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Graphical abstract 36 

 37 

Mast cell (MC) and/or basophil activation can occur via non-specific and specific pathways.  38 

Non-specific activation predominantly involves activation of complement receptors C3aR and C5aR. Another 39 

way of non-specific MC activation implies occupation of the Mas-related G protein coupled-receptor X2 40 

(MRGPRX2). Note that MRGPRX2 is not constitutively expressed by basophils. Specific activation of MCs and 41 

basophils requires activation of B lymphocytes of the adaptive immune system with production of allergen-42 

specific antibodies. 43 

  44 



 

Abstract 45 

Immediate hypersensitivity reactions can pose a clinical and diagnostic challenge, mainly because of the 46 

multifarious clinical presentation and distinct underlying – frequently uncertain – mechanisms. Anaphylaxis 47 

encompasses all rapidly developing and life-threatening signs and may cause death. Evidence has accumulated 48 

that immediate hypersensitivity and anaphylaxis does not necessarily involve an allergen-specific immune 49 

response with cross-linking of specific IgE (sIgE) antibodies bound to their high affinity IgE receptor (FcεRI) on 50 

the surface of mast cells (MCs) and basophils. Immediate hypersensitive and anaphylaxis can also result from 51 

alternative specific and nonspecific MC and basophils activation and degranulation such as complement-derived 52 

anaphylatoxins and off-target occupancy of MC and/or basophil surface receptors such as the Mas-related G 53 

protein-coupled receptor X2 (MRGPRX2). Degranulation of MCs and basophils results in the release of 54 

inflammatory mediators which can be, depending on the underlying trigger, in a different spatiotemporal manner. 55 

In addition, hypersensitivity and anaphylaxis can occur entirely independent from MC and basophil degranulation, 56 

as is observed in hypersensitivity to nonsteroidal anti-inflammatory drugs (NSAIDs) that divert normal 57 

arachidonic acid metabolism by inhibiting the cyclooxygenase (COX)-1 isoenzyme. Finally, one should remember 58 

that anaphylaxis might be part of the phenotype of particular – sometimes poorly recognizable - conditions such 59 

as clonal MC diseases (e.g. mastocytosis) and MC activation syndrome (MCAS). This review provides a status 60 

update on the different molecular mechanisms involved in both sIgE/FcεRI- and non-sIgE/FcεRI-dependent 61 

immediate hypersensitivity and anaphylaxis. In conclusion, there is increasing evidence for alternative 62 

pathophysiological hypersensitivity and anaphylaxis endotypes that are phenotypically and biologically 63 

indistinguishable, which are frequently difficult to diagnose, mainly because of uncertainties associated with 64 

diagnostic tests that might not absolutely enable to unveil the underlying mechanism.  65 
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Nomenclature 69 

In consonance with the actualized nomenclature of allergy [1], the umbrella term “hypersensitivity reactions” 70 

encompasses all unexpected but reproducible symptoms that extend beyond the primary pharmacological activity 71 

and can result from the activation of immune cell, inflammatory pathways or both. As such, hypersensitivity 72 

reactions are defined without the underlying pathophysiological processes. According to the underlying 73 

mechanism, hypersensitivity reactions can be further subdivided into allergic and nonallergic hypersensitivity to 74 

indicate a specific (immune) or non-specific (non-immune) mechanism, respectively. The term “anaphylaxis” 75 

encompasses all rapidly developing and life-threatening signs and symptoms involving multiple (>2) organ 76 

systems, irrespective of the underlying mechanistic endotype and should not be reserved for specific, mainly 77 

sIgE/FcεRI-dependent reactions [2]. However, a recent definition from the WAO does not include anymore the 78 

need of multiple organ involvement as severe symptoms can present in only one organ system [3]. When a specific 79 

immunologic mechanism is demonstratable, the term “allergic anaphylaxis” is applicable. An anaphylactic 80 

reaction mediated by cross-linking of allergen-specific IgE (sIgE) bound to its high-affinity IgE receptor (FcεRI) 81 

on the surface of mast cells (MCs) and basophils may be called sIgE/FcεRI-dependent anaphylaxis (e.g., as in 82 

(possibly exercise-induced) food anaphylaxis and Hymenoptera venom allergy. All other reactions should be 83 

reported as nonspecific or nonallergic anaphylaxis. The terms “anaphylactoid” and “pseudoallergic” should be 84 

avoided as various alternative specific and nonspecific hypersensitivity mechanisms, that can explain basophil 85 

and MC activation and degranulation independent from sIgE/FcεRI-signalling, have also been described. 86 

However, many authors still continue to use the obsolete terminology, which, regrettably, do not help 87 

harmonization of classification and deepening insights in pathomechanistic studies. In this review and shown in 88 

table 1, we provide a status update on the molecular mechanisms of immediate hypersensitivity reactions and 89 

anaphylaxis. For a narrative review of the pathophysiology of anaphylaxis, the reader is referred elsewhere [4].  90 

 91 

sIgE/FcεRI- and non- sIgE/FcεRI dependent mast cell and basophil activation and degranulation 92 

The key effector cells of immediate hypersensitivity and anaphylaxis are MCs and basophils. As illustrated in the 93 

graphical abstract, activation and degranulation of these cells can be initiated by various specific (immune) and 94 

nonspecific (non-immune) mechanisms that occur via distinct complex signalling pathways. The underlying 95 

signalling mechanisms responsible for MC and basophil activation and degranulation and inhibition as well as the 96 

exocytic pathways exceed the scope of this review and have been thoroughly described elsewhere [5]. 97 

Specific effector cell activation 98 

Classically, allergic hypersensitivity involves activation of T-and B-lymphocytes of the adaptive immune system 99 

resulting in the synthesis and secretion of sIgE antibodies by plasma cells. These secreted sIgE antibodies bind to 100 

the membrane FcεRIs that are present on basophils and MCs. When a specific allergen cross-links sIgE/FcεRI-101 

complexes, downstream signalling finally culminating in a compounded degranulation with exteriorization of 102 

aggregates of secretory granules and release of quantifiable mediators is set in motion. Typical examples of IgE-103 

mediated hypersensitivity reactions are allergies against β-lactams (e.g. penicillins and cephalosporins), Hevea 104 

latex and the biguanide antiseptic chlorhexidine. The presence of sIgE antibodies is a condition sine qua but does 105 

not always lead to an effective cross-linking of FcεRI complexes with activation and degranulation. Although the 106 

requirements for effector cell activation and degranulation are not yet fully unravelled, the number of cross-links 107 



 

per MC or basophil and the duration of it, as well the number of IgE recognition sites on the allergen (epitopes or 108 

antigenic determinants) are critical elements [6].  109 

In contrast, specific activation and degranulation of both effector cells and anaphylaxis can also happen 110 

independently from allergen sIgE [7-9]. A specific activation and degranulation mechanism, but sIgE/FcεRI-111 

independent, is allergen-specific cross-linking of IgG/FcγR complexes. However, insight in IgG-mediated 112 

anaphylaxis are predominantly obtained in animal models, clinical evidence for IgG-mediated anaphylaxis in 113 

humans is restricted to a few observations involving the parenteral administration of large amount of 114 

(proteinaceous) allergens. Potential IgG-dependent anaphylaxis has been described with different chimeric, 115 

humanized and even fully human monoclonal antibodies such as infliximab [10, 11] and adalimumab [12], and 116 

subjects treated with dextrans [13] or aprotinin [14, 15]. However, the pertinence of some of these observations 117 

remains uncertain and debatable [15], mainly because of the demonstrable drug-sIgE antibodies in some cases.  118 

Non-specific effector cell activation 119 

Mast cell and basophil activation and degranulation can also result from non-specific (antibody-independent) 120 

mechanisms. First, activation and degranulation of the effector cells can occur through binding of the 121 

anaphylatoxins C3a and C5a to their specific G-protein coupled receptors C3aR and C5aR on the membrane of 122 

MCs and basophils. Examples of complement-mediated reactions are reactions to iodinated contrast media, and 123 

reactions to over-sulphated chondroitin sulphate contaminated heparin [16, 17]. Second, MC activation and 124 

degranulation can also result from the off-target occupation of the Mas-related G protein-coupled receptor X2 125 

(MRGPRX2) [18]. Since the seminal reporting, it seems that occupation of MRGPRX2 by various drug classes 126 

might herald an additional mechanism of nonspecific (nonimmune) immediate drug hypersensitivity reactions 127 

[19]. This pathway seems to be involved in the majority of reactions towards fluoroquinolones (FQs), opiates such 128 

as morphine, and the bradykinin receptor 2 antagonist icatibant. For some drug(s) (classes) the situation seems 129 

even more complicated. For example, for curarizing neuromuscular blocking agents (NMBAs) it appears that 130 

some of them might predominantly trigger effector cell degranulation via an IgE-dependent pathway, whilst others 131 

likely mainly act via the MRGPRX2 (for review: [20, 21]). However, current evidence for activation of the 132 

MRGPRX2 receptor almost exclusively comes from preclinical animal and in vitro studies. Therefore, translation 133 

into clinical relevance in humans should be done with prudently. Presentation of the preclinical animal or in vitro 134 

data is beyond the scope of this review and have been thoroughly described elsewhere [22, 23]. Data in humans 135 

is limited to our attempt to compare the clinics skin test responses and changes in serum tryptase in response to 136 

sIgE/FcεRI-dependent and likely MRGPRX2-dependent anaphylaxis to the aminosteroid-derived NMBA 137 

rocuronium. It seems that clinical details, acute tryptase, and delta tryptase are indistinguishable. In contrast, skin 138 

mast cells that strongly express MRGPRX2 appear to be less sensitive in the likely MRGPRX2-dependent 139 

hypersensitivity [24]. Alternatively, it is uncertain whether the opioid receptors are involved in hypersensitivity 140 

to some opiates and semisynthetic opioids [25]. As shown in the graphical abstract, a specific drug can activate 141 

MCs (and basophils) through distinct pathways. Importantly, the IgE-mediated and MRGPRX2-mediated 142 

activation can unite to boost activation and degranulation of MCs [26].  143 

 144 

Hypersensitivity reactions beyond the effector cells 145 



 

The role of other activation processes or mediators of cells other than MCs and basophils needs to be further 146 

studied. For example, as reviewed by Bruhns and Chollet-Martin, from experimental models of anaphylaxis, it 147 

emerges that drug-induced anaphylaxis might also involve other cells such as platelets and neutrophils [27]. 148 

However, for the time being, human evidence in this respect is rare and seems restricted to a single report on IgG-149 

dependent neutrophil activation in response to neuromuscular blocking agents (NMBAs). This study demonstrated 150 

that concentrations of anti-NMBA IgG and markers of FcγR activation, PAF release, and neutrophil activation 151 

correlated with anaphylaxis severity. Neutrophil activation could also be observed in patients without evidence of 152 

an IgE-dependent anaphylaxis. Therefore, suggests the existence of an IgG-neutrophil pathway in human NMBA-153 

induced anaphylaxis, which may strengthen anaphylaxis in combination with the IgE pathway or underlie 154 

anaphylaxis in the absence of specific IgE [28]. However, confirmation and studies with other drugs are needed 155 

to establish whether this mechanism might find universal acceptance. 156 

Hypersensitivity and anaphylaxis resulting from enzyme interference (mainly inhibition) 157 

Non-steroidal anti-inflammatory drugs (NSAIDs) are a predominant cause of immediate drug hypersensitivity 158 

reactions. These reactions can be classified into two distinct groups according to their onset mechanism. First, 159 

most frequently, reactions induced by nonspecific mechanisms (nonallergic reactions) that include different 160 

clinical phenotypes such as NSAID-exacerbated respiratory disease, cutaneous disease and urticaria/angioedema, 161 

NERD, NECD, and NIUA respectively. The pathogenesis of nonspecific NSAID hypersensitivity syndromes 162 

relates to nonselective inhibition cyclooxygenase (COX)-1 and 2 iso-enzymes which results in a blocking of 163 

prostaglandin synthesis and increases production of leukotrienes eventually causing NERD, NECD and NIUA. 164 

Secondly, much rarer, reactions resulting from specific mechanisms (allergic or selective reactions) are designated 165 

as single NSAID-induced urticaria/angioedema or anaphylaxis in which interclass cross-reactivity is almost absent 166 

[29]. 167 

The angiotensin-converting enzyme (ACE) is a key player of the renin-angiotensin system that converts 168 

angiotensin I to angiotensin II. Additionally, it is also responsible for the degradation of bradykinin, which is 169 

generated from high molecular weight kininogen by kallikrein via the contact system. Via bradykinin 2 receptors 170 

(BK2Rs), bradykinin affects vascular permeability and stimulates the release of substance P. This release causes 171 

vasodilation and fluid extravasation into tissues. ACE-inhibitors block the degradation of bradykinin which is 172 

thought to be a likely explanation for - sometimes life-threatening and difficult to treat – ACE inhibitor-173 

induced angioedema. Moreover, inhibition of ACE potentiates anaphylactic reactions which is at least partially 174 

mediated by direct MC priming [30].  175 

 176 

Anaphylaxis as part of another syndrome  177 

Triggered or (unprovoked) spontaneous pathologic activation of MCs can result in the rapid onset of the typical 178 

symptoms of anaphylaxis. Patients experiencing clinical symptoms compatible with anaphylaxis in concomitance 179 

with a significant increase of tryptase (20% + 2 µg/L above the baseline tryptase, according to the international 180 

consensus formula [31]) fulfil the criterion of Mast Cell Activation Syndrome (MCAS). Primary MCAS include 181 

clonal MC disorders with quantitative and/or qualitative defects in MC biology such as systemic mastocytosis and 182 

monoclonal MC activation syndrome (MMAS). The latter defined by KIT mutation(s) (mainly KIT D816V) or 183 

aberrant CD25 expression without meeting the WHO criteria for systemic mastocytosis. In primary MCAS, 184 

several gain-of-function mutations in KIT lead to altered downstream signalling [32]. Secondary MCAS include 185 



 

MC activation without an underlying clonal MC disease. Idiopathic MCAS are cases without clonal MC disorders 186 

and without an identifiable trigger. Another syndrome is the recently described hereditary alpha-tryptasemia 187 

(HaT). Hat can play an additive role in the relative risk for unprovoked or Hymenoptera induced anaphylaxis [33]. 188 

Recently, it was demonstrated that baseline serum tryptase (bST) > 8 µg/L is more frequently associated with the 189 

occurrence of anaphylaxis in perioperative hypersensitivity [34]. Consequently, studying the contribution of HaT 190 

to the severity of anaphylaxis and as an independent risk factor in perioperative settings will be interesting. 191 

 192 

Mast cell and basophil degranulation products  193 

Degranulation of MCs and basophils results in the release of inflammatory mediators. Mast cell mediator can be 194 

divided into three classes: 1) preformed (i.e. histamine, proteases), 2) new formed or lipid mediators generated 195 

within minutes (prostaglandins, leukotrienes, platelet-activating factor (PAF)), 3) de novo-synthetized mediators 196 

generated over hours (cytokines, chemokines and growth factors). It remains difficult and challenging to study 197 

the specific effect of each single mediator. However, evidence has accumulated that histamine, leukotrienes, and 198 

PAF are involved in vasodilation, capillary leak, and bronchospasm. According to the underlying trigger, the 199 

mediators can be released in a different spatiotemporal manner. IgE-dependent responses are prolonged and 200 

characterized by a slower but sustained calcium response, whereas MRGPRX2-mediated responses are often 201 

rapid, with a transient calcium response. In addition, IgE-dependent degranulation involves initial fusion of the 202 

granules before fusion with the cell membrane in limited numbers of openings. In contrast, MRGPRX2-mediated 203 

degranulation is characterized by direct release of individual, spherical granules over the entire MC membrane, a 204 

mechanism called “kiss and run. Regarding the released mediators, IgE-dependent stimulation triggers greater 205 

release of cytokines, prostaglandin E2 (PGE2), prostaglandin D2 (PGD2) and vascular endothelial growth factor 206 

(VEGF) while in contrast, the PGE2 and PGD2 response is limited and no VEGF is released after a MRGPRX2-207 

mediated stimulation.[35, 36]. However, as indicated , MRGPRX2 signalling has mainly been studied pre-208 

clinically in (knock-out) animal models and in vitro settings (reviewed in: [20, 21]), its precise mechanisms and 209 

clinical repercussions in the context of immediate drug hypersensitivity and anaphylaxis remains to be elucidated. 210 

Except for a higher skin MC responsivity and higher frequency of MC activation in the group with presumed 211 

sIgE/FcεRI-dependent rocuronium anaphylaxis, there were no differences with respect to clinic and tryptase 212 

between the sIgE/FcεRI-and MRGPRX2 group. Most importantly, acute and delta tryptase level cannot 213 

discriminate between the pathomechanistic processes [24]. An observation that was recently confirmed in an in 214 

vitro model [37]. Moreover, MCs of patients with sIgE/FcεRI-independent anaphylaxis to rocuronium had similar 215 

expression of MRGPRX2 and a similar functiinality as MCs from patients with sIgE/FcεRI-mediated anaphylaxis 216 

[38]. Alternatively, it is clear that the correct biochemical assessment of MC activation necessitates paired acute 217 

and baseline serum tryptase quantification [31, 34, 39]. Unlike a single measurement of acute serum tryptase, only 218 

paired analyses enable to depict other conditions such as clonal mast cell disease and HaT that might predesignate 219 

for anaphylaxis [40-42]. 220 

 221 

Cytokine storm reaction 222 

Up to here, we described anaphylaxis mainly as the result of specific (allergic) and nonspecific (non-allergic or 223 

innate) activation of MCs and basophils and the activation of neutrophils with the release of various mediators 224 

acting on different target organs and cells. However, as elegantly reviewed by Castells [43] and Sala-Cunill et al 225 



 

[44] another endotype with a distinct clinical signature has been described. As shown in Figure 1, these reactions, 226 

designated as cytokine storm reactions, result from the synthesis and release of mainly TNF-α, IL-1β and IL-6 by 227 

monocytes/macrophages and T-lymphocytes and are phenotypically characterized by fever and chills, rigor, 228 

nausea, vomiting, pain, followed by hypotension, desaturation and cardiovascular collapse. Triggers for such 229 

cytokine storms include chimeric, humanized, and human monoclonal antibodies and chemotherapy. Note that 230 

these compounds can also trigger mixed reactions combining the features of MC and basophil degranulation with 231 

cytokine storm-like reactions. Importantly, whatever the endotype, epinephrine and volume substitution are 232 

critical for correct acute treatment of severe reactions. Alternatively, it is obvious that cytokine storm-like 233 

reactions need other acute bio markers than paired tryptase quantification and will likely be overlooked by 234 

conventional tests developed to depict circulating (sIgE) antibodies and/or MC or basophil activation.  235 

 236 

Conclusion 237 

Anaphylaxis is a complex, still incompletely understood, reaction that can involve various cell types, mediators, 238 

receptors, and intracellular signaling/degranulation pathways that can be activated alone or in association. The 239 

actualized definition of anaphylaxis includes the allergic and nonallergic mechanisms. Although the allergic 240 

pathway may lead to the release of mediators that are vasodilators and bronchoconstrictors, the nonallergic 241 

mechanisms can lead to the same heterogeneous clinical presentation through alternative modalities of MC and 242 

basophil dependent and independent processes such as potent COX-1 inhibition by NSAIDs and accumulation of 243 

bradykinin by ACE-inhibition. The allergist and immunologist should also be aware of non-classical masquerades 244 

such as cytokine storms triggered by biologicals and chemotherapy, as these reactions require alternative 245 

diagnostics and different treatments. Taken together, there is increasing evidence for alternative 246 

pathophysiological anaphylaxis endotypes that are phenotypically and biologically indistinguishable and are 247 

frequently difficult to document with conventional diagnostics.  248 
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Table and legends of figures 454 

Mechanisms of immediate hypersensitivity and anaphylaxis 

Specific, antibody-dependent, effector cell activation/degranulation 

 Type Effector cells Receptor Causing agents (not exhaustive) Comments 

 sIgE-mediated 
Basophils  

Mast cells 
FcRI 

Β-lactams [45, 46] 

Hevea Latex [47] 

Chlorhexidine [48, 49] 

NMBAs [50] 

Opioids [51] 

Iodinated contrast media [52-

54] 

PEG [55, 56] 

Vancomycin [57] 

Heparin ** [58, 59] 

Some compounds can also trigger effector cell 

degranulation by alternative processes (as 

indicated below e.g. by activation of MRGPRX2).  

 IgG-mediated 
Basophils  

Mast cells 
FcγR 

Infliximab [10, 11] 

Adalimumab [12] 

Dextrans [13] 

Aprotinin [14, 15] 

Some observations remains debatable as drug sIgE 

was still detectable. 

 IgG-mediated 
Platelets  

Neutrophils 
FcR NMBAs [27, 28] 

Human evidence is restricted to a single report on 

IgG-dependent neutrophil activation in response 

to NMBAs. 

Non-specific effector cell activation/degranulation   

 Type Effector cells Receptor Causing agents Comments 

 Complement-mediated 
Basophils  

Mast cells 

C3aR 

C5aR 

Iodinated contrast media [17] 

PEG [60, 61] 

Heparin ** [16] 

 



 

 

 MRGPRX2-mediated Mast cells MRGPRX2 

NMBAs [38, 62, 63] 

Fluoroquinolones [38, 62] 

Opiates [62] 

Vancomycin [64] 

Icatibant [36] 

Human literature is limited and clinical evidence is 

still lacking. Most data is gathered in animal 

models or transfected cell lines.  

Effector cell independent   

 Type Causing agents Mechanism 

 Enzyme interference NSAIDS [29] 

Inhibition of COX leading to a blocking of 

prostaglandin synthesis and increased production 

of leukotrienes. 

 Enzyme interference ACE-inhibitors [65, 66] Blocking the degradation of bradykinin. 

 Cytokine-storm-reactions 

Monoclonal antibodies (e.g. 

rituximab) [43, 44] 

Chemotherapy [43, 44] 

Cytokine release by monocytes/macrophages and 

T-lymphocytes. 

* In supratherapeutic concentrations  

** oversulfated chondroitin sulfate can activate complement and factor XII (bradykinin)  

NMBAs, neuromuscular blocking agents; PEG, polyethylene Glycol; NSAIDs, nonsteroidal anti-inflammatory drugs; ACE, angiotensin-converting 

enzyme 
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Figure 1: Release of cytokines by monocytes/macrophages and T-lymphocytes 456 

Cytokine storm reactions, result from the synthesis and release of mainly TNF-α, IL-1β and IL-6 by 457 

monocytes/macrophages and T-lymphocytes. Triggers for these reactions include chimeric, humanized, and 458 

human monoclonal antibodies and chemotherapy. 459 


