.2010.01.056 [doi] 

Kalesnikoff, J., & Galli, S. J. (2008). New developments in mast cell biology. Nature 
Immunology, 9(11), 1215-1223. doi:10.1038/ni.f.216 [doi] 

Kamohara, M., Matsuo, A., Takasaki, J., Kohda, M., Matsumoto, M., Matsumoto, S., . . . 
Katou, M. (2005). Identification of MrgX2 as a human G-protein-coupled receptor for 
proadrenomedullin N-terminal peptides. Biochemical and Biophysical Research 
Communications, 330(4), 1146-1152. doi:S0006-291X(05)00573-5 [pii] 

Kashem, S. W., Subramanian, H., Collington, S. J., Magotti, P., Lambris, J. D., & Ali, H. 
(2011). G protein coupled receptor specificity for C3a and compound 48/80-induced 
degranulation in human mast cells: Roles of mas-related genes MrgX1 and MrgX2. 
European Journal of Pharmacology, 668(1-2), 299-304. 
doi:10.1016/j.ejphar.2011.06.027 [doi] 

Kiatsurayanon, C., Niyonsaba, F., Chieosilapatham, P., Okumura, K., Ikeda, S., & Ogawa, 
H. (2016). Angiogenic peptide (AG)-30/5C activates human keratinocytes to produce 
cytokines/chemokines and to migrate and proliferate via MrgX receptors. Journal of 
Dermatological Science, doi:S0923-1811(16)30076-7 [pii] 

Kirshenbaum, A. S., Akin, C., Wu, Y., Rottem, M., Goff, J. P., Beaven, M. A., . . . Metcalfe, 
D. D. (2003). Characterization of novel stem cell factor responsive human mast cell 
lines LAD 1 and 2 established from a patient with mast cell sarcoma/leukemia; 
activation following aggregation of FcepsilonRI or FcgammaRI. Leukemia Research, 
27(8), 677-682. doi:S0145212602003430 [pii] 

Kirshenbaum, A. S., Kessler, S. W., Goff, J. P., & Metcalfe, D. D. (1991). Demonstration of 
the origin of human mast cells from CD34+ bone marrow progenitor cells. Journal of 
Immunology (Baltimore, Md.: 1950), 146(5), 1410-1415.  

Kitamura, Y. (1989). Heterogeneity of mast cells and phenotypic change between 
subpopulations. Annual Review of Immunology, 7, 59-76. 
doi:10.1146/annurev.iy.07.040189.000423 [doi] 

Kitamura, Y., & Go, S. (1979). Decreased production of mast cells in S1/S1d anemic mice. 
Blood, 53(3), 492-497.  

Kitamura, Y., Go, S., & Hatanaka, K. (1978). Decrease of mast cells in W/Wv mice and 
their increase by bone marrow transplantation. Blood, 52(2), 447-452.  



82 

Kitamura, Y., Shimada, M., Hatanaka, K., & Miyano, Y. (1977). Development of mast cells 
from grafted bone marrow cells in irradiated mice. Nature, 268(5619), 442-443.  

KleinJan, A., Godthelp, T., Blom, H. M., & Fokkens, W. J. (1996). Fixation with carnoy's 
fluid reduces the number of chymase-positive mast cells: Not all chymase-positive mast 
cells are also positive for tryptase. Allergy, 51(9), 614-620.  

Klos, A., Wende, E., Wareham, K. J., & Monk, P. N. (2013). International union of basic 
and clinical pharmacology. [corrected]. LXXXVII. complement peptide C5a, C4a, and 
C3a receptors. Pharmacological Reviews, 65(1), 500-543.  

Kraft, S., & Kinet, J. P. (2007). New developments in FcepsilonRI regulation, function and 
inhibition. Nature Reviews.Immunology, 7(5), 365-378. doi:nri2072 [pii] 

Kubota, Y. (1992). The effect of human anaphylatoxins and neutrophils on histamine release 
from isolated human skin mast cells. The Journal of Dermatology, 19(1), 19-26.  

Kuehn, H. S., Radinger, M., & Gilfillan, A. M. (2010). Measuring mast cell mediator release. 
Current Protocols in Immunology / Edited by John E.Coligan ...[Et Al.], Chapter 7, 
Unit7.38. doi:10.1002/0471142735.im0738s91 [doi] 

Kunapuli, P., Lee, S., Zheng, W., Alberts, M., Kornienko, O., Mull, R., . . . Strulovici, B. 
(2006). Identification of small molecule antagonists of the human mas-related gene-X1 
receptor. Analytical Biochemistry, 351(1), 50-61. doi:S0003-2697(06)00030-3 [pii] 

Lammerich, H. P., Busmann, A., Kutzleb, C., Wendland, M., Seiler, P., Berger, C., . . . 
Maronde, E. (2003). Identification and functional characterization of hemorphins VV-
H-7 and LVV-H-7 as low-affinity agonists for the orphan bombesin receptor subtype 3. 
British Journal of Pharmacology, 138(8), 1431-1440. doi:10.1038/sj.bjp.0705177 [doi] 

Langley, K. E., Bennett, L. G., Wypych, J., Yancik, S. A., Liu, X. D., Westcott, K. R., . . . 
Zsebo, K. M. (1993). Soluble stem cell factor in human serum. Blood, 81(3), 656-660.  

Lembo, P. M., Grazzini, E., Groblewski, T., O'Donnell, D., Roy, M. O., Zhang, J., . . . Ahmad, 
S. (2002). Proenkephalin A gene products activate a new family of sensory neuron--
specific GPCRs. Nature Neuroscience, 5(3), 201-209. doi:10.1038/nn815 [doi] 

Lin, S., Cicala, C., Scharenberg, A. M., & Kinet, J. P. (1996). The fc(epsilon)RIbeta subunit 
functions as an amplifier of fc(epsilon)RIgamma-mediated cell activation signals. Cell, 
85(7), 985-995. doi:S0092-8674(00)81300-8 [pii] 

Liu, J., Divoux, A., Sun, J., Zhang, J., Clement, K., Glickman, J. N., . . . Shi, G. P. (2009). 
Genetic deficiency and pharmacological stabilization of mast cells reduce diet-induced 
obesity and diabetes in mice. Nature Medicine, 15(8), 940-945. doi:10.1038/nm.1994 
[doi] 

Liu, Q., Tang, Z., Surdenikova, L., Kim, S., Patel, K. N., Kim, A., . . . Dong, X. (2009). 
Sensory neuron-specific GPCR mrgprs are itch receptors mediating chloroquine-
induced pruritus. Cell, 139(7), 1353-1365. doi:10.1016/j.cell.2009.11.034 [doi] 

Malik, L., Kelly, N. M., Ma, J. N., Currier, E. A., Burstein, E. S., & Olsson, R. (2009). 
Discovery of non-peptidergic MrgX1 and MrgX2 receptor agonists and exploration of 
an initial SAR using solid-phase synthesis. Bioorganic & Medicinal Chemistry Letters, 
19(6), 1729-1732. doi:10.1016/j.bmcl.2009.01.085 [doi] 



83 

Marks, R., & Greaves, M. W. (1977). Vascular reactions to histamine and compound 48/80 
in human skin: Suppression by a histamine H2-receptor blocking agent. British Journal 
of Clinical Pharmacology, 4(3), 367-369.  

Matsuura, N., & Zetter, B. R. (1989). Stimulation of mast cell chemotaxis by interleukin 3. 
The Journal of Experimental Medicine, 170(4), 1421-1426.  

McCurdy, J. D., Olynych, T. J., Maher, L. H., & Marshall, J. S. (2003). Cutting edge: 
Distinct toll-like receptor 2 activators selectively induce different classes of mediator 
production from human mast cells. Journal of Immunology (Baltimore, Md.: 1950), 
170(4), 1625-1629.  

McNeil, B. D., Pundir, P., Meeker, S., Han, L., Undem, B. J., Kulka, M., & Dong, X. (2015). 
Identification of a mast-cell-specific receptor crucial for pseudo-allergic drug reactions. 
Nature, 519(7542), 237-241. doi:10.1038/nature14022 [doi] 

Meininger, C. J., Yano, H., Rottapel, R., Bernstein, A., Zsebo, K. M., & Zetter, B. R. (1992). 
The c-kit receptor ligand functions as a mast cell chemoattractant. Blood, 79(4), 958-
963.  

Mekori, Y. A., & Metcalfe, D. D. (2000). Mast cells in innate immunity. Immunological 
Reviews, 173, 131-140.  

Mekori, Y. A., Oh, C. K., & Metcalfe, D. D. (1995). The role of c-kit and its ligand, stem 
cell factor, in mast cell apoptosis. International Archives of Allergy and Immunology, 
107(1-3), 136-138.  

Menkin, V. (1956). Biology of inflammation; chemical mediators and cellular injury. 
Science (New York, N.Y.), 123(3196), 527-534.  

Metcalfe, D. D., Baram, D., & Mekori, Y. A. (1997). Mast cells. Physiological Reviews, 
77(4), 1033-1079.  

Miller, L., Blank, U., Metzger, H., & Kinet, J. P. (1989). Expression of high-affinity binding 
of human immunoglobulin E by transfected cells. Science (New York, N.Y.), 244(4902), 
334-337.  

Mitsui, H., Furitsu, T., Dvorak, A. M., Irani, A. M., Schwartz, L. B., Inagaki, N., . . . Gillis, 
S. (1993). Development of human mast cells from umbilical cord blood cells by 
recombinant human and murine c-kit ligand. Proceedings of the National Academy of 
Sciences of the United States of America, 90(2), 735-739.  

Moeller, I., Lew, R. A., Mendelsohn, F. A., Smith, A. I., Brennan, M. E., Tetaz, T. J., & 
Chai, S. Y. (1997). The globin fragment LVV-hemorphin-7 is an endogenous ligand for 
the AT4 receptor in the brain. Journal of Neurochemistry, 68(6), 2530-2537.  

Mohr, K. B., Zirafi, O., Hennies, M., Wiese, S., Kirchhoff, F., & Munch, J. (2015). Sandwich 
enzyme-linked immunosorbent assay for the quantification of human serum albumin 
fragment 408-423 in bodily fluids. Analytical Biochemistry, 476, 29-35. 
doi:10.1016/j.ab.2015.01.023 [doi] 

Mousli, M., Hugli, T. E., Landry, Y., & Bronner, C. (1994). Peptidergic pathway in human 
skin and rat peritoneal mast cell activation. Immunopharmacology, 27(1), 1-11.  



84 

Nakamura, T., Fonteh, A. N., Hubbard, W. C., Triggiani, M., Inagaki, N., Ishizaka, T., & 
Chilton, F. H. (1991). Arachidonic acid metabolism during antigen and ionophore 
activation of the mouse bone marrow derived mast cell. Biochimica Et Biophysica Acta, 
1085(2), 191-200. doi:0005-2760(91)90094-X [pii] 

Nothacker, H. P., Wang, Z., Zeng, H., Mahata, S. K., O'Connor, D. T., & Civelli, O. (2005). 
Proadrenomedullin N-terminal peptide and cortistatin activation of MrgX2 receptor is 
based on a common structural motif. European Journal of Pharmacology, 519(1-2), 191-
193. doi:S0014-2999(05)00731-4 [pii] 

Olynych, T. J., Jakeman, D. L., & Marshall, J. S. (2006). Fungal zymosan induces 
leukotriene production by human mast cells through a dectin-1-dependent mechanism. 
The Journal of Allergy and Clinical Immunology, 118(4), 837-843. doi:S0091-
6749(06)01325-X [pii] 

Pundir, P., MacDonald, C. A., & Kulka, M. (2015). The novel receptor C5aR2 is required 
for C5a-mediated human mast cell adhesion, migration, and proinflammatory mediator 
production. Journal of Immunology (Baltimore, Md.: 1950), 195(6), 2774-2787. 
doi:10.4049/jimmunol.1401348 [doi] 

Rajamaki, K., Nordstrom, T., Nurmi, K., Akerman, K. E., Kovanen, P. T., Oorni, K., & 
Eklund, K. K. (2013). Extracellular acidosis is a novel danger signal alerting innate 
immunity via the NLRP3 inflammasome. The Journal of Biological Chemistry, 288(19), 
13410-13419. doi:10.1074/jbc.M112.426254 [doi] 

Repke, H., & Bienert, M. (1987). Mast cell activation--a receptor-independent mode of 
substance P action? FEBS Letters, 221(2), 236-240. doi:0014-5793(87)80932-8 [pii] 

Rivera, J., & Gilfillan, A. M. (2006). Molecular regulation of mast cell activation. The 
Journal of Allergy and Clinical Immunology, 117(6), 1214-25; quiz 1226. doi:S0091-
6749(06)00863-3 [pii] 

Robas, N., Mead, E., & Fidock, M. (2003). MrgX2 is a high potency cortistatin receptor 
expressed in dorsal root ganglion. The Journal of Biological Chemistry, 278(45), 
44400-44404. doi:10.1074/jbc.M302456200 [doi] 

Rodewald, H. R., Dessing, M., Dvorak, A. M., & Galli, S. J. (1996). Identification of a 
committed precursor for the mast cell lineage. Science (New York, N.Y.), 271(5250), 
818-822.  

Romero, A., Gonzalez-Cuello, A., Laorden, M. L., Campillo, A., Vasconcelos, N., Romero-
Alejo, E., & Puig, M. M. (2012). Effects of surgery and/or remifentanil administration 
on the expression of pERK1/2, c-fos and dynorphin in the dorsal root ganglia in mice. 
Naunyn-Schmiedeberg's Archives of Pharmacology, 385(4), 397-409. 
doi:10.1007/s00210-011-0721-z [doi] 

Sandig, H., & Bulfone-Paus, S. (2012). TLR signaling in mast cells: Common and unique 
features. Frontiers in Immunology, 3, 185. doi:10.3389/fimmu.2012.00185 [doi] 

Schechter, N. M., Irani, A. M., Sprows, J. L., Abernethy, J., Wintroub, B., & Schwartz, L. 
B. (1990). Identification of a cathepsin G-like proteinase in the MCTC type of human 
mast cell. Journal of Immunology (Baltimore, Md.: 1950), 145(8), 2652-2661.  



85 

Segal, D. M., Taurog, J. D., & Metzger, H. (1977). Dimeric immunoglobulin E serves as a 
unit signal for mast cell degranulation. Proceedings of the National Academy of 
Sciences of the United States of America, 74(7), 2993-2997.  

Sikand, P., Dong, X., & LaMotte, R. H. (2011). BAM8-22 peptide produces itch and 
nociceptive sensations in humans independent of histamine release. The Journal of 
Neuroscience : The Official Journal of the Society for Neuroscience, 31(20), 7563-7567. 
doi:10.1523/JNEUROSCI.1192-11.2011 [doi] 

Solinski, H. J., Boekhoff, I., Bouvier, M., Gudermann, T., & Breit, A. (2010). Sensory 
neuron-specific MAS-related gene-X1 receptors resist agonist-promoted endocytosis. 
Molecular Pharmacology, 78(2), 249-259. doi:10.1124/mol.110.063867 [doi] 

Solinski, H. J., Gudermann, T., & Breit, A. (2014). Pharmacology and signaling of MAS-
related G protein-coupled receptors. Pharmacological Reviews, 66(3), 570-597. 
doi:10.1124/pr.113.008425 [doi] 

Solinski, H. J., Petermann, F., Rothe, K., Boekhoff, I., Gudermann, T., & Breit, A. (2013). 
Human mas-related G protein-coupled receptors-X1 induce chemokine receptor 2 
expression in rat dorsal root ganglia neurons and release of chemokine ligand 2 from 
the human LAD-2 mast cell line. PloS One, 8(3), e58756. 
doi:10.1371/journal.pone.0058756 [doi] 

Stellato, C., Cirillo, R., de Paulis, A., Casolaro, V., Patella, V., Mastronardi, P., . . . Marone, 
G. (1992). Human basophil/mast cell releasability. IX. heterogeneity of the effects of 
opioids on mediator release. Anesthesiology, 77(5), 932-940.  

Subramanian, H., Gupta, K., Guo, Q., Price, R., & Ali, H. (2011). Mas-related gene X2 
(MrgX2) is a novel G protein-coupled receptor for the antimicrobial peptide LL-37 in 
human mast cells: Resistance to receptor phosphorylation, desensitization, and 
internalization. The Journal of Biological Chemistry, 286(52), 44739-44749. 
doi:10.1074/jbc.M111.277152 [doi] 

Subramanian, H., Gupta, K., Lee, D., Bayir, A. K., Ahn, H., & Ali, H. (2013). Beta-defensins 
activate human mast cells via mas-related gene X2. Journal of Immunology (Baltimore, 
Md.: 1950), 191(1), 345-352. doi:10.4049/jimmunol.1300023 [doi] 

Subramanian, H., Kashem, S. W., Collington, S. J., Qu, H., Lambris, J. D., & Ali, H. (2011). 
PMX-53 as a dual CD88 antagonist and an agonist for mas-related gene 2 (MrgX2) in 
human mast cells. Molecular Pharmacology, 79(6), 1005-1013. 
doi:10.1124/mol.111.071472 [doi] 

Sugiyama, K., Ogino, T., & Ogata, K. (1989). Histamine release induced by proteolytic 
digests of human serum albumin: Isolation and structure of an active peptide from 
pepsin treatment. Japanese Journal of Pharmacology, 49(2), 165-171.  

Tatemoto, K., Nozaki, Y., Tsuda, R., Konno, S., Tomura, K., Furuno, M., . . . Naito, T. 
(2006). Immunoglobulin E-independent activation of mast cell is mediated by mrg 
receptors. Biochemical and Biophysical Research Communications, 349(4), 1322-1328. 
doi:S0006-291X(06)01996-6 [pii] 

Thomas, P., & Smart, T. G. (2005). HEK293 cell line: A vehicle for the expression of 
recombinant proteins. Journal of Pharmacological and Toxicological Methods, 51(3), 
187-200. doi:S1056-8719(05)00011-0 [pii] 



86 

Thompson, H. L., Burbelo, P. D., Segui-Real, B., Yamada, Y., & Metcalfe, D. D. (1989). 
Laminin promotes mast cell attachment. Journal of Immunology (Baltimore, Md.: 
1950), 143(7), 2323-2327.  

Thompson, H. L., Burbelo, P. D., Yamada, Y., Kleinman, H. K., & Metcalfe, D. D. (1991). 
Identification of an amino acid sequence in the laminin A chain mediating mast cell 
attachment and spreading. Immunology, 72(1), 144-149.  

Tkaczyk, C., Okayama, Y., Woolhiser, M. R., Hagaman, D. D., Gilfillan, A. M., & Metcalfe, 
D. D. (2002). Activation of human mast cells through the high affinity IgG receptor. 
Molecular Immunology, 38(16-18), 1289-1293. doi:S0161589002000779 [pii] 

Triantafilou, M., Hughes, T. R., Morgan, B. P., & Triantafilou, K. (2016). Complementing 
the inflammasome. Immunology, 147(2), 152-164. doi:10.1111/imm.12556 [doi] 

Turner, H., & Kinet, J. P. (1999). Signalling through the high-affinity IgE receptor fc 
epsilonRI. Nature, 402(6760 Suppl), B24-30.  

Utreras, E., Futatsugi, A., Rudrabhatla, P., Keller, J., Iadarola, M. J., Pant, H. C., & Kulkarni, 
A. B. (2009). Tumor necrosis factor-alpha regulates cyclin-dependent kinase 5 activity 
during pain signaling through transcriptional activation of p35. The Journal of 
Biological Chemistry, 284(4), 2275-2284. doi:10.1074/jbc.M805052200 [doi] 

Valent, P., Spanblochl, E., Sperr, W. R., Sillaber, C., Zsebo, K. M., Agis, H., . . . Lechner, 
K. (1992). Induction of differentiation of human mast cells from bone marrow and 
peripheral blood mononuclear cells by recombinant human stem cell factor/kit-ligand 
in long-term culture. Blood, 80(9), 2237-2245.  

van Hagen, P. M., Dalm, V. A., Staal, F., & Hofland, L. J. (2008). The role of cortistatin in 
the human immune system. Molecular and Cellular Endocrinology, 286(1-2), 141-147. 
doi:10.1016/j.mce.2008.03.007 [doi] 

Varadaradjalou, S., Feger, F., Thieblemont, N., Hamouda, N. B., Pleau, J. M., Dy, M., & 
Arock, M. (2003). Toll-like receptor 2 (TLR2) and TLR4 differentially activate human 
mast cells. European Journal of Immunology, 33(4), 899-906. 
doi:10.1002/eji.200323830 [doi] 

Weidner, N., & Austen, K. F. (1991). Ultrastructural and immunohistochemical 
characterization of normal mast cells at multiple body sites. The Journal of Investigative 
Dermatology, 96(3 Suppl), 26S-30S; discussion 30S-31S, 60S-65S. doi:5612610 [pii] 

Welle, M. (1997). Development, significance, and heterogeneity of mast cells with particular 
regard to the mast cell-specific proteases chymase and tryptase. Journal of Leukocyte 
Biology, 61(3), 233-245.  

Weller, C. L., Collington, S. J., Brown, J. K., Miller, H. R., Al-Kashi, A., Clark, P., . . . 
Williams, T. J. (2005). Leukotriene B4, an activation product of mast cells, is a 
chemoattractant for their progenitors. The Journal of Experimental Medicine, 201(12), 
1961-1971. doi:jem.20042407 [pii] 

Weller, C. L., Collington, S. J., Hartnell, A., Conroy, D. M., Kaise, T., Barker, J. E., . . . 
Williams, T. J. (2007). Chemotactic action of prostaglandin E2 on mouse mast cells 
acting via the PGE2 receptor 3. Proceedings of the National Academy of Sciences of 
the United States of America, 104(28), 11712-11717. doi:0701700104 [pii] 



87 

Wen, W., Wang, Y., Li, Z., Tseng, P. Y., McManus, O. B., Wu, M., . . . Hopkins, C. R. 
(2015). Discovery and characterization of 2-(cyclopropanesulfonamido)-N-(2-
ethoxyphenyl)benzamide, ML382: A potent and selective positive allosteric modulator 
of MrgX1. Chemmedchem, 10(1), 57-61. doi:10.1002/cmdc.201402277 [doi] 

Wendeler, M., & Sandhoff, K. (2009). Hexosaminidase assays. Glycoconjugate Journal, 
26(8), 945-952. doi:10.1007/s10719-008-9137-5 [doi] 

White, F. A., Sun, J., Waters, S. M., Ma, C., Ren, D., Ripsch, M., . . . Miller, R. J. (2005). 
Excitatory monocyte chemoattractant protein-1 signaling is up-regulated in sensory 
neurons after chronic compression of the dorsal root ganglion. Proceedings of the 
National Academy of Sciences of the United States of America, 102(39), 14092-14097. 
doi:0503496102 [pii] 

Wittke, S., Mischak, H., Walden, M., Kolch, W., Radler, T., & Wiedemann, K. (2005). 
Discovery of biomarkers in human urine and cerebrospinal fluid by capillary 
electrophoresis coupled to mass spectrometry: Towards new diagnostic and therapeutic 
approaches. Electrophoresis, 26(7-8), 1476-1487. doi:10.1002/elps.200410140 [doi] 

Woolhiser, M. R., Okayama, Y., Gilfillan, A. M., & Metcalfe, D. D. (2001). IgG-dependent 
activation of human mast cells following up-regulation of FcgammaRI by IFN-gamma. 
European Journal of Immunology, 31(11), 3298-3307. doi:10.1002/1521-
4141(200111)31:11<3298::AID-IMMU3298>3.0.CO;2-U [pii] 

Wu, H., Zeng, M., Cho, E. Y., Jiang, W., & Sha, O. (2015). The origin, expression, function 
and future research focus of a G protein-coupled receptor, mas-related gene X2 
(MrgX2). Progress in Histochemistry and Cytochemistry, 50(1-2), 11-17. 
doi:10.1016/j.proghi.2015.06.001 [doi] 

Yamada, T., Murayama, T., Mita, H., & Akiyama, K. (2000). Subtypes of bladder mast cells 
in interstitial cystitis. International Journal of Urology : Official Journal of the Japanese 
Urological Association, 7(8), 292-297.  

Yamanaka, K., Fujisawa, M., Tanaka, H., Okada, H., Arakawa, S., & Kamidono, S. (2000). 
Significance of human testicular mast cells and their subtypes in male infertility. Human 
Reproduction (Oxford, England), 15(7), 1543-1547.  

Yang, S., Liu, Y., Lin, A. A., Cavalli-Sforza, L. L., Zhao, Z., & Su, B. (2005). Adaptive 
evolution of MRGX2, a human sensory neuron specific gene involved in nociception. 
Gene, 352, 30-35. doi:S0378-1119(05)00103-4 [pii] 

Yatskin, O. N., Philippova, M. M., Blishchenko, E. Y., Karelin, A. A., & Ivanov, V. T. 
(1998). LVV- and VV-hemorphins: Comparative levels in rat tissues. FEBS Letters, 
428(3), 286-290. doi:S0014579398005493 [pii] 

Yoshihara, M., Ohmiya, H., Hara, S., Kawasaki, S., FANTOM consortium, Hayashizaki, 
Y., . . . Nishida, K. (2015). Discovery of molecular markers to discriminate corneal 
endothelial cells in the human body. PloS One, 10(3), e0117581. 
doi:10.1371/journal.pone.0117581 [doi] 

Zhang, L., Taylor, N., Xie, Y., Ford, R., Johnson, J., Paulsen, J. E., & Bates, B. (2005). 
Cloning and expression of MRG receptors in macaque, mouse, and human. Brain 
Research.Molecular Brain Research, 133(2), 187-197. doi:S0169-328X(04)00474-7 
[pii] 



88 

Zhao, Q., Sannier, F., & Piot, J. M. (1996). Kinetics of appearance of four hemorphins from 
bovine hemoglobin peptic hydrolysates by HPLC coupled with photodiode array 
detection. Biochimica Et Biophysica Acta, 1295(1), 73-80.  

Zirafi, O., Kim, K. A., Standker, L., Mohr, K. B., Sauter, D., Heigele, A., . . . Munch, J. 
(2015). Discovery and characterization of an endogenous CXCR4 antagonist. Cell 
Reports, 11(5), 737-747. doi:10.1016/j.celrep.2015.03.061 [doi] 

Zylka, M. J., Dong, X., Southwell, A. L., & Anderson, D. J. (2003). Atypical expansion in 
mice of the sensory neuron-specific mrg G protein-coupled receptor family. 
Proceedings of the National Academy of Sciences of the United States of America, 
100(17), 10043-10048. doi:10.1073/pnas.1732949100 [doi] 



89 

Appendix 1 Peptide sequencing MSMS spectra 

Fig. 15. The MSMS spectra from the main peak in plasma A fraction 36. 
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Fig. 16. The MSMS spectra from the main peak in plasma A fractions 43-44. 
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Fig. 17. The MSMS spectra from the main peak in plasma B fraction 34-36. 
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Fig. 18. The MSMS spectra from the main peak in platelets fraction 31. 
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Fig. 19. The MSMS spectra from the main peak in platelets fraction 49. 
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