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Abstract 57 

 58 

Mast cells, best known for their detrimental role in allergic diseases, act in a diverse array of 59 

physiological and pathological functions, made possible by the plurality of mast cell types. 60 

Their various developmental avenues and their distinct sensitivity to (micro-) environmental 61 

conditions convey extensive heterogeneity, resulting in diverse functions. We briefly 62 

summarize this heterogeneity, elaborate on molecular determinants that allow mast cells to 63 

communicate with their environment to fulfill their tasks, discuss their protease repertoire 64 

stored in secretory lysosomes, and consider different aspects of mast cell signaling. Further, 65 

we describe key mast cell governance mechanisms, i.e. the high-affinity receptor for IgE 66 

(FcεRI), the stem cell factor receptor KIT, the IL-4 system, and Ca2+-dependent as well as 67 

phosphatase-dependent mechanisms. Finally, we focus on distinct physiological functions 68 

such as chemotaxis, phagocytosis, host defense, and the regulation of mast cell functions at 69 

the mucosal barriers of the lung, the gastrointestinal tract, and the skin. A deeper knowledge 70 

of the pleiotropic functions of mast cell mediators as well as the molecular processes of mast 71 

cell regulation and communication should enable us to promote beneficial mast cell traits in 72 

physiology and suppress detrimental mast cell functions in disease. 73 

 74 

 75 

Key words: FcεRI, stem cell factor, interleukin 4, calcium signaling, phosphatases, 76 

chemotaxis, tryptase, chymase, integrins, Toll-like receptors, ion channels 77 

 78 

Abbreviations used: 79 

BM:  bone marrow  80 

CD45:  cluster of differentiation 45 81 

CLP:  caecum ligation and puncture 82 

CPA3:  carboxypeptidase A3 83 

CTMC:  connective tissue mast cell 84 

CXCR2: C-X-C motif chemokine receptor 2 85 
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CX3CR1: fractalkine receptor 86 

FcεRI:  high-affinity receptor for IgE  87 

FcγR:  IgG receptor  88 

GASPIDs: granule-associated serine proteases of immune defense 89 

GCs:  glucocorticoids 90 

GI:  gastrointestinal 91 

HLMC:  human lung mast cell 92 

HSC:  hematopoietic stem cell  93 

IP3:  inositol-1,4,5-trisphosphate 94 

ITAM:   immunoreceptor tyrosine-based activation motif 95 

MAdCAM-1: mucosal vascular addressin cell adhesion molecule 1 96 

MAPK:  mitogen-activated protein kinase 97 

MC:  mast cell 98 

MCC:  mast cell expressing only chymase 99 

MCps:  mast cell precursors  100 

MCT:  mast cell expressing only tryptase 101 

MCTC:  mast cell expressing tryptase and chymase  102 

MMC:  mucosal mast cell 103 

PEP:  PEST domain-enriched tyrosine phosphatase 104 

PTEN:  phosphatase and tensin homolog 105 

PTPα:  protein tyrosine phosphatase alpha 106 

PTPε:  protein tyrosine phosphatase epsilon 107 

SCF:  stem cell factor 108 

SHIP1:  SH2-domain-containing inositol-5’-phosphatase 1 109 

SHIP2:  SH2-domain-containing inositol-5’-phosphatase 2 110 

SHP-1: SH2-domain-containing phosphotyrosine phosphatase 1 111 

SHP-2: SH2-domain-containing phosphotyrosine phosphatase 2 112 

TLR:  Toll-like receptor 113 

TRP:  transient receptor potential 114 

TULA-2: T-cell ubiquitin ligand-2 115 

VCAM-1: vascular cell adhesion molecule 1  116 
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Main Text 117 

 118 

1. Heterogeneity of mast cells 119 

 120 

The term “mast cells (MCs)” describes a highly heterogeneous cell population. Numerous 121 

MC subtypes have now been characterized, both in humans and in animals, based on 122 

differences in cell morphology, histochemical properties, protease content in granules, 123 

piecemeal or anaphylactic type of degranulation, receptor expression, and function 1, 2. A 124 

certain subtype plasticity has been recognized depending on the tissue environment, and in 125 

vitro MCs change their phenotype depending on the culture conditions 3-5.  126 

In addition to intraspecies heterogeneity, interspecies heterogeneity has been discovered 
6. 127 

This is of relevance, because a large part of the scientific literature on MCs is based on 128 

animal work, in particular mouse studies. Data on human MCs are scarce, as they are 129 

difficult to collect from tissue sources. Many laboratories therefore use genetically 130 

transformed human MC lines instead of primary MCs from tissue, or immature MCs derived 131 

from bone marrow or peripheral blood that are partially maturated under particular culture 132 

conditions. Although, it is well-known that such MCs differ functionally from primary tissue 133 

MCs, they have nonetheless provided useful insights into the regulation and function of 134 

human MCs. 135 

 136 

MC subtypes in humans - Human MCs can be characterized according to the type of 137 

proteases they contain. For example, MCTC contain tryptase and chymase, MCT contain only 138 

tryptase or the rare MCC containing only chymase. MCTC are located at non-mucosal sites 139 

(skin, submucosa, adjacent to blood vessels, peritoneum in mice), whereas MCT are primarily 140 

found at mucosal sites (nose, lung, intestine). Further division of these subtypes into site-141 

specific populations have been proposed to reflect the microenvironment of the anatomical 142 

compartments where they are localized. For example, the lung MCT – to reflect its prevalence 143 

in bronchi, bronchioles, and the alveolar parenchyma while MCTC – to denote its abundance 144 
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in pulmonary vessels and the pleura. Within each MCTC and MCT population, there are also 145 

distinct localization-specific expression patterns of receptors, enzymes and growth factors 146 

which can be used for further characterization. For instance, bronchial MCT consistently 147 

express more histidine decarboxylase than alveolar MCT while for both MCTC and MCT, the 148 

high-affinity receptor for IgE (FcεRI) is highly expressed in conducting airways but virtually 149 

absent in alveolar parenchyma 7. It is not only the tissue site, but also the disease status that 150 

influences MC heterogeneity. In poorly controlled, severe, Th2-associated asthma, an altered 151 

subtype which could play a role in the pathophysiology of this disease 8 has been described 152 

to express tryptase, chymase, and/or carboxypeptidase A3 (CPA3). Genetic analyses have 153 

revealed even more heterogeneity among MCs from different sites within one tissue, 154 

although their clinical implications are yet unclear 9.  155 

 156 

MC subtypes in rodents - In mice and rats, MCs are traditionally subtyped into connective 157 

tissue (CTMC) and mucosal MCs (MMC) based on their histochemical properties, mediator 158 

content and functional properties 10. CTMC can be stained with both alcian blue and safranin, 159 

while MMC can only be stained with alcian blue. In terms of their mediator content, heparin 160 

proteoglycans predominate in CTMC while it is chondroitin sulfate in MMC. In their functional 161 

properties, CTMC typically contain rodent tryptases, chymases, and CPA3, whereas MMC 162 

contain chymases only and thus differ fundamentally from their human counterparts in 163 

mucosal tissues that contain tryptase only. The subtyping of murine MCs into CTMC and 164 

MMC might be an oversimplification for the mouse intestine and peritoneum but not for the 165 

lung 11. 166 

 167 

 168 

2. Regulation of MC development  169 

 170 

Development of MCs can be subdivided in three major steps: differentiation of hematopoietic 171 

stem cells (HSCs) to MC precursors (MCps) in the bone marrow (BM), distribution of MCps 172 
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via blood and transendothelial migration into target tissues, and eventually phenotypic 173 

maturation in different tissues. Although there are still certain discrepancies concerning our 174 

understanding of MCp development in the BM, it is justified to suggest that committed MCps 175 

stem from bipotent progenitors, endowed with the capacity to differentiate into both MCs and 176 

basophils, as has been studied in mice (reviewed in 12).  177 

 178 

The expression of the receptor tyrosine kinase KIT for MC development is mandatory. 179 

Likewise, the expression of the KIT ligand, stem cell factor (SCF), is obligatory for MC 180 

development in vivo. Mature MCs are usually characterized by their expression of KIT and 181 

FcεRI as well as distinct metachromatic cytoplasmic granules. MCps do not necessarily 182 

express the FcεRI and are typically not identifiable by metachromatic staining, indicating that 183 

commitment to the MC lineage occurs prior to FcεRI expression. Indeed, early committed 184 

MCps lack FcεRI expression but show KIT expression 
13. Hence, MCps ready to leave the 185 

BM can be either FcεRI-positive or –negative. Less is known about committed MCps in 186 

humans although an immature human MCp population, similar to the mouse MCp in terms of 187 

amount and developmental state, has recently been identified in human blood. These have 188 

been reported to be lineage-negative CD34hi KITint/hi
 FcεRI+ and to give rise only to 189 

granulated tryptase-positive KIT
+
 FcεRI

+
 MCs 14. Interestingly, the frequency of development 190 

of such MCs starting from a lineage-negative CD34hi KITint/hi
 FcεRI

-
 cell subset was reduced 191 

by more than a factor of ten, indicating the importance of FcεRI expression for MC 192 

commitment.  193 

 194 

After leaving the BM, MCps are distributed via the blood to their target tissues. This requires 195 

productive interaction between surface molecules of MCps and endothelial cells for 196 

transendothelial migration. Homing of MCps to the small intestine requires the expression of 197 

the α4β7 integrin on the MCps 15 and, MAdCAM-1 and VCAM-1 as counterligands on the 198 

intestinal endothelial cells for interaction 
15, 16. Integrin activation requires chemokine 199 
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receptor-mediated inside-out signaling by CXCR2 expressed on MCps 16. While β7 integrin-200 

deficient mice showed impaired MCp homing to the intestine, homing to the lung was still 201 

possible, albeit reduced. Using a model of ovalbumin-induced allergic airway inflammation, 202 

pulmonary recruitment of MCps was shown to depend on both α4β7 and α4β1 integrins on 203 

the MCps, and on VCAM-1 on the endothelial side 17. The same transmigration mechanism 204 

was recently demonstrated in Influenza A-infected mice 18. Homing of MCps to the small 205 

intestine occurs in a constitutive manner in naïve mice 15, although it can be amplified by 206 

inflammatory conditions. In contrast, in the lung, the numbers of MCps that home 207 

constitutively is strongly exceeded by the numbers recruited upon inflammation in a T cell-208 

dependent manner 19. In addition to the intestine and the lung, the skin is an important MC-209 

containing tissue. However, less is known about MCp homing to the skin, though a promoting 210 

role for the fractalkine receptor CX3CR1 on MCps has been suggested 20.  211 

 212 

After migration to their respective tissues, MCps differentiate into two major subclasses of 213 

mature tissue MCs, MCTC and MCT (for detection of and discrimination between various MC 214 

types of different species, see chapter 1). Finally, maturation of MCs, in vitro as well as in 215 

different tissues, is associated with the downregulation of cell surface adhesion molecules 216 

and chemokine receptors. Exemplary, primary peritoneal and pulmonary MCps from naïve 217 

mice express considerably higher levels of β7 integrin than the respective mature MCs 
21. 218 

Moreover, analysis of MCps and mature MCs differentiated in vitro from human cord blood 219 

revealed expression of four different chemokine receptors (CXCR2, CCR3, CXCR4, and 220 

CCR5) on MCps, whereas only CCR3 was retained on mature MCs 
22. Generally, expression 221 

of plasma membrane proteins important for migration changes during MC maturation.    222 

 223 

Very recently, with the aid of a new hematopoietic fate mapping model, murine MCs were 224 

demonstrated to have dual developmental origin arising via both primitive (yolk sac-derived) 225 

and definitive (HSC-derived) hematopoiesis 23. MC maintenance in adult tissues was found to 226 

occur largely independent of the bone marrow, probably via proliferation of tissue-resident 227 
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MCps differentiated from HSCs during embryogenesis 
23. This intriguing study proves that 228 

much more remains to be discovered in MC development and migration to target tissues, and 229 

it would be exciting to learn about the respective processes in humans.   230 

 231 

 232 

3. Regulation and function of MC proteases 233 

 234 

Proteases, particularly the tryptases, chymases, and CPA3 whose expression is largely 235 

restricted to MCs, contribute importantly to the pleiotropic effector functions of these cells. 236 

Proteases are the major proteins of MC secretory granules that also contain histamine, 237 

serotonin, and proteoglycans. After release by degranulation, these proteases primarily exert 238 

pro-inflammatory functions and have been implicated in the pathogenesis of MC-related 239 

disorders, but they also contribute to tissue homeostasis and host defense (for reviews see 240 

e.g. 24-26).  241 

 242 

Human MCs express four tryptases, α, β, γ and δ, two proteases with chymotrypsin-like 243 

activity, chymase and cathepsin G (also expressed in neutrophils), and CPA3. Tryptase β, 244 

which forms non-covalent tetramers with limited trypsin-like activity, is considered the 245 

prototypical and biological active "tryptase" 27, 28. Tryptase α can assemble to virtually 246 

identical tetramers but is inactive 29. Tryptase δ lacks the C-terminal 40 amino acid residues 247 

30, and from a structural point of view its folding and activity are enigmatic. Tryptase γ is less 248 

closely related to the other tryptases and it is likely membrane-bound in a monomeric form 31. 249 

While chymase and CPA3 are exclusive to MCs, chymase, cathepsin G and CPA3 are 250 

usually expressed only in the MCTC subset of MCs. MCs with distinct protease expression 251 

patterns such as chymase-only MCC 32 and, more recently, CPA3 positive MCT have been 252 

described in eosinophilic allergic inflammatory disorders 
33, 34.  253 

  254 

Comparative genomic analysis has shown that tryptases and chymases are poorly 255 
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conserved between man and rodents and even between man and chimpanzee 35. The 256 

mouse genome encodes four tryptases, mMCP-6, -7, -11, and tryptase γ/transmembrane 257 

tryptase. mMCP-6 is most likely the functional counterpart of human tryptase β, whereas 258 

mMCP-7 apparently is dispensable and not expressed in some mouse strains such as 259 

C57BL/6 36. The chymase locus has expanded considerably and encodes 7 chymases, 260 

mMCP-1, -2, -4, -5, -8, -9 and -10. mMCP-4 appears to be the functional counterpart of 261 

human chymase, whereas its rodent orthologs mMCP-5/rMCP-5 have altered elastase-like 262 

activity 
37, 38. Instead of being expressed in MCs, mMCP-11 and -8 are preferentially 263 

expressed in basophils 39, 40, which are virtually devoid of tryptases and chymases in humans. 264 

In contrast to the heterogeneity of tryptases and chymases, a single CPA3 gene is expressed 265 

in man and rodents. 266 

 267 

Considering their role in host defense vs. their pro-inflammatory potential, it is not surprising 268 

that the expression and activity of MC proteases is extensively regulated. On the genomic 269 

level, the variation of α- and β-tryptases is complex: Of the four tryptase genes (TPSAB1, 270 

TPSB2, TPSG1, TPSD1), TPSAB1 and TPSB2 can harbor alleles encoding enzymatically 271 

active β, inactive α or deficiency alleles 41. All individuals initially surveyed have two to four β 272 

alleles, suggesting that β has essential functions, whereas the enzymatically inactive α is 273 

dispensable 41. Recently, individuals with duplications or triplications of the α-encoding 274 

TPSAB1 gene, elevated basal serum tryptase levels and multisystem complaints have been 275 

identified, a trait now classified as hereditary α-tryptasemia syndrome 42. 276 

 277 

On the level of gene regulation, the expression of human tryptase, its mouse counterpart 278 

mMCP-6 and several mouse chymases is driven by the microphthalmia (mi)-associated 279 

transcription factor, which is also central to the development of MCs 43, 44. Post-transcriptional 280 

and -translational mechanisms contribute to the regulation and result in an increased number 281 

of tryptase species. For example, alternative splicing of human α and β tryptases has been 282 

reported, which likely affects the tetrameric architecture, stability and enzymatic activity of 283 
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these proteins 45. Posttranslational processing further results in several forms of the proteins 284 

with slight differences in glycosylation, charge, and enzymatic activity 46. 285 

 286 

In contrast to most other proteases, tryptases and chymases are not regulated on the level of 287 

zymogen activation. Rather, they are activated by cathepsin C and potentially by other 288 

cathepsins before storage in granules, a feature shared with other ‘granule associated serine 289 

proteases of immune defense’ (GASPIDs 47, 48). Within the granules, the activity of tryptases 290 

and chymases is likely controlled by compartmentalization, its acidic pH, and its close 291 

packaging. After degranulation, binding to high molecular weight proteoglycans continues to 292 

modulate diffusion, activity, and substrate specificity. In particular, the active β tryptase 293 

tetramer requires stabilization by bound proteoglycans that protect it from dissociation into 294 

(almost) inactive monomers. Enzymatically active monomers with altered substrate and 295 

inhibition profile can be formed in vitro 49 but these remain to be demonstrated in vivo. 296 

Tetramerization is likely the main mechanism regulating tryptase β activity and selectivity in 297 

vivo, because it restricts the access of large substrates to the active sites located within the 298 

central pore and sterically blocks inhibition by most protease inhibitors 26, 28, 50. Monomeric 299 

chymases are more prone to inhibition by tissue- and plasma-derived inhibitors, but they can 300 

evade inhibition by inactivating serpins and they can retain some activity when in circulation 301 

in an α2 macroglobulin complex 51.  302 

 303 

 304 

4. Mast cell receptors and signaling 305 

 306 

4.1 Immunoglobulin receptor signaling and function 307 

 308 

MCs express high-affinity receptor for IgE, FcεRI, and several IgG receptors, FcγR on their 309 

surface (for reviews see 52, 53). FcεRI is a tetramer consisting of an α-chain that binds IgE, a 310 

membrane transversing tetraspanin β-chain, and a homodimeric disulfide-linked γ-chain 54, 55. 311 
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IgE is bound at a 1:1 stoichiometry at very high affinity (Ka ≥1010 M-1). Binding of low doses of 312 

monomeric IgE to the FcεRI provides a MC survival signal 56 and IgE levels affect surface 313 

expression of FcεRI 57, 58. Low binding of IgE or antigen (Ag) to the FcεRI triggers expression 314 

and secretion of chemokines and other mediators, while optimal binding triggers 315 

degranulation 59. Supra-optimal crosslinking can suppress MC activation 60. Human MCs 316 

express FcγRIIA and/or FcγRI. Both receptors can stimulate degranulation and cytokine gene 317 

expression. In mice, the FcγRIIB, expressed also on human MCs, acts inhibitory and the 318 

FcγRIII stimulatory on degranulation. 319 

 320 

After cross-linking by Ag, the IgE-prebound FcεRI is phosphorylated by the kinase LYN at 321 

tyrosine residues in the ITAMs (immunoreceptor tyrosine-based activation motifs) of β and γ 322 

chains. This is followed by activation of SYK and other kinases. The core signaling pathways 323 

have been extensively reviewed elsewhere 53, 55, 61. The relationships among the two classes 324 

of enzymes, other kinases and phosphatases that control MC function, are complex, 325 

sometimes hierarchical. Much has been learned from “knockout” or “knockdown” models, 326 

which, however, needs to be interpreted with caution as compensatory mechanisms might be 327 

turned on. The balance of specific signaling pathways emanating from the FcεRI depends on 328 

the type of MC, on their site of residence, on their FcεRI-independent activation status, and 329 

other biological parameters.  330 

 331 

Cross-linking of the FcεRI by IgE/Ag complexes causes it to translocate into lipid rafts (for 332 

reviews see 62, 63). LYN is tethered to the cytoplasmic membrane through acylation and co-333 

assembles in lipid rafts, which promote high local concentration of receptor and kinase, 334 

resulting in efficient phosphorylation of the FcεRI. Other components of the FcεRI 335 

signalosome are embedded in these membrane domains as well like LAT and NTAL. Not 336 

only are some proteins included in lipid rafts when the FcεRI becomes crosslinked, but others 337 
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such as certain phosphatases are excluded from lipid rafts 64. Thus, formation of these lipid-338 

protein domains provides a versatile mechanism for the regulation of FcεRI signaling. Other 339 

signals that modulate FcεRI-mediated degranulation likely include cell-cell contact-dependent 340 

signals from adhesion receptors (RJ; own unpublished results). Embedding MCs in 341 

appropriate tissue niches and thereby controlling MC activation may be an important 342 

mechanism to keep degranulation under finely balanced control. Many other factors that 343 

regulate the final outcome of FcεRI signals are incompletely understood, e.g. non-coding 344 

RNAs, membrane biophysics, intracellular liquid phase separation, and physical interactions 345 

with other cells including immune and non-immune cells. 346 

 347 

A large range of compounds from plant molecules to bacterial substances and snake 348 

venoms, but also complement, Toll-like receptor (TLR) ligands, and other stimuli such as 349 

pressure or heat may cause MC exocytosis 65. Thus, a plethora of receptors can trigger MC 350 

degranulation independently of or in conjunction with the FcεRI. MC FcεRI-mediated 351 

degranulation may also be facilitated by other pathways. Examples such as SCF (see 4.2), 352 

prostaglandins, nucleotides, interleukins, and chemokines illustrate the wide spectrum of 353 

ligands that modulate MC activity (reviewed in 66).  354 

 355 

MCs, at least BMMCs, can be desensitized by various pathways to keep FcεRI signaling and 356 

thus degranulation under control 67, 68. Low-dosage exposure to monomeric IgE, IgE-bound 357 

Ag, or to anti-Fc receptor antibodies reduces FcεRI sensitivity 69, 70. Activation of the single-358 

chain FcγRIIB by crosslinking it to FcεRI via immune complexes made of Ig Fc fragments Fcγ 359 

and Fcε blocks PI3K-mediated FcεRI signaling 71. The FcεRI may be down-regulated by 360 

internalization followed by either degradation or recycling to the cell surface 61, 72, 73. 361 

Ubiquitination and neddylation are key signals for these endocytic processes and/or the 362 
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potential subsequent lysosome- or proteasome-mediated degradation of the Fc receptor 363 

complexes 63. Further, signaling through cross-linked FcγRs can induce BMMC apoptosis  74.  364 

 365 

 366 

4.2. Cytokine receptor signaling and function 367 

 368 

SCF, IL-4 and IL-33 are major cytokines regulating MC mediator release. SCF acts not only 369 

as a MC growth, survival, and chemotaxis factor (see chapter 2), but also as a regulator of 370 

mediator release by either enhancing IgE-dependent responses (degranulation as well as 371 

production of leukotrienes and cytokines) or by directly inducing cytokine production and 372 

release 
75, 76. The mechanisms of activation of the SCF receptor KIT in MCs are quite well 373 

understood and have been reviewed elsewhere 77, 78. In contrast to the acute effects of SCF 374 

stimulation, chronic SCF treatment results in suppression of FcεRI-mediated MC activation 375 

caused by a significant attenuation of cytoskeletal reorganizations 79.  376 

 377 

In a comparable manner, acute IL-33 stimulation of MCs augments Ag-triggered cytokine 378 

production, as studied in BMMCs and human umbilical cord blood-derived MCs 
80, 81. 379 

Interestingly, KIT has been shown to interact constitutively with the β-chain of the IL-33 380 

receptor, IL-1RAcP, and it appears to be required for the full IL-33 response in BMMCs and 381 

human mastocytosis MC lines 82. In opposition to an acute stimulation with IL-33, a chronic 382 

treatment of BMMCs and primary human MCs with IL-33 (>72h) resulted in a hyporesponsive 383 

secretory phenotype, demonstrating fundamental proteomic and regulatory changes induced 384 

by long-term IL-33 stimulation 
83.  385 

 386 

Besides SCF and IL-33, IL-4 is another important human MC regulator. In contrast to SCF, 387 

IL-4 does not affect matured MCs by itself, but acts synergistically with SCF on MC survival, 388 

proliferation and IgE-dependent mediator release 
3. Moreover, IL-4 alters the cytokine profile 389 

released by human intestinal and skin MCs (Figure 1). The cytokines produced by MCs, 390 
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either constitutively or upon activation, vary in different species, depending on the maturity of 391 

the MCs, on tissue environmental factors, MC subtypes, and types of stimuli that trigger MCs 392 

signaling. Below is a summary of data from primary human MCs, either mucosal MCs from 393 

the gut 84, 85 or skin 86, 87. Mucosal MCs from the gut express constitutively small amounts of 394 

TNFα and IL-6. Upon FcεRI-crosslinking, expression of TNFα and IL-6 is enhanced and 395 

additional expression of Th2 cytokines such as IL-3, IL-5, and IL-13 occurs. If the mucosal 396 

MCs are exposed to an IL-4 environment, IL-6 expression is blocked while IL-3, IL-5 and IL-397 

13 expression is markedly enhanced. Similar variations in cytokine expression can be 398 

observed in human skin MCs depending on FcεRI-crosslinking and IL-4 treatment. However, 399 

no Th2 cytokine expression has been described in this cell type (Figure 1C). Human mucosal 400 

MCs are also a rich source of several chemokines, the expression of which is again 401 

regulated by FcεRI-crosslinking and IL-4 (Figure 1B). Human skin MCs produce chemokines 402 

too, namely CCL2, CCL3 and CCL4, e.g. upon activation by CD30, but their regulation has 403 

been less extensively studied 87. The priming effect of IL-4 is likely not restricted to intestinal 404 

or skin MCs, but has been observed also in lung MCs, LAD2 MCs, and other human MCs 88-
405 

91.  406 

 407 

IL-4 is a key mediator of allergic inflammation considering that it also induces the 408 

development of Th2 cells and IgE switching in B cells 3. SCF and IL-4 may thus be 409 

considered as primary, co-stimulatory mediators since they do not only enhance FcεRI-410 

mediated signals but also induce the upregulation of secondary stimulatory receptors, e.g the 411 

substance P (NK-1) receptor.  Such co-stimulation draws comparisons between MC and T 412 

cell signaling since both require cooperation of two signals for optimal activation: an Ag-413 

dependent signal such as from the TCR or the IgE-bound FcεRI, and a co-stimulatory 414 

molecule, e.g., CD80 in T cells or SCF/IL-4 in MCs.  415 

 416 

The priming effect of IL-4 in human MCs is possibly not restricted to FcεRI-mediated 417 

stimulation. In human cord blood-derived MCs, IL-4 pretreatment enhances TNF production 418 
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following stimulation with the TLR2 agonist peptidoglycan, and enables MCs to produce TNF 419 

in response to LPS 92. In the LAD2 human MC line, IL-4 pretreatment enhances IL-31 420 

production following stimulation with IL-33 91. These two studies are probably insufficient for 421 

the generalization of IL-4 priming effects in IgE-independent signaling in human MCs, but 422 

demonstrate that the priming effects are not restricted to the FcεRI-mediated stimulation. 423 

 424 

The intracellular mechanisms connecting the SCF and IL-4 signaling pathway have been 425 

analyzed in human MCT isolated from gut mucosa 
93. Activation of MCT by FcɛRI cross-linking 426 

alone results in phosphorylation of ERK and MAPK p38, but not of AKT. Stimulation with 427 

SCF alone also induces phosphorylation of ERK and MAPK p38, and additionally of AKT. As 428 

oppose to human MCT, in murine BMMCs both KIT- and FcεRI-mediated stimulation results 429 

in ERK, MAPK p38, and AKT activation 
76. IL-4 priming of human intestinal MCT enhanced 430 

activation of ERK, but blocked activation of MAPK p38. As activation of MAPK p38 is 431 

required for IL-6 production, the reported negative effect of IL-4 on MAPK p38 explains the 432 

inhibitory effect of IL-4 on IL-6 expression in human MCs. Moreover, IL-4 priming that 433 

antecedes FcɛRI cross-linking induces activation of AKT. The combined treatment of MCs 434 

with IL-4, SCF and FcɛRI cross-linking substantially upregulates activation of AKT, whereas 435 

blocking of AKT inhibited the pronounced production and release of cytokines and 436 

chemokines in response to the three MC agonists 93. 437 

 438 

 439 

4.3. Innate immune receptors 440 

 441 

The particular localization of MCs makes their expression of receptors recognizing microbial 442 

constituents meaningful and mandatory. MCs are equipped with different Toll-like receptors 443 

(TLRs), which can productively interact with various pathogen-associated molecular patterns 444 

(PAMPs) present on bacteria, viruses, and fungi. Differential types of MCs of different 445 

species have been reported to express various TLRs (investigated mainly at the mRNA level). 446 
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TLR1-9 have been found in murine and human MCs (see Ref. 94-96), whereas TLR10 can only 447 

be detected in human lung MCs 97. By far most studies in the field of TLR function and 448 

signaling have been published for TLR4 and its ligand lipopolysaccharide (LPS). In 449 

macrophages, LPS is bound by mCD14 and eventually transferred to the TLR4-MD-2 450 

complex, hence activating the MYD88-dependent and the TRIF-dependent pathway. The 451 

former induces production of pro-inflammatory cytokines, the latter the generation of type-I 452 

interferons 98. Intriguingly, BMMCs and human intestinal MCs lack mCD14, with the 453 

consequence they recognize R-chemotypes of LPS, but not S-chemotypes 
99, 100. In 454 

correlation, macrophages deficient in CD14 show a LPS-recognition phenotype comparable 455 

to MCs 
101. Moreover, both murine BMMCs and murine peritoneal MCs (PMCs) were found to 456 

lack the adaptor protein TRAM resulting in their inability to activate the TRIF pathway and 457 

hence, to produce type-I interferons upon LPS stimulation 
102, 103. With respect to MYD88-458 

dependent, pro-inflammatory TLR4 signaling, BCL3, a member of the inhibitor of NF-κB 459 

family, has been shown to play a suppressive role in PMCs, which was not obvious in 460 

BMMCs 104. Most likely, on the level of signal transduction as well, many more differences 461 

between diverse MC types are to be found. 462 

 463 

C-type lectin receptors have also been found to be involved in MC signaling activated by 464 

certain bacteria. MCs differentiated from murine BM or peritoneal cells express mannose 465 

receptor and macrophage galactose-type lectin whose roles in the recognition of Bordetella 466 

pertussis have been demonstrated 
105. In addition, expression of the C-type lectin receptor 467 

Dectin-1, which participates in anti-fungal immunity, has been reported in different types of 468 

MCs such as BMMCs 106, human MCs generated from peripheral blood CD34+ progenitors 107, 469 

and cord blood-derived MCs 108. Thus, MCs are well-endowed with different features for 470 

pathogen recognition. 471 

 472 

 473 

4.4. Regulation of Ca2+-dependent MC activation  474 
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 475 

MC activation by numerous stimuli relies on Ca2+ entry. Numerous stimuli including Ag 476 

acting on the IgE-bound FcεRI, adenosine, endothelin-1 or compound 48/80, for which the 477 

receptor in MCs (i.e. MRGPRB2 in mice and MRGPRX2 in humans) was identified only 478 

three years ago 109, trigger a marked increase in free cytosolic Ca2+ concentration to evoke 479 

MC activation. Degranulation achieved by regulated exocytosis of secretory vesicles 480 

requires a rise in free cytoplasmic Ca2+ concentration, similar to the production of 481 

leukotrienes or the activation of several transcription factors, which drive the synthesis of 482 

cytokines. Before degranulation can occur, the vesicles loaded with, for example, 483 

inflammatory mediators are transported to the plasma membrane where they fuse with the 484 

plasma membrane. This process of regulated exocytosis is initiated by a rise in the Ca2+ 485 

concentration in the vicinity of the membrane which depends on Ca2+-influx through Ca2+ 486 

permeable channels in the plasma membrane 110, 111. A major downstream target of FcεRI 487 

stimulation is phospholipase C (PLC) γ1, which leads to generation of inositol-1,4,5-488 

trisphosphate (IP3). IP3-mediated Ca2+ release from intracellular stores is subsequently 489 

followed by an influx of Ca2+ from the extracellular space, a process named store-operated 490 

Ca2+ entry (SOCE) 112. SOCE has been described in MCs 111, 113 and ionic currents 491 

mediating this Ca2+ influx were first characterized as Ca2+ release-activated Ca2+ (CRAC) 492 

channels 114. Molecular constitutions of this Ca2+ entry pathway include proteins of the 493 

ORAI family. Depletion of intracellular Ca2+ stores through IP3 generation can be achieved 494 

by several agonists mentioned above that act on G protein-coupled receptors (GPCR) 495 

leading to stimulation of PLCβ.  These signaling pathways are also shown to activate TRP 496 

channels. 497 

 498 

Ca2+ entry into MCs via channels consisting of ORAI proteins. The ORAI family of cation 499 

channels consist of three members, ORAI1, ORAI2, and ORAI3, which are all sufficient to 500 

build SOCE channels (see refs. in 115) (Table 1). In murine BMMCs in which the Orai1 501 

gene has been targeted by a gene trap approach 116, CRAC currents (ICRAC) were reduced 502 
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by 66%, and FcεRI-mediated Ca2+ entry and release of inflammatory mediators were 503 

reduced to a similar extent. In contrast, in Orai2−/− mice, Ag-evoked Ca2+ rise and 504 

degranulation of PMCs as well as passive systemic anaphylaxis were increased 115. This 505 

finding was initially surprising since overexpression of the Orai2 or Orai1 cDNA leads to a 506 

pronounced enhancement of both SOCE and ICRAC (see refs. in 115). An increase in SOCE 507 

was also observed in Orai2−/− T cells and macrophages 117, which was explained by a role 508 

of ORAI2 proteins in fine-tuning the magnitude of SOCE mediated in ORAI1:ORAI2 509 

heteromeric channels 117. Ca2+ rise triggered by compound 48/80 is increased in Orai2−/− 510 

PMCs suggesting that Ca2+ entry channels triggered by MRGPRB2 receptors contain 511 

ORAI2 proteins 115. In human lung mast cells (HLMCs), all three ORAI genes (also named 512 

CRACM in some studies) are expressed. Adenovirus-mediated knockdown of ORAI1 in 513 

HLMCs resulted in a significant reduction of ∼50% in Ca2+ influx and in FcεRI-dependent 514 

release of β-hexosaminidase and LTC4, whereas ORAI2 knockdown had only marginal 515 

effects 
118. However, it is still unknown whether any of the three ORAI proteins contribute to 516 

Ca2+ entry and MC activation triggered by other agonists e.g. those acting via GPCRs.  517 

 518 

TRP channels determine Ca2+ entry into MCs. Twenty-eight mammalian TRP (transient 519 

receptor potential) proteins are classified into six subfamilies according to structural 520 

homology: TRPC, TRPV, TRPM, TRPA, TRPML, and TRPP (see refs. in 
110) (Table 1). 521 

TRP channels do not only contribute to Ca2+ entry across the plasma membrane, but they 522 

also play an important role in electrogenesis regulating the driving force for Ca2+ entry via 523 

other Ca2+-permeable channels, e.g. CRAC or other SOC channels. In BMMCs, indirect 524 

regulation, as a limiting factor of SOCE, was found to be a characteristic feature of TRPM4 525 

channels, which acts as Ca2+-activated cation channels primarily conducting Na+. TRPM4 526 

channels depolarize the membrane following FcεRI stimulation, and, thereby, critically 527 

decreasing Ca2+ influx via CRAC channels. Accordingly, TRPM4 deletion results in an 528 

increased Ca2+ entry and excessive release of histamine, leukotrienes and TNFα, and 529 

aggravates acute cutaneous anaphylaxis 119. A similar role has recently been described in 530 
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PMCs 120, in a study that demonstrated that TRPM4 proteins localize to the plasma 531 

membrane in response to FcεRI stimulation suggesting that increased translocation of 532 

TRPM4 to the plasma membrane is part of the mechanism that limits MC activation. 533 

 534 

The other TRP channels that contribute to MC activation do so by directly mediating Ca2+ 535 

entry. First evidence of the involvement of TRPC in MC activation came from knockdown 536 

experiments of TRPC1 and TRPC3 in RBL-2H3 cells, which resulted in decreased 537 

sensitivity to Ag stimulation 121. Also in BMMCs, deficits in FcεRI-triggered MC activation 538 

were observed following TRPC1 downregulation 122. However, contrary to expectations, 539 

analysis of Trpc1-/- mice showed a delayed recovery in passive systemic anaphylaxis and 540 

Trpc1-/- BMMCs responded to Ag stimulation with an enhanced elevation of intracellular 541 

Ca2+ compared to wild-type controls. Intriguingly, Ca2+ entry as well as degranulation 542 

triggered by Ag stimulation was unchanged 123. Concerning the TRPC5 channel, Ma et al. 543 

found that TRPC5 downregulation in RBL-2H3 cells reduced SOCE and proposed an 544 

association of TRPC5 with STIM1 and ORAI1  124. 545 

 546 

Within the TRPV subfamily, several studies have described expression of TRPV1, TRPV2 547 

and TRPV4 in different types of mouse, rat, and human MCs 110, including mouse PMCs 548 

125. However, Ca2+ rise triggered by either Ag, endothelin-1 or compound 48/80 was 549 

unchanged in PMCs from TRPV1-, TRPV2- and TRPV4-deficient mice, respectively. In a 550 

similar manner degranulation triggered by Ag or compound 48/80 was unchanged 125. 551 

While degranulation induced by physical stimuli was found to involve TRPV2 activation in 552 

HMC-1 MCs 126, heat-evoked Ca2+ rise and degranulation were unchanged in TRPV2−/− 553 

PMCs 125.  554 

 555 

Within the TRPM subfamily, expression of TRPM2, TRPM4, TPRM7 and TRPM8 have been 556 

reported in different types of mouse, rat, and human MCs 110. In Trpm2-/- BMMCs, a heat-557 

evoked cation current was lacking, and Ag-evoked Ca2+ rise and degranulation were reduced 558 
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127. Interestingly, SOCE was also reduced in Trpm2-/- BMMCs, and the authors raised the 559 

concept that TRPM2 can act as SOC channel independently of ORAI1. TRPM7, like TRPM6, 560 

serves as a bifunctional protein with the protein kinase domain fused to an ion channel. 561 

TRPM7 is permeable to divalent cations including Mg2+ and Ca2+.  TRPM7 currents and 562 

histamine release evoked by either MIP-1-a or Substance P are significantly reduced in 563 

PMCs from mice lacking the TRPM7 kinase domain 128.  TRPM8 can be activated by cold 564 

and cooling compounds such as menthol. Trpm8-/- mice showed enhanced passive systemic 565 

anaphylaxis, which could not be explained by alterations in Ag-evoked Ca2+ rise or 566 

degranulation measured in BMMCs, suggesting that TRPM8 expressed on non-MCs may 567 

contribute to the protective role of TRPM8 during anaphylaxis 129.  568 

 569 

Taken together, it is commonly accepted now that intracellular [Ca2+] elevation is 570 

indispensable for MC activation and numerous studies demonstrate that proteins of the ORAI 571 

and TRP families are essential constituents or modulators of Ag-induced Ca2+-entry, 572 

however, Ca2+-entry pathways evoked by stimulation of GPCRs in MCs remain unclear and 573 

will be the subject of upcoming studies.   574 

 575 

 576 

4.5. Phosphatase regulators of MC signaling  577 

 578 

MC effector functions are controlled by regulatory systems which act to counter-regulate 579 

excessive activation that would otherwise lead to disease. One of these regulatory systems is 580 

phosphatases that inhibit the action of the kinases whose activity is triggered by the 581 

activation of the different receptors on MCs.  582 

 583 

The role of phosphatases in different MC models have been reviewed in recent years. While 584 

most of them have predominantly negative regulatory activities by removing differential 585 

phosphorylation in the MC signaling cascade (e.g. PTPα 
130, PTPε 

131, SHIP1 
132, 133, SHIP2 586 
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134, PTEN 
135, LIPIN-1 

136, TULA-2 
137), others exert positive activities (e.g. DUSP2 

138) or 587 

some even possess both regulatory properties (positive and negative) (e.g. CD45 
139, 140, 588 

SHP-1 
141-144, SHP-2 

145, 146). Almost all the studies on the role of phosphatases in MC 589 

function were performed on phosphatase-deficient mice or BMMCs, which are mucosal-like 590 

MCs (Table 2). As reports have been made on subtle differences in phosphatase function in 591 

different types of tissue resident MCs 133, future studies will be needed to compare the role of 592 

phosphatases in different MC types. 593 

 594 

A number of the phosphatases are transcriptionally regulated by glucocorticoids (GCs) that 595 

are famous therapeutically for their anti-allergic and anti-inflammatory actions. GCs in 596 

general are known to exert their anti-allergic actions in MCs by binding to an intracellular 597 

receptor (the glucocorticoid receptor) that then interacts with a number of pro-inflammatory 598 

transcription factors such as AP-1 or NF-κB to downregulate their activity (for a review see 599 

147). However, GCs also acting through the glucocorticoid receptor activate the expression of 600 

certain phosphatases as an indirect way of downregulating MC action. Dual specificity 601 

phosphatase 1 (also known as MAP kinase phosphatase 1) (DUSP1/MKP1) was the first 602 

glucocorticoid-inducible phosphatase gene that was reported to inhibit MC action through the 603 

dephosphorylation of the MAP kinases ERK1/2 in RBL-2H3 rat basophilic leukemia cells that 604 

have been widely used as rat mucosal MCs 148
 

149. Later studies carried out in BMMCs 605 

showed a more complex regulatory effect of GCs. GC-induced activation of DUSP1 was 606 

found to be important for the dephosphorylation of the MAPK p38 at early time points (4-8 h), 607 

while it did not alter the phosphorylation of ERK1/2 or JNK. This shows a difference in the 608 

regulatory action of DUSP1 in BMMCs compared to RBL-2H3 cells that have been used 609 

repeatedly in many MC signaling studies. The results of the GC-induced DUSP1 expression 610 

also showed that only a subset of MAPKs was regulated by DUSP1 in BMMCs 150. It was 611 

therefore not surprising that GC-mediated inhibition of pro-inflammatory cytokine and 612 

chemokine gene expression (Ccl2, Il6, Tnf) as well as degranulation were unaltered in 613 

BMMCs from Dusp1-/- mice 150. A search for other mechanisms that may accompany GC 614 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 23

regulation of MC function showed that several other phosphatases were transcriptionally 615 

upregulated by GCs in MCs. Intriguingly, in the Dusp1-/- BMMCs, GC upregulated the 616 

expression of phosphatases such as DUSP2, DUSP4, DUSP9, and PEST domain-enriched 617 

tyrosine phosphatase (PEP) 150. Of these, GC-regulated phosphatases, PEP is the most 618 

studied. Unlike the other GC-regulated phosphatases, PEP is exclusively expressed in 619 

hematopoietic cells 151. Besides, disease associated studies showed that alterations in LYP, 620 

the gene that codes for the human homolog of PEP is a risk factor for human diseases 621 

including inflammatory conditions such as rheumatoid arthritis 152 for which GC therapy is 622 

employed 153.  623 

 624 

PEP is a potent negative regulator of TCR signaling that acts on receptor coupled protein 625 

tyrosine kinases in T cells 154, 155. However, in BMMCs, Pep gene deletion resulted in reduced 626 

Ag-mediated MC responses such as serum histamine release, and a decreased number of 627 

degranulated MCs in the skin of the knockout compared to the wild-type mice, suggesting a 628 

positive regulatory function of this phosphatase 156. Glucocorticoid-mediated inhibition of 629 

JNK1/2 and PLCγ1 phosphorylation and Ca2+ mobilization following FcεRI cross-linking was 630 

abolished in Pep-/- BMMCs 156. These studies show that although PEP expression is 631 

positively regulated by GC, PEP is not a negative regulator of MC action, an apparent 632 

discrepancy in the putative role of this phosphatase in GC action. 633 

 634 

Thus, whole-genome expression profiling has recently been carried out using RNA-seq 635 

analysis on Pep+/+ and Pep-/- BMMCs, to find a mechanistic explanation for the action of PEP 636 

in the regulation of MC activity and GC action (see GSE108972). These results identify PEP 637 

as a positive and a negative regulator of MC functions. In its absence, cytokine and 638 

chemokine gene expression (e.g. Tnf, Il13, Csf2) was downregulated, while others (e.g. Il33, 639 

Ccr1, Il1r1, Tnfrsf12a) were upregulated in response to Ag (GSE108972; 157). Furthermore 640 

PEP was needed for the anti-allergic action of GCs in MCs, as GC-induced negative 641 

regulation of Ag-mediated Cox2 gene expression was attenuated in Pep-/- BMMCs 642 
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(GSE108972; 157), showing that PEP is a promising target in anti-allergic therapy. In this light, 643 

some attempts have already been made to inhibit PEP activity using small molecular weight 644 

compounds. The first attempt was with an Au(I)-phosphine complex but as this was less 645 

specific 156, a more selective inhibitor, L75NO4 has since been described 158. Further studies 646 

will be needed to determine whether PEP/LYP is a valid target for future therapeutic 647 

approaches for MCs in humans. 648 

 649 

 650 

5. Physiological functions of MCs 651 

 652 

5.1 Chemotaxis and phagocytosis 653 

 654 

Generally, MCs are thought of as long-lived tissue resident cells with little turn-over. The 655 

traditional thought is that there is a continuous stream of MCps from the bone marrow, 656 

circulating in the blood and replenishing peripheral sites where final maturation happens. 657 

This view has very recently been challenged by lineage-tracing experiments that show very 658 

little MC replenishment of peripheral tissues from the bone marrow 23. In many inflammatory 659 

settings, however, MC numbers strongly increase in target tissues. Local cell divisions alone 660 

– if mature, terminally differentiated MCs would proliferate at all – could not account for the 661 

massive increase in MC numbers 17. Thus, MC migration remains an important and not 662 

sufficiently understood aspect of MC biology (for reviews see 6, 12, 159-161 162). 663 

 664 

MC chemotaxis is often assayed in vitro using transwell assays or similar approaches; less 665 

often in vivo by injection of labeled MCs through the tail vein and analysis of their arrival at 666 

certain anatomical locations including skin, the peritoneal fluid, and the small intestine. 667 

However, many of these experiments used mouse models carrying deficiencies in the 668 

KIT/KITL system that have multiple effects and thus are problematic. Depletion of specific 669 
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MC populations such as through MC-specific diphtheria toxin expression followed by their 670 

reconstitution from bone marrow transfer has proved an important tool in many studies 163-165. 671 

Yet, under non-challenged conditions, reconstitution was slow and seemed to occur from 672 

endogeneous MCps not affected by the toxin 23. 673 

 674 

The most prominent receptors described above, FcεRI and KIT, were also found to act in MC 675 

migration and thus IgE and SCF are potent inducers of MC migration. Ag-mediated 676 

migration, i.e. IgE/Ag-triggered FcεRI activation that causes MCs to migrate, was observed, 677 

for example, after sensitizing mice and challenging their lung airways with Ag aerosol. KIT-678 

triggered pathways are involved not only in pro-inflammatory MC activation but also in 679 

migration. Key to migratory behavior and the required F-actin- and tubulin-dependent 680 

cytoskeletal dynamics (reviewed in 162) are RHO GTPases, particularly RAC, RHOA and 681 

CDC42, and their regulatory factors (e.g. 166, 167). Chemotaxis towards SCF, expressed by 682 

endothelial cells and fibroblasts, has been demonstrated numerous times in vitro for mouse 683 

and human cultured MCs 168, 169. Since some MCps populations express only low levels of 684 

KIT, in such cases, SCF may support chemotaxis that is mainly triggered by chemokines like 685 

CCR2 170.  686 

The chemotactic landscape even for the same tissue is highly complex and depends on a 687 

plethora of parameters including species, strain, age, activation status, cell types involved, 688 

sex, and thus generalized predictions are very difficult as is the assignment of direct effects 689 

of chemoattractant to a specific MC type.  MC chemotaxis is also induced by many other 690 

agents as diverse as lipid mediators like sphingosine-1-phosphate (S1P), leukotrienes 691 

(LTB4), prostaglandins (PGE2), and by CC or CXC chemokines 171 172, 173.  The respective 692 

receptors are found on the surface of MCs, including two S1P receptors (S1P1, S1P2) and 693 

chemokine receptors such as CCR3, CCR5, CXCR2, CXCR4. For example, in CXCR2-694 

deficient mice MCs fail to home efficiently to their intestine 10, 16, 160.  Cytokine signaling may 695 

result in stimulatory or inhibitory effects on migration, e.g. the anti-inflammatory IL-10 inhibits 696 
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TNF-α or NGF-induced MC migration 174. Migration is affected by the environment through 697 

which MCs migrate, like extracellular matrix and/or other cell types. Indeed, some immune 698 

cells substantially support reconstitution of MC-depleted tissues. Dendritic cells, for example, 699 

but not lymphocytes promote MCps trafficking to the intestine 
175. 700 

 701 

When immature MCs reach a site of inflammation or mature resident MCs become locally 702 

activated near that site, these MCs (potentially further matured) do not only rapidly 703 

degranulate and express further mediators but they may also become actively involved in 704 

phagocytosis. MCs are strategically located in skin, airways, gut and other surface-exposed 705 

places to defend attacking microbes. In the skin, MCs are estimated at a density of 3,000 to 706 

7,000 cells per mm3 and thus are prone to contact and attack invading pathogens 176. 707 

 708 

Studies using BMMCs indicate that to combat pathogens, the cells can phagocytose using 709 

complement and FcγRs, as well as CD48 and TLRs and thus are involved in opsonin-710 

dependent and -independent means of defense, respectively (reviewed in 177). Bacteria like 711 

E. coli, K. pneumoniae, S. faecium are phagocytosed, using mouse BMMCs or human cord 712 

blood-derived MCs. The endosome-lysosome axis in MCs was reported to internalize and kill 713 

pathogens by either reactive oxygen species (ROS) or by non-oxidative means 178. These 714 

conclusions are debatable as other authors did not find intracellular destruction of bacteria, 715 

but rather extracellular attachments. Furthermore, some bacterial strains may enter MCs and 716 

thereby protect themselves from immune attack although at least some of the bacteria, e.g. 717 

S. aureus, will be destroyed intracellularly 179, 180.  The pathogenic fungus Candida albicans is 718 

found on mucosa and thus at a site prominently populated by MCs. The contribution of MCs 719 

to defense against C. albicans is controversial as some authors suggest that MCs primarily 720 

fight the fungi by extracellular means 181, while others describe phagocytotic killing of the 721 

fungus. After recognition through TLR2 and Dectin-1 receptors, C. albicans was reported to 722 

be phagocytosed by BMMCs and be killed by a NO-dependent mechanism 182. Following 723 
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phagocytosis, MCs display pathogenic peptides on their surface thus supporting the adaptive 724 

immune response through this APC activity. A further twist of the defense strategies MCs use 725 

– although suicidal –  is the formation of extracellular traps (reviewed in 183). Here, MCs 726 

release DNA to trap microbes that stick to the viscous material. The MCs die but this process 727 

is not accidental but rather a programmed mechanism that apparently involves high ROS 728 

production.  729 

 730 

 731 

5.2 Host defense against pathogens 732 

 733 

MCT are important immune cells that fight off selected species of intestinal nematodes (e.g. 734 

Trichinella spiralis, Strongyloides venezuelensis) and worm expulsion is closely associated 735 

with intestinal mastocytosis. Different kinetics of resolution of infection correlate with the 736 

ability of different mouse strains to mount intestinal MCT responses 184. Immune elimination of 737 

primary nematode infection in rat correlated with secretion of the neutral protease, rat MC 738 

protease II from mucosal MCs 185. Moreover, glycosaminoglycans, such as chondroitin 739 

sulfate-A and heparin, stored in secretory lysosomes of MCs have been found to inhibit 740 

attachment and invasion of adult worms into intestinal epithelium, hence promoting worm 741 

expulsion 
186. 742 

 743 

About 20 years ago, a critical protective role of serosal-type MCs was described using a 744 

murine model of acute septic peritonitis, caecum ligation and puncture (CLP) 187, 188. MC-745 

secreted TNF-α upon bacterial recognition acted as chemotactic ligand for neutrophils 746 

necessary for the eradication of bacteria. These data were collected comparing WT and Kit-747 

mutant, MC-deficient KitW/Wv mice, which are known to exert additional hematopoietic 748 

abnormalities, such as neutrophilia and deficiency of peritoneal macrophages 
189, 190. 749 

Piliponsky et al. advised caution in formulating general statements, since they found the 750 

effect of MC deficiency to depend on mouse strain background, the nature of the mutation 751 
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causing MC deficiency, and type as well as severity of infection 190. Particularly, MC 752 

engraftment of MC-deficient C57BL/6-KitW-Sh/W-Sh mice even resulted in increased mortality 753 

during severe CLP or upon intraperitoneal inoculation of Salmonella typhimurium 
190. 754 

Moreover, using a Kit mutant-independent mouse model allowing the conditional ablation of 755 

MCs, MCs were found to aggravate severe septic peritonitis by secreting IL-4, which in turn 756 

acted on peritoneal macrophages attenuating their phagocytosis of bacteria 165. Nevertheless, 757 

though the role of MCs in infection and immunity obviously is multifaceted, it is without doubt 758 

that MCs are important actors in infectious and immunological scenarios by secreting various 759 

mediators and/or regulating responses of myeloid and lymphoid immune cells. 760 

 761 

 762 

5.3 Protection and regulation of tissue barriers 763 

 764 

MCs are favorably located at boundaries where the host and environment meet such as the 765 

skin or the mucosa of the lung and the gastrointestinal (GI) tract. The intestinal mucosa is the 766 

largest boundary of the human body (estimated 200-400 m2), and a most challenging one 767 

because the intestine hosts a large number of bacteria that need to be controlled to prevent 768 

invasion of the host. The second largest boundary is the respiratory mucosa (estimated 100-769 

200 m2), whereas other mucosal sites (< 1 m2) and the skin (2 m2) are rather small. Such 770 

boundaries are equipped not only with MCs but also with numerous cells of the innate and 771 

the adaptive immune system suggesting a tight communication between these cells as well 772 

as with tissue cells including epithelial cells, endothelial cells, fibroblasts, and keratinocytes. 773 

The boundaries form unique functional barriers to protect the host against toxins, pathogens 774 

and other harmful agents. MCs contribute to such barrier functions. In the intestine, MCs 775 

regulate blood flow, smooth-muscle contraction and peristalsis, mucosal secretion, and 776 

innate and adaptive immune responses 191, 192. This explains why MCs are involved in so 777 

many different types of GI diseases not only allergic disorders, but also GI infections and 778 

chronic inflammatory disorders, colon cancer, and other malignancies 
193.  779 
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 780 

The most effective stimulus for MMC is the crosslinking of cell surface-bound IgE, either by 781 

allergen in sensitized individuals, or by parasitic Ags. However, this pathway is likely of no 782 

importance in healthy, non-allergic individuals. It is not yet very clear which stimuli might play 783 

a role in MC activation in healthy people. Little is known about IgE-independent triggers of 784 

human MMCs of the lung or the GI tract. They may differ from triggers for human skin MCs or 785 

MCs from other species 91, 92. Important progress has been made in understanding MC 786 

regulation by the discovery of several inhibitory mechanisms that might balance the agonistic 787 

activities of mediators discussed before 
194. Of particular relevance to the GI tract are the 788 

anti-inflammatory cytokines TGFβ1 and IL-10, which are highly expressed in the healthy 789 

intestine. TGFβ1 inhibits the SCF-dependent growth of human GI MCs in vitro, and 790 

modulates the mediator profile released upon FcεRI aggregation by reducing pro-791 

inflammatory mediator release, except for prostaglandin D2, the production of which is 792 

enhanced by TGFβ1 195.  793 

 794 

Multiple studies in rodents, and to some extent also in humans, have shown that MCs have a 795 

central role in host defense against bacteria, viruses and parasites (see chapter 5.2). More 796 

recently, it was shown that GI MCs interact also with commensal bacteria in the intestine. For 797 

example, intestinal commensal bacteria regulate the migration of murine MCs into the 798 

intestine through the induction of CXCR2 ligands from intestinal epithelial cells in a TLR-799 

dependent manner. Germ-free mice have lower MC densities in the small intestine than 800 

normal mice 196. On the other hand, commensal bacteria, such as Enterococcus faecalis, 801 

suppress degranulation of MCs, at least in vitro, in a MyD88-independent manner, for 802 

example, through the partial inhibition of Ca2+ signaling upon FcεRI cross-linking 197. It is 803 

tempting to speculate that MC-commensal bacteria interactions play a role in the GI barrier 804 

and in protection against barrier-related diseases. Using in vitro models it could be 805 

demonstrated that MC proteases are directly responsible for the increase of epithelial 806 

paracellular permeability 198. The MC-dependent modulation of intestinal permeability was 807 
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confirmed in humans exposed to stress 199. The fact that GI MCs are in intimate contact with 808 

the epithelium and nerves further suggests that MCs are involved in regulating mucosal 809 

permeability and intestinal barrier function.  810 

 811 

Most of the physiological functions of MCs described for the gut also apply to the lung. 812 

However, a comprehensive study of MC functions in normal lung physiology is lacking. Most 813 

work focusses on MC functions in the pathogenesis of asthma and other pulmonary diseases. 814 

It was only recently pointed out that MCs and their activation contribute to lung health via 815 

innate and adaptive immune responses to respiratory pathogens.  816 

 817 

Human skin MCs are quite distinct in their development, functions and biological properties 818 

compared to human MMCs. Skin MC are sensitive to stimulation by substance P, compound 819 

48/80, and other basic non-immunological stimuli. Moreover, also skin MCs are important 820 

players in protective immune responses against pathogens. The fact that MCs are largely 821 

found at interfaces between the environment and the internal milieu predestines them to be 822 

involved in wound healing and tissue remodeling. Wound healing is a complex process of 823 

lysis and reconstitution controlled by a series of cell signaling proteins. MCs have been 824 

shown to play a significant role in the early inflammatory stage of wound healing and also to 825 

influence proliferation and tissue remodeling in skin 200. In the skin, but also in the lung and 826 

intestinal mucosa, MCs are located around small vessels that are involved in vasodilation. 827 

MCs intimately communicate with endothelial cells providing MC growth factors, and in 828 

consequence of this communication MCs are involved in the regulation of extravasation of 829 

blood-derived immune cells 201. In summary, MCs regulate a large number of physiological 830 

tissue functions, namely maintenance of tissue barriers.  831 

 832 

 833 

 834 

 835 
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6. Conclusions 836 

 837 

The mechanisms underlying the pleiotropic MC functions to support host’s homeostasis have 838 

been unraveled to a large extent within the last few decades. MCs vary considerably 839 

depending on their grade of maturation, on growth and trigger factors, on tissue 840 

environmental conditions, and on the presence or absence of pathogens. MCs express a 841 

large variety of receptors allowing them to respond specifically to particular conditions. Their 842 

major effector functions, whose physiological importance has still to be elucidated in many 843 

cases, comprise the generation and release of proteases, amines and cytokines, as well as 844 

chemotaxis and phagocytosis. These functions are regulated by SCF, IL-4 and other 845 

cytokines and chemokines, by IgE- and IgG-receptor-dependent mechanisms, by innate 846 

immune receptors and other mechanisms and depend on intracellular Ca2+ rise that is 847 

mediated or modulated by TRP and ORAI channels in many cases. Such mechanisms 848 

explain how MCs, both in humans and in different animal species, can exert a number of 849 

physiological functions, including host defense against pathogens and regulation of mucosal 850 

and skin functions. The understanding of such mechanisms not only explains particular body 851 

functions, but also offers novel opportunities for pharmacological interventions.  852 

 853 

 854 

 855 

 856 

 857 

 858 

 859 

 860 

 861 

 862 

 863 
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Figure Legend 1449 

 1450 

Figure 1. Expression of cytokines (A, C) and chemokines (B) in human MCs. Intestinal 1451 

MCs were isolated from gut (A, B), skin MCs from foreskin and breast skin (C). 1452 

Cytokine/chemokine mRNA expression without stimulation (upper left quarter), after 1453 

stimulation with IgE receptor-crosslinking (rcl, right quarters), and after priming with IL-4 1454 

(lower quarters) are shown. Cytokine/chemokine mRNA expressions in bold letters in the 1455 

upper right quadrants were enhanced by IgE receptor crosslinking (IgErcl), while 1456 

cytokine/chemokine mRNA expressions in bold letters in the lower right quadrants were 1457 

enhanced by IL-4. (Source: 84-86) 1458 
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Table I. Summary of data concerning cation channel functional importance in primary mast 
cell models obtained using Knock-Out and Knock-Down approaches.  

Channel Consequence of Knock-Out or Knock-
Down on 

In vivo function in 
channel-deficient 

mice 

References 

 Ca2+-entry inflammatory 
mediator release 

  

Orai1 decrease decrease regulation of passive 
cutaneous anaphylactic 

reaction 

116, 118 

Orai2 increase increase regulation of passive 
systemic anaphylaxis 

115 

TRPC1 decrease; decreased 
frequency of Ca2+ 

wave initiation 

decrease regulation of recovery in 
passive systemic 

anaphylaxis 

121, 122, 
123 

TRPC3 decreased frequency 
of Ca2+ wave initiation 

n.d. n.d. 121 

TRPC5 decrease decrease n.d. 124 
TRPV1 no effect no effect n.d. 125 
TRPV2 no effect in PMCs decrease n.d. 125, 126 
TRPV4 no effect no effect n.d. 125 
TRPM2 decrease decrease n.d. 127 
TRPM4 increase increase regulation of acute 

cutaneous anaphylaxis 
119, 120 

TRPM7 n.d. decrease n.d. 128 
TRPM8 no effect decrease regulation of passive 

systemic anaphylaxis 
129 

n.d.: not detected 
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Table II. Phosphatase regulators of mast cell functions 

Phosphatase Function in BMMC Function in mice References 

Negative regulators 

PTPαααα FcεRI-mediated degranulation FcεRI-mediated anaphylaxis 130 

PTPεεεε Degranulation and cytokine 
production 

FcεRI-mediated passive 
systemic anaphylactic reaction 

131 

SHIP1 Degranulation and FcεRI-
mediated IL-6, TNF, and IL-5 

production 

Allergic inflammation and MC 
hyperplasia 

132, 133 

SHIP2 FcεRI-mediated degranulation 
and cytokine (IL-4 and IL-13) 

gene expression 

- 134 

PTEN FcεRI-mediated degranulation 
and cytokine (IL-3 and IL-6) 

production and survival 

Antigen and SCF-induced 
allergic response 

135 

LIPIN1 FcεRI-mediated degranulation 
and prostaglandin D2 release 

FcεRI-mediated passive 
systemic anaphylaxis 

136 

TULA-2 FcεRI-mediated degranulation - 137 

Positive regulators 
DUSP2 FcεRI-mediated IL-6 and TNF 

expression 
Promotes the ‘K/BxN’ model of 

inflammatory arthritis that 
depends on MCs and 

macrophages 

138 

Dual positive and negative regulators 
CD45 Negative: Degranulation and  

IL-3-dependent proliferation 
Positive: Degranulation and 

cytokine secretion 

Positive: FcεRI-mediated 
systemic anaphylaxis 

139, 140 

SHP-1 Negative: IL-4, IL-13, IL-6, and 
TNF expression upon H2O2, 

LPS, and FcεRI cross-linking 
Positive: IL-3-dependent 

proliferation 

Negative: allergic response 141, 142, 143, 
144 

SHP-2 Negative: Ca2+ mobilization 
Positive: FcεRI-mediated TNF 

secretion 

- 146 
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