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Key messages 55 

 Mast cell activation test (MAT) is a promising diagnostic for IgE-mediated 56 

allergies and auto-immune urticaria. 57 

 MAT allows simultaneous analysis of MRGPRX2+ and MRGPRX2- 58 

subpopulations and silencing of the receptor. 59 

 In combination with BATs, MATs might advance our understanding of 60 

effector cell activation and degranulation.  61 

 62 
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Graphical abstract  64 

 65 

The passive mast cell activation test (MAT), which uses mast cells (MCs) that were 66 

passively sensitized with patients’ sera, is a promising diagnostic for IgE-mediated 67 

allergies. For auto-immune urticaria, in the auto immune MAT, MCs can directly be 68 

activated with patients’ sera or after passively sensitization with donor IgE. Besides, 69 

the MCs can directly be activated through MRGPRX2 with simultaneous analysis of 70 

the MRGPRX2+ and MRGPRX2- subpopulations. MC degranulation can be studied 71 

via upregulation of specific degranulation markers or mediator release.  72 

  73 



Abstract  74 

Since the late nineties, evidence has accumulated that flow-assisted basophil 75 

activation test (BAT) might be an accessible and reliable method to explore the 76 

mechanisms governing basophil degranulation and diagnostic allowing correct 77 

prediction of the clinical outcome following exposure to the offending allergen(s) and 78 

cross-reactive structures  for different IgE-dependent allergies and particular forms of 79 

autoimmune urticaria. Although the BAT offers many advantages over mediator 80 

release tests, it is left with some weaknesses that hinder a wider application. It is 81 

preferable to perform the BAT analysis within four hours of collection and the 82 

technique does not advance diagnosis in patients with non-responsive cells. Besides, 83 

the BAT is difficult to standardize mainly because of the difficulty to perform large batch 84 

analyses that might span over several days. This article reviews the status on flow 85 

cytometric mast cell activation test (MAT) using passively sensitized MCs with 86 

patients’ sera or plasma (henceforth indicated as passive MAT; pMAT) using both MC 87 

lines and cultured MCs in the diagnosis of IgE-dependent allergies. In addition, this 88 

paper provides guidance for generating human MCs from peripheral blood CD34+ 89 

progenitor cells (PBCMCs) and correct interpretation of flow cytometric analyses of 90 

activated and/or degranulating cells. With the recent recognition of the mas-related G-91 

protein coupled receptor X2 (MRGPRX2) occupation as a putative mechanism of 92 

immediate drug hypersensitivity reactions (IDHRs), we also speculate how direct 93 

activation of MCs (dMAT) - that is direct activation by MRGPRX2 agonists without prior 94 

passive sensitization - could advance paradigms for this novel endotype of IDHRs. 95 
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List of abbreviations 102 

aMAT: autoimmune mast cell activation test 103 

ASST: autologous serum skin test 104 

Atra: atracurium  105 

BAT(s): basophil activation test(s)   106 

BM: bone marrow 107 

BMCMC(s): bone marrow cultured mast cell(s)  108 

CB: cord blood  109 

Cipro: ciprofloxacin  110 

Cisatra: cisatracurium  111 

dMAT: direct mast cell activation test (without prior passive sensitization with patients’ 112 

sera or plasma) 113 

DsRed: Discosoma sp. red fluorescent protein 114 

ENPP: ectonucleotide pyrophosphatase/phosphodiesterase 115 

FBS: fetal bovine serum 116 

FcεRI: high affinity receptor for IgE  117 

FCM: flow cytometry 118 

IDHR(s): immediate drug hypersensitivity reaction(s) 119 

IDT(s): intradermal test(s)  120 

IL: interleukin 121 

pMAT: passive mast cell activation tests (after passive sensitization of MCs with 122 

patients’ sera or plasma) 123 

IMDM: Iscove’s Modified Dulbecco’s Medium 124 

IPSC: induced pluripotent stem cells 125 

LAMP: lysosome associated molecular protein 126 



Levo: levofloxacin  127 

MAT(s): mast cell activation test(s) 128 

MC(s): mast cell(s) 129 

MCTC: connective tissue mast cells 130 

Moxi: moxifloxacin  131 

MRGPRX2: Mas-related G-protein coupled receptor X2 132 

Mths: months 133 

ND: not determined  134 

NMBA(s): neuromuscular blocking agent(s)  135 

PB: peripheral blood  136 

PBCMC(s): peripheral blood cultured mast cell(s) 137 

RBL: Rat Basophilic Leukaemia 138 

Rocu: rocuronium  139 

SCF: stem cell factor  140 

sIgE: specific IgE antibody 141 

SPT(s): skin prick test(s)  142 

ST(s): skin test(s)  143 

THIQ: tetrahydroisoquinoline 144 



Introduction 145 

Although tissue resident mast cells (MCs) have been recognized as primary effector 146 

cells in IgE-dependent allergies, evidence about the utility of mast cell activation test 147 

(MATs) using passively sensitized MCs (passive MAT; pMAT) is relatively new. 148 

Actually, most studies on a functional assay for allergy diagnosis have focused on 149 

circulating basophils, as these cells are more accessible for ex vivo experiments. 150 

Together with the advent of flow cytometers and the discovery of easy to measure 151 

basophil identification and activation/degranulation markers that paved the way for the 152 

basophil activation test (BAT). The clinical utility of the BAT in the diagnosis and 153 

monitoring of allergic diseases has widely been studied and reviewed (1, 2). These 154 

studies and reviews show that the BAT, although offering many advantages over 155 

mediator release tests, is left with some weaknesses that hinder a wider application. 156 

Although the BAT can be executed up to 24 hours of collection (3), it is preferable to 157 

perform the analyses within 4 hours (4) and the technique does not advance diagnosis 158 

in patients with non-responsive cells. Besides, the BAT is difficult to standardize mainly 159 

because of the difficulty to perform large batch analyses that might require repetitive 160 

analyses spanning over several days. 161 

As already indicated, MC studies should ideally analyses of tissue-resident cells of 162 

interest (5, 6). However, such studies are hindered by technical issues such as 163 

isolating sufficient numbers of viable, mature and functionally MCs and poor clonal 164 

expansion of such cells ex vivo. Furthermore, functional behavior of tissue MCs can 165 

be influenced by the applied isolation techniques (7-9). To circumvent the limitations 166 

encountered with BAT and tissue MCs, different groups have adopted passive 167 

sensitization techniques using specific basophil and MC cell lines (10-12), stripped 168 

basophils (13, 14) or primary human MCs cultured from donor progenitor cells (10, 15) 169 

(16-18).  170 

This article reviews the status on flow cytometric pMAT using both MC lines and 171 

cultured cells in the diagnosis of IgE-dependent allergies. Table 1 summarizes the 172 

main differences between traditional flow cytometry (FCM)-assisted BAT and pMAT in 173 

their application to explore the effector cell activating potential of IgE antibodies and 174 

diagnosis of IgE-dependent allergies. In addition, this paper provides guidance for 175 

generating MCs from peripheral blood CD34+ progenitor cells (PBCMCs) and correct 176 

interpretation of flow cytometric analyses of activated and/or degranulating cells. With 177 



the recent recognition of the mas-related G-protein coupled receptor X2 (MRGPRX2) 178 

occupation as a putative mechanism of immediate drug hypersensitivity reactions 179 

(IDHRs), we also speculate how direct activation of MCs (dMAT) - that is direct 180 

activation by MRGPRX2 agonists without prior passive sensitization - could advance 181 

paradigms for this novel endotype of IDHRs. Finally, we provide a proof of concept for 182 

application of the MAT to depict the presence of autoantibodies autoimmune urticaria 183 

in a technique called autoimmune MAT (aMAT).      184 

 185 

Flow cytometric analysis of activated and/or degranulating humanized cells and 186 

primary human MCs 187 

For decades, exploration of MC functionality has predominantly relied on quantification 188 

of released mediators or proteases (e.g. β-hexosaminidase, histamine, etc.) in the 189 

supernatant, collected after centrifugation of stimulated cells (10, 17-53). However, 190 

these techniques do not allow to analyze (subtle) responses of individual cells nor do 191 

they enable to study (small) subpopulations, as their results represent an average of 192 

all stimulated cells. In this respect, multicolor FCM enabling to couple surface 193 

alterations (e.g. up-regulation of activation and degranulation markers, exteriorization 194 

of granular content) and intracellular changes (e.g. phosphorylation of signal 195 

molecules, trapping of chemokines, calcium staining) is a significant asset. As shown 196 

in Figure 1, traditional FCM-based MAT relies upon cellular identification and 197 

quantification of activation and/or degranulation markers on the surface membrane. 198 

These changes are detectable and quantifiable using specific fluorescent-labelled 199 

monoclonal antibodies. In most studies, MCs have been identified by positive staining 200 

for surface markers such as CD117/CD203c (15, 16, 54-56) or as CD117/FcεRI (10, 201 

19, 20, 22, 40, 44). Subsequently, after activation, the up-regulation of specific 202 

markers, such as CD63 and CD107a or CD203c is measured (10, 11, 15, 16, 21, 22, 203 

44, 54-58). CD63 and CD107a are membrane proteins of the lysosome associated 204 

molecular protein (LAMP) tetraspanin family that are barely expressed by resting MCs. 205 

Up-regulation of CD63 is closely associated with mediator release during 206 

degranulation (6, 10, 59-61). CD203c (or ENPP-3), an ectonucleotide 207 

pyrophosphatase/phosphodiesterase family member, is already expressed on the cell 208 

surface of quiescent MCs and is up-regulated after stimulation (15, 59, 61, 62). 209 

However, the upregulation of CD203c and CD63 is clearly different. Actually, 210 



upregulation of CD63, unlike upregulation of CD203c, is generally bimodal with a 211 

subpopulation of degranulating cells that express CD63 with a high intensity versus a 212 

resting subpopulation with a significant lower expression. Degranulation of MCs can 213 

also be explored by measuring the exteriorization of granule matrix. Briefly, anionic 214 

proteoglycans from exteriorized MC granule matrix are stained by cationic fluorescent 215 

avidin probes (19-22). MC degranulation can also be measured by flow cytometric 216 

techniques to quantify intracellular histamine and its release. In this technique, the 217 

intracellular content of histamine is quantified using the affinity of diamine oxidase 218 

(DAO) for its substrate histamine (63, 64). By coupling the histaminase DAO to 219 

fluorochromes, intracellular histamine content and consequently release of histamine 220 

can be measured by FCM at a single cell level (54). Newly synthesized chemokines 221 

such as CCL4 or CXCL8 can be trapped and measured intracellularly (22). Next, 222 

phosphotyrosine staining, a parameter associated to cell protein kinase function, can 223 

be used to study MC activation (22). Finally, MC activation can also be measured by 224 

imaging changes of intracellular calcium over time (20, 22, 30, 57, 65). 225 

 226 

Basophil and mast cell lines 227 

For a recent comprehensive compendium on humanized basophil and fully human MC 228 

lines the reader is referred elsewhere (12). Tables 2 and 3 summarize the different 229 

humanized rat leukemia and the fully human MC lines and indicate those applied in 230 

pMAT studies. Table 4 shows the cell lines expressing MRGPRX2 that have been 231 

used to study MRGPRX2-dependent MC activation and degranulation. As most of 232 

these studies have used alternative non-flow cytometric read-outs, they are only 233 

touched briefly.  234 

 235 

Mast cell lines: utility in IgE-dependent allergy 236 

In an attempt to streamline the functional assessment of sIgE antibodies to trigger 237 

effector cells, much effort has been put in the development and optimization of cultured 238 

cell lines. Nevertheless, these cell lines still present some important shortcomings that 239 

generate a lack of acceptance and skepticism by clinicians toward this experimental 240 

tool. The first lineage used in this domain have been humanized or transfected cell 241 

lines derived from the Rat Basophilic Leukaemia (RBL) cell line and expressing human 242 

FcRI chains (48-50) such as, RBL SX-38 and RBL-48 (47-52, 65-71) (Table 2). 243 



However, as earlier explained, most of these studies used mediator release as a read 244 

out. Only Taudou et al. used FCM to demonstrate that a RBL line transfected with the 245 

α-chain of the human FcεRI produce a calcium response when sensitized with 246 

patients’ sIgE and subsequently incubated with house dust mite (65).   247 

Although for years some of these humanized RBL cell lines have significantly 248 

contributed to our understandings of the mechanisms that govern IgE-dependent 249 

effector cell degranulation, their clinical application is limited. First, like the native RBL 250 

cells, all the chimeric clones show reduced ability to bind purified IgE after 251 

approximately 2 weeks in culture (12). Second, these cell lines often need high serum 252 

titers of sIgEs in the donor's serum to reach satisfactory results (e.g. >10 kUA/mL for 253 

peanut sIgE in RBL SX-38) and require a high percentage of receptor occupancy 254 

(>10% for RBL-2H3 E5.D12.8) (49, 72). Third, human xenoreactive IgGs present in 255 

patients’ sera can cause cell death and induce background degranulation in up to 25% 256 

and laboratory procedures used to limit this shortcoming (i.e. serum dilution) could 257 

lead to suboptimal MC sensitization and lead to false negative results (71, 73).  258 

As shown in Table 3, there is only a limited number of fully human MC lineages and 259 

only few have been used in IgE-mediated allergy research. Of relevance for this 260 

review, is the LAD-2 cell line, generated by Kirshenbaum and co-workers in the early 261 

2000s, and that has been validated to assess peanut allergy and to monitor the effect 262 

of peanut oral immunotherapy of in children (11). In a first study, Santos et al (11), 263 

have shown that pMAT using passively sensitized LAD-2 cells is comparable to BAT 264 

in terms of specificity (98%) but has lower sensitivity (73%) to diagnose peanut allergy 265 

(11). However, pMAT provided results for those patients with unresponsive basophils. 266 

Indirect MAT also identified patients at risk of severe reactions during food challenges 267 

(11) and, along with stripped basophil experiments, enabled to demonstrate the 268 

inhibitory capacity of IgG4 antibodies in peanut-tolerant children sensitized to peanut 269 

major allergens (58). In a second study, the same group confirmed their previously 270 

reported findings on the induction of blocking antibodies with peanut oral 271 

immunotherapy and disclose that this treatment does not change the functional 272 

characteristics of sIgE, as determined by the ability of LAD-2 cells and basophils to 273 

respond to peanut allergen (74).  274 



Igarashi et al. (39) described the use of human induced pluripotent stem cells (iPSC) 275 

cell line (201B7) to generate short-lived human iPSC-MC line to use in the pMAT. The 276 

authors tested the ability of this cell line to be triggered in a dose-dependent manner 277 

by cedar pollen, mite and house dust following appropriate sensitization. iPSC-MC 278 

could not be sensitized by ragweed. Due to the human origin of these cells, serum 279 

could be used undiluted without cellular damage. However, iPSC-derived cells could 280 

be maintained in culture only for maximum eight months, this might limit their routine 281 

use as a diagnostic tool.  282 

To the best of our knowledge, humanized or human MC lines have only been used to 283 

study the pMAT with proteinaceous allergens and not in the field of IDHRs yet. 284 

However, in the clinics seldomly additional diagnostic tests are needed for this 285 

proteinaceous allergens, but are more than welcome in IDHRs.  286 

 287 

Mast cell lines: utility in MRGPRX2-mediated hypersensitivity 288 

Besides the use of MCs lines to study the IgE-dependent activation, cell lines are also 289 

increasingly used to study the IgE-independent activation mechanisms of MCs. Since 290 

the seminal description by Mc Neil et al. (40), increasing lines of evidence indicate that 291 

MC degranulation via occupation of MRGPRX2 might constitute a new endotype of 292 

IDHRs independent from cross-linking of IgE/FcεRI complexes (20, 42-44, 75-78). Examples 293 

of drugs that might act via MRGPRX2 engagement are neuromuscular blocking agents 294 

(NMBAs), fluoroquinolones, icatibant and opiates such as morphine. Many of these 295 

drugs harbor a tetrahydroisoquinoline (THIQ) motif (40). Table 4 summarizes the cell 296 

lines, including human MC lines that have been used to study the MRGPRX2-297 

dependent activation in IDHRs per drug class. Note that FCM was only used by 298 

Navines-Ferrer et al. (44). Although these in vitro studies have nourished our insights 299 

in MRGPRX2-dependent IDHRs and anaphylaxis, interpretation of the sometimes-300 

incongruent findings and translation into the clinical setting is difficult. Based on the 301 

current models, the MRGPRX2-activating capacity and potency of different drugs is 302 

left with some uncertainties. First, it appears that its MRGPRX2-activating capacity is 303 

different and difficult, if at all, predictable by its effects on its mouse orthologue. For 304 

example, rocuronium is ~ 12 times less potent at the MRGPRX2 receptor in humans 305 

than in mice (40). The difficulties of translating findings with Mrgprb2 – the murine 306 

orthologue of MRGPRX2 – into humans and a clinical setting has been addressed 307 



elsewhere (75) and probably reflect adaptive evolution of the human MRGPRX2 gene 308 

(79). Second, results in LAD-2 cells are sometimes inconsistent and therefore difficult 309 

to interpret or translate (41, 43, 77, 80-82). The reason for these observations could 310 

relate to the observation that LAD-2 cells express variable levels of MRGPRX2 as 311 

compared to human mature skin MCs (81, 83, 84) and that LAD-2 cells show different 312 

responsiveness to MRGPRX2 agonists as compared to primary human MCs (81, 84-313 

86). In addition, the research groups often use different concentrations which make 314 

interpretation of the results difficult (43, 81). Besides, the LAD-2 cells demonstrate a 315 

relatively slow growth rate and express very low levels of tryptase and chymase (83). 316 

Furthermore, the cytokine generation is deficient in the cells, making the LAD-2 cells 317 

only intermediately differentiated as compared to human mature skin MC (83, 87). In 318 

addition to the disadvantage regarding the MRGPRX2-pathway, the LAD-2 cells are 319 

also not always suitable for studying the IgE-dependent activation as LAD-2 cells 320 

grown for prolonged periods display excessive clumping or slower growth, may lose 321 

responsiveness to biotinylated IgE/FcεRI crosslinking, and have reduced activation 322 

and degranulation (87). As recently described, the HMC-1 cell line also expresses the 323 

MRGPRX2 although at lower levels compared to LAD-2 and human cultured MCs and 324 

with lower reactivity (84). Because of these drawbacks there is a need for a 325 

representative human MC model to study simultaneously the sIgE/FcεRI- and 326 

MRGPRX2-dependent activation. Finally, another important aspect to mention is the 327 

surface expression of particular GTP-binding proteins that might alter ligand affinity of 328 

the MRGPRX2 receptor. Not well indicated in the McNeil paper (40) was that their 329 

results required a specific co-transfection of HEK cells with a specific GTP-binding 330 

protein. This suggest that not only the MRGPRX2 expression levels are important, but 331 

also will be the profile of GTP-binding proteins being expressed. 332 

 333 

Primary human mast cells 334 

Culture techniques 335 

At the beginning, different research groups developed strategies to culture primary 336 

human MCs starting from mononuclear cells isolated out of different source materials 337 

such as cord blood (CB), bone marrow (BM), fetal liver cell or rarely out of peripheral 338 

blood (PB) (34-38, 88-94). However, starting from mononuclear cells can be 339 

challenging and pose some difficulties. First, the most used sources are CB and fetal 340 



liver cells, which are not easily and commonly available. Second, the recovery of MCs 341 

out of mononuclear cells is low and cultures are often contaminated with other cells 342 

(37, 89). Next, most of the obtained MCs do not express chymase (92-94). 343 

Circumventing these disadvantages, several research groups have developed 344 

protocols for culturing sizeable numbers of primary MCs from different progenitor cells. 345 

Table 5 summarizes the main culture protocols starting from progenitor cells mainly 346 

obtained from BM, CB and PB. Bone marrow and CB contain high amounts of 347 

progenitors (95). However, as already indicated, BM and CB are not easily accessible. 348 

Furthermore, CB derived MCs (CBDMCs) are often immature with a low expression 349 

of FcεRI and CD203c, contain little histamine and are poorly dedicated for IgE-350 

mediated activation (33, 38, 87, 96). On the other hand, PB derived MCs (PBCMCs) 351 

are more easily and repeatedly accessible making the (PBCMC) cultures probably the 352 

preferred method to study MCs function. As shown in Figure 2, PBCMCs, cultured for 353 

4 weeks in the presence of SCF and IL-3, are characterized by CD117 and CD203c 354 

expression (62). Besides, these PBCMCs uniformly express other membrane markers 355 

as the FcεRI, CD300a and CD32. MRGPRX2 is partially expressed, creating two 356 

distinctive subpopulations, MRGPRX2+ and MRGPRX2-cells. PBCMCs also contain 357 

intracellular markers like histamine, tryptase and chymase and thereby displaying a 358 

MCTC-like phenotype. However, as already indicated in table 5, there exist different 359 

culture protocols for PBCMCs and it cannot be excluded that MC obtained from 360 

different cultures display phenotypic and functional dissimilarities, mainly because of 361 

considerable differences in culture time (3-12 weeks) and in maturation protocols 362 

(different growth medium, growth factors and cytokine mixtures). The cultures that are 363 

already used to study IgE-mediated allergies or MRGPRX2 mediated IDHRs are 364 

indicated with an asterisk in table 5. Note that the outcomes of pMAT and dMAT might 365 

differ markedly depending on whether MCT or MCTC-like cells are used. Our 366 

experience is mainly based on MCTC-like cells that includes both a MRGPRX2+ and a 367 

MRGPRX2- subpopulation enabling comparative analyses. For a comparison between 368 

the phenotype of MCs and basophils the reader is referred elsewhere (97).  369 

 370 

Passive mast cell activation tests (pMATs): clinical utility in IgE-mediated allergy 371 

The utility of the pMAT that uses passively sensitized human cultured MCs to study 372 

allergen-specific IgE-mediated MC activation, although nascent, is promising. In the 373 



study by Bahri et al (10), MCs derived from CD117+CD34+ human progenitor cells and 374 

sensitized with sera from patients allergic to peanut, grass pollen, and wasp venom 375 

allergy demonstrated allergen-specific degranulation by quantification of CD63 and 376 

CD107a, and release of prostaglandin D2 and β-hexosaminidase. Moreover, for 377 

peanut, pMAT conferred superior diagnostic accuracy compared to sIgE, SPTs and 378 

BAT in distinguishing between patients with and without clinical reactivity. Findings 379 

also implied that MC responsiveness is not exclusively dependent on the sIgE titer, 380 

but also regulated by additional elements such as avidity or IgE reactivity and 381 

specificity patterns. Likely, the sensitivity of the pMAT also depends on the FcɛRI 382 

receptor expression levels, the cell’s intrinsic sensitivity to aggregation of FcɛRI and 383 

the sIgE to total IgE ratio. Two other relevant articles about in vitro MC activation relate 384 

to the exploration of interleukin (IL)-33 as a primer of individual cell responsiveness 385 

(15, 22). Synthetic analyses reveal that this cytokine – which is produced on epithelial 386 

contact by an allergen (review in (98)) – potentiate IgE-mediated MC responses by 387 

both increasing the number of responding cells and enhancing the responsiveness of 388 

individual cells. A similar, but less pronounced priming effect was seen with IL-6 (15) 389 

and SCF (99). Note that IL-33 and IL-6 did not potentiate MRGPRX2-dependent MC 390 

activation (15), while SCF can dampening MRGPRX2-dependent activation.  391 

The reference standard for diagnosis of drug allergy is a controlled drug challenge with 392 

administration of incremental doses of drug or placebo. However, such challenges are 393 

not devoid of risk and sometimes almost impossible to be performed because of the 394 

resources required to manage the pharmacologic effects of some drugs (e.g. 395 

curarizing neuromuscular blocking agents) (100, 101). Furthermore, their predictive 396 

value is not absolute (102). Therefore, drug hypersensitivity reactions are usually 397 

diagnosed using detection of drug-reactive sIgE, skin tests (STs), and by BAT (103-398 

105). However, as reviewed elsewhere (106), the sIgE assay is only available for a 399 

limited number of drugs and show poor performance for some drug classes (e.g. β-400 

lactams). Besides, skin testing is still associated with some uncertainties, especially 401 

for nonspecific histamine releasers that might act via off-target MRGPRX2 occupation 402 

(e.g. opiates and quinolones) (104, 107-109). The BAT has emerged as a performant 403 

diagnostic tool for some, but certainly not all, drug(s) (classes) and sensitivity and 404 

specificity is highly variable between the different drug(s) (classes) (103, 105, 110-405 

112). As already mentioned, the BAT is left with some limitations, these limitations, 406 



together with  the search for a better understanding of the mechanisms of IgE-407 

independent IDHRs, has urged us to explore the potential of pMAT in this domain. 408 

Although, currently limited to a single proof of concept with the biguanide antiseptic 409 

chlorhexidine (16), it appears that the pMAT cannot only be successfully applied to 410 

proteinaceous allergens such as pollen (10, 15), food (10, 11) and Hymenoptera 411 

venom (10), but also to drugs. Actually, from our proof of concept it appears that the 412 

pMAT has a high analytical sensitivity enabling to depict low titers of functionally active 413 

drug-reactive sIgE antibodies and that the pMAT discriminates between allergy, and 414 

merely sensitization as reflected by an isolated positive sIgE result. Unlike PBCMCs 415 

passively sensitized with sera from CHX-allergic patients with positive STs and BATs, 416 

PBCMCs passively sensitized with sera from CHX-sensitized individuals with negative 417 

STs and BATs, did not respond to subsequent incubation with the antiseptic.  Finally, 418 

the pMAT can also be used to study the cross-reactivity profiles of CHX-reactive sera. 419 

As shown in Figure 3, and already demonstrated by Mueller-Wirth et al (113), this 420 

cross-reactivity profile can involve the structural homologues alexidine and octenidine.   421 

 422 

Passive mast cell activation tests (pMATs) in IgE-mediated allergy: more than a 423 

diagnostic 424 

As indicated in the title, we expect that the pMAT might also become a valuable asset 425 

to study many domains of IgE-mediated allergies that remain poorly understood. An 426 

example of such an application of the pMAT lies in its capability to detect and identify 427 

major allergens and antibody recognition structures, as well as the affinity between 428 

epitope and paratope. For example, Hemmings et al (114), showed that Ara h 2, a 429 

major allergen from peanut (Arachis hypogeae), induce greater maximal MC reactivity 430 

and has a lower half maximal effective concentration than Ara h 6 when testing co-431 

sensitized patients. Recently, and as shown in Figure 4, we applied pMAT to identify 432 

Can s 2 (profilin) and Can s 5 (a Bet v 1 homologue) as new allergens of Cannabis 433 

sativa (115). As indicated in the introductory paragraph, basophil and MC 434 

activation/degranulation can result from distinct IgE-dependent and IgE-independent 435 

mechanisms. Therefore, it is likely that comparative analyses of dMAT and pMAT 436 

experiments, along with BATs (110), might advance our understandings in the 437 

mechanisms that govern effector cell activation and degranulation. For example, 438 

evidence has emerged that IgE-mediated activation is not only achievable by 439 

traditional allergens, but can also occur by lectins with a binding specificity that 440 



matches the glycosylation of IgE and/or FcεRI, or by other molecules such as super 441 

allergens (protein Fv, HIV gp120) or S. mansoni IPSE/alpha-1 (116, 117). How dMAT 442 

and pMAT can contribute to the exploration of mechanistic endotypes of IDHRs and 443 

discriminate between clinically indistinguishable IgE-dependent and MRGPRX2-444 

dependent reactions is discussed in the section below.  445 

 446 

 447 

 448 

The autoimmune MAT (aMATs) in autoimmune urticaria 449 

Acute and chronic histaminergic urticaria and angioedema result from MC and 450 

basophil degranulation via diverse innate and adaptive immune responses, including 451 

auto-immune processes (118, 119). At present, in chronic spontaneous urticaria, two 452 

groups of MC degranulating signals have been identified, that is IgE autoantibodies to 453 

auto-allergens and IgG autoantibodies that target FcεRI or IgE/FcεRI complexes 454 

present on the MC surface. The presence of such anti-IgE or anti-FcεRI anti-bodies 455 

can be assessed functionally using patients’ sera in an autologous serum skin test 456 

(ASST), via autoimmune BAT and by MAT (18, 120-122). Figure 5 shows our proof of 457 

concept of the aMAT in which the presence of anti-FcεRI and/or anti-IgE 458 

autoantibodies or IgE autoantibodies towards auto-allergens is depicted via FCM.   459 

 460 

Mast cell activation tests: clinical utility in MRGPRX2-mediated allergy 461 

As earlier mentioned, the recognition of off-target occupation of the MRGPRX2 MC 462 

receptor heralds a new and attractive domain in our understandings of IgE-463 

independent IDHRs. However, as evidence for this pathway has mainly been gathered 464 

in mutated animals and via in vitro studies using different cell lines (40, 76), it remains 465 

uncertain whether findings also apply in humans (55). For the time being, there is little 466 

direct clinical evidence for a MRGPRX2-dependent mechanism of IDHRs in humans. 467 

To the best of our knowledge, description of patients who might possibly have suffered 468 

from a MRGPRX2-dependent reaction is restricted to a single series of patients who 469 

experienced anaphylaxis from rocuronium (123). In these patients, in contrast to those 470 

who had suffered from a documented IgE-dependent rocuronium anaphylaxis, 471 

diagnosis could only be established by a positive ST (quantification of sIgE and BAT 472 

rocuronium were negative). In other words, MRGPRX2-dependent reactions are 473 



undetectable by traditional BAT. The reason for this has to be sought in the fact that 474 

traditional BAT uses resting peripheral blood basophils that barely express MRGPRX2 475 

(about 5%) (56, 124). In contrast to isolated basophils that express MRGPRX2 in 476 

about 13-23% of the cells (125). Whether the MAT that uses non-passively sensitized 477 

cells (LAD-2 or MCTC-like donor MCs) could advance diagnosis of MRGPRX2-478 

dependent reactions seems unlikely, because drugs acting as MRGPRX2 agonists 479 

are already active via wild-type MRGPRX2 (Figure 6). In other words, for the time 480 

being there is no method that enables to unambiguously and directly document a 481 

MRGPRX2-dependent IDHR. However, the combination of positive STs with negative 482 

quantification of sIgE, BAT and eventually MAT, albeit indirectly, could point to an 483 

MRGPRX2 reaction for drugs known to be potent MRGPRX2 agonists (2, 110, 123). 484 

Figure 7 shows an integrated approach using STs, sIgE immunoassays, BAT, 485 

MAT/pMAT and MRGPRX2 silencing experiments to deepen our insights in the 486 

pathomechanisms of IgE- and MRGPRX2-dependent IDHRs. As cutaneous MCs 487 

express significant numbers of MRGPRX2, there is a general belief that STs to drugs 488 

that might act via this receptor do not discriminate between both these endotypes of 489 

IDHRs. However, we observed that sIgE- and MRGPRX2-dependent reactions might 490 

show different ST patterns (123). In patients with a combined positive IgE to morphine 491 

and a positive rocuronium BAT suggestive of an IgE-dependent mechanism, skin MCs 492 

appeared to be more sensitive. Actually, in 30/36 (83%) such patients STs were 493 

generally positive in SPTs or intradermal test (IDT) dilutions beyond the concentrations 494 

required to trigger non-specific ST responses. In contrast, in patients with negative 495 

sIgE to morphine and negative rocuronium BAT, STs were positive in only 12/25 (48%) 496 

of patients in SPT settings, and for IDTs, higher non-irritative concentrations were 497 

required to reach positivity. Whether this observation could reflect topographic 498 

differences in MRGPRX2 expression by cutaneous MCs remains elusive.  499 

 500 

Conclusions and perspectives 501 

FCM-assisted BATs have emerged as a robust tool to diagnose and monitor allergic 502 

diseases. However, the BAT has some limitations; it requires fresh samples and the 503 

technique does not advance diagnosis in  patients showing a non-responder status of 504 

their cells. Besides, resting basophils barely express MRGPRX2, making it difficult to 505 

study this mechanism. In contrast, MATs use serum or plasma samples that can be 506 

frozen, stored, and shipped to a reference center experienced in MC lines and/or 507 



cultures, and allow (deferred) batch testing with necessary quality controls. In addition, 508 

the MCs express MRGPRX2, allowing to study the potential of drugs to stimulate MCs 509 

through this receptor. Therefore, the MAT can be a promising diagnostic approach, 510 

especially in difficult cases where traditional tests are unavailable or yield uncertain 511 

results. However, there is far to go from the current experience to the creation of a 512 

new robust diagnostic and its entrance in mainstream use. For example, for pMAT, 513 

further validation will need exploration of the effects of FcɛRI receptor expression 514 

levels, the cell’s intrinsic sensitivity to aggregation of FcεRI and the sIgE-to-total IgE 515 

ratio. All parameters that are likely to depend on MC source and culture conditions. 516 

With respect to MRGPRX2 signaling, it will be critical to know more than its expression 517 

levels, but also deepen our insights in the effects of GTP-binding protein surface 518 

expression on its ligand specificity and affinity. Nevertheless, although currently 519 

restricted to a proof of concept and some preliminary results, the pMAT appears to be 520 

highly sensitive and has a good discrimination performance between true drug allergy 521 

and cases with indeterminate diagnostics (e.g. sensitization as reflected by an isolated 522 

positive sIgE result). Admittedly, additional larger studies are required to confirm and 523 

critically verify these encouraging results and to assess whether the technique could 524 

become a cost-effective new diagnostic. Further automation of data analyses and 525 

bioinformatic tools should advance standardization and quality assurance and thus 526 

accelerate transition to the clinics. Although the non-diagnostic applications of MAT 527 

are still in their infancy, with increasing employment, it is expected that the technique 528 

might become an attractive and valuable asset to study various domains of MC 529 

activation/degranulation biology, especially when used in combination with other tools 530 

such as IgE binding studies, skin testing and BATs.  Actually, the MAT, could become 531 

an attractive complementary method to further accelerate our insight into the effector 532 

mechanisms of IDHRs, benefit identification of antibody recognition sites, expand our 533 

understandings of desensitization and tolerance induction strategies, predict natural 534 

disease courses and prognosis. 535 



Table 1: Basophil activation tests vs. passive mast cell activation tests  536 

Characteristic 
Basophil activation test 

(BAT) 
Mast cell activation test (pMAT) 

Source material(s) 
Patients’ whole blood 

Basophils 

Donor MCs or MC lines 

Patients’ sera/plasma 

Non-responders 
Up to 10-15% and 

unpredictable(c) 

No (MC responsiveness can be 

verified in advance)(f) 

Priming 
IL-3 

(detrimental for CD203c)(d) 
IL-33(g) 

Used readouts 
CD63, CD107a, CD203c, 

avidin, DAO(e) 

CD63, CD107a, CD203c, avidin, 

DAO 

Early analyses post index 

event possible?(a) 
Yes Yes 

Deferred testing possible?(b) No Yes 

Batch testing No Yes(h) 

(a) BATs, and likely also pMATs, can be performed early after the index reaction (unpublished data). 

However, if the test is negative it should be repeated. 

(b) Although BATs can be performed up to 24 hours after sampling, it is recommended to perform 

analysis within 4 hours after collection (2). In contrast, patients’ sera or plasma that are used in the 

pMAT can easily be stored and shipped and thereby enable deferred analyses. 

(c) Up to 10-15% of the patients have non-responsive basophils that do not react to positive control 

nor allergen. In these patients the BAT does not advance diagnosis. Note that this unresponsiveness 

cannot be determined in advance. It is an ad hoc determination. In non-responders in the BAT, the 

pMAT can be a valuable adjunct (11). 

(d) IL-3 priming induces expression of the ectoenzyme CD203c without exposition to allergen and can 

therefore blunt the responsiveness of the cells to allergen. This does not apply to the lysosomal 

associated membrane protein (LAMP) 3 or CD63. 

(e) For a detailed description of the characteristics of the different readout families the reader is 

referred elsewhere (2) and figure 1. 

(f) In contrast to BAT, that uses patients’ basophils, the pMAT uses a MC cell line or cultured donor 

cells. Responsiveness of these cells can readily be evaluated before starting the analyses. 

(g) IL-33 has been shown to boost MC responsiveness to sIgE/FcεRI cross-linking but not MRGPRX2-

dependent activation (15, 22). 

(h) pMAT allows simultaneous testing of several patients’ sera or plasma using the same MC line or 

donor MC culture. 
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Table 2: humanized MC lines used for the detection of IgE-mediated activation 538 

Humanized 

cell line 

FcεRI chain 

expressed 
Allergen Read out Reference 

RBL SX-38 α, 1,  
Peanut, grass pollen, 

Timothy grass 

Radiolabeled serotonin 

β-hexosaminidase 

(49, 67) 

(47, 51) 

RS-ATL8 α, ,  
Wide variety (e.g 

Holcus lantanus, 

grass pollen) 

Chemiluminescence 

(Luciferase) 

(68, 70, 

71) 

RBL NFAT 

DsRed 
α2 

Wide variety of 

allergens 

Chemiluminescence 

(DsRed) 
(69, 71) 

RBL-T8 α2 House dust mite 
Calcium Influx  

(flow cytometric) 
(65) 

RBL-48 α2 

House dust mite, 

latex, ragweed, cedar 

pollen 

Histamine release 

β-hexosaminidase 

surface plasmon 

resonance imaging 

(48, 52, 

66) 

 

RBL-hEla-

2B12 
α2 House dust mite β-hexosaminidase (50) 

1Ali et al showed loss of transfected -chain in RBL SX-38 (126) 

2Expression of the human α chain is sufficient to confer reactivity toward human IgE (65) 

DsRed: Discosoma sp. red fluorescent protein 
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Table 3: Overview of human mast cell lines and their use in the diagnose of an IgE-dependent allergy 540 

 FcεRI 
SCF 

dependence 

Mutation in KIT 

receptor 

Used in diagnosis of IgE-

dependent allergy 
Read out Allergen Reference 

HMC1 No No Yes No / /  

LUVA Yes* No No No / /  

LAD-2 Yes Yes No Yes 
Flow cytometry 

(CD63) 
Peanut (11, 58) 

ROSA kit wt Yes Yes No No / /  

ROSA kit D816V Yes No Yes No / /  

iPSC-MC Yes Yes No Yes 
Histamine  

β-hexosaminidase 

Cedar pollen, Mite, 

House dust 
(39) 

 * The expression of FcɛRI on LUVA cells is sometimes contradictorily.  
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Table 4: MRGPRX2-expressing cell lines used to explore the MRGPRX2-activating potential of drugs  542 

Cell line Read out Opiates NMBA (fluoro)quinolones Antibiotics Miscellaneous Reference  

CHO-K1-

MRGPRX2 
Calcium + Morphine ND ND ND ND Akuzawa(127)  

LAD-2 

HEK-293 

Histamine release 

Cytokine release 

Calcium 

β-hexosaminidase 

+ Morphine 

+ Rocu 

+ Atra 

- Succ 

+ Moxi 

+ Cipro 

+ Levo 

+ Olfoxacin 

ND 
+Octreotide 

+ Mastoparan 
McNeil(40)  

LAD-2 
Calcium 

β-hexosaminidase 
ND + Atra + Cipro ND ND Azimi(41)  

HEK-293 

LAD-2 

Calcium 

β-hexosaminidase 
ND ND ND + Vancomycin ND Azimi(42)  

LAD-2 

HEK-293 

HTLA 

Calcium 

β-hexosaminidase 
+ Morphine 

- Rocu 

- Atra 

 

- Moxi 

- Cipro 

- Levo 

- Olfoxacin 

ND 
- Octreotide 

+ Mastoparan 
Lansu(43)  

LAD-2 
Calcium 

Histamine release 
ND ND 

+Moxi 

+Cipro 

+Norfloxacin 

+Lomefloxacin 

ND ND Han(82)  

LAD-2 

β-hexosaminidase 

Flow cytometry 

(CD63) 

+ Morphine 
- Rocu 

+ Cisatra 
ND 

- Vancomycin 

- Teicoplanin 

- Amoxicillin 

ND 
Navines-

Ferrer(44) 
 

LAD-2 

β-hexosaminidase 

Histamine release 

TNF-α 

Calcium 

 
+Cisatra 

+Mivacurim 
   Che(128, 129)  

LAD-2 

HEK-293 

Calcium 

β-hexosaminidase 

Histamine release 

ND ND 

+ Moxi 

+Levo 

+Sparfloxacin 

+Gatifloxacin 

+Enoxacin 

ND ND Liu(77)  



 

 

+Norfloxacin 

+Lomefloxacin 

+Pefloxain 

+Fleroxacin 

LAD-2 

HEK-293 

β-hexosaminidase 

Histamine release 

TNF-α 

Calcium 

+ Morphine ND ND ND ND Zhang(130)  

LAD-2 
β-hexosaminidase 

 
ND +Atra ND ND ND Shtessel(131)  

LAD-2 

Calcium 

β-hexosaminidase 

CCL2 release 

ND 
+/-Rocu 

+Atra 
ND ND ND Fernandopulle(80)  

LAD-2 β-hexosaminidase ND + Rocu ND ND ND Chompunud(81)  

+, MCs activation/degranulation; -, no MCs activation/degranulation; ND, not determined; NMBA, neuromuscular blocking agent; rocu, rocuronium; atra, 

atracurium; cisatra, cisatracurium; moxi, moxifloxacine; Cipro, ciprofloxacin; Levo, levofloxacin; Succ, Succinylcholine 
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Table 5: Primary human mast cell protocols 551 



 

 

Source Progenitors Duration 

(weeks) 

Cytokines Serum 

factor 

Medium FcεRI Tryptase 

(%)° 

Chymase 

(%)° 

Reference 

PB CD34+ 6 SCF, IL-3 Autologous 

serum 

RPMI + 100 < 3 Rottem (132) 

PB CD34+ 10 SCF, IL-3, IL-6 Serum free StemPro-34 ND + ND Kirshenbaum 

(133, 134) 

PB CD34+ 12 SCF, IL-3, IL-6 FBS Methylcellulose ND 100 10 Wang (23) 

PB CD34+ 8 SCF, IL-3, IL-6 FBS Methylcellulose + ND ND Saito (135) 

PB CD34+ 9 SCF, IL-3, IL-6, 

IL-9 

Serum-free StemSpan + 99 95 Lappaleinen 

(24) 

PB CD133+ 7 SCF, IL-3, IL-6 FBS StemSpan + 80 ND Holm (25) 

PB CD34+ 8 SCF, IL-3, IL-6 Serum free StemPro-34 ND ND ND Radringer (87) 

PB CD113+ 7 SCF, IL-3, IL-6 Serum free StemSpan + 100 < 2 Frandsen (26) 

PB CD133+ 8 SCF, IL-6 Serum free IMDM + GlutaMAX + + - Gaudenzio 

(136) 

PB CD34+ 3 SCF, IL-3, LDL Serum free Methylcellulose + + 4-20 Schmetzer 

(27) 

PB CD133+ 8 SCF, IL-3, IL-6, 

IL-4 

Serum free StemSpan + ND ND Hoffman (137) 

PB CD34+ 9 SCF, IL-3, IL-6 Serum free StemSpan-IMDM + 95 95 * Joulia (19) 

PB CD34+ 6 SCF, IL-3, IL-6 Serum free StemPro-34 medium + ND ND Yin (21) 

PB CD34+ 6 SCF, IL-3, IL-6, 

IL-9, IL-4 

Serum free IMDM + 100 71 ** Tam (28) 

PB CD34+ 4 SCF, IL-3, LDL Serum free Methylcellulose + 96 90 *, **,*** Cop 

(54) 



 

 

PB CD133+ 7 SCF, IL-3, IL-6 FBS StemSpan/Collagen 

Matrix 

+ 100 97 Derakhshan 

(29) 

PB CD34+ 5 SCF, IL-3, IL-6 Serum free StemSpan ND ND ND Luo (138) 

PB CD117 8 SCF, Il-3, IL-6, 

LDL 

Serum free StemSpan-IMDM + + + * Bahri (10, 

139) 

CB CD34+ 34 SCF, IL-3 Serum free IMDM ND ND ND Durand (140) 

CB CD34+ 10 SCF, IL-3, IL-6, 

PGE2 

FBS IBL media I + 99 18 Saito (30) 

CB CD34+ 8 SCF, IL-3, IL-6 FBS Alfa-medium ND + ND Kempuraj 

(141) 

CB CD133+ 12 SCF, IL-3, IL-6 Serum free StemSpan + 83 36 Dahl (31) 

CB CD34+ 8 SCF, IL-6 Serum free QSBF60 + 95 9 Yamaguchi 

(32) 

CB CD133+ 7 SCF, IL-3, IL-6 FBS StemSpan + 75 ND Anderson (33) 

CB CD133+ 8 SCF, IL-3, IL-6 FBS StemSpan ND ND ND Radringer (87) 

BM CD34+ 6 SCF, IL-3 Autologous 

serum 

RPMI + 100 < 3 Rottem (132) 

BM CD34+ 12 SCF, IL-6 Human 

serum 

Media III + 100 100 Shimizu (142) 

BM CD34+ 10 SCF, IL-3, IL-6 Serum free StemPro-34 ND + ND Kirshenbaum 

(133, 134) 

PB, peripheral blood; CB, cord blood; BM, bone marrow; SCF, stem cell factor; IL, interleukine; FBS, fetal bovine serum; IMDM, Iscove’s Modified 

Dulbecco’s Medium ;ND, not determined; °, if the number of tryptase or chymase positive cells is not mentioned, it is designated as positive (+) or negative 

(-); * culture used for pMAT; ** cultured used for aMAT; *** cultured used for dMAT 
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 553 

Figure 1: Mast cell Identification and activation/degranulation markers. Mast cells 554 

express various molecules that can be used in isolation or in combination to identify 555 

the cells and measure their activation/degranulation status by flow cytometry (FCM) in 556 

a technique designated as the MAT. Mast cell activation/degranulation can occur via 557 

IgE/FcεRI-dependent and IgE/FcεRI-independent pathways. Individual cell 558 

activation/degranulation can be measured by FCM on 5 levels: (1) via appearance or 559 

upregulation of surface markers (such as CD63, CD107a, CD63, and avidin binding 560 

of membrane-associated exteriorized anionic proteoglycans released from granules); 561 

(2) Newly synthesized chemokines such CCL4 or CXCL8 can be trapped and 562 

measured intracellularly; (3) phosphotyrosine staining, a parameter associated to cell 563 

protein kinase function, can also be used to study MCs activation; (4) via changes in 564 

mediator content (such as decrease of histamine); or (5) via increased intracellular 565 

calcium staining. Intracellular molecules are denoted in pink.  566 



 

 

 567 

Figure 2: Representative plot of flow cytometric phenotyping of peripheral blood 568 

cultured human mast cells. Cells were selected based on side scatter (SSC) and 569 

forward scatter (FSC). MC were defined as CD117 and CD203c positive. These MC 570 

uniformly express FcεRI, CD300a and CD32. MRGPRX2 Is partially expressed on MC 571 

creating two clearly subpopulations MRGPRX2+ and MRGPRX2-. CD63 is barely 572 

expressed on resting MC. The MCs contain also tryptase, chymase and histamine 573 

(DAO).  574 

  575 



 

 

 576 

Figure 3: Representative plot of utilization of the indirect mast cell activation test to 577 

study cross-reactivity between structural homologues. MCs were passively sensitized 578 

with serum of a patient with documented CHX-allergy (sIgE: 0.46 kUa/L, FEIA 579 

ImmunoCAP, Thermo Fisher together with positive STs and basophil activation tests 580 

CHX). MCs are stimulated with CHX (2.8 µM) or with a structural homologue alexidine 581 

(2.8 µM).  582 



 

 

 583 

Figure 4: Representative plot of a mast cell activation test with recombinant 584 

homologue of the major birch pollen allergen Bet v 1 from Cannabis sativa (rCs-Bet v 585 

1 homologue) (A) or cannabis sativa profiling (B). Unlike cells not passively sensitized 586 



 

 

with a rCs-Bet v 1 or Cs-profilin reactive serum (top), passively sensitized show a 587 

dose-dependent degranulation to rCs-Bet v 1 or Cs-profilin.    588 

 589 

 590 

 591 

Figure 5: Representative plots of an autoimmune mast cell activation test (aMAT) for 592 

suspected autoimmune chronic spontaneous urticaria. After incubation with control 593 

serum there is no up-regulation of CD63 (aMAT: negative). After incubation of cells 594 

with serum of a patient, 40% of the mast cells up-regulate expression of CD63. 595 
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 597 

Figure 6: Direct mast cell (MC) activation by MRGPRX2 agonists substance P (natural 598 

ligand), the opiate morphine and the fluoroquinolone moxifloxacin. Note that, unlike 599 

reported by McNeil (40), rocuronium does not induce degranulation of primary human 600 

MCs. Silencing of MRGPRX2-dependent degranulation by DsiRNA (55).  601 
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 603 

Figure 7: exploring IgE- and MRGPRX2-dependent immediate drug hypersensitivity. 604 

Proposal for an integrated approach using skin tests, IgE-immunoassays, basophil 605 

activation tests, direct/passive mast cell activation tests, and selective MRGPRX2 606 

silencing to deepen pathomechanistic insights in IgE- and MRGPRX2-dependent 607 

immediate drug hypersensitivity. Note that starting from CD34+ve progenitors, it is 608 

possible to obtain a MRGPRX2+ve and MRGPRX2-ve population that can be studied 609 

separately using multicolor flow cytometry. Ultimately, this approach could advance 610 

development of novel diagnostic.           611 

612 



 

 

References 613 

1. Hemmings O, Kwok M, McKendry R, Santos AF. Basophil Activation Test: Old and New 614 

Applications in Allergy. Current allergy and asthma reports. 2018;18(12):77. 615 

2. Ebo DG, Bridts CH, Mertens CH, Sabato V. Principles, potential and limitations of ex vivo 616 

basophil activation by flow cytometry in allergology: a narrative review. J Allergy Clin Immunol. 2020. 617 

3. Hoffmann HJ, Santos AF, Mayorga C, Nopp A, Eberlein B, Ferrer M, et al. The clinical utility of 618 

basophil activation testing in diagnosis and monitoring of allergic disease. Allergy. 2015;70(11):1393-619 

405. 620 

4. Sturm GJ, Kranzelbinder B, Sturm EM, Heinemann A, Groselj-Strele A, Aberer W. The basophil 621 

activation test in the diagnosis of allergy: technical issues and critical factors. Allergy. 2009;64(9):1319-622 

26. 623 

5. Valent P, Bettelheim P. Cell surface structures on human basophils and mast cells: biochemical 624 

and functional characterization. Adv Immunol. 1992;52:333-423. 625 

6. Valent P, Schernthaner GH, Sperr WR, Fritsch G, Agis H, Willheim M, et al. Variable expression 626 

of activation-linked surface antigens on human mast cells in health and disease. Immunol Rev. 627 

2001;179:74-81. 628 

7. Saito H, Ebisawa M, Sakaguchi N, Onda T, Iikura Y, Yanagida M, et al. Characterization of cord-629 

blood-derived human mast cells cultured in the presence of Steel factor and interleukin-6. Int Arch 630 

Allergy Immunol. 1995;107(1-3):63-5. 631 

8. Sellge G, Bischoff SC. Isolation, culture, and characterization of intestinal mast cells. Methods 632 

Mol Biol. 2006;315:123-38. 633 

9. Patella V, Marino I, Lamparter B, Arbustini E, Adt M, Marone G. Human heart mast cells. 634 

Isolation, purification, ultrastructure, and immunologic characterization. J Immunol. 635 

1995;154(6):2855-65. 636 

10. Bahri R, Custovic A, Korosec P, Tsoumani M, Barron M, Wu J, et al. Mast cell activation test in 637 

the diagnosis of allergic disease and anaphylaxis. J Allergy Clin Immunol. 2018;142(2):485-96.e16. 638 

11. Santos AF, Couto-Francisco N, Bécares N, Kwok M, Bahnson HT, Lack G. A novel human mast 639 

cell activation test for peanut allergy. J Allergy Clin Immunol. 2018;142(2):689-91.e9. 640 

12. Passante E. Mast Cell and Basophil Cell Lines: A Compendium. Methods Mol Biol. 641 

2020;2163:127-44. 642 

13. Kleine Budde I, de Heer PG, van der Zee JS, Aalberse RC. The stripped basophil histamine 643 

release bioassay as a tool for the detection of allergen-specific IgE in serum. Int Arch Allergy Immunol. 644 

2001;126(4):277-85. 645 

14. Larsen LF, Juel-Berg N, Hansen KS, Clare Mills EN, van Ree R, Poulsen LK, et al. A comparative 646 

study on basophil activation test, histamine release assay, and passive sensitization histamine release 647 

assay in the diagnosis of peanut allergy. Allergy. 2018;73(1):137-44. 648 

15. Cop N, Ebo DG, Bridts CH, Elst J, Hagendorens MM, Mertens C, et al. Influence of IL-6, IL-33, 649 

and TNF-α on human mast cell activation: Lessons from single cell analysis by flow cytometry. 650 

Cytometry B Clin Cytom. 2018;94(3):405-11. 651 

16. Elst J, van der Poorten MM, Faber MA, Van Gasse AL, Garvey LH, Bridts CH, et al. Mast cell 652 

activation test in chlorhexidine allergy: a proof of concept. British journal of anaesthesia. 2020. 653 

17. Derakhshan T, Bhowmick R, Meinkoth JH, Ritchey JW, Gappa-Fahlenkamp H. Human Mast Cell 654 

Development from Hematopoietic Stem Cells in a Connective Tissue-Equivalent Model. Tissue Eng Part 655 

A. 2019;25(21-22):1564-74. 656 

18. Tam IYS, Lau HYA, Tam SY, Lee TH. Mast cell activation test using patient-derived mast cells 657 

exhibits distinct combinatorial phenotypic profiles among allergic patients. Allergy. 2020;75(7):1796-658 

9. 659 

19. Joulia R, Gaudenzio N, Rodrigues M, Lopez J, Blanchard N, Valitutti S, et al. Mast cells form 660 

antibody-dependent degranulatory synapse for dedicated secretion and defence. Nat Commun. 661 

2015;6:6174. 662 



 

 

20. Gaudenzio N, Sibilano R, Marichal T, Starkl P, Reber LL, Cenac N, et al. Different activation 663 

signals induce distinct mast cell degranulation strategies. J Clin Invest. 2016;126(10):3981-98. 664 

21. Yin Y, Bai Y, Olivera A, Desai A, Metcalfe DD. An optimized protocol for the generation and 665 

functional analysis of human mast cells from CD34(+) enriched cell populations. J Immunol Methods. 666 

2017;448:105-11. 667 

22. Joulia R, L'Faqihi FE, Valitutti S, Espinosa E. IL-33 fine tunes mast cell degranulation and 668 

chemokine production at the single-cell level. J Allergy Clin Immunol. 2017;140(2):497-509.e10. 669 

23. Wang XS, Sam SW, Yip KH, Lau HY. Functional characterization of human mast cells cultured 670 

from adult peripheral blood. Int Immunopharmacol. 2006;6(5):839-47. 671 

24. Lappalainen J, Lindstedt KA, Kovanen PT. A protocol for generating high numbers of mature 672 

and functional human mast cells from peripheral blood. Clin Exp Allergy. 2007;37(9):1404-14. 673 

25. Holm M, Andersen HB, Hetland TE, Dahl C, Hoffmann HJ, Junker S, et al. Seven week culture 674 

of functional human mast cells from buffy coat preparations. J Immunol Methods. 2008;336(2):213-675 

21. 676 

26. Frandsen PM, Krohn IJ, Hoffmann HJ, Schiotz PO. The Influence of IgE on Cultured Human Mast 677 

Cells. Allergy Asthma Immunol Res. 2013;5(6):409-14. 678 

27. Schmetzer O, Valentin P, Smorodchenko A, Domenis R, Gri G, Siebenhaar F, et al. A novel 679 

method to generate and culture human mast cells: Peripheral CD34+ stem cell-derived mast cells 680 

(PSCMCs). J Immunol Methods. 2014;413:62-8. 681 

28. Tam IYS, Ng CW, Tam SY, Lau HYA. Novel six-week protocol for generating functional human 682 

connective tissue-type (MCTC) mast cells from buffy coats. Inflamm Res. 2017;66(1):25-37. 683 

29. Derakhshan T, Bhowmick R, Ritchey JW, Gappa-Fahlenkamp H. Development of Human Mast 684 

Cells from Hematopoietic Stem Cells within a 3D Collagen Matrix: Effect of Stem Cell Media on Mast 685 

Cell Generation. Stem Cells Int. 2018;2018:2136193. 686 

30. Saito H, Ebisawa M, Tachimoto H, Shichijo M, Fukagawa K, Matsumoto K, et al. Selective 687 

growth of human mast cells induced by Steel factor, IL-6, and prostaglandin E2 from cord blood 688 

mononuclear cells. J Immunol. 1996;157(1):343-50. 689 

31. Dahl C, Saito H, Nielsen HV, Schiotz PO. The establishment of a combined serum-free and 690 

serum-supplemented culture method of obtaining functional cord blood-derived human mast cells. J 691 

Immunol Methods. 2002;262(1-2):137-43. 692 

32. Yamaguchi M, Azuma H, Fujihara M, Hamada H, Ikeda H. Generation of a considerable number 693 

of functional mast cells with a high basal level of FcepsilonRI expression from cord blood CD34+ cells 694 

by co-culturing them with bone marrow stromal cell line under serum-free conditions. Scand J 695 

Immunol. 2007;65(6):581-8. 696 

33. Andersen HB, Holm M, Hetland TE, Dahl C, Junker S, Schiotz PO, et al. Comparison of short 697 

term in vitro cultured human mast cells from different progenitors - Peripheral blood-derived 698 

progenitors generate highly mature and functional mast cells. J Immunol Methods. 2008;336(2):166-699 

74. 700 

34. Piliponsky AM, Gleich GJ, Nagler A, Bar I, Levi-Schaffer F. Non-IgE-dependent activation of 701 

human lung- and cord blood-derived mast cells is induced by eosinophil major basic protein and 702 

modulated by the membrane form of stem cell factor. Blood. 2003;101(5):1898-904. 703 

35. Furitsu T, Saito H, Dvorak AM, Schwartz LB, Irani AM, Burdick JF, et al. Development of human 704 

mast cells in vitro. Proc Natl Acad Sci U S A. 1989;86(24):10039-43. 705 

36. Yanagida M, Fukamachi H, Ohgami K, Kuwaki T, Ishii H, Uzumaki H, et al. Effects of T-helper 2-706 

type cytokines, interleukin-3 (IL-3), IL-4, IL-5, and IL-6 on the survival of cultured human mast cells. 707 

Blood. 1995;86(10):3705-14. 708 

37. Mitsui H, Furitsu T, Dvorak AM, Irani AM, Schwartz LB, Inagaki N, et al. Development of human 709 

mast cells from umbilical cord blood cells by recombinant human and murine c-kit ligand. Proc Natl 710 

Acad Sci U S A. 1993;90(2):735-9. 711 

38. Iida M, Matsumoto K, Tomita H, Nakajima T, Akasawa A, Ohtani NY, et al. Selective down-712 

regulation of high-affinity IgE receptor (FcepsilonRI) alpha-chain messenger RNA among transcriptome 713 



 

 

in cord blood-derived versus adult peripheral blood-derived cultured human mast cells. Blood. 714 

2001;97(4):1016-22. 715 

39. Igarashi A, Ebihara Y, Kumagai T, Hirai H, Nagata K, Tsuji K. Mast cells derived from human 716 

induced pluripotent stem cells are useful for allergen tests. Allergol Int. 2018;67(2):234-42. 717 

40. McNeil BD, Pundir P, Meeker S, Han L, Undem BJ, Kulka M, et al. Identification of a mast-cell-718 

specific receptor crucial for pseudo-allergic drug reactions. Nature. 2015;519(7542):237-41. 719 

41. Azimi E, Reddy VB, Shade KC, Anthony RM, Talbot S, Pereira PJS, et al. Dual action of 720 

neurokinin-1 antagonists on Mas-related GPCRs. JCI Insight. 2016;1(16):e89362. 721 

42. Azimi E, Reddy VB, Lerner EA. Brief communication: MRGPRX2, atopic dermatitis and red man 722 

syndrome. Itch (Phila). 2017;2(1). 723 

43. Lansu K, Karpiak J, Liu J, Huang XP, McCorvy JD, Kroeze WK, et al. In silico design of novel 724 

probes for the atypical opioid receptor MRGPRX2. Nat Chem Biol. 2017;13(5):529-36. 725 

44. Navines-Ferrer A, Serrano-Candelas E, Lafuente A, Munoz-Cano R, Martin M, Gastaminza G. 726 

MRGPRX2-mediated mast cell response to drugs used in perioperative procedures and anaesthesia. 727 

Sci Rep. 2018;8(1):11628. 728 

45. MacGlashan DW, Jr. Basophil activation testing. J Allergy Clin Immunol. 2013;132(4):777-87. 729 

46. Jensen BM, Bartko EA, Baumann K, Skov PS. Measuring Histamine and Cytokine Release from 730 

Basophils and Mast Cells. Methods Mol Biol. 2020;2163:247-62. 731 

47. Wiegand TW, Williams PB, Dreskin SC, Jouvin MH, Kinet JP, Tasset D. High-affinity 732 

oligonucleotide ligands to human IgE inhibit binding to Fc epsilon receptor I. J Immunol. 733 

1996;157(1):221-30. 734 

48. Gilfillan AM, Kado-Fong H, Wiggan GA, Hakimi J, Kent U, Kochan JP. Conservation of signal 735 

transduction mechanisms via the human Fc epsilon RI alpha after transfection into a rat mast cell line, 736 

RBL 2H3. J Immunol. 1992;149(7):2445-51. 737 

49. Dibbern DA, Jr., Palmer GW, Williams PB, Bock SA, Dreskin SC. RBL cells expressing human Fc 738 

epsilon RI are a sensitive tool for exploring functional IgE-allergen interactions: studies with sera from 739 

peanut-sensitive patients. J Immunol Methods. 2003;274(1-2):37-45. 740 

50. Takagi K, Nakamura R, Teshima R, Sawada J. Application of human Fc epsilon RI alpha-chain-741 

transfected RBL-2H3 cells for estimation of active serum IgE. Biol Pharm Bull. 2003;26(2):252-5. 742 

51. McDermott RA, Porterfield HS, El Mezayen R, Burks AW, Pons L, Schlichting DG, et al. 743 

Contribution of Ara h 2 to peanut-specific, immunoglobulin E-mediated, cell activation. Clin Exp 744 

Allergy. 2007;37(5):752-63. 745 

52. Yuhki Yanase, Takaaki Hiragun, Tetsuji Yanase, Tomoko Kawaguchi, Kaori Ishii, Nobutaka 746 

Kumazaki, Takayuki Obara, Michihiro Hide. Clinical diagnosis of type I allergy by means of SPR imaging 747 

with less than a microliter of peripheral blood. Sensing and Bio-Sensin Research. 2014;2:43-8. 748 

53. Baumann K, Marcelino J, Skov PS, Santos MCP, Wyroslak I, Scheffel J, et al. Autologous serum 749 

skin test reactions in chronic spontaneous urticaria differ from heterologous cell reactions. J Eur Acad 750 

Dermatol Venereol. 2021. 751 

54. Cop N, Decuyper, II, Faber MA, Sabato V, Bridts CH, Hagendorens MM, et al. Phenotypic and 752 

functional characterization of in vitro cultured human mast cells. Cytometry B Clin Cytom. 753 

2017;92(5):348-54. 754 

55. Elst J, Sabato V, Faber MA, Bridts CH, Mertens C, Van Houdt M, et al. MRGPRX2 and Immediate 755 

Drug Hypersensitivity: Insights from Cultured Human Mast Cells. Journal of investigational allergology 756 

& clinical immunology. 2020:0. 757 

56. Elst J, Sabato V, Hagendorens MM, van Houdt M, Faber MA, Bridts CH, et al. Measurement 758 

and Functional Analysis of the Mas-Related G Protein-Coupled Receptor MRGPRX2 on Human Mast 759 

Cells and Basophils. Methods Mol Biol. 2020;2163:219-26. 760 

57. Nishida K, Yamasaki S, Ito Y, Kabu K, Hattori K, Tezuka T, et al. Fc{epsilon}RI-mediated mast 761 

cell degranulation requires calcium-independent microtubule-dependent translocation of granules to 762 

the plasma membrane. J Cell Biol. 2005;170(1):115-26. 763 



 

 

58. Santos AF, James LK, Bahnson HT, Shamji MH, Couto-Francisco NC, Islam S, et al. IgG4 inhibits 764 

peanut-induced basophil and mast cell activation in peanut-tolerant children sensitized to peanut 765 

major allergens. J Allergy Clin Immunol. 2015;135(5):1249-56. 766 

59. Koberle M, Kaesler S, Kempf W, Wolbing F, Biedermann T. Tetraspanins in mast cells. Frontiers 767 

in immunology. 2012;3:106. 768 

60. Grutzkau A, Smorodchenko A, Lippert U, Kirchhof L, Artuc M, Henz BM. LAMP-1 and LAMP-2, 769 

but not LAMP-3, are reliable markers for activation-induced secretion of human mast cells. Cytometry 770 

A. 2004;61(1):62-8. 771 

61. MacGlashan D, Jr. Expression of CD203c and CD63 in human basophils: relationship to 772 

differential regulation of piecemeal and anaphylactic degranulation processes. Clin Exp Allergy. 773 

2010;40(9):1365-77. 774 

62. Elst J, Sabato V, van der Poorten MM, Faber M, Van Gasse AL, De Puysseleyr LP, et al. 775 

Peripheral blood cultured mast cells: Phenotypic and functional outcomes of different culture 776 

protocols. J Immunol Methods. 2021;492:113003. 777 

63. Dvorak AM, Morgan ES, Schleimer RP, Lichtenstein LM. Diamine oxidase-gold labels histamine 778 

in human mast-cell granules: a new enzyme-affinity ultrastructural method. J Histochem Cytochem. 779 

1993;41(6):787-800. 780 

64. Dvorak AM. Ultrastructural localization of histamine in human basophils and mast cells; 781 

changes associated with anaphylactic degranulation and recovery demonstrated with a diamine 782 

oxidase-gold probe. Allergy. 1997;52(34 Suppl):14-24. 783 

65. Taudou G, Varin-Blank N, Jouin H, Marchand F, Weyer A, Blank U. Expression of the alpha chain 784 

of human Fc epsilon RI in transfected rat basophilic leukemia cells: functional activation after 785 

sensitization with human mite-specific IgE. Int Arch Allergy Immunol. 1993;100(4):344-50. 786 

66. Williams PB, Akasawa A, Dreskin S, Selner JC. Respirable tire fragments contain specific IgE-787 

binding and bridging latex antigens. Chest. 1996;109(3 Suppl):13S. 788 

67. Porterfield HS, Murray KS, Schlichting DG, Chen X, Hansen KC, Duncan MW, et al. Effector 789 

activity of peanut allergens: a critical role for Ara h 2, Ara h 6, and their variants. Clin Exp Allergy. 790 

2009;39(7):1099-108. 791 

68. Nakamura R, Uchida Y, Higuchi M, Nakamura R, Tsuge I, Urisu A, et al. A convenient and 792 

sensitive allergy test: IgE crosslinking-induced luciferase expression in cultured mast cells. Allergy. 793 

2010;65(10):1266-73. 794 

69. Wang X, Cato P, Lin HC, Li T, Wan D, Alcocer MJ, et al. Optimisation and use of humanised RBL 795 

NF-AT-GFP and NF-AT-DsRed reporter cell lines suitable for high-throughput scale detection of allergic 796 

sensitisation in array format and identification of the ECM-integrin interaction as critical factor. 797 

Molecular biotechnology. 2014;56(2):136-46. 798 

70. Ali EA, Nakamura R, Falcone FH. Use of Humanized RS-ATL8 Reporter System for Detection of 799 

Allergen-Specific IgE Sensitization in Human Food Allergy. Methods Mol Biol. 2017;1592:147-61. 800 

71. Wan D, Wang X, Nakamura R, Alcocer MJC, Falcone FH. Use of Humanized RBL Reporter 801 

Systems for the Detection of Allergen-Specific IgE Sensitization in Human Serum. In: Gibbs BF, Falcone 802 

FH, editors. Basophils and Mast Cells: Methods and Protocols. New York, NY: Springer US; 2020. p. 803 

145-53. 804 

72. Falcone FH, Alcocer MJ, Okamoto-Uchida Y, Nakamura R. Use of humanized rat basophilic 805 

leukemia reporter cell lines as a diagnostic tool for detection of allergen-specific IgE in allergic patients: 806 

time for a reappraisal? Current allergy and asthma reports. 2015;15(11):67. 807 

73. Palmer GW, Dibbern DA, Jr., Burks AW, Bannon GA, Bock SA, Porterfield HS, et al. Comparative 808 

potency of Ara h 1 and Ara h 2 in immunochemical and functional assays of allergenicity. Clin Immunol. 809 

2005;115(3):302-12. 810 

74. Santos AF, James LK, Kwok M, McKendry RT, Anagnostou K, Clark AT, et al. Peanut oral 811 

immunotherapy induces blocking antibodies but does not change the functional characteristics of 812 

peanut-specific IgE. The Journal of allergy and clinical immunology. 2020;145(1):440-3 e5. 813 



 

 

75. Azimi E, Reddy VB, Shade KC, Anthony RM, Talbot S, Pereira PJ, et al. Dual action of neurokinin-814 

1 antagonists on Mas-related GPCRs. JCI Insight. 2016;1(16):e89362. 815 

76. Porebski G, Kwiecien K, Pawica M, Kwitniewski M. Mas-Related G Protein-Coupled Receptor-816 

X2 (MRGPRX2) in Drug Hypersensitivity Reactions. Frontiers in immunology. 2018;9:3027. 817 

77. Liu R, Hu S, Zhang Y, Che D, Cao J, Wang J, et al. Mast cell-mediated hypersensitivity to 818 

fluoroquinolone is MRGPRX2 dependent. Int Immunopharmacol. 2019;70:417-27. 819 

78. Subramanian H, Gupta K, Ali H. Roles of Mas-related G protein-coupled receptor X2 on mast 820 

cell-mediated host defense, pseudoallergic drug reactions, and chronic inflammatory diseases. The 821 

Journal of allergy and clinical immunology. 2016;138(3):700-10. 822 

79. Yang S, Liu Y, Lin AA, Cavalli-Sforza LL, Zhao Z, Su B. Adaptive evolution of MRGX2, a human 823 

sensory neuron specific gene involved in nociception. Gene. 2005;352:30-5. 824 

80. Fernandopulle NA, Zhang S, Soeding PF, Mackay GA. MRGPRX2 activation in mast cells by 825 

neuromuscular blocking agents and other agonists: modulation by sugammadex. Clin Exp Allergy. 826 

2020. 827 

81. Chompunud Na Ayudhya C, Amponnawarat A, Roy S, Oskeritzian CA, Ali H. MRGPRX2 828 

Activation by Rocuronium: Insights from Studies with Human Skin Mast Cells and Missense Variants. 829 

Cells. 2021;10(1). 830 

82. Han S, Lv Y, Kong L, Che D, Liu R, Fu J, et al. Use of the relative release index for histamine in 831 

LAD2 cells to evaluate the potential anaphylactoid effects of drugs. Sci Rep. 2017;7(1):13714. 832 

83. Guhl S, Babina M, Neou A, Zuberbier T, Artuc M. Mast cell lines HMC-1 and LAD2 in comparison 833 

with mature human skin mast cells--drastically reduced levels of tryptase and chymase in mast cell 834 

lines. Exp Dermatol. 2010;19(9):845-7. 835 

84. Hermans MAW, van Stigt AC, van de Meerendonk S, Schrijver B, van Daele PLA, van Hagen 836 

PM, et al. Human Mast Cell Line HMC1 Expresses Functional Mas-Related G-Protein Coupled Receptor 837 

2. Frontiers in immunology. 2021;12:625284. 838 

85. Kulka M, Sheen CH, Tancowny BP, Grammer LC, Schleimer RP. Neuropeptides activate human 839 

mast cell degranulation and chemokine production. Immunology. 2008;123(3):398-410. 840 

86. Jadkauskaite L, Bahri R, Farjo N, Farjo B, Jenkins G, Bhogal R, et al. Nuclear factor (erythroid-841 

derived 2)-like-2 pathway modulates substance P-induced human mast cell activation and 842 

degranulation in the hair follicle. J Allergy Clin Immunol. 2018;142(4):1331-3 e8. 843 

87. Radinger M, Jensen BM, Kuehn HS, Kirshenbaum A, Gilfillan AM. Generation, isolation, and 844 

maintenance of human mast cells and mast cell lines derived from peripheral blood or cord blood. 845 

Curr Protoc Immunol. 2010;Chapter 7:Unit 7 37. 846 

88. Valent P, Spanblochl E, Sperr WR, Sillaber C, Zsebo KM, Agis H, et al. Induction of 847 

differentiation of human mast cells from bone marrow and peripheral blood mononuclear cells by 848 

recombinant human stem cell factor/kit-ligand in long-term culture. Blood. 1992;80(9):2237-45. 849 

89. Dvorak AM, Mitsui H, Ishizaka T. Ultrastructural morphology of immature mast cells in 850 

sequential suspension cultures of human cord blood cells supplemented with c-kit ligand; distinction 851 

from mature basophilic leukocytes undergoing secretion in the same cultures. J Leukoc Biol. 852 

1993;54(5):465-85. 853 

90. Nilsson G, Butterfield JH, Nilsson K, Siegbahn A. Stem cell factor is a chemotactic factor for 854 

human mast cells. J Immunol. 1994;153(8):3717-23. 855 

91. Toru H, Eguchi M, Matsumoto R, Yanagida M, Yata J, Nakahata T. Interleukin-4 promotes the 856 

development of tryptase and chymase double-positive human mast cells accompanied by cell 857 

maturation. Blood. 1998;91(1):187-95. 858 

92. Irani AA, Craig SS, Nilsson G, Ishizaka T, Schwartz LB. Characterization of human mast cells 859 

developed in vitro from fetal liver cells cocultured with murine 3T3 fibroblasts. Immunology. 860 

1992;77(1):136-43. 861 

93. Kambe N, Kambe M, Chang HW, Matsui A, Min HK, Hussein M, et al. An improved procedure 862 

for the development of human mast cells from dispersed fetal liver cells in serum-free culture medium. 863 

J Immunol Methods. 2000;240(1-2):101-10. 864 



 

 

94. Xia HZ, Du Z, Craig S, Klisch G, Noben-Trauth N, Kochan JP, et al. Effect of recombinant human 865 

IL-4 on tryptase, chymase, and Fc epsilon receptor type I expression in recombinant human stem cell 866 

factor-dependent fetal liver-derived human mast cells. J Immunol. 1997;159(6):2911-21. 867 

95. Bender JG, Unverzagt K, Walker DE, Lee W, Smith S, Williams S, et al. Phenotypic analysis and 868 

characterization of CD34+ cells from normal human bone marrow, cord blood, peripheral blood, and 869 

mobilized peripheral blood from patients undergoing autologous stem cell transplantation. Clin 870 

Immunol Immunopathol. 1994;70(1):10-8. 871 

96. Jensen BM, Frandsen PM, Raaby EM, Schiotz PO, Skov PS, Poulsen LK. Molecular and stimulus-872 

response profiles illustrate heterogeneity between peripheral and cord blood-derived human mast 873 

cells. J Leukoc Biol. 2014;95(6):893-901. 874 

97. Varricchi G, Raap U, Rivellese F, Marone G, Gibbs BF. Human mast cells and basophils-How are 875 

they similar how are they different? Immunol Rev. 2018;282(1):8-34. 876 

98. Liew FY, Girard JP, Turnquist HR. Interleukin-33 in health and disease. Nature reviews 877 

Immunology. 2016;16(11):676-89. 878 

99. Babina M, Guhl S, Artuc M, Zuberbier T. Allergic FcepsilonRI- and pseudo-allergic MRGPRX2-879 

triggered mast cell activation routes are independent and inversely regulated by SCF. Allergy. 880 

2018;73(1):256-60. 881 

100. Bousquet PJ, Gaeta F, Bousquet-Rouanet L, Lefrant JY, Demoly P, Romano A. Provocation tests 882 

in diagnosing drug hypersensitivity. Current pharmaceutical design. 2008;14(27):2792-802. 883 

101. Garvey LH, Ebo DG, Krøigaard M, Savic S, Clarke R, Cooke P, et al. The use of drug provocation 884 

testing in the investigation of suspected immediate perioperative allergic reactions: current status. 885 

British journal of anaesthesia. 2019;123(1):e126-e34. 886 

102. Demoly P, Romano A, Botelho C, Bousquet-Rouanet L, Gaeta F, Silva R, et al. Determining the 887 

negative predictive value of provocation tests with beta-lactams. Allergy. 2010;65(3):327-32. 888 

103. Mayorga C, Ebo DG, Lang DM, Pichler WJ, Sabato V, Park MA, et al. Controversies in drug 889 

allergy: In vitro testing. J Allergy Clin Immunol. 2019;143(1):56-65. 890 

104. Brockow K, Garvey LH, Aberer W, Atanaskovic-Markovic M, Barbaud A, Bilo MB, et al. Skin test 891 

concentrations for systemically administered drugs -- an ENDA/EAACI Drug Allergy Interest Group 892 

position paper. Allergy. 2013;68(6):702-12. 893 

105. Decuyper, II, Mangodt EA, Van Gasse AL, Claesen K, Uyttebroek A, Faber M, et al. In Vitro 894 

Diagnosis of Immediate Drug Hypersensitivity Anno 2017: Potentials and Limitations. Drugs in R&D. 895 

2017;17(2):265-78. 896 

106. Ebo DG, Faber M, Elst J, Van Gasse AL, Bridts CH, Mertens C, et al. In Vitro Diagnosis of 897 

Immediate Drug Hypersensitivity During Anesthesia: A Review of the Literature. J Allergy Clin Immunol 898 

Pract. 2018;6(4):1176-84. 899 

107. Nasser SM, Ewan PW. Opiate-sensitivity: clinical characteristics and the role of skin prick 900 

testing. Clin Exp Allergy. 2001;31(7):1014-20. 901 

108. Kelso JM. MRGPRX2 signaling and skin test results. J Allergy Clin Immunol Pract. 2020;8(1):426. 902 

109. Uyttebroek AP, Sabato V, Bridts CH, De Clerck LS, Ebo DG. Moxifloxacin hypersensitivity: 903 

Uselessness of skin testing. J Allergy Clin Immunol Pract. 2015;3(3):443-5. 904 

110. Ebo DG, Elst J, Van Gasse A, De Puysseleyr L, Faber MA, Hagendorens MM, et al. Basophil 905 

Activation Experiments in Immediate Drug Hypersensitivity: More Than a Diagnostic Aid. Methods Mol 906 

Biol. 2020;2163:197-211. 907 

111. Takazawa T, Sabato V, Ebo DG. In vitro diagnostic tests for perioperative hypersensitivity, a 908 

narrative review: potential, limitations, and perspectives. British journal of anaesthesia. 909 

2019;123(1):e117-e25. 910 

112. Mayorga C, Dona I, Perez-Inestrosa E, Fernandez TD, Torres MJ. The Value of In Vitro Tests to 911 

DiminishDrug Challenges. Int J Mol Sci. 2017;18(6). 912 

113. Mueller-Wirth N, Buenter A, Jorg L, Ebo DG, Glatz M, Fernando SL, et al. IgE-mediated 913 

chlorhexidine allergy-Cross-reactivity with other biguanide disinfectants. Allergy. 2020;75(12):3237-914 

47. 915 



 

 

114. Hemmings O, Du Toit G, Radulovic S, Lack G, Santos AF. Ara h 2 is the dominant peanut allergen 916 

despite similarities with Ara h 6. J Allergy Clin Immunol. 2020;146(3):621-30.e5. 917 

115. Ebo DG, Decuyper, II, Rihs HP, Mertens CH, Van Gasse AL, Van der Poorten ML, et al. IgE-918 

binding and mast cell activating capacity of the homologue of the major birch pollen allergen and 919 

profilin from Cannabis sativa. J Allergy Clin Immunol Pract. 2021. 920 

116. Pramod SN, Venkatesh YP, Mahesh PA. Potato lectin activates basophils and mast cells of 921 

atopic subjects by its interaction with core chitobiose of cell-bound non-specific immunoglobulin E. 922 

Clinical and experimental immunology. 2007;148(3):391-401. 923 

117. Krithika N, Pramod SN, Mahesh PA, Venkatesh YP. Banana lectin (BanLec) induces non-specific 924 

activation of basophils and mast cells in atopic subjects. European annals of allergy and clinical 925 

immunology. 2018;50(6):243-53. 926 

118. Maurer M, Eyerich K, Eyerich S, Ferrer M, Gutermuth J, Hartmann K, et al. Urticaria: Collegium 927 

Internationale Allergologicum (CIA) Update 2020. Int Arch Allergy Immunol. 2020;181(5):321-33. 928 

119. Irinyi B, Gyimesi E, Garaczi E, Bata ZS, Kemeny L, Zeher M, et al. Extended diagnostic value of 929 

autologous serum skin test and basophil CD63 expression assay in chronic urticaria. Br J Dermatol. 930 

2013;168(3):656-8. 931 

120. Netchiporouk E, Moreau L, Rahme E, Maurer M, Lejtenyi D, Ben-Shoshan M. Positive CD63 932 

Basophil Activation Tests Are Common in Children with Chronic Spontaneous Urticaria and Linked to 933 

High Disease Activity. Int Arch Allergy Immunol. 2016;171(2):81-8. 934 

121. Chen Q, Zhai Z, Xu J, Chen W, Chen S, Zhong H, et al. Basophil CD63 expression in chronic 935 

spontaneous urticaria: correlation with allergic sensitization, serum autoreactivity and basophil 936 

reactivity. J Eur Acad Dermatol Venereol. 2017;31(3):463-8. 937 

122. Patil SU, Calatroni A, Schneider M, Steinbrecher J, Smith N, Washburn C, et al. Data-driven 938 

programmatic approach to analysis of basophil activation tests. Cytometry B Clin Cytom. 939 

2018;94(4):667-73. 940 

123. Ebo DG, Van der Poorten ML, Elst J, Van Gasse AL, Mertens C, Bridts C, et al. Immunoglobulin 941 

E cross-linking or MRGPRX2 activation: clinical insights from rocuronium hypersensitivity. British 942 

journal of anaesthesia. 2020. 943 

124. Sabato V, Elst J, Van Houdt M, Bridts C, Mertens C, Ebo DG. Surface expression of MRGPRX2 944 

on resting basophils: An area of controversy. Allergy. 2020;75(9):2421-2. 945 

125. Wedi B, Gehring M, Kapp A. The pseudoallergen receptor MRGPRX2 on peripheral blood 946 

basophils and eosinophils: Expression and function. Allergy. 2020;75(9):2229-42. 947 

126. Ali EA, Kalli M, Wan D, Nakamura R, Onion D, Alanine DGW, et al. Characterization of human 948 

FcepsilonRIalpha chain expression and gene copy number in humanized rat basophilic leukaemia (RBL) 949 

reporter cell lines. PLoS One. 2019;14(8):e0221034. 950 

127. Akuzawa Natsuyo OH, Izumi Takashi, Shigeki Takeda Morphine is an exogenous ligand for 951 

MrgX, a G protein-coupled receptor for cortistatin. J Cell An Biol. 2007;2 (1), pp.004-009. 952 

128. Che D, Rui L, Cao J, Wang J, Zhang Y, Ding Y, et al. Cisatracurium induces mast cell activation 953 

and pseudo-allergic reactions via MRGPRX2. Int Immunopharmacol. 2018;62:244-50. 954 

129. Che D, Wang J, Ding Y, Liu R, Cao J, Zhang Y, et al. Mivacurium induce mast cell activation and 955 

pseudo-allergic reactions via MAS-related G protein coupled receptor-X2. Cell Immunol. 956 

2018;332:121-8. 957 

130. Zhang T, Liu R, Che D, Pundir P, Wang N, Han S, et al. A Mast Cell-Specific Receptor Is Critical 958 

for Granuloma Induced by Intrathecal Morphine Infusion. J Immunol. 2019;203(7):1701-14. 959 

131. Shtessel M, Limjunyawong N, Oliver ET, Chichester K, Gao L, Dong X, et al. MRGPRX2 Activation 960 

Causes Increased Skin Reactivity in Patients with Chronic Spontaneous Urticaria. J Invest Dermatol. 961 

2021;141(3):678-81 e2. 962 

132. Rottem M, Okada T, Goff JP, Metcalfe DD. Mast cells cultured from the peripheral blood of 963 

normal donors and patients with mastocytosis originate from a CD34+/Fc epsilon RI- cell population. 964 

Blood. 1994;84(8):2489-96. 965 



 

 

133. Kirshenbaum AS, Metcalfe DD. Growth of human mast cells from bone marrow and peripheral 966 

blood-derived CD34+ pluripotent progenitor cells. Methods Mol Biol. 2006;315:105-12. 967 

134. Bandara G, Metcalfe DD, Kirshenbaum AS. Growth of human mast cells from bone marrow 968 

and peripheral blood-derived CD34(+) pluripotent hematopoietic cells. Methods Mol Biol. 969 

2015;1220:155-62. 970 

135. Saito H, Kato A, Matsumoto K, Okayama Y. Culture of human mast cells from peripheral blood 971 

progenitors. Nat Protoc. 2006;1(4):2178-83. 972 

136. Gaudenzio N, Laurent C, Valitutti S, Espinosa E. Human mast cells drive memory CD4+ T cells 973 

toward an inflammatory IL-22+ phenotype. J Allergy Clin Immunol. 2013;131(5):1400-7 e11. 974 

137. Hoffmann HJ. Generation of a human allergic mast cell phenotype from CD133(+) stem cells. 975 

Methods Mol Biol. 2014;1192:57-62. 976 

138. Luo Y, Frischbutter S, Scheffel J, Siebenhaar F. Generation and Culture of Peripheral CD34(+) 977 

Stem Cell-Derived Mast Cells (PSCMCs). Methods Mol Biol. 2020;2163:63-7. 978 

139. Bahri R, Bulfone-Paus S. Mast Cell Activation Test (MAT). Methods Mol Biol. 2020;2163:227-979 

38. 980 

140. Durand B, Migliaccio G, Yee NS, Eddleman K, Huima-Byron T, Migliaccio AR, et al. Long-term 981 

generation of human mast cells in serum-free cultures of CD34+ cord blood cells stimulated with stem 982 

cell factor and interleukin-3. Blood. 1994;84(11):3667-74. 983 

141. Kempuraj D, Saito H, Kaneko A, Fukagawa K, Nakayama M, Toru H, et al. Characterization of 984 

mast cell-committed progenitors present in human umbilical cord blood. Blood. 1999;93(10):3338-46. 985 

142. Shimizu Y, Sakai K, Miura T, Narita T, Tsukagoshi H, Satoh Y, et al. Characterization of 'adult-986 

type' mast cells derived from human bone marrow CD34(+) cells cultured in the presence of stem cell 987 

factor and interleukin-6. Interleukin-4 is not required for constitutive expression of CD54, Fc epsilon 988 

RI alpha and chymase, and CD13 expression is reduced during differentiation. Clin Exp Allergy. 989 

2002;32(6):872-80. 990 

 991 


