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molecular mechanisms.
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Editorial on the Research Topic

New Insights In Anaphylaxis

In choosing a theme for this issue of Frontiers in Immunology, we settled on anaphylaxis, which is 
understood as the most aggressive manifestation of allergic disorders, and also one that has often 
been studied solely from an immunological point of view. Recent insights, however, suggest that 
different perspectives are necessary to advance the knowledge of this multifactorial and complex 
clinical condition. The articles published here offer a wide-angle view of anaphylaxis, from diagnosis 
and treatment, through the augmenting factors and cofactors involved, and including the study of 
the molecular and cellular mechanisms underlying anaphylactic reactions.

Drugs are the most common cause of anaphylaxis in adults. Here, Montanez et al. present an 
extensive knowledge update on this issue, providing in-depth analysis of the manifold aspects of 
the two most common anaphylaxis-causing drugs, i.e., non-steroidal anti-inflammatory drugs 
(NSAIDs) and antibiotics. The study, which includes the latest epidemiological data, molecular 
mechanisms, and risk factors, offers a brief guide on drug-allergy diagnosis using both in vivo and 
in vitro testing methods. On a related topic, a chapter by Castells details new insights into drug allergy 
and anaphylaxis in the context of cancer and chronic inflammatory diseases. In this work, current 
knowledge in personalized desensitization protocols is detailed and aimed at the management of 
patients who have suffered reactions to their first-line therapy. In this context, personalized protocols 
are a promising first step to enhance the quality of life and life expectancy of patients.

Food allergy is a serious health concern and its prevalence is on the rise, especially in the pediatric 
population. Allergy to food products is a frequent cause of anaphylaxis and one that is significantly 
detrimental to patient quality of life. This paper presents the most relevant aspects of food allergy 
and anaphylaxis. In this contribution, we see the complex network and multiple factors that can  
affect food-induced anaphylaxis such as genetic predisposition, environmental factors, and the influ-
ence of dietary or intestinal micro biota (Benede et al.). Moreover, key features of the immunological 
mechanisms of the intestinal mucosa involved in food allergy and food-induced anaphylaxis are 
illustrated. As the authors remark, despite the efforts exerted in this area of research, much more 
investigation is needed to mitigate this disease.

In human anaphylaxis, the available information on the cellular and molecular level mainly points 
to the immunological processes that represent the early stages of the anaphylactic reaction. Overall, 
these events are triggered by hypersensitivity reactions mediated by FcεR1-bound IgE antibodies in 
response to allergens and result in activation of mast cells (MCs) and basophils. These immune cells 
are considered the main cell effectors and amplifiers of the allergic reaction. MCs activation induces 
the release of mediators, which are the ultimate elicitors of reactions in the resident tissues of the 
surrounding area. As anaphylaxis in patients with systemic mastocytosis is up to 100 times more 
frequent in patients with systemic mastocytosis, an overview of the epidemiology, triggers, and risk 
factors of anaphylaxis in patients with MC activation syndromes is included (Gonzalez-de-Olano 
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and Alvarez-Twose). Moreover, the diagnosis and treatment 
aspects related to this syndrome are given in-depth treatment.

The identification of other cell types participating in anaphy-
laxis, such as neutrophils or macrophages, is especially relevant 
to experimental anaphylaxis. Mice deficient in either MCs or 
IgE still develop anaphylaxis, thereby suggesting the existence 
of alternative pathways (to date, mainly IgG). Focusing on this 
molecular and cellular aspect, Escribese et  al. report on the 
potential role of macrophages in anaphylaxis and how these can 
play an important role in IgG-dependent anaphylaxis induced 
by allergen-IgG immunocomplex bound to IgG receptors on 
macrophages, neutrophils, and basophils. Knowledge of other 
molecular mechanisms that impact the anaphylactic process 
enables us to speculate as to whether the known classical effector 
cells are the only meaningful contributors also to the human 
anaphylactic episodes.

Recent findings on cofactors and augmenting factors are of 
great importance when establishing degrees of risk in anaphylaxis 
patients, as these factors may predict or even prevent the occur-
rence of reactions. Some such factors include estrogens, exercise, 
statins, alcohol, drugs such as NSAIDs, angiotensin-converting 
enzyme inhibitors, and β-blockers (Munoz-Cano et  al.). This 
collection contains a number of descriptions detailing the most 
common immunological mechanisms occurring in anaphylaxis, 
though special emphasis is given to non-immune mechanisms. 
One example is the interesting review by Poulsen et al., whose 
chapter focuses on the importance of internal dose, described as 
the quantity of the anaphylactic trigger (most often an allergen), 
allergokinetics as a mechanistic factor, and also the importance 
of intrinsic and extrinsic cofactors in the pathophysiology and 
occurrence of anaphylactic reactions.

New findings on the potential of molecular mechanisms are 
essential to better understand diverse inflammatory-related 
pathologies linked to allergy and anaphylaxis. This collection of 
articles includes two studies providing support for the relevance 
of the contact, complement, and coagulation systems (Bender 
et al.; Guilarte et al.). Activation of the FXII substrate triggers the 
kallikrein system, releases the mediator bradykinin, and activates 
the complement pathway. The relevance of FXII in hereditary 
angioedema and anaphylaxis highlights this molecule and its 

related pathways as targets in current diagnosis and treatment. 
In addition, anaphylaxis mediators are also involved in the 
activation of the fibrinolytic and coagulation system. Therefore, 
although only histamine and tryptase can be routinely measured 
as biomarkers in clinical practice, use of reliable biomarkers to 
assess the activation of these systems together with standardized 
assays would ameliorate the diagnosis and management of this 
disease.

Finally, these relevant pathways connect MCs activation with 
the mediator’s ability to increase inflammation and permeability/
contractility processes occurring in vessels. Regarding vessels and 
anaphylaxis, original data supported from our own studies reveal 
Rcan1 an endothelial protein synthesized in response to hista-
mine, which contributes to the strengthening of the endothelium 
in response to anaphylaxis (Ballesteros-Martinez et al.). This new 
insight underscores the potential of endothelial molecules as 
regulators of sensitivity to anaphylaxis.

We are thankful to the medical doctors, researchers, and col-
leagues who have contributed to this issue, as it would not have 
been possible without their highly valuable expertise in allergy 
and anaphylaxis research.
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epidemiology, Mechanisms,  
and Diagnosis of Drug-induced 
Anaphylaxis
Maria Isabel Montañez1,2†, Cristobalina Mayorga1,3†, Gador Bogas3, Esther Barrionuevo3, 
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Nanomedicine and Biotechnology—BIONAND, Málaga, Spain, 3 Allergy Unit, IBIMA–Regional University Hospital of 
Malaga–UMA, Málaga, Spain, 4 Allergy Unit, Cruz Roja Hospital, Madrid, Spain

Anaphylaxis is an acute, life-threatening, multisystem syndrome resulting from the  
sudden release of mediators by mast cells and basophils. Although anaphylaxis is often 
under-communicated and thus underestimated, its incidence appears to have risen over 
recent decades. Drugs are among the most common triggers in adults, being analgesics 
and antibiotics the most common causal agents. Anaphylaxis can be caused by immu-
nologic or non-immunologic mechanisms. Immunologic anaphylaxis can be mediated by 
IgE-dependent or -independent pathways. The former involves activation of Th2 cells and 
the cross-linking of two or more specific IgE (sIgE) antibodies on the surface of mast cells 
or basophils. The IgE-independent mechanism can be mediated by IgG, involving the 
release of platelet-activating factor, and/or complement activation. Non-immunological 
anaphylaxis can occur through the direct stimulation of mast cell degranulation by some 
drugs, inducing histamine release and leading to anaphylactic symptoms. Work-up of  
a suspected drug-induced anaphylaxis should include clinical history; however, this 
can be unreliable, and skin tests should also be used if available and validated. Drug 
provocation testing is not recommended due to the risk of inducing a harmful reaction.  
In vitro testing can help to confirm anaphylaxis by analyzing the release of mediators such 
as tryptase or histamine by mast cells. When immunologic mechanisms are suspected, 
serum-sIgE quantification or the use of the basophil activation test can help confirm the 
culprit drug. In this review, we will discuss multiple aspects of drug-induced anaphylaxis, 
including epidemiology, mechanisms, and diagnosis.

Keywords: anaphylaxis, drugs, ige, MAS-related G protein-coupled receptor, igG, in vivo diagnosis, in vitro tests

inTRODUCTiOn

Anaphylaxis is a severe, potentially life-threatening, generalized, or systemic hypersensitivity 
reaction that results from the sudden release of mediators derived from mast cells and basophils via 
degranulation (1–3). Drugs are the most common anaphylaxis triggers in adults (4–6), represent-
ing up to 10% of overall causes in outpatient studies (7), whereas for emergency department and 
hospitalized patients the proportion ranges from 27–60% (4, 8, 9).

While the symptoms of anaphylaxis can involve any organ, the most commonly affected are 
the cutaneous (affecting around 88% of cases), respiratory (76.1%), cardiovascular (41.9%), and 
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gastrointestinal systems (12.8%) (10). Severe reactions (associated 
with hypotension) are more likely to be drug induced (4), repre-
senting up to 58% of fatal anaphylaxis (11).

Although anaphylaxis usually presents as an acute episode, 
mast cells can release mediators hours after the initial reaction 
causing a biphasic or late phase reaction. These biphasic and pro-
tracted cases can occur in up to 10% of drug-induced anaphylaxis 
instances (12).

In this paper, we will review the epidemiology, mechanisms, 
in vivo and in vitro diagnosis, and management of drug-induced 
anaphylaxis.

ePiDeMiOLOGY OF DRUG-inDUCeD 
AnAPHYLAXiS

Estimates of the prevalence of anaphylaxis can vary, mainly 
due to a lack of consensus on the definition of anaphylaxis, the 
source of data, and populations evaluated. One study calculated 
an overall incidence of 3–50 per 100,000 person years and a 
lifetime prevalence of 0.05–2% (8). The incidence of drug-
induced anaphylaxis has been estimated to range from 0.04 to 
3.1% (13–15) and to be responsible for one case in every 4,000 
emergency department visits (16), with a fatality rate of 0.65% 
(17). In terms of changes over time, drug-induced anaphylaxis 
has increased by 150% and mortality rates by 300% in parallel 
with an increasing incidence of overall anaphylaxis from 1997 to  
2005 (4).

DRUGS CAUSinG AnAPHYLAXiS

Anaphylaxis can be induced by a range of drugs, being analgesics 
and antibiotics the most commonly involved, which may be 
partly explained by their frequent use in current medical practice 
(9, 10, 18).

non-Steroidal Anti-inflammatory Drugs 
(nSAiDs)
Non-Steroidal Anti-inflammatory Drugs are the most frequent 
triggers of drug-induced anaphylaxis, being responsible for 
48.7–57.8% of incidents (10, 18). These are typically immuno-
logical reactions (19) that can be driven by an IgE-dependent 
mechanism with sufferers showing tolerance to other strong 
COX-1 inhibitors (19, 20). However, anaphylaxis induced by 
cross hypersensitivity to NSAIDs, driven by an IgE-independent 
mechanism, has also been described (21–23). The most common 
culprits are pyrazolones, propionic acid derivatives, diclofenac, 
and paracetamol (10, 19, 22, 24). The incidence of NSAID-
induced anaphylaxis with concomitant asthma, rhinosinusitis, 
and nasal polyps ranges from 2%, in children, to 97%, in adults 
(25). The prevalence ranges from 0.06 to 0.9% (26), with acetyl 
salicylic acid accounting for approximately 3% of all instances of 
anaphylaxis (27).

Beta-Lactam Antibiotics
Beta-lactams represent the second most frequent cause of 
drug-induced anaphylaxis, accounting for 14.3% of cases (18), 

with amoxicillin being the most common trigger (5). Recently, 
clavulanic acid, usually prescribed in combination with amoxicil-
lin, has also been implicated (28, 29). Cases with cephalosporins, 
carbapenems, and monobactams are rare (30–32). The rate 
of anaphylactic reactions to beta-lactams has been estimated 
to be between 1 and 5 per 10,000 patient courses of treatment  
(33) and these drugs account for 75% of all fatal anaphylactic 
episodes in the US each year (34).

non-Beta-Lactam Antibiotics
Up to 75% of patients with immediate hypersensitivity to fluo-
roquinolones develop anaphylaxis, with moxifloxacin being the 
most common culprit, followed by ciprofloxacin (35). As a whole, 
fluoroquinolones are responsible for 9% of severe antibiotic 
anaphylaxis (31).

Anaphylaxis to sulfonamides, trimethoprim, and macrolides 
are rare (36, 37). Cases of vancomycin IgE-mediated anaphylaxis 
have been occasionally reported (38); however, this drug more 
commonly induces direct mast cell stimulation, associated with 
rapid intravenous administration, and characterized by flushing 
and pruritus, known as “red man syndrome” (24). In addition, 
this drug may lead to more severe reactions including hypo-
tension and muscle spasms (24).

Radiocontrast Media (RCM)
Reactions to RCM with systemic symptoms have decreased with 
the introduction of non-ionic, low osmolar agents, down from 
12.1 to 0.04% of patients receiving RCM (39, 40). Although 
these reactions have historically been deemed non-IgE medi-
ated, it should be noted that both ionic and non-ionic RCM may 
trigger IgE-mediated anaphylaxis (35, 41–43). Anaphylaxis to 
gadolinium agents is much less frequent with an incidence of 
0.004–0.01% (44, 45). Older age and multiple previous exposures 
to RCM increase the risk of having anaphylaxis associated with 
hypotension. Fatalities have been reported even after the intro-
duction of non-ionic RCM, with most cases lacking predictable 
risk factors (46). RCM accounted for 27% of fatal drug-induced 
anaphylaxis (11).

Proton Pump inhibitors (PPis)
Anaphylaxis to PPIs is also becoming more common, repre-
senting 36–80% of all hypersensitivity reactions to these drugs 
(47–50). Lansoprazole is the most commonly involved agent 
(68.3–26.41%), followed by esomeprazole (30.18–10.0%), pan-
toprazole (20.0%), omeprazole (18.86–1.7%), and rabeprazole 
(6.7–3.77%) (51).

neuromuscular Blocking Agents (nMBAs)
Neuromuscular blocking agents are often considered one of 
the group of drugs that most frequently cause allergic reactions 
during the perioperative period (52–54). Reactions may be IgE 
mediated or due to the non-specific release of histamine (52). 
There are geographical differences and changes over time in the 
epidemiology of perioperative anaphylaxis. The incidence of 
intraoperative anaphylactic reactions has been estimated to be 
1 in 1,250–10,000 anesthetics in France (54, 55), being lower in 
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Australia and New Zealand (1 in 10,000–20,000) (56). Although 
mortality from perioperative anaphylaxis has been previously 
reported between 3 and 9% (54), a more recent study put it in the 
range of 0–1.4% (56). A study from France reported that for 59% 
of intraoperative anaphylactic reactions, the etiological agent 
was an NMBA, more specifically suxamethonium, vecuronium, 
pancuronium, alcuronium, atracurium, or gallamine (57). More 
recent studies report rocuronium and succinylcholine at higher 
risk of anaphylaxis, whereas pancuronium and cis-atracurium are 
reported to be the NMBAs associated with the lowest incidence 
of anaphylaxis (53, 58–62).

Sugammadex
Sugammadex is a synthetic g-dextrin derivative designed to 
selectively bind to steroidal NMBAs. Cases of anaphylaxis to 
sugammadex have been recently reported (63–65) being an IgE-
mediated mechanism suggested in several cases as patients gave 
positive skin tests and flow cytometry results (66, 67). It has been 
suggested that treatment of rocuronium-induced anaphylaxis 
should include the administration of sugammadex (68, 69).  
However, other studies have concluded that sugammadex is 
unlikely to modify the clinical course of an established allergic 
reaction (70).

Hypnotics
Barbiturates induce frequent reactions due to the ability to elicit 
direct histamine release, although IgE-mediated anaphylaxis has 
also been described (71, 72). Reactions were also frequent with 
hypnotics using Cremophor EL as solubilizer; however, since 
propofol was formulated in soybean oil emulsion, the rate of 
reactions decreased (54, 73, 74). It has been suggested that allergic 
patients to eggs or soy should avoid propofol because of the pres-
ence of lecithins in the propofol vehicle; however, this has not 
been confirmed (75, 76) and currently is not recommended (77).

Opioids
Hypersensitivity reactions to opioids are rare, and most cases 
are due to the non-immunologic induction of histamine release, 
being pruritus the most frequent symptom. Although rare, iso-
lated episodes of IgE-mediated anaphylaxis to opioids have been 
described (78–80). The most common offenders inducing non-
imnunologic reactions are the low-potency opiates (meperidine, 
codeine, and morphine); interestingly, high-potency opioids such 
as fentanyl and hydromorphone are less likely to cause histamine 
release (81).

Chlorhexidine
Chlorhexidine is a skin antiseptic widely used in surgical settings. 
Perioperative anaphylaxis induced by chlorhexidine is quite fre-
quent in UK or Denmark (82, 83) but rare in France maybe due 
to its limited use (84). Sensitization to chlorhexidine can occur 
from home products such as mouthwash, toothpaste, dressings, 
ointments, and over the counter disinfectant solutions (85).

Dyes
Triarylmethane dyes, methylene blue, patent blue V, and isosulfan 
blue induce a relatively frequent rate of perioperative anaphylaxis 

due to their wide use in sentinel lymph node mapping in cancer 
surgery. Reactions may be induced by direct mast cell and/or 
basophil activation and specific IgE (sIgE) sensitization (86–88).

Colloids
The incidence of anaphylaxis to colloids has been estimated 
to range from 0.033 to 0.22% (89). Gelatins and dextrans are 
more commonly associated with reactions than albumin and 
hetastarch (90).

FACTORS inCReASinG THe RiSK  
OF DRUG-inDUCeD AnAPHYLAXiS

Clinical Factors
Older age and intravenous administration have been shown to 
be associated with higher rates of drug-induced anaphylaxis  
(11) and an increased risk of severe reaction (91, 92). Other 
factors associated with the prevalence of fatal drug-induced ana-
phylaxis include race, with African-Americans being shown to  
have higher prevalence (11), the interruption of prior therapy 
creating gaps in administration (93) and decreased platelet-
activating factor (PAF) acetylhydrolase activity (92). The role of 
atopy in predisposing an individual to drug-induced anaphylaxis 
is controversial (94) and underlying mast cell disease has not 
been described as a predisposing factor (95). Further research is 
needed to better identify patients at risk and to design preventive 
strategies to reduce the frequency of drug-induced anaphylaxis.

Cofactors
The presence of several cofactors can increase the risk of suffer-
ing anaphylaxis and are reported to be relevant in up to 30% of 
anaphylaxis episodes (96). They include treatment with drugs 
such as NSAIDs, PPIs, or angiotensin-converting enzyme inhibi-
tors; the presence of concomitant diseases (asthma, mastocytosis, 
and cardiovascular diseases); and other factors such as alcohol, 
emotional stress, or menstruation (96, 97).

AnAPHYLAXiS MeCHAniSMS

Anaphylaxis can be classified as immunologic and non- 
immunologic depending on the underlying mechanism; either 
type of reaction can be induced by drugs (98, 99). In some cases, 
the trigger cannot be identified; such reactions are classified as 
idiopathic anaphylaxis (100). Different mechanisms and path-
ways may be involved as illustrated in Figure  1. Immunologic  
anaphylaxis can be mediated by an IgE-dependent or -independent  
mechanism (101), whereas non-immunologic anaphylaxis 
involves direct mast cell activation (102–104). Independent of the 
underlying mechanism, allergic symptoms are similar and caused 
by the release of mediators such as histamine, tryptase, PAF, 
cysteinyl leukotrienes, and others (1). Histamine is responsible 
for flushing, pruritus, rhinorrhea, tachycardia, and bronchospasm 
via the induction of smooth muscle constriction and the increase 
of vascular permeability. Tryptase activates several pathways, 
including the complement cascade, coagulation pathway, and 
the kallikrein–kinin system, contributing to the development of 
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hypotension and angioedema. PAF and cysteinyl leukotrienes 
also enhance vascular permeability and the development of 
hypotension (101).

immunologic Anaphylaxis
This can be induced by IgE-dependent or -independent mecha-
nisms and mediated by the production of antibodies or the acti-
vation of the complement pathway (97).

The IgE-dependent mechanism or classical pathway involves a 
sensitization process including the activation of Th2 cells by 
the drug, inducing sIgE. This IgE binds to the FcεRI receptor 
on mast cells, basophils, or both. The cross-linking of two or 
more of these receptors by the hapten upon subsequent contact, 
initiates a complex intracellular signaling cascade that leads to 
degranulation and the release of preformed mediators such 
as histamine and tryptase. These cause the allergic symptoms 
and activate other inflammatory cells that can in turn release 
additional mediators and stimulate the production of others 

such as prostaglandin D2 and cysteinyl leukotrienes, which 
serve to amplify the allergic reaction. Two main mechanisms of 
degranulation have been recently proposed that may be related 
to reaction severity: piecemeal and anaphylactic degranulation 
(105). The former is associated with the upregulation of CD203c 
on basophils (106) by the formation of small vesicles from the 
histamine-containing granules, which are rapidly shuttled to 
the plasma membrane (107, 108). This process may be linked 
to stimulation by certain drugs and the development of more 
severe reactions like anaphylactic shock (105, 109). In the sec-
ond mechanism, the main histamine-containing granules are 
fused to the plasma membrane, releasing the entire contents 
to the extracellular space and exposing CD63 on the surface of 
basophils (106). This second process is slower than piecemeal 
degranulation and could be related to the development of 
anaphylaxis (110). Penicillins and NMBA are considered the 
main triggers of IgE-mediated anaphylaxis induced by drugs 
(54, 111, 112).
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The IgE-independent mechanisms can be mediated by IgG 
antibodies or by complement (97, 113). IgG-mediated anaphy-
laxis has been demonstrated in mouse models and involves the 
release of PAF by basophils, macrophages, or neutrophils after 
the interaction of the drug with specific IgG (sIgG) bound to 
FcγRIII. Although this mechanism has not been fully established 
in humans, some studies have shown that PAF is an essential 
mediator in anaphylaxis (92, 114). Biological agents have been 
shown to induce anaphylaxis without the presence of detect-
able sIgE but with high levels of sIgG, as occurs with patients 
transfused with IgA (115, 116), treated with infliximab or 
adalimimab (117, 118), and other biological factors (119–121). 
Complement activation can be induced through the presence of 
IgG immunocomplex, but also with drugs solubilized in thera-
peutic liposomes and lipid-based excipients under physiological 
conditions. This mechanism leads to the release of C3a, C5a, 
and C5b-9, which trigger activation of mast cells, basophils, and 
other cells via their specific receptors, causing degranulation and 
mediator release (97).

IgE-independent mechanism is clinically indistinguish-
able from IgE-mediated anaphylaxis. Among the most common 
causes of IgE-independent anaphylaxis are RCM, dextran, and 
some NSAIDs (20, 122, 123).

non-immunologic Anaphylaxis
This type of anaphylaxis does not involve the activation of the 
immune system, rather the direct stimulation of mast cell degran-
ulation, as has been shown for some drugs (104). This process 
can be mediated through the MAS-related G protein-coupled  
receptor-X2 (MRGPRX2) (102–104). The interaction of certain 
drugs with this mast cell receptor can induce the release of 
his tamine, β-hexosaminidase, TNFα, and PGD2 among oth-
ers, potentially leading to non-allergic anaphylactic reactions. 
Medications such as quinolones, opioids, vancomycin, RCM, 
dextrans, and NMBA have been found to directly stimulate mast 
cells (104, 124). Whether certain factors may predispose indi-
viduals to this type of anaphylaxis needs further research.

DiAGnOSiS OF AnAPHYLAXiS AnD 
iDenTiFiCATiOn OF THe CULPRiT DRUG

The diagnosis of anaphylaxis is based on a thorough examination 
of patient history and physical evaluation (125). It is important 
to evaluate various aspects: clinical signs and symptoms of the 
reaction, grade of severity, drugs administered for treating the 
reaction, the time needed for the reaction to resolve, age, under-
lying diseases, and ongoing treatments, such as beta-blockers 
and angiotensin-converting enzyme inhibitors, and all possible 
drugs involved in the episode. An accurate identification of the 
responsible agent is crucial for avoiding anaphylaxis in future 
treatments (126). The temporal relation of anaphylaxis after 
the intake of the drug should be ascertained, as most reactions 
occur within minutes to hours after exposure. However, differ-
ent drugs are often taken simultaneously, so clinical history is 
often inconclusive, in which case the work-up of a suspected 
drug-induced anaphylaxis should also include skin tests, when 

available and well validated, and in some cases, although not 
recommended, drug provocation tests (DPTs) (126). In vitro tests 
can complement the diagnosis confirming clinical suspicions of 
a severe systemic reaction and avoiding the need to conduct 
DPTs, potentially saving the patient from suffering another 
reaction. Moreover, they may help to identify the culprit drug 
and the underlying mechanism (127). We provide a flowchart for 
diagnosing drug-induced anaphylaxis in Figure 2.

In Vivo Diagnosis
To assess IgE-mediated anaphylaxis, skin testing including 
skin prick tests (SPT) and intradermal testing (IDT) should be 
performed. For drug-induced anaphylaxis, SPT are typically 
performed with the undiluted drug. If negative, IDT is per-
formed sequentially with increasing concentrations of the drug, 
due to the potential risk of inducing systemic symptoms (128). 
A positive skin test response is defined by the size of the wheal,  
which should be 3 mm or greater than that of the negative con-
trol (129). Testing should be performed as soon as possible to 
avoid loss of test sensitivity over time reported for IgE-mediated 
reactions to drugs (130, 131); although it should not be per-
formed less than 6 weeks after the episode, to avoid any possible 
refractory period in which testing may give a false negative (24) 
The rate of negativization depends on the drug, ranging from  
60% after 6 months for dipyrone (131) to 47% within 4 years for  
NBMAs (132).

For most drugs, a negative skin test does not rule out allergy. 
Therefore, DPT is generally accepted as the gold standard; 
however, it is not recommended in anaphylaxis due to the high 
risk of inducing another reaction. It is primarily indicated for 
patients where clinical suspicion is low, and for patients where 
it is essential that alternatives to an implicated drug are found  
(24). It can also be recommended for assessing tolerance to 
potentially cross-reactive drugs (24). It must be performed under 
expert supervision, where resuscitation facilities are available 
and early signs of disorders arising from DPT can be detected 
(133). Although the traditional drug challenge consists of 
stepwise graduations, one-step and two-step test dose strategies 
have been suggested recently (134). Nevertheless, since crucial 
cofactors might be absent during the procedure, its sensitivity 
may be not optimal.

In Vitro Diagnosis
Mast cell mediator release can be analyzed immediately after 
symptom onset and can be considered useful for diagnosis. 
Tryptase is among the early mediators released by mast cells 
during an acute allergic reaction, often showing elevated serum 
levels (>11.5 ng/mL) in anaphylaxis. The measure of total serum 
tryptase is the most widely used laboratory test to confirm 
anaphylaxis. As its levels peak 1–2 h after symptom onset and 
normalize after 5–6 h (101), the optimal timing for drawing a 
tryptase concentration is 1–2 h after the event (24). However, a 
normal tryptase level does not rule out anaphylaxis, and values 
obtained at the time of the event should always be compared with 
a recent baseline serum tryptase (135, 136). Indeed, a relative 
increase greater than 135% of the baseline value (even below 
11.4 ng/mL) has been suggested to improve diagnosis (137).
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Histamine is the first mediator released by mast cells; any 
elevation in plasma or urine is consistent with anaphylaxis. 
How ever, normal levels do not exclude diagnosis and, like 
tryptase, the acute level must be compared with baseline (127). 
However, plasma histamine has short half-life (20 min), which 
limits the utility of this measurement in the clinical setting  
(101, 138). An indirect method for the determination of histamine 
consists of measurement of its metabolites, N-methylhistamine 
or N-methylimida zoleacetic acid, in urine. These appear within 
30–60  min of the event and stay detectable for a 24-h period  
(98, 139, 140).

In addition, levels of chymase, mast cell carboxypeptidase 
A3, PFA, and other mast cell products may prove to be useful as 
biomarkers for anaphylaxis (141).

When immunologic mechanisms are involved in the reaction, 
additional laboratory assays, such as serum-sIgE quantification 
or the basophil activation test, can be useful to confirm the 
culprit drug. Immunoassays for drug-sIgE determination using 
ImmunoCAP are available for a handful of drugs, including five 
beta-lactams, NMBAs, chlorhexidine, and a few other biological 
agents (127). Although immunoCAP is the most widely used 
method, custom-made radioimmunoassays can also be used 
for a wider variety of drugs including quinolones and other 
beta-lactams (127). The basophil activation test, which can be 
performed with any suspected drug, measures the activation of 
basophils after stimulation and is suitable for both IgE-mediated 
and non-IgE-mediated hypersensitivity (24).

MAnAGeMenT

Adrenaline is the first-line treatment for anaphylaxis and should 
be administered as soon as possible by intramuscular injec-
tion into the middle of the outer thigh (142). The patient may  
require the repeated administration of adrenaline at 5-min 
intervals if improvement is not observed or symptoms reoc-
cur. Following adrenaline treatment, the trigger should be 
removed if possible, for example, stopping i.v. medication. The 
administration of other drugs such as corticosteroids and beta-2 
agonists may reduce other features of anaphylaxis and the risk 
of biphasic and protracted reactions (143, 144). Parenteral 
administration of glucagon may be useful for treating patients 
who are unresponsive to adrenaline, particularly in those taking 
beta-blockers (145).

COnCLUSiOn

Drug-induced anaphylaxis is a potentially life-threatening 
reaction that appears to be increasing in both prevalence and 
incidence, likely due in part to the introduction of new medica-
tions. An accurate and prompt diagnosis is necessary to a correct 
management of this acute reaction, and the identification of the 
culprit drug is crucial to avoid new future reactions. Further 
research about mechanisms and risk factors is needed to try to 
prevent the development of this reaction and to orient thera-
peutic approaches to patient, based on the culprit drug and the 
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clinical reactions, which should target the underlying specific 
mechanisms.

AUTHOR COnTRiBUTiOnS

All authors have made substantial intellectual contribu-
tions to the preparation of the manuscript and approved it for  
publication.

ACKnOwLeDGMenTS

We would like to thank James R. Perkins for his help in language 
editing.

FUnDinG

The present study has been supported by Institute of Health 
“Carlos III” of the Ministry of Economy and Competitiveness 

(grants cofunded by European Regional Development Fund 
(ERDF): PI12/02529, PI15/01206, CP15/00103, RETICs RIRAAF 
RD12/0013/0001, RETIC ARADYAL RD16/0006/0001, and 
RD16/0006/0033); Andalusian Regional Ministry of Economy 
and Knowledge (grants cofunded by European Regional 
Development Fund (ERDF): CTS-06603); Andalusian Regional 
Ministry Health (grants: PI-0699-2011, PI-0179-2014, and 
PI-0241-2016); Premio UNICAJA a la innovación en biomedicina 
y salud; and Merck-Serono Research Grant from Fundación 
Salud 2000. MM holds a “Miguel Servet I” research contract 
(CP15/00103), GB holds a Rio Hortega contract (CM16/00057) 
and ID holds a Juan Rodes contract (JR15/00036), all funded 
by Institute of Health “Carlos III” of the Ministry of Economy 
and Competitiveness [grants cofunded by European Social Fund 
(ESF)]. CM holds a “Nicolas Monardes” research contract by 
Andalusian Regional Ministry Health: C-0044-2012 SAS 2013. 
TF holds a “Ramon y Cajal” research contract from Ministry of 
Economy and Competitiveness (RYC-2013-13138).

ReFeRenCeS

1. Simons FE. 9. Anaphylaxis. J Allergy Clin Immunol (2008) 121(2 Suppl): 
S402–7; quiz S20. doi:10.1016/j.jaci.2007.08.061 

2. Johansson SG, Bieber T, Dahl R, Friedmann PS, Lanier BQ, Lockey RF,  
et al. Revised nomenclature for allergy for global use: report of the nomen-
clature review committee of the World Allergy Organization, October 2003. 
J Allergy Clin Immunol (2004) 113(5):832–6. doi:10.1016/j.jaci.2003.12.591 

3. Sampson HA, Munoz-Furlong A, Campbell RL, Adkinson  NF Jr,  
Bock SA, Branum A, et al. Second symposium on the definition and manage-
ment of anaphylaxis: summary report – second national institute of allergy 
and infectious disease/food allergy and anaphylaxis network symposium. 
J Allergy Clin Immunol (2006) 117(2):391–7. doi:10.1016/j.jaci.2005.12.1303 

4. Liew WK, Williamson E, Tang ML. Anaphylaxis fatalities and admissions 
in Australia. J Allergy Clin Immunol (2009) 123(2):434–42. doi:10.1016/j.
jaci.2008.10.049 

5. Gonzalez-Perez A, Aponte Z, Vidaurre CF, Rodriguez LA. Anaphylaxis epi-
demiology in patients with and patients without asthma: a United Kingdom 
database review. J Allergy Clin Immunol (2010) 125(5):1098–104.e1.  
doi:10.1016/j.jaci.2010.02.009 

6. Wood RA, Camargo  CA Jr, Lieberman P, Sampson HA, Schwartz LB,  
Zitt M, et al. Anaphylaxis in America: the prevalence and characteristics of 
anaphylaxis in the United States. J Allergy Clin Immunol (2014) 133(2):461–7. 
doi:10.1016/j.jaci.2013.08.016 

7. Huang F, Chawla K, Jarvinen KM, Nowak-Wegrzyn A. Anaphylaxis in a 
New York City pediatric emergency department: triggers, treatments, and 
outcomes. J Allergy Clin Immunol (2012) 129(1):162–8.e1–3. doi:10.1016/j.
jaci.2011.09.018 

8. Techapornroong M, Akrawinthawong K, Cheungpasitporn W, Ruxrungtham K.  
Anaphylaxis: a ten years inpatient retrospective study. Asian Pac J Allergy 
Immunol (2010) 28(4):262–9. 

9. Beyer K, Eckermann O, Hompes S, Grabenhenrich L, Worm M. Anaphylaxis 
in an emergency setting – elicitors, therapy and incidence of severe allergic 
reactions. Allergy (2012) 67(11):1451–6. doi:10.1111/all.12012 

10. Aun MV, Blanca M, Garro LS, Ribeiro MR, Kalil J, Motta AA, et  al. 
Nonsteroidal anti-inflammatory drugs are major causes of drug-induced 
anaphylaxis. J Allergy Clin Immunol Pract (2014) 2(4):414–20. doi:10.1016/j.
jaip.2014.03.014 

11. Jerschow E, Lin RY, Scaperotti MM, McGinn AP. Fatal anaphylaxis in the 
United States, 1999–2010: temporal patterns and demographic associa-
tions. J Allergy Clin Immunol (2014) 134(6):1318–28.e7. doi:10.1016/j.jaci. 
2014.08.018 

12. Lee S, Bellolio MF, Hess EP, Campbell RL. Predictors of biphasic reactions 
in the emergency department for patients with anaphylaxis. J Allergy Clin 
Immunol Pract (2014) 2(3):281–7. doi:10.1016/j.jaip.2014.01.012 

13. Amornmarn LBL, Kumar N. Anaphylaxis admissions to a university hospital. 
J Allergy Clin Immunol (1992) 89:349. 

14. Klein JS, Yocum MW. Underreporting of anaphylaxis in a community 
emergency room. J Allergy Clin Immunol (1995) 95(2):637–8. doi:10.1016/
S0091-6749(95)70329-2 

15. International Collaborative Study of Severe Anaphylaxis. Risk of anaphylaxis 
in a hospital population in relation to the use of various drugs: an interna-
tional study. Pharmacoepidemiol Drug Saf (2003) 12:195–202. doi:10.1002/
pds.822 

16. Moro Moro M, Tejedor Alonso MA, Esteban Hernandez J, Mugica Garcia MV,  
Rosado Ingelmo A, Vila Albelda C. Incidence of anaphylaxis and subtypes of 
anaphylaxis in a general hospital emergency department. J Investig Allergol 
Clin Immunol (2011) 21(2):142–9. 

17. Yocum MW, Butterfield JH, Klein JS, Volcheck GW, Schroeder DR,  
Silverstein MD. Epidemiology of anaphylaxis in Olmsted County: a popula-
tion-based study. J Allergy Clin Immunol (1999) 104(2 Pt 1):452–6. doi:10.1016/ 
S0091-6749(99)70392-1 

18. Jares EJ, Baena-Cagnani CE, Sanchez-Borges M, Ensina LF, Arias-Cruz A, 
Gomez M, et  al. Drug-induced anaphylaxis in Latin American countries. 
J Allergy Clin Immunol Pract (2015) 3(5):780–8. doi:10.1016/j.jaip.2015.05.012 

19. Canto MG, Andreu I, Fernandez J, Blanca M. Selective immediate hyper-
sensitivity reactions to NSAIDs. Curr Opin Allergy Clin Immunol (2009) 
9(4):293–7. doi:10.1097/ACI.0b013e32832db943 

20. Kowalski ML, Asero R, Bavbek S, Blanca M, Blanca-Lopez N, Bochenek G, 
et al. Classification and practical approach to the diagnosis and management 
of hypersensitivity to nonsteroidal anti-inflammatory drugs. Allergy (2013) 
68(10):1219–32. doi:10.1111/all.12260 

21. Stevenson DD, Sanchez-Borges M, Szczeklik A. Classification of aller-
gic and pseudoallergic reactions to drugs that inhibit cyclooxygenase 
enzymes. Ann Allergy Asthma Immunol (2001) 87(3):177–80. doi:10.1016/
S1081-1206(10)62221-1 

22. Dona I, Blanca-Lopez N, Cornejo-Garcia JA, Torres MJ, Laguna JJ,  
Fernandez J, et al. Characteristics of subjects experiencing hypersensitivity 
to non-steroidal anti-inflammatory drugs: patterns of response. Clin Exp 
Allergy (2011) 41(1):86–95. doi:10.1111/j.1365-2222.2010.03651.x 

23. Quiralte J, Blanco C, Castillo R, Delgado J, Carrillo T. Intolerance to 
nonsteroidal antiinflammatory drugs: results of controlled drug challenges 
in 98 patients. J Allergy Clin Immunol (1996) 98(3):678–85. doi:10.1016/
S0091-6749(96)70102-1 

24. Kuruvilla M, Khan DA. Anaphylaxis to drugs. Immunol Allergy Clin North 
Am (2015) 35(2):303–19. doi:10.1016/j.iac.2015.01.008 

25. Makowska J, Lewandowska-Polak A, Kowalski ML. Hypersensitivity to 
aspirin and other NSAIDs: diagnostic approach in patients with chronic 
rhinosinusitis. Curr Allergy Asthma Rep (2015) 15(8):47. doi:10.1007/
s11882-015-0552-y 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.jaci.2007.08.061
https://doi.org/10.1016/j.jaci.2003.12.591
https://doi.org/10.1016/j.jaci.2005.
12.1303
https://doi.org/10.1016/j.jaci.2008.10.049
https://doi.org/10.1016/j.jaci.2008.10.049
https://doi.org/10.1016/j.jaci.2010.02.009
https://doi.org/10.1016/j.jaci.2013.08.016
https://doi.org/10.1016/j.jaci.2011.09.018
https://doi.org/10.1016/j.jaci.2011.09.018
https://doi.org/10.1111/all.12012
https://doi.org/10.1016/j.jaip.2014.03.014
https://doi.org/10.1016/j.jaip.2014.03.014
https://doi.org/10.1016/j.jaci.
2014.08.018
https://doi.org/10.1016/j.jaci.
2014.08.018
https://doi.org/10.1016/j.jaip.2014.01.012
https://doi.org/10.1016/S0091-6749(95)70329-2
https://doi.org/10.1016/S0091-6749(95)70329-2
https://doi.org/10.1002/pds.822
https://doi.org/10.1002/pds.822
https://doi.org/10.1016/S0091-6749
(99)70392-1
https://doi.org/10.1016/S0091-6749
(99)70392-1
https://doi.org/10.1016/j.jaip.2015.
05.012
https://doi.org/10.1097/ACI.0b013e32832db943
https://doi.org/10.1111/all.12260
https://doi.org/10.1016/S1081-1206(10)62221-1
https://doi.org/10.1016/S1081-1206(10)62221-1
https://doi.org/10.1111/j.1365-2222.2010.03651.x
https://doi.org/10.1016/S0091-6749(96)70102-1
https://doi.org/10.1016/S0091-6749(96)70102-1
https://doi.org/10.1016/j.iac.2015.01.008
https://doi.org/10.1007/s11882-015-0552-y
https://doi.org/10.1007/s11882-015-0552-y


13

Montañez et al. Drug-Induced Anaphylaxis

Frontiers in Immunology | www.frontiersin.org May 2017 | Volume 8 | Article 614

26. Drain KL, Volcheck GW. Preventing and managing drug-induced anaphylaxis. 
Drug Saf (2001) 24(11):843–53. doi:10.2165/00002018-200124110-00005 

27. Kemp SF, Lockey RF, Wolf BL, Lieberman P. Anaphylaxis. A review of 266 
cases. Arch Intern Med (1995) 155(16):1749–54. doi:10.1001/archinte.1995. 
00430160077008 

28. Torres MJ, Ariza A, Mayorga C, Dona I, Blanca-Lopez N, Rondon C,  
et al. Clavulanic acid can be the component in amoxicillin-clavulanic acid 
responsible for immediate hypersensitivity reactions. J Allergy Clin Immunol 
(2010) 125(2):502–5.e2. doi:10.1016/j.jaci.2009.11.032 

29. Sanchez-Morillas L, Perez-Ezquerra PR, Reano-Martos M, Laguna-Martinez JJ,  
Sanz ML, Martinez LM. Selective allergic reactions to clavulanic acid: a 
report of 9 cases. J Allergy Clin Immunol (2010) 126(1):177–9. doi:10.1016/j.
jaci.2010.03.012 

30. Macy E, Contreras R. Adverse reactions associated with oral and parenteral 
use of cephalosporins: a retrospective population-based analysis. J Allergy 
Clin Immunol (2015) 135(3):745–52.e5. doi:10.1016/j.jaci.2014.07.062 

31. Renaudin JM, Beaudouin E, Ponvert C, Demoly P, Moneret-Vautrin DA. 
Severe drug-induced anaphylaxis: analysis of 333 cases recorded by the 
allergy vigilance network from 2002 to 2010. Allergy (2013) 68(7):929–37. 
doi:10.1111/all.12168 

32. Iglesias Cadarso A, Saez Jimenez SA, Vidal Pan C, Rodriguez Mosquera M.  
Aztreonam-induced anaphylaxis. Lancet (1990) 336(8717):746–7. doi:10.1016/ 
0140-6736(90)92238-D 

33. Weiss ME, Adkinson NF. Immediate hypersensitivity reactions to penicillin 
and related antibiotics. Clin Allergy (1988) 18(6):515–40. doi:10.1111/j. 
1365-2222.1988.tb02904.x 

34. Neugut AI, Ghatak AT, Miller RL. Anaphylaxis in the United States: an 
investigation into its epidemiology. Arch Intern Med (2001) 161(1):15–21. 
doi:10.1001/archinte.161.1.15 

35. Salas M, Gomez F, Fernandez TD, Dona I, Aranda A, Ariza A, et al. Diagnosis 
of immediate hypersensitivity reactions to radiocontrast media. Allergy 
(2013) 68(9):1203–6. doi:10.1111/all.12214 

36. Bijl AM, Van der Klauw MM, Van Vliet AC, Stricker BH. Anaphylactic 
reactions associated with trimethoprim. Clin Exp Allergy (1998) 28(4):510–2. 
doi:10.1046/j.1365-2222.1998.00258.x 

37. Swamy N, Laurie SA, Ruiz-Huidobro E, Khan DA. Successful clarithromycin 
desensitization in a multiple macrolide-allergic patient. Ann Allergy Asthma 
Immunol (2010) 105(6):489–90. doi:10.1016/j.anai.2010.08.018 

38. Knudsen JD, Pedersen M. IgE-mediated reaction to vancomycin and 
teicoplanin after treatment with vancomycin. Scand J Infect Dis (1992) 
24(3):395–6. doi:10.3109/00365549209061350 

39. Kim MH, Lee SY, Lee SE, Yang MS, Jung JW, Park CM, et al. Anaphylaxis  
to iodinated contrast media: clinical characteristics related with develop-
ment of anaphylactic shock. PLoS One (2014) 9(6):e100154. doi:10.1371/ 
journal.pone.0100154 

40. Katayama H, Yamaguchi K, Kozuka T, Takashima T, Seez P, Matsuura K. 
Adverse reactions to ionic and nonionic contrast media. A report from 
the Japanese committee on the safety of contrast media. Radiology (1990) 
175(3):621–8. doi:10.1148/radiology.175.3.2343107 

41. Laroche D, Aimone-Gastin I, Dubois F, Huet H, Gerard P, Vergnaud MC, 
et  al. Mechanisms of severe, immediate reactions to iodinated contrast 
material. Radiology (1998) 209(1):183–90. doi:10.1148/radiology.209.1. 
9769830 

42. Mita H, Tadokoro K, Akiyama K. Detection of IgE antibody to a radiocon-
trast medium. Allergy (1998) 53(12):1133–40. doi:10.1111/j.1398-9995.1998.
tb03832.x 

43. Brockow K, Romano A, Aberer W, Bircher AJ, Barbaud A, Bonadonna P, 
et  al. Skin testing in patients with hypersensitivity reactions to iodinated 
contrast media – a European multicenter study. Allergy (2009) 64(2):234–41. 
doi:10.1111/j.1398-9995.2008.01832.x 

44. Li A, Wong CS, Wong MK, Lee CM, Au Yeung MC. Acute adverse reactions 
to magnetic resonance contrast media – gadolinium chelates. Br J Radiol 
(2006) 79(941):368–71. doi:10.1259/bjr/88469693 

45. Jung JW, Kang HR, Kim MH, Lee W, Min KU, Han MH, et al. Immediate 
hypersensitivity reaction to gadolinium-based MR contrast media. Radiology 
(2012) 264(2):414–22. doi:10.1148/radiol.12112025 

46. Palmiere C, Reggiani Bonetti L. Risk factors in fatal cases of anaphylaxis due 
to contrast media: a forensic evaluation. Int Arch Allergy Immunol (2014) 
164(4):280–8. doi:10.1159/000366204 

47. Dona I, Blanca-Lopez N, Torres MJ, Garcia-Campos J, Garcia-Nunez I, 
Gomez F, et  al. Drug hypersensitivity reactions: response patterns, drug 
involved, and temporal variations in a large series of patients. J Investig 
Allergol Clin Immunol (2012) 22(5):363–71. 

48. Kepil Ozdemir S, Oner Erkekol F, Unal D, Buyukozturk S, Gelincik A, 
Dursun AB, et al. Management of hypersensitivity reactions to proton pump 
inhibitors: a retrospective experience. Int Arch Allergy Immunol (2016) 
171(1):54–60. doi:10.1159/000450952 

49. Abdul Razzak E, Tomas M, Tornero P, Herrero T. Nine cases of allergy to 
omeprazole. J Investig Allergol Clin Immunol (2012) 22(3):228–30. 

50. Sobrevia Elfau MT, Garces Sotillos M, Ferrer Claveria L, Segura Arazuri N, 
Monzon Ballarin S, Colas Sanz C. Study of cross-reactivity between proton 
pump inhibitors. J Investig Allergol Clin Immunol (2010) 20(2):157–61. 

51. Bonadonna P, Lombardo C, Bortolami O, Bircher A, Scherer K,  
Barbaud A, et  al. Hypersensitivity to proton pump inhibitors: diagnostic 
accuracy of skin tests compared to oral provocation test. J Allergy Clin 
Immunol (2012) 130(2):547–9. doi:10.1016/j.jaci.2012.04.048 

52. Ewan PW, Dugue P, Mirakian R, Dixon TA, Harper JN, Nasser SM, et  al. 
BSACI guidelines for the investigation of suspected anaphylaxis during 
general anaesthesia. Clin Exp Allergy (2010) 40(1):15–31. doi:10.1111/j. 
1365-2222.2009.03404.x 

53. Meng J, Rotiroti G, Burdett E, Lukawska JJ. Anaphylaxis during general  
anaesthesia: experience from a drug allergy centre in the UK. Acta Anaes-
thesiol Scand (2017) 61(3):281–9. doi:10.1111/aas.12858 

54. Mertes PM, Alla F, Trechot P, Auroy Y, Jougla E; Groupe d’Etudes des 
Réactions Anaphylactoïdes Peranesthésiques. Anaphylaxis during anes-
thesia in France: an 8 year national survey. J Allergy Clin Immunol (2011) 
128(2):366–73. doi:10.1016/j.jaci.2011.03.003 

55. Laxenaire MC. [Epidemiology of anesthetic anaphylactoid reactions. Fourth 
multicenter survey (July 1994–December 1996)]. Ann Fr Anesth Reanim 
(1999) 18(7):796–809. doi:10.1016/S0750-7658(00)88460-9 

56. Gibbs NM, Sadleir PH, Clarke RC, Platt PR. Survival from perioperative  
anaphylaxis in Western Australia 2000–2009. Br J Anaesth (2013) 111(4): 
589–93. doi:10.1093/bja/aet117 

57. Laxenaire MC. [Substances responsible for peranesthetic anaphylactic  
shock. A third French multicenter study (1992–94)]. Ann Fr Anesth Reanim 
(1996) 15(8):1211–8. doi:10.1016/S0750-7658(97)85882-0 

58. Reddy JI, Cooke PJ, van Schalkwyk JM, Hannam JA, Fitzharris P,  
Mitchell SJ. Anaphylaxis is more common with rocuronium and succinylcho-
line than with atracurium. Anesthesiology (2015) 122(1):39–45. doi:10.1097/
ALN.0000000000000512 

59. Sadleir PH, Clarke RC, Bunning DL, Platt PR. Anaphylaxis to neuromuscular 
blocking drugs: incidence and cross-reactivity in Western Australia from 
2002 to 2011. Br J Anaesth (2013) 110(6):981–7. doi:10.1093/bja/aes506 

60. Fisher M, Baldo BA. Anaphylaxis during anaesthesia: current aspects of 
diagnosis and prevention. Eur J Anaesthesiol (1994) 11(4):263–84. 

61. Mertes PM, Laxenaire MC, Alla F; Groupe d’Etudes des reactions ana-
phylactoides Peranesthésiques. Anaphylactic and anaphylactoid reactions 
occurring during anesthesia in France in 1999–2000. Anesthesiology (2003) 
99(3):536–45. doi:10.1097/00000542-200309000-00007 

62. Guttormsen AB. Allergic reactions during anaesthesia – increased attention 
to the problem in Denmark and Norway. Acta Anaesthesiol Scand (2001) 
45(10):1189–90. doi:10.1034/j.1399-6576.2001.451001.x 

63. Baldo BA. Sugammadex and hypersensitivity. Anaesth Intensive Care (2014) 
42(4):525–7. 

64. Tsur A, Kalansky A. Hypersensitivity associated with sugammadex adminis-
tration: a systematic review. Anaesthesia (2014) 69(11):1251–7. doi:10.1111/
anae.12736 

65. Takazawa T, Tomita Y, Yoshida N, Tomioka A, Horiuchi T, Nagata C, et al. 
Three suspected cases of sugammadex-induced anaphylactic shock. BMC 
Anesthesiol (2014) 14:92. doi:10.1186/1471-2253-14-92 

66. Sadleir PH, Russell T, Clarke RC, Maycock E, Platt PR. Intraoperative ana-
phylaxis to sugammadex and a protocol for intradermal skin testing. Anaesth 
Intensive Care (2014) 42(1):93–6. 

67. Takazawa T, Horiuchi T, Yoshida N, Yokohama A, Saito S. Flow cytometric 
investigation of sugammadex-induced anaphylaxis. Br J Anaesth (2015) 
114(5):858–9. doi:10.1093/bja/aev093 

68. Baldo B. Sugammadex and rocuronium-induced anaphylaxis. Anaesthesia 
(2012) 67(10):1174–5; author reply 5. doi:10.1111/j.1365-2044.2012.07289.x 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.2165/00002018-200124110-00005
https://doi.org/10.1001/archinte.1995.
00430160077008
https://doi.org/10.1001/archinte.1995.
00430160077008
https://doi.org/10.1016/j.jaci.2009.11.032
https://doi.org/10.1016/j.jaci.2010.03.012
https://doi.org/10.1016/j.jaci.2010.03.012
https://doi.org/10.1016/j.jaci.2014.07.062
https://doi.org/10.1111/all.12168
https://doi.org/10.1016/
0140-6736(90)92238-D
https://doi.org/10.1016/
0140-6736(90)92238-D
https://doi.org/10.1111/j.
1365-2222.1988.tb02904.x
https://doi.org/10.1111/j.
1365-2222.1988.tb02904.x
https://doi.org/10.1001/archinte.161.1.15
https://doi.org/10.1111/all.12214
https://doi.org/10.1046/j.1365-2222.1998.00258.x
https://doi.org/10.1016/j.anai.2010.08.018
https://doi.org/10.3109/00365549209061350
https://doi.org/10.1371/
journal.pone.0100154
https://doi.org/10.1371/
journal.pone.0100154
https://doi.org/10.1148/radiology.175.3.2343107
https://doi.org/10.1148/radiology.209.1.
9769830
https://doi.org/10.1148/radiology.209.1.
9769830
https://doi.org/10.1111/j.1398-9995.1998.tb03832.x
https://doi.org/10.1111/j.1398-9995.1998.tb03832.x
https://doi.org/10.1111/j.1398-9995.2008.01832.x
https://doi.org/10.1259/bjr/88469693
https://doi.org/10.1148/radiol.12112025
https://doi.org/10.1159/000366204
https://doi.org/10.1159/000450952
https://doi.org/10.1016/j.jaci.2012.04.048
https://doi.org/10.1111/j.
1365-2222.2009.03404.x
https://doi.org/10.1111/j.
1365-2222.2009.03404.x
https://doi.org/10.1111/aas.12858
https://doi.org/10.1016/j.jaci.2011.03.003
https://doi.org/10.1016/S0750-7658(00)88460-9
https://doi.org/10.1093/bja/aet117
https://doi.org/10.1016/S0750-7658(97)85882-0
https://doi.org/10.1097/ALN.0000000000000512
https://doi.org/10.1097/ALN.0000000000000512
https://doi.org/10.1093/bja/aes506
https://doi.org/10.1097/00000542-200309000-00007
https://doi.org/10.1034/j.1399-6576.2001.451001.x
https://doi.org/10.1111/anae.12736
https://doi.org/10.1111/anae.12736
https://doi.org/10.1186/1471-2253-14-92
https://doi.org/10.1093/bja/aev093
https://doi.org/10.1111/j.1365-2044.2012.07289.x


14

Montañez et al. Drug-Induced Anaphylaxis

Frontiers in Immunology | www.frontiersin.org May 2017 | Volume 8 | Article 614

69. Leysen J, Bridts CH, De Clerck LS, Ebo DG. Rocuronium-induced anaphylaxis 
is probably not mitigated by sugammadex: evidence from an in vitro experi-
ment. Anaesthesia (2011) 66(6):526–7. doi:10.1111/j.1365-2044.2011.06729.x 

70. Clarke RC, Sadleir PH, Platt PR. The role of sugammadex in the develop-
ment and modification of an allergic response to rocuronium: evidence 
from a cutaneous model. Anaesthesia (2012) 67(3):266–73. doi:10.1111/j. 
1365-2044.2011.06995.x 

71. Baldo BA, Fisher MM, Harle DG. Allergy to thiopentone. Clin Rev Allergy 
(1991) 9(3–4):295–308. doi:10.1007/BF02802309 

72. Moscicki RA, Sockin SM, Corsello BF, Ostro MG, Bloch KJ. Anaphylaxis 
during induction of general anesthesia: subsequent evaluation and man-
agement. J Allergy Clin Immunol (1990) 86(3 Pt 1):325–32. doi:10.1016/
S0091-6749(05)80095-8 

73. Dong SW, Mertes PM, Petitpain N, Hasdenteufel F, Malinovsky JM. 
Hypersensitivity reactions during anesthesia. Results from the ninth French 
survey (2005–2007). Minerva Anestesiol (2012) 78(8):868–78. 

74. Baker MT, Naguib M. Propofol: the challenges of formulation. Anesthesiology 
(2005) 103(4):860–76. doi:10.1097/00000542-200510000-00026 

75. Murphy A, Campbell DE, Baines D, Mehr S. Allergic reactions to propofol 
in egg-allergic children. Anesth Analg (2011) 113(1):140–4. doi:10.1213/
ANE.0b013e31821b450f 

76. Asserhoj LL, Mosbech H, Kroigaard M, Garvey LH. No evidence for contra-
indications to the use of propofol in adults allergic to egg, soy or peanut†.  
Br J Anaesth (2016) 116(1):77–82. doi:10.1093/bja/aev360 

77. Mertes PM, Malinovsky JM, Jouffroy L; Working Group of the SFAR and SFA,  
Aberer W, Terreehorst I, et  al. Reducing the risk of anaphylaxis during 
anesthesia: 2011 updated guidelines for clinical practice. J Investig Allergol 
Clin Immunol (2011) 21(6):442–53. 

78. Dewachter P, Lefebvre D, Kalaboka S, Bloch-Morot E. An anaphylactic 
reaction to transdermal delivered fentanyl. Acta Anaesthesiol Scand (2009) 
53(8):1092–3. doi:10.1111/j.1399-6576.2009.02022.x 

79. Anibarro B, Vila C, Seoane FJ. Urticaria induced by meperidine allergy. 
Allergy (2000) 55(3):305–6. doi:10.1034/j.1398-9995.2000.00542.x 

80. Harle DG, Baldo BA, Coroneos NJ, Fisher MM. Anaphylaxis following 
administration of papaveretum. Case report: implication of IgE antibodies 
that react with morphine and codeine, and identification of an allergenic 
determinant. Anesthesiology (1989) 71(4):489–94. doi:10.1097/00000542- 
198910000-00003 

81. Baldo BA, Pham NH. Histamine-releasing and allergenic properties of 
opioid analgesic drugs: resolving the two. Anaesth Intensive Care (2012) 
40(2):216–35. 

82. Garvey LH, Kroigaard M, Poulsen LK, Skov PS, Mosbech H, Venemalm L, 
et al. IgE-mediated allergy to chlorhexidine. J Allergy Clin Immunol (2007) 
120(2):409–15. doi:10.1016/j.jaci.2007.04.029 

83. Krishna MT, York M, Chin T, Gnanakumaran G, Heslegrave J,  
Derbridge C, et al. Multi-centre retrospective analysis of anaphylaxis during 
general anaesthesia in the United Kingdom: aetiology and diagnostic perfor-
mance of acute serum tryptase. Clin Exp Immunol (2014) 178(2):399–404. 
doi:10.1111/cei.12424 

84. Dong S, Acouetey DS, Gueant-Rodriguez RM, Zmirou-Navier D,  
Remen T, Blanca M, et al. Prevalence of IgE against neuromuscular blocking 
agents in hairdressers and bakers. Clin Exp Allergy (2013) 43(11):1256–62. 
doi:10.1111/cea.12189 

85. Opstrup MS, Johansen JD, Garvey LH. Chlorhexidine allergy: sources 
of exposure in the health-care setting. Br J Anaesth (2015) 114(4):704–5. 
doi:10.1093/bja/aev050 

86. Giladi AM, Kasten SJ. Anaphylactic-like reaction to methylene blue: case 
report and review of perioperative hypersensitivity reactions. Plast Reconstr 
Surg (2012) 130(1):98e–105e. doi:10.1097/PRS.0b013e318254b2b8 

87. Mertes PM, Demoly P, Alperovitch A, Bazin A, Bienvenu J, Caldani C,  
et al. Methylene blue-treated plasma: an increased allergy risk? J Allergy Clin 
Immunol (2012) 130(3):808–12. doi:10.1016/j.jaci.2012.03.050 

88. Mertes PM, Malinovsky JM, Mouton-Faivre C, Bonnet-Boyer MC,  
Benhaijoub A, Lavaud F, et al. Anaphylaxis to dyes during the perioperative 
period: reports of 14 clinical cases. J Allergy Clin Immunol (2008) 122(2): 
348–52. doi:10.1016/j.jaci.2008.04.040 

89. Laxenaire MC, Charpentier C, Feldman L. [Anaphylactoid reactions to 
colloid plasma substitutes: incidence, risk factors, mechanisms. A French 

multicenter prospective study]. Ann Fr Anesth Reanim (1994) 13(3):301–10. 
doi:10.1016/S0750-7658(94)80038-3 

90. Volcheck GW, Mertes PM. Local and general anesthetics immediate 
hypersensitivity reactions. Immunol Allergy Clin North Am (2014) 34(3): 
525–46, viii. doi:10.1016/j.iac.2014.03.004 

91. Clark S, Wei W, Rudders SA, Camargo  CA Jr. Risk factors for severe 
anaphylaxis in patients receiving anaphylaxis treatment in US emergency 
departments and hospitals. J Allergy Clin Immunol (2014) 134(5):1125–30. 
doi:10.1016/j.jaci.2014.05.018 

92. Brown SG, Stone SF, Fatovich DM, Burrows SA, Holdgate A, Celenza A,  
et al. Anaphylaxis: clinical patterns, mediator release, and severity. J Allergy 
Clin Immunol (2013) 132(5):1141.e–9.e. doi:10.1016/j.jaci.2013.06.015 

93. Lieberman P. Difficult allergic drug reactions. Immunol Allergy Clin  
North Am (1991) 11(1):331. 

94. Idsoe O, Guthe T, Willcox RR, de Weck AL. Nature and extent of penicillin 
side-reactions, with particular reference to fatalities from anaphylactic shock. 
Bull World Health Organ (1968) 38(2):159–88. 

95. Brockow K, Bonadonna P. Drug allergy in mast cell disease. Curr Opin Allergy 
Clin Immunol (2012) 12(4):354–60. doi:10.1097/ACI.0b013e328355b7cb 

96. Wolbing F, Fischer J, Koberle M, Kaesler S, Biedermann T. About the role 
and underlying mechanisms of cofactors in anaphylaxis. Allergy (2013) 
68(9):1085–92. doi:10.1111/all.12193 

97. Munoz-Cano R, Picado C, Valero A, Bartra J. Mechanisms of anaphylaxis 
beyond IgE. J Investig Allergol Clin Immunol (2016) 26(2):73–82; quiz 2p 
following 3. doi:10.18176/jiaci.0046 

98. Greenberger PA, Ditto AM. Chapter 24: anaphylaxis. Allergy Asthma Proc 
(2012) 33(Suppl 1):S80–3. doi:10.2500/aap.2012.33.3557 

99. Simons FE. Anaphylaxis. J Allergy Clin Immunol (2010) 125(2 Suppl 2): 
S161–81. doi:10.1016/j.jaci.2009.12.981 

100. Fenny N, Grammer LC. Idiopathic anaphylaxis. Immunol Allergy Clin North 
Am (2015) 35(2):349–62. doi:10.1016/j.iac.2015.01.004 

101. Williams KW, Sharma HP. Anaphylaxis and urticaria. Immunol Allergy Clin 
North Am (2015) 35(1):199–219. doi:10.1016/j.iac.2014.09.010 

102. Lieberman P, Garvey LH. Mast cells and anaphylaxis. Curr Allergy Asthma 
Rep (2016) 16(3):20. doi:10.1007/s11882-016-0598-5 

103. McNeil BD, Pundir P, Meeker S, Han L, Undem BJ, Kulka M, et  al. 
Identification of a mast-cell-specific receptor crucial for pseudo-allergic drug 
reactions. Nature (2015) 519(7542):237–41. doi:10.1038/nature14022 

104. Subramanian H, Gupta K, Ali H. Roles of Mas-related G protein-coupled 
receptor X2 on mast cell-mediated host defense, pseudoallergic drug reac-
tions, and chronic inflammatory diseases. J Allergy Clin Immunol (2016) 
138(3):700–10. doi:10.1016/j.jaci.2016.04.051 

105. Fernandez TD, Ariza A, Palomares F, Montanez MI, Salas M,  
Martin-Serrano A, et al. Hypersensitivity to fluoroquinolones: the expression 
of basophil activation markers depends on the clinical entity and the culprit 
fluoroquinolone. Medicine (Baltimore) (2016) 95(23):e3679. doi:10.1097/
MD.0000000000003679 

106. MacGlashan  DW Jr. Basophil activation testing. J Allergy Clin Immunol 
(2013) 132(4):777–87. doi:10.1016/j.jaci.2013.06.038 

107. MacGlashan  D Jr. Expression of CD203c and CD63 in human basophils: 
relationship to differential regulation of piecemeal and anaphylactic degran-
ulation processes. Clin Exp Allergy (2010) 40(9):1365–77. doi:10.1111/j. 
1365-2222.2010.03572.x 

108. MacGlashan  D Jr. Marked differences in the signaling requirements for 
expression of CD203c and CD11b versus CD63 expression and histamine 
release in human basophils. Int Arch Allergy Immunol (2012) 159(3):243–52. 
doi:10.1159/000332150 

109. Ben Said B, Berard F, Bienvenu J, Nicolas JF, Rozieres A. Usefulness of baso-
phil activation tests for the diagnosis of IgE-mediated allergy to quinolones. 
Allergy (2010) 65(4):535–6. doi:10.1111/j.1398-9995.2009.02213.x 

110. Aranda A, Mayorga C, Ariza A, Dona I, Rosado A, Blanca-Lopez N, et al.  
In vitro evaluation of IgE-mediated hypersensitivity reactions to quinolones. 
Allergy (2011) 66(2):247–54. doi:10.1111/j.1398-9995.2010.02460.x 

111. Torres MJ, Blanca M. The complex clinical picture of beta-lactam hypersensi-
tivity: penicillins, cephalosporins, monobactams, carbapenems, and clavams. 
Med Clin North Am (2010) 94(4):805–20, xii. doi:10.1016/j.mcna.2010.04.006 

112. Antunez C, Fernandez T, Blanca-Lopez N, Torres MJ, Mayorga C, 
Canto G, et  al. IgE antibodies to betalactams: relationship between the 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1111/j.1365-2044.2011.06729.x
https://doi.org/10.1111/j.
1365-2044.2011.06995.x
https://doi.org/10.1111/j.
1365-2044.2011.06995.x
https://doi.org/10.1007/BF02802309
https://doi.org/10.1016/S0091-6749(05)80095-8
https://doi.org/10.1016/S0091-6749(05)80095-8
https://doi.org/10.1097/00000542-200510000-00026
https://doi.org/10.1213/ANE.0b013e31821b450f
https://doi.org/10.1213/ANE.0b013e31821b450f
https://doi.org/10.1093/bja/aev360
https://doi.org/10.1111/j.1399-6576.2009.02022.x
https://doi.org/10.1034/j.1398-9995.2000.00542.x
https://doi.org/10.1097/00000542-
198910000-00003
https://doi.org/10.1097/00000542-
198910000-00003
https://doi.org/10.1016/j.jaci.2007.04.029
https://doi.org/10.1111/cei.12424
https://doi.org/10.1111/cea.12189
https://doi.org/10.1093/bja/aev050
https://doi.org/10.1097/PRS.0b013e318254b2b8
https://doi.org/10.1016/j.jaci.2012.03.050
https://doi.org/10.1016/j.jaci.2008.04.040
https://doi.org/10.1016/S0750-7658(94)80038-3
https://doi.org/10.1016/j.iac.2014.03.004
https://doi.org/10.1016/j.jaci.2014.05.018
https://doi.org/10.1016/j.jaci.2013.06.015
https://doi.org/10.1097/ACI.0b013e328355b7cb
https://doi.org/10.1111/all.12193
https://doi.org/10.18176/jiaci.0046
https://doi.org/10.2500/aap.2012.33.3557
https://doi.org/10.1016/j.jaci.2009.12.981
https://doi.org/10.1016/j.iac.2015.01.004
https://doi.org/10.1016/j.iac.2014.09.010
https://doi.org/10.1007/s11882-016-0598-5
https://doi.org/10.1038/nature14022
https://doi.org/10.1016/j.jaci.2016.04.051
https://doi.org/10.1097/MD.0000000000003679
https://doi.org/10.1097/MD.0000000000003679
https://doi.org/10.1016/j.jaci.2013.06.038
https://doi.org/10.1111/j.
1365-2222.2010.03572.x
https://doi.org/10.1111/j.
1365-2222.2010.03572.x
https://doi.org/10.1159/000332150
https://doi.org/10.1111/j.1398-9995.2009.02213.x
https://doi.org/10.1111/j.1398-9995.2010.02460.x
https://doi.org/10.1016/j.mcna.2010.04.006


15

Montañez et al. Drug-Induced Anaphylaxis

Frontiers in Immunology | www.frontiersin.org May 2017 | Volume 8 | Article 614

triggering hapten and the specificity of the immune response. Allergy  
(2006) 61(8):940–6. doi:10.1111/j.1398-9995.2006.01120.x 

113. Finkelman FD, Khodoun MV, Strait R. Human IgE-independent systemic 
anaphylaxis. J Allergy Clin Immunol (2016) 137(6):1674–80. doi:10.1016/j.
jaci.2016.02.015 

114. Vadas P, Gold M, Perelman B, Liss GM, Lack G, Blyth T, et  al. Platelet-
activating factor, PAF acetylhydrolase, and severe anaphylaxis. N Engl J Med 
(2008) 358(1):28–35. doi:10.1056/NEJMoa070030 

115. Vassallo RR. Review: IgA anaphylactic transfusion reactions. Part I. 
Laboratory diagnosis, incidence, and supply of IgA-deficient products. 
Immunohematology (2004) 20(4):226–33. 

116. Schmidt AP, Taswell HF, Gleich GJ. Anaphylactic transfusion reactions 
associated with anti-IgA antibody. N Engl J Med (1969) 280(4):188–93. 
doi:10.1056/NEJM196901232800404 

117. Steenholdt C, Svenson M, Bendtzen K, Thomsen OO, Brynskov J,  
Ainsworth MA. Acute and delayed hypersensitivity reactions to infliximab 
and adalimumab in a patient with Crohn’s disease. J Crohns Colitis (2012) 
6(1):108–11. doi:10.1016/j.crohns.2011.08.001 

118. Cheifetz A, Smedley M, Martin S, Reiter M, Leone G, Mayer L, et al. The 
incidence and management of infusion reactions to infliximab: a large 
center experience. Am J Gastroenterol (2003) 98(6):1315–24. doi:10.1111/j. 
1572-0241.2003.07457.x 

119. Hedin H, Richter W, Messmer K, Renck H, Ljungstrom KG, Laubenthal H. 
Incidence, pathomechanism and prevention of dextran-induced anaphylac-
toid/ anaphylactic reactions in man. Dev Biol Stand (1980) 48:179–89. 

120. Umeda Y, Fukumoto Y, Miyauchi T, Imaizumi M, Shimabukuro K,  
Mori Y, et  al. [Anaphylactic shock related to aprotinin induced by anti- 
aprotinin immunoglobulin G antibody alone; report of a case]. Kyobu Geka 
(2007) 60(1):69–71. 

121. Bergamaschini L, Mannucci PM, Federici AB, Coppola R, Guzzoni S, 
Agostoni A. Posttransfusion anaphylactic reactions in a patient with 
severe von Willebrand disease: role of complement and alloantibodies to  
von Willebrand factor. J Lab Clin Med (1995) 125(3):348–55. 

122. Laroche D, Namour F, Lefrancois C, Aimone-Gastin I, Romano A,  
Sainte-Laudy J, et  al. Anaphylactoid and anaphylactic reactions to iodin-
ated contrast material. Allergy (1999) 54(Suppl 58):13–6. doi:10.1111/j. 
1398-9995.1999.tb04726.x 

123. Kishimoto TK, Viswanathan K, Ganguly T, Elankumaran S, Smith S,  
Pelzer K, et al. Contaminated heparin associated with adverse clinical events 
and activation of the contact system. N Engl J Med (2008) 358(23):2457–67. 
doi:10.1056/NEJMoa0803200 

124. Atkinson TP, Kaliner MA. Anaphylaxis. Med Clin North Am (1992) 
76(4):841–55. doi:10.1016/S0025-7125(16)30328-5 

125. Simons FE, Ardusso LR, Bilo MB, El-Gamal YM, Ledford DK, Ring J,  
et al. World Allergy organization anaphylaxis guidelines: summary. J Allergy 
Clin Immunol (2011) 127(3):587–93.e1–22. doi:10.1016/j.jaci.2011.01.038 

126. Demoly P, Adkinson NF, Brockow K, Castells M, Chiriac AM, Greenberger PA,  
et al. International consensus on drug allergy. Allergy (2014) 69(4):420–37. 
doi:10.1111/all.12350 

127. Mayorga C, Celik G, Rouzaire P, Whitaker P, Bonadonna P, Cernadas JR, 
et  al. In vitro tests for drug hypersensitivity reactions. An ENDA/EAACI 
drug allergy interest group position paper. Allergy (2016) 71(8):1103–34. 
doi:10.1111/all.12886 

128. Brockow K, Garvey LH, Aberer W, Atanaskovic-Markovic M, Barbaud A,  
Bilo MB, et  al. Skin test concentrations for systemically administered  
drugs – an ENDA/EAACI drug allergy interest group position paper. Allergy 
(2013) 68(6):702–12. doi:10.1111/all.12142 

129. Joint Task Force on Practice Parameters, American Academy of Allergy, 
Asthma and Immunology, American College of Allergy, Asthma and 
Immunology, Joint Council of Allergy, Asthma and Immunology. Drug 
allergy: an updated practice parameter. Ann Allergy Asthma Immunol (2010) 
105(4):259–73. doi:10.1016/j.anai.2010.08.002 

130. Fernandez TD, Torres MJ, Blanca-Lopez N, Rodriguez-Bada JL,  
Gomez E, Canto G, et al. Negativization rates of IgE radioimmunoassay and 
basophil activation test in immediate reactions to penicillins. Allergy (2009) 
64(2):242–8. doi:10.1111/j.1398-9995.2008.01713.x 

131. Gomez E, Blanca-Lopez N, Torres MJ, Requena G, Rondon C, Canto G,  
et al. Immunoglobulin E-mediated immediate allergic reactions to dipyrone: 
value of basophil activation test in the identification of patients. Clin Exp 
Allergy (2009) 39(8):1217–24. doi:10.1111/j.1365-2222.2009.03237.x 

132. Kvedariene V, Kamey S, Ryckwaert Y, Rongier M, Bousquet J, Demoly P, 
et al. Diagnosis of neuromuscular blocking agent hypersensitivity reactions 
using cytofluorimetric analysis of basophils. Allergy (2006) 61(3):311–5. 
doi:10.1111/j.1398-9995.2006.00978.x 

133. Aberer W, Bircher A, Romano A, Blanca M, Campi P, Fernandez J, et  al. 
Drug provocation testing in the diagnosis of drug hypersensitivity reac-
tions: general considerations. Allergy (2003) 58(9):854–63. doi:10.1034/j. 
1398-9995.2003.00279.x 

134. Iammatteo M, Blumenthal KG, Saff R, Long AA, Banerji A. Safety and 
outcomes of test doses for the evaluation of adverse drug reactions: a 5-year 
retrospective review. J Allergy Clin Immunol Pract (2014) 2(6):768–74. 
doi:10.1016/j.jaip.2014.08.001 

135. Schwartz LB. Diagnostic value of tryptase in anaphylaxis and mastocy-
tosis. Immunol Allergy Clin North Am (2006) 26(3):451–63. doi:10.1016/j.
iac.2006.05.010 

136. Garvey LH, Bech B, Mosbech H, Krøigaard M, Belhage B, Husum B, et al. 
Effect of general anesthesia and orthopedic surgery on serum tryptase. 
Anesthesiology (2010) 112(5):1184–9. doi:10.1097/ALN.0b013e3181d40383 

137. Borer-Reinhold M, Haeberli G, Bitzenhofer M, Jandus P, Hausmann O, 
Fricker M, et  al. An increase in serum tryptase even below 11.4 ng/mL 
may indicate a mast cell-mediated hypersensitivity reaction: a prospective 
study in hymenoptera venom allergic patients. Clin Exp Allergy (2011) 
41(12):1777–83. doi:10.1111/j.1365-2222.2011.03848.x 

138. Lin RY, Schwartz LB, Curry A, Pesola GR, Knight RJ, Lee H-S, et al. Histamine 
and tryptase levels in patients with acute allergic reactions: an emergency 
department-based study. J Allergy Clin Immunol (2000) 106(1, Pt 1):65–71. 
doi:10.1067/mai.2000.107600 

139. Keyzer JJ, de Monchy JG, van Doormaal JJ, van Voorst Vader PC. Improved 
diagnosis of mastocytosis by measurement of urinary histamine metabolites. 
N Engl J Med (1983) 309(26):1603–5. doi:10.1056/NEJM198312293092603 

140. Stephan V, Zimmermann A, Kuhr J, Urbanek R. Determination of 
N-methylhistamine in urine as an indicator of histamine release in immediate 
allergic reactions. J Allergy Clin Immunol (1990) 86(6 Pt 1):862–8. doi:10.1016/ 
S0091-6749(05)80147-2 

141. Simons FE, Frew AJ, Ansotegui IJ, Bochner BS, Golden DB, Finkelman FD, 
et al. Risk assessment in anaphylaxis: current and future approaches. J Allergy 
Clin Immunol (2007) 120(1 Suppl):S2–24. doi:10.1016/j.jaci.2007.05.001 

142. Alrasbi M, Sheikh A. Comparison of international guidelines for the emer-
gency medical management of anaphylaxis. Allergy (2007) 62(8):838–41. 
doi:10.1111/j.1398-9995.2007.01434.x 

143. Sheikh A, Ten Broek V, Brown SG, Simons FE. H1-antihistamines for the 
treatment of anaphylaxis: Cochrane systematic review. Allergy (2007) 62(8): 
830–7. doi:10.1111/j.1398-9995.2007.01435.x 

144. Choo KJ, Simons E, Sheikh A. Glucocorticoids for the treatment of 
anaphylaxis: Cochrane systematic review. Allergy (2010) 65(10):1205–11. 
doi:10.1111/j.1398-9995.2010.02424.x 

145. Muraro A, Roberts G, Worm M, Bilo MB, Brockow K, Fernandez Rivas M,  
et  al. Anaphylaxis: guidelines from the European Academy of Allergy 
and Clinical Immunology. Allergy (2014) 69(8):1026–45. doi:10.1111/ 
all.12437 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2017 Montañez, Mayorga, Bogas, Barrionuevo, Fernandez-Santamaria, 
Martin-Serrano, Laguna, Torres, Fernandez and Doña. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other forums is permitted, provided the 
original author(s) or licensor are credited and that the original publication in this 
journal is cited, in accordance with accepted academic practice. No use, distribution 
or reproduction is permitted which does not comply with these terms.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1111/j.1398-9995.2006.01120.x
https://doi.org/10.1016/j.jaci.2016.02.015
https://doi.org/10.1016/j.jaci.2016.02.015
https://doi.org/10.1056/NEJMoa070030
https://doi.org/10.1056/NEJM196901232800404
https://doi.org/10.1016/j.crohns.2011.08.001
https://doi.org/10.1111/j.
1572-0241.2003.07457.x
https://doi.org/10.1111/j.
1572-0241.2003.07457.x
https://doi.org/10.1111/j.1398-9995.1999.tb04726.x
https://doi.org/10.1111/j.1398-9995.1999.tb04726.x
https://doi.org/10.1056/NEJMoa0803200
https://doi.org/10.1016/S0025-7125(16)30328-5
https://doi.org/10.1016/j.jaci.2011.01.038
https://doi.org/10.1111/all.12350
https://doi.org/10.1111/all.12886
https://doi.org/10.1111/all.12142
https://doi.org/10.1016/j.anai.2010.08.002
https://doi.org/10.1111/j.1398-9995.2008.01713.x
https://doi.org/10.1111/j.1365-2222.2009.03237.x
https://doi.org/10.1111/j.1398-9995.2006.00978.x
https://doi.org/10.1034/j.
1398-9995.2003.00279.x
https://doi.org/10.1034/j.
1398-9995.2003.00279.x
https://doi.org/10.1016/j.jaip.2014.08.001
https://doi.org/10.1016/j.iac.2006.05.010
https://doi.org/10.1016/j.iac.2006.05.010
https://doi.org/10.1097/ALN.0b013e3181d40383
https://doi.org/10.1111/j.1365-2222.2011.03848.x
https://doi.org/10.1067/mai.2000.107600
https://doi.org/10.1056/NEJM198312293092603
https://doi.org/10.1016/
S0091-6749(05)80147-2
https://doi.org/10.1016/
S0091-6749(05)80147-2
https://doi.org/10.1016/j.jaci.2007.05.001
https://doi.org/10.1111/j.1398-9995.2007.01434.x
https://doi.org/10.1111/j.1398-9995.2007.01435.x
https://doi.org/10.1111/j.1398-9995.2010.02424.x
https://doi.org/10.1111/
all.12437
https://doi.org/10.1111/
all.12437
http://creativecommons.org/licenses/by/4.0/


November 2017 | Volume 8 | Article 147216

Review
published: 08 November 2017

doi: 10.3389/fimmu.2017.01472

Frontiers in Immunology | www.frontiersin.org

Edited by: 
Vanesa Esteban,  

Instituto de Investigación Sanitaria de 
la Fundación Jiménez Díaz, Spain

Reviewed by: 
Michael Breitenbach,  

University of Salzburg, Austria  
Sinisa Savic,  

University of Leeds, United Kingdom

*Correspondence:
Mariana Castells  

mcastells@bwh.harvard.edu

Specialty section: 
This article was submitted to 

Inflammation,  
a section of the journal  

Frontiers in Immunology

Received: 31 May 2017
Accepted: 20 October 2017

Published: 08 November 2017

Citation: 
Castells M (2017) Drug 

Hypersensitivity and Anaphylaxis in 
Cancer and Chronic Inflammatory 

Diseases: The Role of 
Desensitizations.  

Front. Immunol. 8:1472.  
doi: 10.3389/fimmu.2017.01472

Drug Hypersensitivity and 
Anaphylaxis in Cancer and  
Chronic inflammatory Diseases:  
The Role of Desensitizations
Mariana Castells*

Allergy and Immunology, Brigham and Women’s Hospital, Harvard Medical School, Boston, MA, United States

Drug allergy is a rising problem in the twenty-first century which affects all populations 
and races, children, and adults, and for which the recognition, diagnosis, management, 
and treatment is still not well standardized. Classical and new chemotherapy drugs, 
monoclonal antibodies (MoAbs), and small molecules to treat cancer and chronic inflam-
matory diseases are aimed at improving quality of life and life expectancy of patients, but 
an increasing number of reactions including anaphylaxis precludes their use in targeted 
populations. Women are more affected by drug allergy and up to 27% of women with 
ovarian and breast cancer develop carboplatin allergy after multiple cycles of treatment. 
Carriers of BRCA genes develop drug allergy after fewer exposures and can present 
with severe reactions, including anaphylaxis. Atopic patients are at increased risk for 
chemotherapy and MoAbs drug allergy and the current patterns of treatment with 
recurrent and intermittent drug exposures may favor the development of drug allergies. 
To overcome drug allergy, desensitization has been developed, a novel approach which 
provides a unique opportunity to protect against anaphylaxis and to improve clinical 
outcomes. There is evidence that inhibitory mechanisms blocking IgE/antigen mast cell 
activation are active during desensitization, enhancing safety. Whether desensitization 
modulates drug allergic and anaphylactic responses facilitating tolerance is currently 
being investigated. This review provides insight into the current knowledge of drug allergy 
and anaphylaxis to cancer and chronic inflammatory diseases drugs, the mechanisms of 
drug desensitization and its applications to personalized medicine.

Keywords: desensitization, monoclonal antibodies in cancer, platins, drug allergy, taxanes

iNTRODUCTiON

With the unprecedented use of chemotherapies drugs and targeted monoclonal antibodies (MoAbs) 
and small molecules in the twenty-first century, increased hypersensitivity reactions (HSRs) have 
emerged worldwide (1, 2). Drug allergic reactions are unexpected, can be severe including anaphylaxis 
and prevent the use of first-line therapies, with consequent impact in patient’s survival and quality 
of life (3, 4). These reactions range from mild cutaneous manifestations such as pruritus and hives to 
life-threatening anaphylaxis with hypotension, oxygen desaturation and cardiovascular collapse, and 
deaths have been reported after re-exposure to allergic drugs (5, 6). The presentation of symptoms 
can be atypical such as pain, which has been associated with taxenes reactions, and chills and fever 
which have been seen with oxaliplatin and MoAbs reactions (7, 8). Delayed reactions occurring 
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more than 24 h after chemotherapy infusions can be due to the 
prolonged half-life of MoAbs and the presence of premedications, 
which may mask the acute phase of the reactions (9, 10).

The traditional classification of drug hypersensitivity and 
allergy into the classical types I–IV does not encompass the 
current spectrum of reactions and symptoms occurring in 
cancer patients and patients with chronic inflammatory diseases 
(11, 12). Some of the reactions have no known underlying 
mechanism, others have a known mechanism which is not part 
of the four described types and some drugs can induce mixed 
reactions with two or more proposed mechanisms (13, 14). 
Hypersensitivity to rituximab, a chimeric anti-CD20 MoAb, 
can induce cytokine-like reactions with chills, fevers, hypoten-
sion, and oxygen desaturation, which have been attributed to 
the release of cytokines such as IL-6, IL-1β, and TNF-α and are 
named cytokine release syndrome or cytokine storm, which is 
not contemplated in the Gell and Coombs classification (15). In 
contrast, some patients have classical IgE-mediated reactions to 
rituximab and have presented positive skin testing demonstrat-
ing that IgE and mast cells are part of the underlying mechanism 
(16). Some patients reactive to oxaliplatin present mixed reac-
tions with Type I features such as hives and hypotension, along 
with fever and chills as seen in cytokine storm-like reactions, 
presenting a complex mixed pattern of reactivity which provides 
challenges to management and treatment (17). During mixed 
reactions tryptase, the major mast cell protease, and IL-6 can be 
elevated in serum indicating mast cell activation and cytokine 
release from unknown cellular sources. Reactions to taxenes 
can trigger direct mast cell/basophil activation with elevation of 
serum tryptase with or without evidence of IgE, indicating that 
more than one mechanism can explain taxane hypersensitivity. 
A different receptor than FceRI, such as the recently described 
MrgprX2 for drugs with THIQ motifs such as quinolones and 
paralyzing agents such as atracuronium could be activated dur-
ing non-IgE taxane reactions (13, 18–20).

Patients presenting with delayed cutaneous reactions are at a 
great concern for Stevens–Johnson syndrome and toxic epider-
mal necrolysis, two life-threatening conditions which can lead 
to permanent disability, blindness, and dramatic decrease in 
the quality of life for survivors (16, 21). The underlying mecha-
nisms of the reactions are poorly understood and up to now no 
predictive markers have been available. Genetic susceptibility 
and defined HLA haplotypes are thought to be risk factors for 
some of the reactions, such as HLA-B 5701 in HIV patients 
reactive to abacavir. In patients with targeted haplotypes, a new 
role for viral reactivation of HHV6 and other virus have been 
demonstrated, and the pathogenic role of the virus is under 
study (22–24).

To provide an operational classification which can adapt to 
the increasing knowledge of the mechanisms of reactions and to 
the symptoms and clinical presentations, a recent initiative has 
provided a new terminology, applicable to precision medicine. In 
the new categorization drug allergy phenotypes are defined by the 
underlying endotypes and associated biomarkers and can be used 
in personalized medicine, with each patient being categorized 
according to her/his symptoms complex presentation. Current 
phenotypes include acute and delayed reactions with IgE and 

non-IgE involvement, cytokine storm, and mixed patterns. The 
endotypes responsible for the expression of symptoms include 
mast cell and basophil activation through known receptors 
(FceRI, FcgR, MRGPRX2) and directly through known recep-
tors: complement, kinin and bradykinin activation and COX-1 
inhibition. Associated biomarkers include serum tryptase, skin 
testing, basophil activation test, specific IgE and patch testing 
among others (13, 25–28).

Patients presenting with reactions compatible with pheno-
types consistent with acute and delayed IgE and non-IgE, mast 
cell/basophil activation, and T cell activation endoptypes may be 
prevented from the use of first-line therapies for fear of inducing 
anaphylaxis or more severe delayed reactions upon re-exposure 
to the allergenic drug. A groundbreaking procedure, desensitiza-
tion, has emerged in the last 15 years as a proven effective and safe 
procedure to maintain patients on their first-line medications.

CLiNiCAL viGNeTTe

Mrs. MFF is a 49-year-old healthy female who was discovered 
to have ovarian cancer after a routine gynecology ultrasound 
and was initially treated with surgery and chemotherapy with 
six courses of carboplatin and paclitaxel and entered remission. 
Two years later, the CA125 is increased and new masses are 
found in her abdomen, a diagnosis of recurrent stage 4 ovarian 
cancer is made and carboplatin and paclitaxel restarted. After the 
second course of carboplatin, the patient feels her hands itchy 
but finished the infusion and did not have any further symptoms. 
On the day of her third infusion, the patient presented flushing, 
generalized pruritus, shortness of breath, and sudden dizziness. 
The blood pressure drops below normal range as well as the oxy-
gen saturation and the patient has a syncopal episode and needs 
to be resuscitated with epinephrine, fluids, anti-histamines, and 
steroids. She recovers and her diagnosis is of anaphylaxis, a serum 
tryptase level during the episode is elevated at 52 ng/ml (normal 
range 11.4  ng/ml). The patient is evaluated for carboplatin 
allergy and skin testing is positive. Her options are to change to 
a second-line agent which is likely to reduce her life expectancy 
or to remain on first-line therapy with carboplatin but because 
of her anaphylactic reaction this option is not considered safe 
unless carboplatin can be introduced through desensitization, 
a powerful and novel intervention which has shown to protect 
patients against anaphylaxis and permit re-introduction of 
allergy drugs.

DRUG DeSeNSiTiZATiON

The term drug desensitization is currently used to define a process 
by which a patient’s immune response to a drug is modified to 
generate temporary tolerance, taking advantage of well character-
ized inhibitory pathways (6). In the case of IgE-mediated drug 
allergy, positive skin testing and specific serum IgE can be used 
as biomarkers along with elevated serum tryptase level during 
the acute reaction (8, 11, 17). Patients without evidence of IgE 
mechanism are good candidates for desensitization provided the 
phenotype of the drug reaction is a type I or a type IV like reaction 
without features of SJS/TEN (16, 21, 29) (Table 1).
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TAbLe 1 | Indications, contraindications and risk factors for drug desensitization.

indications High-risk patients Contraindications

Reactions type I (mast 
cells/IgE/basofills) 
Reaction type IV (except 
SCARs)

Severe anaphylaxis 
(intubation)

Severe cutaneous adverse 
reactions (SCARs) (SJS/TEN, 
DIHS/DRESS, AGEP)

No alternative drug Severe respiratory 
disease

Immunocytotoxic reactions 
(type II reactions)

Drug is more effective 
and/or associated with 
less side effects

Severe cardiac 
disease

Vasculitis

Drug has a unique 
mechanism of action

Severe systemic 
diseases

Serum sickness-like (type III 
reactions)

Use of beta-blockers, 
ACE inhibitors
Pregnancy

SJS, Stevens–Johnson syndrome; TEN, toxic epidermal necrolysis; DIHS, drug-induced 
hypersensitivity syndrome; DRESS, drug reaction (rash) with eosinophilia and systemic 
symptoms; AGEP, acute generalized exanthematous.

FiGURe 1 | In vitro IgE/antigen mouse mast cells activation and desensitization (13). (A) Desensitization of in vitro DNP-IgE sensitized mouse mast cells with DNP 
inhibits the release of granule mediators such as beta-hexosaminidase. Instead of one single optimal dose, 11 suboptimal sequential doses are given until reaching 
the optimal dose. (b) Desensitization of in vitro OVA-IgE sensitized mouse mast cells with OVA inhibits the release of granule mediators such as  
beta-hexosaminidase. Instead of one single optimal dose, 11 suboptimal sequential doses are given until reaching the optimal dose. (C) Desensitization of in vitro 
DNP-IgE sensitized mouse mast cell mediators with DNP inhibits the de novo generation of cytokines TNF alpha and IL-6 (D). (e) Calcium entry (blue line) occurs 
after activation of DNP-IgE sensitized mouse mast cells with DNP but not when cells have been desensitized to DNP (red line, * DNP). Desensitization is specific 
since cells that were DNP desensitized and OVA-IgE sensitized presented calcium entry after OVA activation (red line, * OVA). (F) Membrane events are modified 
during desensitization with lack of internalization of desensitized antigens: left panels indicate that OVA desensitization does not present internalization of antigen 
(upper panel) as opposed to activation (lower panel with green labeled OVA internalized) and right panels indicate that after OVA desensitization another non 
desensitizing antigen such as DNP can be internalized (upper panel) as seen with activation (lower panel).
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The mechanisms underlying drug desensitization are based 
on in vitro and in vivo models which have proposed that mast 
cells and basophils can be induced to predominantly inhibitory 
pathways by small incremental antigen doses, deactivating signal 
transduction and mediators release (13) (Figure 1).

Negative skin test is seen following desensitization in patients 
with IgE-mediated reactions, providing evidence of the powerful 
mechanisms which turn off skin mast cells (30–32). Partitioning of 
an optimal dose into 11–16 incremental doses starting at 1/1,000 
the target dose and delivering them with sufficient time interval 
to mast cells; inhibits the acute release of beta-hexosaminidase, a 
mast cell granule mediator, prevents the generation of arachidonic 
acid and products such as leukotrienes and prostaglandins and 
the late generation of inflammatory cytokines (Figure 1) (13).

During desensitization, calcium influx is abolished and 
actin polymerization impaired, providing stability to intracel-
lular granules in an antigen-specific fashion (Figure  1) (13). 
Membrane events that prevent internalization or modify its 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


FiGURe 2 | Model of in vitro mouse mast cells activation and desensitization. The left side cartoons provide the steps of antigen/IgE/FceRI activation starting from 
antigen cross-linking, internalization, calcium entry and release of granule mediators, generation of lipd mediators such as prostaglandins and leukotrienes, and 
production of late phase cytokines. The right sided panel provides the hypothetical membrane capping and rearrangement occurring during the delivery of 
sequential suboptimal doses of allergen in desensitization preventing internalization of antigen, calcium entry, and mediators release.
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FiGURe 3 | In vitro and in vivo protocols for induction of IgE/antigen desensitization. In the left panel in black, increasing single doses of antigen induce a dose 
response release of beta-hexosaminidase in vitro mouse mast cells. In white, the same doses given sequentially induce a profound inhibition of the beta 
-hexosaminidase release. In the right panel, a model of desensitization protocol used for human desensitization in which 3 bags and 12 steps (4 steps per bag) are 
used to administer sequential doubling doses every 15 min which provides the target dose of 300 mg after 5.66 h when the last step is completed.

FiGURe 4 | Putative mechanism of protection against anaphylaxis  
during human desensitizations. By delivering the target dose of the drug  
by small incremental doubling doses (Figure 3), the threshold for anaphylaxis 
is re-established at each step and never reaches that of the initial  
triggering dose.
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response to subthreshold doses of antigen occur during desen-
sitization and are associated with incremental unresponsiveness 
to specific antigen (Figure  2) (13). Association of the FceRI 
to ITIM containing receptors, capable of dephosphorylating 
ITAMs receptors has been postulated as one of the mechanisms 
of desensitization. Mast cells desensitized to one antigen are 
responsive to a second non desensitizing antigen, providing 
evidence of compartimentalization and highly specialized and 
regulated intracellular processes (Figure 1) (13).

The protocols used for in  vitro desensitization have been 
adapted in  vivo and further adaptations have produced safe 
protocols for human use (Figure 3) with similar dose increments 
and interval times (25–28). These human protocols have now 
been used in thousands of cases with remarkable safety since 
the inhibitory mechanisms of desensitization protect against 
anaphylaxis (Figure 4) (33, 34).

Whether after multiple desensitizations neutralizing antibod-
ies can be generated which may block allergenic drug epitopes 
has been hypothesized (6). Maintaining drug desensitization state 
depends upon continued drug exposure and desensitized drugs 
require administration at regular intervals to maintain a stable 
pharmacokinetics state. Desensitization needs to be repeated if 
several half-lives of the medication have elapsed (6, 33).

Protocols for drug desensitization have been successfully used 
for antibiotics, chemotherapy drugs, and MoAbs among other 
drugs in patients with IgE and non-IgE-mediated HSRs (Figure 5) 
(6, 14, 33, 35). The phenotypes of reactions amendable to desensi-
tization include immediate and delayed reactions. Typical type I 
reactions usually begin within minutes of initiation of the infusion 
to few hours after the infusion due to anti-histamine and steroid 
premedication. The signs and symptoms include puritus, flush-
ing, urticaria, angioedema, throat tightening, wheezing, nausea, 
diarrhea, hypotension, syncope, seizures, and cardiovascular col-
lapse which can lead to death. Atypical symptoms include back, 

chest, or abdominal pain (such as seen with taxanes, oxaliplatin, 
MoAbs such as rituximab) (33, 35).

Delayed reactions are attributed to type IV reactions and can 
occur several days after the infusion and are typically limited 
to the skin with maculopapular rashes (36). Reactions that 
involve mucosal membranes and/or are associated with systemic 
symptoms are not amenable to desensitization due to the risk of 
inducing a severe systemic reaction with small amounts of drug 
antigen (16, 21, 29).

Desensitization should be considered in patients with reaction 
phenotypes consistent with type I and type IV reactions who have 
no alternative therapy or for whom alternative therapies are of 
less value or can induce more side effects. The algorithm for the 
evaluation of these patients is seen in Figure 6 (6, 34, 37). The 
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FiGURe 5 | Symptoms and signs of hypersensitivity reactions amendable to desensitization. Carboplatin and other paltins such as cisplatin and oxaliplatin reactions 
include classical symptoms of anaphylaxis with cutaneous, respiratory, cardiovascular, and gastrointestinal symptoms. Reactions to taxenes including paclitaxel and 
docetaxel present with pain as a neuromuscular symptoms in up to 4% of the patients. Doxorubicin/adriamycin and other chemotherapies present with sudden 
onset hypo or hypertension in up to 60% of patients and rituximab and other monoclonal antibodies present with cutaneous and cardiovascular symptoms in 70% 
of the patients.

FiGURe 6 | Algorithm for the evaluation of drug hypersensitivity reactions and the role of desensitization for the re-introduction of the first-line medications, when no 
alternative is available or the alternative does not provide the same benefits or life expectancy as the first line.
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TAbLe 2 | Safety of first desensitization in patients with grades 1, 2, and 3 initial 
reactions.

First desensitization reaction grade

initial 
hypersensitivity 
reaction grade

0 1 2 3 Total

1 76 (61%) 38 (30%) 7 (6%) 4 (3%) 125
2 38 (58%) 22 (34%) 4 (6%) 1 (2%) 65
3 122 (60%) 54 (26%) 10 (5%) 19 (9%) 205
Total 236 114 21 24 396

From Sloane et al. (33).
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nature and symptoms of the initial reactions needs to be estab-
lished and tryptase and skin test provide evidence of IgE and/
or mast cell involvement. BAT is a research tool and cannot be 
applied to current clinical practice.

Drug desensitization can be performed in patients of any 
age and in pregnant women when alternative therapies are not 
possible or when delaying therapy may incur a shortened life 
span. Anaphylaxis is the major risk during desensitization since 
patients are exposed to their allergic drug. Large series have 
demonstrated that most breakthrough reactions during desensi-
tization are mild and less severe than the patient’s initial HSR and 
fatalities have not been reported, but all desensitizations can only 
be performed by an expert allergist familiar with the personal-
ized protocol and potential reactions (Table 1) (17, 33, 35). The 
safety of desensitizations is paramount and patients with grade 3 
severe initial reactions and anaphylaxis can be desensitized with 
minimal reactions as seen in Table 2.

Desensitization is not recommended for type II and type III 
serum sickness-like reactions or in patients with reactions with 
skin desquamation, EM, Stevens–Johnson syndrome or toxic 
epidermal necrolysis, because small amounts of drug can induce 
irreversible and potentially fatal reactions (Table 1) (16, 21, 29).

The most commonly used intravenous desensitization pro-
tocols are standardized 12- to 16-step protocols modeled after 
in vitro protocols and can be personalized to all drugs with adjust-
ment of the target dose, time intervals between doses and starting 
dose (Figure 3) (33, 38). Protocols are available for intravenous 
desensitizations but also for oral, subcutaneous, intraperitoneal, 
or intravenous routes in the outpatient and inpatient settings 
(39–41). Desensitization for delayed reactions is also available 
and may take several days but recent data suggest that some 
of these reactions may be amenable to shorter time intervals  
(8, 36, 42). The overall safety of desensitizations is similar for all 
medications provided the mechanism of the initial reaction is of 
type I, IgE and non-IgE or type IV. As seen in Figure 7, the overall 
safety indicates that 93% of patients present with no reaction or 
grade 1 reactions and all completed the desensitization.

Platins, taxanes, and MoAbs are the most common chemo-
therapy currently used in desensitization and are described below.

Platin Hypersensitivity
Platinum compounds are used in ovarian, colorectal, endometrial, 
glioblastoma, lung, and pancreatic cancer as initial chemotherapy 

and in second-line or salvage settings. Carboplatin is the most 
popular since it is less nephrotoxic and neurotoxic than cispl-
atin. Allergic reactions to platins are IgE-mediated and require 
sensitization through multiple exposures, with 27% of women 
becoming allergic after seven life time exposures (12, 43, 44). 
Allergic symptoms typically start at the second round of treat-
ment, when the cancer recurs and after 1–2 exposures sensitized 
patients present with flushing and pruritus which can progress 
to shortness of breath with further exposure and can lead to 
anaphylaxis, with hypotension and cardiovascular collapse (2, 4, 
7, 33, 45). Patients bearing BRCA 1 and 2 gene mutations have 
an increased risk for carboplatin reactions, which can occur with 
fewer exposures (46, 47). Most reactions to platins occur during 
or shortly after the drug infusion and the phenotype is that of 
type I reaction. In a study of 60 carboplatin sensitized patients, 
100% had cutaneous, 60% pulmonary, 40% respiratory, and 42% 
gastrointestinal symptoms (6).

The phenotype of reactions to oxaliplatin can be more com-
plex with features including typical IgE-mediated symptoms and 
atypical symptoms such as back and pelvic pain and cytokine-
mediated fever and chills (7, 11, 17, 48, 49). Antibody-mediated 
thrombocytopenia and immune complex-mediated syndromes 
with urticaria and proteinuria have also been observed (17, 50).

Skin testing to platins has been safely done (Table 3) and is 
diagnostic tool to demonstrate an IgE/mast cell mechanism in 
patients with carboplatin and cisplatin reactions (7, 11, 17). For 
patients exposed to six or more courses of carboplatin in the 
last 6  months the positive predictive value is up to 86% (11). 
Oxaliplatin skin testing is negative in up to 50% of patients pre-
senting type I reactions, indicating other than IgE mechanisms 
or lack of skin test allergenic determinants (17). Circulating 
serum specific IgE has been demonstrated and patients reac-
tive to oxaliplatin with detectable serum-specific IgE have also 
demonstrated IgE to carboplatin and cisplatin without exposure, 
indicating broad cross-reactivity (51). IgE to platins can be 
short lived since a study has demonstrated that ST is negative 
in a high proportion of patients with a remote history of HSR to 
carboplatin, but re-exposure leads to resensitization and severe 
reactions (11). When platins are considered as first-line therapy, 
desensitization is a safe option since increased premedications 
alone do not prevent anaphylaxis and cross-reactivity may pre-
vent the use of other platins (51). Patients with severe cutanoues 
reactions, SJS and TEN are currently not candidates since the 
mechanism of the reactions is unknown and small amounts 
of medications may induce severe symptoms (1, 16, 21, 29). 
Desensitization provides a similar life expectancy as non-allergic 
non desensitized patients (Figure  8) without increased health 
costs (33).

Taxanes
Taxanes are used in gynecologic, lung, breast, and prostate 
cancers and reactions to taxenes are among the most frequent 
chemotherapy reactions and fatalities have been reported (52). 
Paclitaxel and docetaxel have been the more frequently used and 
more recently other taxenes such as cabacitaxel and abraxene 
have become popular (53). Paclitaxel is an insoluble compound 
originally isolated from the bark of the pacific yew tree, Taxus 
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TAbLe 3 | Skin testing for the diagnosis of chemotherapy drug allergy including 
platins, monoclonal antibodies, and paclitaxel.

Medication Prick (mg/ml) intradermal (mg/ml)

Carboplatin 10 0.1, 1, 5, and 10
Cisplatin 1 0.1 and 1
Oxaliplatin 5 0.5 and 5
Rituximab 10 0.1, 1, and 10
Infliximab 10 0.1, 1, and 10
Tocilizumab 20 0.2, 2, and 20
Centuximab 20 0.2, 2, and 20
Traztuzmab 21 0.21, 2.1, and 21
Bevacizumab 25 0.25, 2.5, and 25
Cyclophosphamide 10 0.1, 1, and 10
Methotrexate 25 0.2, 2.5, and 25
Paclitaxel 1–6 0.001 and 0.01

FiGURe 7 | The overall safety of desensitization for common chemotherapy drugs and monoclonal antibodies.
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Baccata tree and solubilized in cremophor and docetaxel is a 
semi-synthetic molecule derived from a precursor found in 
European yew tree needles and solubilized in polysorbate 80  
(36, 54). The solvents can cause complement activation, gen-
erating anaphylotoxins C3a and C5a and leading to mast cell 

activation (55–57). Taxanes are used with premedications includ-
ing anti-histamines and steroids due to a high rate of reactions 
in early clinical studies (54). The rate of reaction has decreased 
to less than 10% and typically occurs during the first or second 
lifetime exposure in up to 80% of the patients (54). The phenotype 
of the reactions include type I symptoms such as throat tightness, 
flushing, hypotension, and dyspnea but atypical symptoms such 
as chest, back, or pelvic pain (8, 36, 54).

Skin testing has uncovered IgE-mediated reactions to taxanes 
and a recent study reported that 103 of 145 taxane reactive patients 
(71%) had positive results. Negative skin test patients who were 
challenged were likely to tolerated taxane infusions without 
desensitization. Atopy was present in over 40% of the patients and 
because patients react at first or second exposure suggested prior 
sensitization or cross-reactivity with environmental allergens (8). 
Risk stratification based on biomarkers such as skin testing can 
safely guide the management to taxane reactions and allows a 
significant number of patients to resume regular infusions. For 
patients with positive skin test and significant initial reaction for 
whom taxanes are first-line therapy, desensitization should be 
considered (8).
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FiGURe 8 | Life expectancy for cancer patients allergic and desensitized to 
carboplatin and non-allergic to carboplatin [from Sloane et al. (33)]. Allergic 
and non-allergic ovarian cancer patients treated with carboplatin or 
carboplatin desensitization presented a similar life expectancy with a non 
significant advantage for the allergy desensitized patients.

TAbLe 4 | Common monoclonal antibodies in use and rate of overall reactions and hypersensitivity reactions (HSR).

Drug Target Overall reactions HSR

Rituximab (Rituxan®) IV CD20 77% (first infusion) (52) 5–10% (53)

Ofatumumab (Arzerra®) IV CD20 44% (first infusion) (54) 2% (55)

67% (combination therapy) (55)

Obinutuzumab (Gazyva®) IV CD20 66% (56,57) (58)*

Trastuzumab (Herceptin®) IV HER-2 40% (mild; first infusion) (59) 0.6–5% (60)

Cetuximab (Erbitux®) IV EGFR 15–21% (61) 1.1–5% (62–65)
14–27% (Southern USA) (43,66,67)

Tocilizumab (Actemra®) IV IL-6 receptor 7–8% (68) 0.1–0.7% (68)

Infliximab (Remicade®) IV TNF-α 5–18% (69) 1%* (69)

Etanercent (Enbrel®) SC TNF-α 15–37% (70) <2% (70)

Adalimumab (Humira®) SC TNF-α 20% (71) 1% (71)

Golimumab (Simponi®) SC TNF-α 4–20% (72,73) Not reported

Certolizumab (Cimzia®) SC TNF-α 0.8–4.5% (74,75) Not reported

Brentuximab (Adcetris®) IV CD30 12% (76) (77–79)*

Bevacizumab (Avastin®) IV VEGF-A <3% (80) Not reported
Omalizumab(Xolair®) SC lgE 45% (81) 00.9–0.2% (81,82)

*< p = 0.05
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Monoclonal Antibodies
There are over 45 MoAbs currently in use for the treatment of 
cancer and inflammatory and autoimmune diseases. Reactions 
to MoAbs depend on their structure and vary from chimeric 
mouse-human, humanized, to fully human. Some of the most 
frequently used MoAbs are presented in Table 4, including their 
targets, incidence of overall injection/infusion site reactions, and 
HSRs (19, 34, 35).

Monoclonal antibodies immunogenicity depends on the 
human content but fully human MoAbs, such as adalimumab 

and ofatumumab can induce severe HSRs likely due to the gly-
cosylation patterns in  vitro and the generation of neo antigens 
(58). This is best exemplified in reactions to cituximab which can 
occur at first exposure in patients sensitized through tick bites 
to the mammalian oligosaccharide epitope, galactose-alpha-
1,3-galactose (alpha-gal) (59).

The phenotypes of MoAbs reactions include limited infusion 
reactions, IgE-mediated reactions, serum sickness-like reactions, 
cytokine storm-like reactions, and mixed reactions. Infusion 
reactions are characterized by nausea, chills, fever, and malaise 
and for trastuzumab these reactions can occur in up to 40% of 
patients (34, 35). Like cytokine storm-like reactions, which are 
more severe, can associate with hypotension, oxygen desatura-
tion, and require treatment with steroids and COX-1 inhibitors, 
proinflammatory cytokines (such as IL-6 and TNF-α) are thought 
to be involved (60, 61).

Immediate and delayed HSRs can occur with MoAbs and 
serum sickness-like reactions, such as seen with infliximab and 
omalizumab, which can present with rash, myalgia, fever, polyar-
thralgias, pruritus, edema, and fatigue (35).

Monoclonal antibodies used subcutaneously can elicit injec-
tion-site reactions few hours after the injection and persisting for 
several days. The phenotype of these reactions include local red-
ness, warmth, burning, itching, urticaria, pain, and induration, 
varying in frequency from 0.8 to 4.5% with certolizumab to up to 
45% with omalizumab (39).

Reactions to MoAbs can occur during the infusion and 
should prompt interruption of the treatment and the evaluation 
of tryptase and inflammatory cytokines to further understand 
the mechanism of the reactions. Skin testing with the offending 
agent can be done for type I and mixed reactions 2–4  weeks 
after the reaction to avoid false negative results, in particular in 
anaphylactic reactions in which natural desensitization can occur 
(35). An important consideration is cost of MoAbs; there are no 
available reagents at the present time for the evaluation of MoAb 
reactions and using a treatment vial may exceed several thousand 
dollars, precluding a diagnostic skin test evaluation. The negative 
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Prevalence of food-induced anaphylaxis increases progressively and occurs in an unpre-
dictable manner, seriously affecting the quality of life of patients. Intrinsic factors including 
age, physiological, and genetic features of the patient as well as extrinsic factors such 
as the intake of drugs and exposure to environmental agents modulate this disorder. It 
has been proven that diseases, such as mastocytosis, defects in HLA, or filaggrin genes, 
increase the risk of severe allergic episodes. Certain allergen families such as storage 
proteins, lipid transfer proteins, or parvalbumins have also been linked to anaphylaxis. 
Environmental factors such as inhaled allergens or sensitization through the skin can 
exacerbate or trigger acute anaphylaxis. Moreover, the effect of dietary habits such as 
the early introduction of certain foods in the diet, and the advantage of the breastfeeding 
remain as yet unresolved. Interaction of allergens with the intestinal cell barrier together 
with a set of effector cells represents the primary pathways of food-induced anaphylaxis. 
After an antigen cross-links the IgEs on the membrane of effector cells, a complex intra-
cellular signaling cascade is initiated, which leads cells to release preformed mediators 
stored in their granules that are responsible for the acute symptoms of anaphylaxis. 
Afterward, they can also rapidly synthesize lipid compounds such as prostaglandins or 
leukotrienes. Cytokines or chemokines are also released, leading to the recruitment and 
activation of immune cells in the inflammatory microenvironment. Multiple factors that 
affect food-induced anaphylaxis are discussed in this review, paying special attention to 
dietary habits and environmental and genetic conditions.

Keywords: food-induced anaphylaxis, ige, allergens, diet, mast cells, basophils

inTRODUCTiOn

The widely used definition of anaphylaxis as “an adverse allergic reaction that is rapid in onset and 
may cause death” is also accompanied by clinical criteria for diagnosis (1). Other definitions of 
anaphylaxis have been formulated to aid its diagnosis and management (2). It constitutes an alarming 
medical emergency (1, 3, 4), not only for the patient and members of the family, but sometimes also 
for the healthcare professionals involved. Death usually occurs because of respiratory or cardiac arrest 
as an aftershock of an anaphylactic attack (5). Although life-threatening episodes are uncommon, 

Abbreviations: FA, food allergy; HIS, histamine; IECs, intestinal epithelial cells; LTP, lipid transfer protein; MCs, mast cells; 
PAF, platelet-activating factor.
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these events constitute an unpredictable risk and their prevalence 
is steadily increasing affecting up to 2% of the population (6). 
Hospital and critical care unit admissions are not common but 
continue to increase, doubling in frequency between 1998 and 
2012 (7, 8). An accurate population-based estimate is difficult 
to obtain due to underdiagnosis and underreporting, as well as 
by the use of different clinical definitions for anaphylaxis and 
methods of case diagnosis in populations under study (9).

Molecules such as histamine (HIS), tryptase, leukotrienes, and 
prostaglandins, among others, mediate the clinical manifesta-
tions of anaphylaxis. Secretion of these mediators occurs after an 
allergen cross-links the IgEs bound to mast cells (MCs) and baso-
phils. However, IgE-independent immune mechanisms may also 
be involved (3). Physiological state (3), as well as certain diseases 
and medications (10), are risk factors for anaphylaxis. Cofactors 
such as drugs or exercise that can exacerbate or trigger acute 
anaphylactic episodes have been described (11–13). Specialist 
physicians and patients need to be aware of the relevant risk fac-
tors and cofactors in the context of long-term management and 
treatment of this condition. In this mini review, we summarize 
the physiological, genetic, and environmental aspects in the field 
of food allergy (FA) focusing special attention on anaphylactic 
reactions.

inCiDenCe OF FOOD-DeRiveD 
AnAPHYLAXiS

Food allergy is a serious and often life-threatening health con-
cern that is increasing in frequency especially in the vulnerable 
pediatric population affecting 4% of children and 2–3% of the 
adult population worldwide (14). The treatment requires changes 
in dietary habits and social behavior (15). FA is originated by a 
reaction of the immune system that results in non-tolerance 
of specific foods. In most patients, IgE mediates this immune 
disorder, although there are also IgE-independent cell-mediated 
allergies that are accompanied by gastrointestinal symptoms (16), 
but they are not going to be analyzed in this review.

More than 170 foods have been associated with type I allergies, 
the most common of which are milk, egg, wheat, fish, shellfish, 
peanuts, soy, and tree nuts, although the prevalence varies 
geographically (17). The two most frequent food allergens that 
induce severe and potentially lethal anaphylaxis are milk and egg, 
while the third differs between countries (18) being peanuts in 
the USA and Switzerland, wheat in Germany and Japan, tree nuts 
in Spain, and sesame in Israel (16). Foods and meals containing 
hidden allergens at restaurants are a serious source of risk for 
patients with food allergies (19). The prevalence of food-induced 
anaphylaxis seems to vary with the population selected and the 
region where they are recruited. The point prevalence of food 
challenge-confirmed allergy is under 1% (20–23).

Food allergies can be caused by primary sensitization to an 
eliciting food allergen (class I allergen), or they can be trigger-
ing by a primary sensitization to an inhalant allergen and later 
IgE cross-reactivity to a homologous protein in food (class II 
allergen) (24). Almost all plant food allergens are either storage 
or defense-related proteins and three dominating plant allergenic 

protein superfamilies have been identified as being involved in 
triggering severe reactions. These are prolamins that include 
the 2S albumins, lipid transfer proteins (LTPs), and α-amylase/
trypsin inhibitors, cupins that comprise the major globulin stor-
age proteins, mainly found in legumes and nuts and the Bet v 
1-related protein family (25, 26). Among animal food allergen 
families, parvalbumins, tropomyosins, and caseins are the three 
dominant groups (25, 26). The most significant molecular char-
acteristic of these allergens is their resistance to proteolysis, which 
increases the probability of reaching intact the intestinal mucosa 
and triggering an immune response (27).

inFLUenCe OF DieT in FA

The prevalence of FA is growing at an alarming rate (28), and it is 
not easy to know with precision the reasons behind this growth. 
Factors such as a sterile pathogen-free environment, chang-
ing dietary habits, vitamin D deficiency, intestinal microbiota 
composition, stability properties of certain allergens, or alcohol 
consumption may play a role in this increase (29) (Figure 1).

Breast milk provides an abundant source of soluble IgA and  
prebiotic glycans that promote the expansion of species of 
Lachnospira, Veillonella, and Rothia, which are adapted to this 
food source (30, 31). In contrast, formula feeding may not be 
sufficient for neonates with poor immunity, exacerbating the 
allergic reactions and only amino acid-based formulas should 
be considered as non-allergenic. Pre- or probiotic supplemented 
infant formulas are also used but they might not fully replicate the 
beneficial effect of breast milk.

The correct time to incorporate certain allergenic foods in 
the diet of infants has also been controversial topic. It has been 
demonstrated that the early introduction of peanut to high-risk 
7-month-old babies reduces the incidence of peanut allergy (32). 
Moreover, the LEAP study showed that in high-risk infants, sus-
tained consumption of peanut beginning in the first 11 months of 
life was highly effective in preventing the development of peanut 
allergy (33).

Nowadays, food processing is an important aspect in our 
daily diet. The stability of the allergenic proteins during these 
procedures (34) and the resistance to gastric and intestinal diges-
tion (35) are properties that preserve the integrity of IgE-specific 
epitopes, as occurs in LTPs allergic patients (36). These processes 
can alter structural characteristics of allergens and therefore 
modify their allergenic capacity (37–40). Patients, who possess 
specific IgE to linear epitopes, have a stronger response to cooked 
and partially digested antigens, while those patients who recog-
nize conformational or three-dimensional epitopes have a milder 
clinical response (41, 42).

It has also been proved that some nutrients, such as vitamin D, 
influence the regulation of the immune system (43–45). In fact, the 
frequency of food anaphylaxis increases in areas where the expo-
sure to UVB radiation is low and vitamin D is not synthesized in 
adequate concentrations (46). Moreover, vitamin D deficiency is 
associated with challenge-proven FA in infants (47). The deficit of 
this vitamin promotes Th2 responses by reducing the number of 
Th1 cells and inducing Th2 cell proliferation. However, in correct 
doses, vitamin D is responsible for reducing the allergic response 
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FigURe 1 | Diagram showing genetic, environmental, dietary habits, and allergen-related risk factors for food allergy.
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by promoting Treg and suppressing Th17 cells, demonstrating the 
importance of a correct balance (48).

geneTiC AnD enviROnMenTAL 
FACTORS invOLveD in FA

A few specific gene mutations have been related to food ana-
phylaxis. Several studies have identified an association of HLA 
genes with peanut allergy (49–51). Moreover, filaggrin is a key 
protein in the function of the epidermic epithelial barrier, and 
Cabanillas and Novak (52) have shown that the development of 
peanut allergy in children that carry one or more mutations in 
the filaggrin genes is provoked even when they are exposed to 
very small quantities of allergen, a risk that increased with higher 
dose exposure.

However, exclusively genetic susceptibility cannot explain the 
rapidly increasing prevalence of food allergies, suggesting that 
something in our environment is promoting this disease. There 
is increasing evidence that an early sensitization is occurring in 
individuals through the skin or even through breast milk and 
the amniotic fluid. Atopic dermatitis, multiplies by a factor of 10 
the risk of suffering peanut allergy (53). The exposure to peanut 
particles suspended in the environment (54), the absorption of 
active allergenic components present in topical lotions (55), the 
damage induced by scratching, or the presence of Staphylococcal 
enterotoxin B in the areas surrounding a skin lesion have all been 
associated to peanut allergy (56). Moreover, workers exposed to 

occupational food allergens can be sensitized through the skin or 
by inhalation (57, 58).

Allergic reactions are increasingly associated with demogra-
phic variables, which are becoming every day more widespread 
in the twenty-first century such as cesarean births. Delivery by 
cesarean section may predispose the newborn baby to FA, pre-
sumably due to modifications in the establishment of gut micro-
biota caused by a different initial exposure to microbes (59, 60).  
Continuous intake of antibiotics has a profound influence on the 
bacterial composition that colonize the intestinal track, which 
may affect the allergic response to food and which seems to be 
essential for the maintenance of homeostasis (61, 62). In a healthy 
gastrointestinal tract, the epithelium develops immune tolerance 
to antigens present in the diet, fights invading microorganisms, 
and limits their presence near the mucosa (63, 64). Alterations 
in gut microbiota (dysbiosis) and consequent disruption of 
homeostasis have been linked to the occurrence of allergic reac-
tions (65). However, whether an incremented permeability in 
the intestine is a cause or a consequence of an allergic reaction 
is still an open question (66). The finding that Clostridia strains 
can suppress allergy in mice (67, 68) suggests the potential use 
of microbial therapies to enhance the development of tolerance 
when given with allergen immunotherapy (69, 70).

A broad variety of other factors may also contribute to the 
increased risk of food-induced anaphylaxis. A prospective study 
reported an association between anaphylaxis and exercise, drug 
use, acute infection, premenstrual status, or psychological stress 
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FigURe 2 | Key features in the immunological mechanisms of intestinal mucosa involved in food allergy and food-induced anaphylaxis. CBP, 
carboxipeptidase; CMA, chymase; Cys-LT, cysteinyl leukotriene; HIS, histamine; IECs, intestinal epithelial cells; PAF, platelet-activating factor; PG, prostaglandins; 
TRY, tryptase.
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in 20% of patients (13). Food-dependent exercise-induced 
anaphylaxis has also been observed, although it is found more 
often in adults than in children (71–73). Studies have also 
shown that epigenetic variants, primarily in the pattern of DNA 
methylation, are associated with FA (74). Increased severity of 
anaphylaxis has also been reported for the elderly, patients with 
pre-existing cardiovascular disease, MC disorders, or undergo-
ing concomitant treatment with a beta-adrenergic blocker and/
or angiotensin converting enzyme inhibitor (75). Non-steroidal 
anti-inflammatory drugs also seem to enhance some food-
allergic reactions (76).

MUCOSAL iMMUnOLOgY OF FA

The gastrointestinal tract has a large surface area that is respon-
sible for the digestion and absorption of food. It is formed by 
the intestinal epithelium, a cell monolayer that creates a selective 
barrier separating both outside and inside environments (77) 

(Figure 2). This epithelium is the first line of defense forming a 
physical and biochemical barrier where the mutualistic relation-
ship between commensal microbial communities and immune 
cells are in a state of homeostasis (78), thereby preventing the 
colonization by other pathogenic microorganisms (79). This deli-
cate balance depends on the functions of intestinal epithelial cells 
(IECs), maintaining a state of non-responsiveness (tolerance) or 
releasing an antipathogenic immunity.

Enterocytes form the dominant cell population in the epithe-
lial barrier, constituting more than 80% of all IECs with functions 
that are metabolic and digestive, as well as secretory. Globet and 
paneth cells, also present in the barrier, release numerous hormone 
regulators such as mucins and antimicrobial proteins and protect 
the host from infection (80, 81). The most abundant mucins, 
MUC2, control macrophage and adaptive T cell responses during 
inflammation and inhibit pathogen microorganism chemotaxis 
(82, 83). Microfold cells (M cells) that form concentrations in 
the epithelium above Peyer’s patches mediate the presentation 
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of antigens and microorganisms to the mucosal immune system, 
appearing as efficient mechanisms of receptor-mediated trans-
port (84). In addition, among the cells of the immune system, 
dendritic cells and macrophages play an important role as antigen 
presenting cells. They are able to capture, process, and present 
the antigen to T  lymphocytes, and induce a specific immune 
response. On the other hand, MCs located in the lamina propria 
and cell barrier detect antigens through the specific IgEs attached 
to their membrane and induce inflammatory reactions by secret-
ing cytokines and immune mediators.

CeLLS AnD MOLeCULeS invOLveD in 
FOOD-inDUCeD AnAPHYLAXiS

effector Cells of Anaphylaxis
Mast cells and basophils represent the primary effector cells in 
the pathophysiological process of food-induced anaphylaxis 
(85, 86), although it has been speculated that they may also 
participate in late-phase and chronic allergic reactions (87). 
They express complementary and overlapping roles in both 
regulatory and effector activities (88) and due to the similarities 
in histochemical characteristics, IgE receptor expression and the 
mediators produced, MCs and basophils were supposed to be 
related. However, transcriptional analysis has shown minimal 
similarity between MCs and basophils (89), and in recent years, 
several studies have indicated that although derived from unique 
hematopoietic progenitors, they are not closely related (90, 91). 
Both cell types also differ in their development (92). Basophils 
complete their differentiation within the bone marrow, while 
MCs circulate in the blood as progenitor cells and enter the 
tissues to proliferate and maturate (93). Tissue microenviron-
ment regulates the mast cell expression of proteases (94, 95). 
Accordingly, humans MCs are classified based on their protease 
composition as MCs containing both tryptase and chymase, 
typically present in the bowel submucosa within the connective 
tissue, and those containing only tryptase, which are predomi-
nant on mucosal and epithelial surfaces such as bowel mucosa 
(96). Chymase-only-positive MCs have also been described but 
they appear to be very infrequent (97).

Mechanism of effector Cell Signaling
To understand the mechanisms of effector cell activation, it is 
essential to comprehend the regulation of intracellular signaling 
pathways that lead cells to release their mediators during the 
acute phase of anaphylaxis. In the last years, these events have 
been extensively studied and reviewed in the literature (98–104). 
However, given the complexity of these processes, here we present 
only a brief overview of the current state of affairs, focusing pri-
marily on FcεRI. Signaling initiated by FcεRI aggregation triggers 
phosphorylation of immunoglobulin receptor activation motifs, 
which is mediated by the Src family tyrosine kinase Lyn and Syk. 
Subsequently, two major signaling enzymes, phosphoinositide 
phospholipase C-gamma and phosphoinositide 3-kinase, are 
activated which causes the release of calcium from intracellular 
stores, leading to cell degranulation, arachidonic acid metabo-
lism, and activation of transcription factors with the consequent 

production and release of lipid mediators and the production 
of cytokine and chemokine. Effector cells also possess receptors 
characterized by a conserved immunoreceptor tyrosine-based 
inhibitory motif that when phosphorylated, recruits protein 
(SHP-1) and lipid phosphatases (SHIP1, SHIP2) that inhibit 
protein interactions and therefore inhibit the signaling cascade. 
In the end, despite all these complex cellular signaling pathways, 
the status of effector cell activation is really a balance between 
the pathways that upregulate these processes and those that 
downregulate them.

Mediators of Anaphylaxis
Both MCs and basophils participate in clinical manifestations 
of anaphylaxis that typically involve the skin and the respiratory 
and gastrointestinal tracts (105). They release potent inflam-
matory mediators after an antigen cross-links the specific 
IgE attached to their surface receptors. Tissue-derived MCs 
and circulating basophils can immediately release preformed 
mediators stored in their granules such as HIS, heparin, or 
proteases that are responsible for many of the acute symptoms 
such as vascular leak or bronchoconstriction (106, 107). HIS, the 
main biogenic amine released upon activation of effector cells, 
has long been proven to be a short half-life factor triggering a 
variety of symptoms of anaphylaxis, including inflammation, 
itchiness, and mucus production (108). Recent studies have 
shown a correlation between plasma HIS levels and anaphylaxis 
severity (109). The efficiency of blocking HIS H1 and H4 recep-
tors to suppress intestinal anaphylaxis in peanut allergy has also 
been proved, being this effect mediated through the limitation 
of mesenteric lymph node and intestinal dendritic cell accu-
mulation and function (110). Tryptase is currently one of the 
biomarkers to assess MCs activation and levels are enhanced 
after onset of anaphylaxis (111). Basal tryptase levels in serum 
may predict moderate to severe anaphylaxis in children with FA 
(112) and they have also been described as good markers for 
the diagnosis of food-induced anaphylaxis (113). Chymase and 
carboxypeptidase levels in serum of patients with anaphylaxis 
have been found to be significantly greater than those found in 
healthy subjects, although there is no correlation with tryptase 
levels (114).

After activation, MCs and basophils can also rapidly synthe size 
lipid compounds in their membrane. These include prostaglan-
dins, leukotrienes, and platelet-activating factor (PAF) that are 
mediators of hypotension, bronchospasm, mucus secretion, as 
well as leukocyte and dendritic cell recruitment during anaphy-
laxis (115). Increased urinary concentrations of leukotrienes and 
prostaglandins have been found in patients with food-induced 
anaphylaxis (caused by seafood, nuts, and soybean milk) com-
pared to healthy individuals, showing good correlation between 
both mediators (116). PAF correlates better than either HIS or 
tryptase with severity of symptoms (117), and a deficiency of 
PAF-AH, the enzyme that inactivates PAF, predisposes patients 
to severe anaphylaxis (118). Moreover, it has been proven that 
detection of malfunction of PAF-AH may help identify individu-
als at risk of anaphylaxis (119).

Upon activation of MCs and basophils, cytokines or chemo-
kines are newly synthesized and released, which are involved in 
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the recruitment and activation of several cells in the inflamma-
tory microenvironment (106). Many cytokines, chemokines, and 
growth factors are released from MCs (120) and basophils (121). 
IL-2, IL-4, IL-5, IL-6, IL-10, IL-13, and IFN-γ are elevated in ana-
phylactic patients (106), but only IL-2, IL-6, and IL-10 have been 
correlated with initial reaction severity (106, 109), although it is 
difficult to determine their origin because they are not exclusively 
produced by effector cells.

COnCLUSiOn

Despite efforts to prevent FA and anaphylaxis and to elu-
cidate the fundamental underlying mechanisms that link 
allergen exposure to symptoms, the incidence is increasing in  
developed countries. Individual genetic predisposition is an 
important determinant, although the features of the aller-
gen itself and a variety of environmental factors, including  
diet and intestinal microbiota may have an important impact 
on sensitization, severity, and persistence of FA. Preventive 
strategies, such as dietary interventions, the use of probiotics, 
or prolonged exclusive breast-feeding, among others, have 
recently come into question and therefore it is important to 
identify and study how to control the risk factors to reduce the 
development of FA. The complex network of factors involved in 
these disorders makes research in this field difficult and much 
more investigation needs to be done to identify and manipulate 

the modifiable risk factors to offer significant benefits to miti-
gate this disease in the future.
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The prevalence of anaphylaxis among patients with clonal mast cell disorders (MCD) 
is clearly higher comparing to the general population. Due to a lower frequency of 
symptoms outside of acute episodes, clonal MCD in the absence of skin lesions might 
sometimes be difficult to identify which may lead to underdiagnosis, and anaphylaxis is 
commonly the presenting symptom in these patients. Although the release of mast cell 
(MC) mediators upon MC activation might present with a wide variety of symptoms, par-
ticular clinical features typically characterize MC mediator release episodes in patients 
with clonal MCD without skin involvement. Final diagnosis requires a bone marrow study, 
and it is recommended that this should be done in reference centers. In this article, we 
address the main triggers for anaphylaxis, risk factors, clinical presentation, diagnosis, 
and management of patients with MC activation syndromes (MCASs), with special 
emphasis on clonal MCAS [systemic mastocytosis and mono(clonal) MC activations 
syndromes].

Keywords: anaphylaxis, clonal, mast cell, mast cell activation syndrome, mastocytosis

inTRODUCTiOn

Anaphylaxis occurs as a result of the sudden release of a wide broad of mediators from mast cells 
(MCs) and basophils. Clinically, it may show heterogeneous symptoms involving different organs 
and tissues as far as it fulfils the proposed diagnostic criteria (1), but it usually presents as a serious 
reaction which can be life threatening or fatal (2).

Mast cells are ubiquous immune cells that preferentially reside as mature cells in the connective 
tissue from body sites acting as natural barriers for exogenous antigens such as the skin and the 
gastrointestinal or respiratory tracts, among other tissues; despite this, mature MCs derive from 
a hematopoietic precursor in the bone marrow (BM). The activation of MCs can be mediated by 
immunological or non-immunological mechanisms that induce the release of preformed proinflam-
matory substances and also promote the synthesis of many other mediators (3, 4).

The term MC activation syndrome (MCAS) encompasses a heterogeneous group of disorders 
characterized by the existence of clinical symptoms secondary to the systemic effects of media-
tors released by MCs upon their activation, including anaphylaxis. Based on a recent consensus 
proposal (5, 6), MCAS can be classified into three main categories: (1) primary MCAS, which 
includes systemic mastocytosis (SM) and (mono)clonal MCAS (MMAS), (2) secondary MCAS, and  
(3) idiopathic MCAS. The key feature that defines primary MCAS is the demonstration of clonal BM 
MCs, which results into a constitutive hyperactivity of MCs. In most SM and MMAS patients, MC 
clonality can be established by the detection of activating mutations of the KIT receptor, a protein 
membrane involved in the regulation of crucial MC functions such as differentiation, activation 
and survival. On the contrary, MCs in patients with secondary and idiopathic MCAS are normal; 
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in these latter cases, MC activation symptoms are related with 
clinical conditions that can secondarily activate MCs such as 
allergic, neoplastic, inflammatory, or autoimmnune diseases, or 
with unknown factors.

Herein, we review the main triggers, risk factors, clinical pres-
entation, diagnosis, and management of patients with MCAS, with 
special emphasis on primary (clonal) MCAS (SM and MMAS).

PATHOPHYSiOLOGY OF AnAPHYLAXiS 
AnD CLOnAL MCAS

In allergic reactions, MC activation is due to the interaction of 
circulating IgE antibodies–antigen complexes with high-affinity 
Fc receptors for IgE (FcεRI) on the surface of MCs (and baso-
phils). In addition to this mechanism, MCs can also be activated 
by other non-IgE-mediated immunological mechanisms and by 
non-immunological mechanisms, such as C3 and C5 (7), nerve 
growth factor (8), IgG (9–12), and toll-like receptors (13–15), 
among others. Upon MC activation, the proinflammatory 
response is further regulated by the balance of both positive 
and negative multiple molecular events (16), including gp49B1-
αvβ3 (17), ITIM and ITAM motifs, kinases, phosphatases, adap-
tors, and lipids–lipases pathways (16). In parallel, normal and 
reactive MCs, as well as clonal MCs from patients with primary 
MCAS, systematically express the stem cell factor receptor 
(c-kit or CD117) (18), which plays a key role in the regulation 
of several processes that are crucial for MC function. Similarly 
to SM patients, the presence of activating KIT mutations in 
clonal MCAS results into a constitutive, ligand-independent 
hyperactivation of the KIT receptor; this eventually induces 
the activation of several intracellular downstream signaling 
pathways involved in differentiation, maturation, migration, 
activation, and survival of MCs, such as the Ras, Jak, and phos-
phatidylinositol 3-kinase (PI3K) pathways (17).

SM AnD MOnOCLOnAL MCASs

Mastocytosis is a heterogeneous group of disorders character-
ized by the presence of abnormal expansion of clonal MCs in 
organs and tissues (19, 20). The most recent version (2016) of 
the World Health Organization classification recognizes several 
categories of mastocytosis that can be grouped into three main 
categories of the disease: cutaneous mastocytosis, SM, and MC 
sarcoma (21). Aditionally, SM can be divided into different sub-
types depending on the extent of BM involvement, the existence 
of signs or symptoms due to end-organ dysfunctions and the 
presence vs. absence of associated hematologic neoplasms. The 
most frequent subtype of SM (~80% of all SM cases) is indolent 
systemic mastocytosis (ISM) (22), which can present with or 
without skin lesions (ISMs+ and ISMs−, respectively). It is 
widely accepted that the demonstration of typical skin lesions 
of mastocytosis in adults leads to the suspicion of SM, and such 
finding usually initiates the diagnostic work-up of the disease, 
including a BM evaluation. By contrast, ISMs− (~20% of all 
ISM cases) is frequently underdiagnosed, mainly due to the 
heterogeneity and the lack of specificity of presenting clinical 
symptoms that can overlap with those found in more common 

allergic diseases (23). In this regard, the demonstration of 
increased levels of serum baseline tryptase (sBT), a protease 
which is almost exclusively released by MCs, has contributed 
for a better identification of ISMs− cases; despite this, a subset 
of patients with ISMs−, particularly those who have a low BM 
MC burden, may show low (even normal) sBT levels. Alto-
gether, these findings support the need for additional (predi-
agnostic) criteria that could help to determine the risk of having 
an underlying clonal MCAS in patients suffering from MC 
mediator release symptoms, in order to properly select potential 
candidates for a BM study (24).

In recent years, the term MCAS has emerged to encompass 
all those clinical entities characterized by MC activation, includ-
ing SM. In general terms, MCAS is defined by (i) the presence 
of recurrent signs or symptoms attributable to the release of 
MC mediators, together with (ii) increased levels of biochemi-
cal markers of MC degranulation in blood and/or urine, and 
(iii) response to MC stabilizers and/or MC mediator-targeted 
drugs (6). The European Competence Network on Mastocytosis 
(ECNM) has recently proposed a comprehensive classification 
of MCAS (25), in which three main categories of MCAS are 
recognized depending on whether the cause of MC activation 
is the presence of a clonal expansion of MCs (primary MCAS), 
the existence of disorders that can potentially induce MC 
degranulation such as allergy, inflammatory, and autoimmune 
diseases or tumors (secondary MCAS), or unknown (idi-
opathic MCAS) (5, 6). As some patients with primary MCAS  
(e.g., SM) can also present with secondary causes of MC activa-
tion (e.g., allergy) or fulfill diagnostic criteria for idiopathic  
entities of MCAS (i.e., idiopathic anaphylaxis), the Spanish 
Network on Mastocytosis (REMA) has proposed to classify 
MCAS in only two main groups (i.e., clonal and non-clonal 
MCAS) based on the presence vs. absence of clonal BM MCs, 
res pectively. In any case, a complete BM evaluation should 
be necessary in all patients with suspected MCAS in order to 
discriminate between entities presenting with clonal (primary) 
MCAS, including SM and (mono)clonal MCAS (MMAS), and 
non-clonal (secondary and idiopathic) MCAS. Despite this, 
non-clonal MCAS are frequently assumed in clinical practice 
in the absence of BM evaluation; in turn, primary MCAS may 
represent a diagnostic challenge due to the lack of specificity 
of their clinical symptoms and the need of highly sensitive 
diagnostic techniques to establish the clonal nature of MCs, as 
discussed in detail below.

From a pathogenic point of view, the most relevant biological 
finding in SM (and also in MMAS) is the presence of activating 
KIT mutations (mostly the Asp816Val -D816V- KIT mutation) 
in the vast majority of cases (26–29), which results into a con-
stitutive, ligand-independent, activation of the KIT receptor. In 
virtually all patients with SM, the existence of activating KIT 
mutations is accompanied by the aberrant expression of CD25 
(and/or CD2) on BM MCs, which is therefore widely considered 
as a surrogate marker of MC clonality (30). Both genetic and 
immunophenotypic features suggest a profound alteration in 
the mechanisms of adhesion, activation and migration of MCs 
(31). Despite MC mediator release symptoms, MC clonality and 
increased sBT levels are findings commonly shared by SM and 
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FiGURe 1 | Main triggers of anaphylaxis in general population vs. clonal MCAS patients. Modified from Ref. (18). ISMs+, indolent systemic mastocytosis with skin 
lesions; ISMs−, indolent systemic mastocytosis without skin lesions; c-MCAS, (mono)clonal mast cell activation syndromes.
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MMAS, the distinction between both entities can be established 
by the absence of enough criteria for the diagnosis of SM in 
MMAS patients, as further discussed herein.

ePiDeMiOLOGY, TRiGGeRS, AnD RiSK 
FACTORS OF AnAPHYLAXiS in CLOnAL 
MCAS

Different allergic diseases such as rhinitis, conjunctivitis, asthma, 
urticaria, and atopic dermatitis have been reported to be present 
in patients with mastocytosis, with a similar frequency as that 
found in the general population (32). Nevertheless, the preva-
lence of anaphylaxis has been reported to be up to 100 times 
more frequent among patients with SM vs. general population 
(33, 34) with an overall frequency that ranges from 22 and 49% 
in adults (32, 35, 36) and between 6 and 9% in children (32, 35). 
Furthermore, it seems to occur more often in patients with clonal 
MC disease without cutaneous involvement (24, 37). In fact, 
anaphylaxis is commonly the presenting symptom in patients 
with ISMs− and MMAS (18, 34, 38). Although the existence of 
a clonal MCAS is a predisposing factor for severe MC mediator 
release episodes by itself, other factors have been associated 
with an increased risk for the development or the severity of 
anaphylaxis among patients with SM and MMAS (35). In adults 
with SM, it has been suggested that the overall BM MC burden is 
inversely related with the severity of MC mediator release symp-
toms. Thus, ISM patients (particularly those with ISMs−) suffer 
from anaphylaxis more frequently than patients with advanced 
forms of SM (i.e., aggressive SM) (24, 39).

A wide variety of elicitors such as insects, drugs, food, as 
well as physical, environmental, and emotional factors have 
been recurrently reported as potential triggers of MC activation 
episodes in patients with MCAS (18, 24, 40). Among these, the 
most common trigger of anaphylaxis in adults with ISMs− and 

MMAS is, by far, hymenoptera sting, followed by unknown cause 
(idiopathic) and drugs (Figure 1). A recent study by the REMA 
(38) has suggested that ISMs− associated with anaphylaxis 
exclusively triggered by insects (mostly hymenoptera) represents 
a subtype of ISMs− that rarely refer anaphylaxis with additional 
elicitors (38, 40) and displays unique clinical, biological, and 
molecular features vs. ISMs− triggered by other factors and 
ISMs+. These features include (1) a clear male predominance,  
(2) a typical clinical profile of acute MC mediator release epi-
sodes characterized by (cardio)vascular symptoms in the absence 
of urticaria and angioedema, (3) a low BM MC burden, and  
(4) the detection of the KIT mutation restricted to the MC 
compartment. Importantly, the extent of involvement of hemat-
opoiesis by the KIT mutation—restricted to MC or affecting 
additional hematopoietic cell lineages—has been reported to be 
the most relevant risk factor for disease progression in ISMs−;  
for this reason, ISMs− associated with insect-induced ana-
phylaxis appears to be the subtype of ISM with more favorable 
long-term prognosis (41).

CLiniCAL PReSenTATiOn OF 
AnAPHYLAXiS in CLOnAL MCAS

Upon MC activation, a wide variety of symptoms can occur as a 
result of the systemic effect of proinflammatory and vasoactive 
mediators released from MCs, which ranges from pruritus, hives, 
flushing, tachycardia, abdominal pain, or diarrhea, to syncopal or 
near-syncopal episodes. Several studies by the REMA have shown 
that MC mediator release episodes in patients with ISMs− (and 
MMAS) are typically characterized by cardiovascular symptoms 
(i.e., dizziness and/or syncope) without cutaneo-mucosal symp-
toms (i.e., urticaria and angioedema) (24). These observations, 
together with a male predominance of ISMs− and increased lev-
els of sBT, led to the development of a predictive model (REMA 
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TAbLe 1 | REMA score proposed to predict clonal MCAS in patients in the 
absence of skin lesions.

variable Score

Gender
Male +1
Female −1

Clinical symptoms
Absence of urticaria, pruritus, and angioedema +1
Urticaria, pruritus, and/or angioedema −2
Presyncope and/or syncope +3

baseline serum tryptase
<15 ng/ml −1
>25 ng/ml +2

Reprinted from Álvarez-Twose et al. (42). Reproduced with permission of Karger.
MCAS, mast cell activation syndrome.
Score <2: low probability of clonality.
Score ≥2: high probability of clonality.
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score) (Table 1), which showed a high efficiency to discriminate 
between patients with clonal MCAS and other types of MCAS 
(24, 42). Interestingly, the REMA score also showed higher 
specificity and sensitivity compared to the evaluation of sBT 
levels alone for predicting SM and MMAS. Based on these results, 
the ECNM has incorporated the REMA score in the most recent 
consensus algorithm for the diagnosis of SM (25). Moreover, the 
systematic application of the REMA score in patients presenting 
with symptoms related with MC activation in the absence of skin 
lesions evaluated by the REMA has allowed not only to decrease 
the number of BM studies carried out in these group of patients, 
but also to identify an increasing number of patients with ISMs−  
(and MMAS) showing normal sBT levels (~10% of all ISMs− 
cases in the updated series of the REMA, data not published). 
These observations, together with the simplicity and the low cost 
of the method to select for potential candidates for BM evalu-
ation, highlights the clinical and socioeconomic impact of the 
REMA score and supports its application in a routine basis in 
clinical practice.

DiAGnOSiS OF CLOnAL MCAS

The distinction between primary MCAS (ISMs− and MMAS) 
and secondary or idiopathic MCAS is based on the demonstra-
tion on the clonal nature of MCAS. Given the fact that MCs are 
produced in the BM and that KIT mutation is usually restricted 
to the MC compartment (24), the establishment of MC clonality 
requires the study of the BM.

The diagnosis of SM is based on the coexistence of one major 
criterion and one minor criterion, or ≥3 minor criteria in the 
absence of the major criterion (21). The major criterion consists 
on the demonstration of multifocal aggregates of ≥15 MCs in 
BM sections (or in other extra-cutaneous tissues). In turn, the 
minor criteria include (i) identification of >25% of morpho-
logically abnormal MCs in BM smears, (ii) demonstration of an 
aberrant expression of CD25 and/or CD2 on MCs, (iii) detection 
of the activating mutations in codon 816 of the KIT gene, and  
(iv) presence of sBT levels ≥20 μg/l. In contrast to SM, the diagno-
sis of MMAS is established when only one or two minor criteria  

(not including increased sBT levels) are present in the absence 
of the major criterion (43–45).

Whereas KIT mutations and the aberrant expression of CD25 
on BM MCs can be already detected in early stages of SM as long 
as highly sensitive techniques are applied (46), the presence of 
BM MC aggregates and increased levels of sBT are closely related 
with the proliferation rate of the clonal MC population in SM and 
can be absent in a significant proportion of patients with ISMs−. 
Given the low (frequently very low) BM MC burden that char-
acterizes both ISMs− and MMAS, it must be emphasized that 
BM studies in patients with symptoms related with MC activation 
without skin lesions should include highly sensitive diagnostic 
techniques in order to detect clonal MCs even when they repre-
sent only a minority of the nucleated cells in the BM (24). Among 
these techniques, multiparametric flow cytometry and molecular 
methods on fluorescence-activated cell sorting-purified BM MCs 
such as peptide nucleic acid-mediated polymerase chain reaction 
(PCR) clamping or allele-specific oligonucleotide quantitative 
PCR, are preferred over other methods (i.e., CD25 immuno-
histochemistry and conventional PCR) to establish the clonal 
nature of BM MCs in this clinical setting (47). Accordingly, it is 
strongly recommended to perform the BM study of patients with 
suspected SM (particularly those without skin involvement) in 
highly specialized reference centers for mastocytosis.

TReATMenT OF AnAPHYLAXiS in 
PATienTS wiTH CLOnAL MCAS

Acute Treatment
It is of paramount importance that clinicians early recognize and 
treat MC mediator release symptoms (48). As among general 
population, treatment with epinephrine (adrenaline) injected 
intramuscularly in the mid-outer thigh, as soon as anaphylaxis 
is diagnosed or strongly suspected, constitutes the first line treat-
ment of anaphylaxis, and repeated doses might be administered 
after 5–15 min in the absence of optimal response (2). At the same 
time, life-sustaining treatment including supplemental oxygen 
or intravenous fluids should be administered as needed (49). H1 
antihistamines and H2 antihistamines usually in com bination 
with glucocorticoids are considered as second-line medications 
in anaphylaxis. In addition, other coadjuvant drugs might be 
administered depending on the presenting clinical features of the 
patients.

baseline Treatment
Treatment strategies for clonal MCAS do not significantly dif-
fer from those used in other well-known entities cursing with 
secondary or idiopathic MC activation, and they are focused on 
preventing and/or decreasing the effects of mediators released 
from MCs. These strategies include an adequate information 
and training of the patient, their relatives, and care providers in 
order to avoid triggers (18), and the administration of different 
anti-mediator therapy selected on the basis of the intensity and/or  
severity of the signs and symptoms linked with the activation  
of MCs (46) such as histamine receptors blockers, sodium cro-
molyn, leukotriene antagonists, corticosteroids, and epinephrine, 
among others.
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H1 blockers have been shown to decrease pruritus, flushing, 
urticaria, tachycardia, hypotension, and abdominal pain related 
with MC degranulation (50, 51). H2 antihistamines seem to poten-
tiate the effect of H1 antihistamines and can also be of potential 
utility in patients with suboptimal response to H1 blockers alone 
(52). Oral sodium cromolyn is a MC stabilizer, which has proven 
to decrease symptoms such as diarrhea, abdominal cramping, 
nausea, pruritus, flushing, bone pain, headache, and some cog-
nitive symptoms in patients with mastocytosis (53). In selected 
cases, aspirin and COX-2 selective inhibitors such as celecoxib 
might be also useful whenever previous tolerance to such drugs 
has been demonstrated (52).

In refractory cases despite conventional therapy, treatment 
with the anti-IgE recombinant humanized monoclonal anti body 
omalizumab has shown to suppress MC activation episodes in all 
clinical subtypes of MCAS presenting as idiopathic anaphylaxis 
(54–56), Meniere’s disease (57), and also to prevent reactions 
related to venom immunotherapy administration (58, 59). The 
mechanism by which omalizumab decreases the release of MC 
mediators in asthma (60) and in spontaneous chronic urticaria 
(61) appears to be related with its ability to block the binding of 
circulating IgE antibodies to FcεRI receptors on the surface of 
MCs and basophils resulting into a decrease on receptor expres-
sion (62), or by interfering with the release of MC mediator 
(63). Although it has not been confirmed so far, the response to 
omalizumab reported in a few primary MCAS patients (54–56) 
may not differ from the mechanisms referred above.

More rarely, some patients with SM showing high BM MC 
burden could benefit from cytorreductive or immunomodulatory 
drugs such as hydroxyurea (64), interferon alpha2b (65), and clad-
ribine (2-CDA) (66) among others. More recently, several tyros-
ine kinase inhibitors (TKIs) such as midostaurin, masitinib, or 

dasatinib have shown to improve MC mediator release symptoms 
in a subset of patients with SM, even in the absence of significant 
decrease in BM MC numbers (52); despite this, the usage of TKI 
drugs should be restricted to highly symptomatic SM patients 
unresponsive to conventional intensive anti-mediator therapy, 
ideally in the setting of clinical trials.

COnCLUDinG ReMARKS

Emerging entities with clonal BM MCs as ISMs− and clonal 
MCAS might sometimes be difficult to recognize. Anaphylaxis 
is commonly the presenting symptom, and hymenoptera sting 
is the most common trigger. Both entities involve a great chal-
lenge either from the diagnostic or therapeutic point of view. 
Final diagnosis requires a BM study, but given the low BM MC 
burden typical of these entities, highly sensitive techniques are 
mandatory.
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Anaphylaxis is an acute, life-threatening, multisystem syndrome resulting from the 
sudden release of mediators from effector cells. There are two potential pathways 
for anaphylaxis. The first one, IgE-dependent anaphylaxis, is induced by antigen (Ag) 
cross-linking of Ag-specific IgE bound to the high-affinity IgE receptor (FcεRI) on 
mast cells and basophils. The second one, IgG-dependent anaphylaxis is induced by 
Ag cross-linking of Ag-specific IgG bound to IgG receptors (FcγRI, FcγRIIA, FcγRIIB, 
FcγRIIC, and FcγRIIIA) on macrophages, neutrophils, and basophils. Macrophages 
exhibit a huge functional plasticity and are capable of exerting their scavenging, bac-
tericidal, and regulatory functions under a wide variety of tissue conditions. Herein, we 
will review their potential role in the triggering and development of anaphylaxis. Thereby, 
macrophages, among other immune cells, play a role in both anaphylactic pathways 
(1) by responding to anaphylactic mediators secreted by mast cells after specific IgE 
cross-linking or (2) by acting as effector cells in the anaphylactic response mediated by 
IgG. In this review, we will go over the cellular and molecular mechanisms that take place 
in the above-mentioned anaphylactic pathways and will discuss the clinical implications 
in human allergic reactions.

Keywords: anaphylaxis, igG, ige, macrophages, serotonin

PATHwAY FOR AnAPHYLAXiS: ige AnD igG DePenDenT

IgE-mediated anaphylaxis is well established and is thought to be the main anaphylactic pathway. 
However, increasing evidence obtained from animal models supports the existence of a second path-
way. In this IgG-dependent pathway, macrophages instead of mast cells, and IgGs rather than IgE, are 
the immunoglobulins involved, and the main mediator released is platelet-activating factor (PAF) 
instead of histamine. Differences were detailed in Table 1. Data from IgG-mediated anaphylaxis were 
recopilated mainly from previous murine models, while data from IgE-mediated anaphylaxis were 
obtained from both animal and human previous reports (Table 1).

In this review, we will analyze the evidence obtained from murine experimental models support-
ing the existence of an IgG-dependent anaphylaxis pathway and speculated about the possibility of 
a similar mechanism in humans, either as a stand-alone pathway or as a synergistic mechanism to 
IgE-mediated anaphylaxis.

The main body of evidence for IgG-mediated anaphylaxis comes from animal models.
Passive immunization, result of the administration of specific Igs, followed by enteral or paren-

teral challenge with the appropriate antigen (Ag) supported the relevance of IgE and mast cells in the 
development of anaphylaxis (1–3). Indeed, animals with depleted mast cells, IgE or FcεRI, subjected 
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TAbLe 1 | Main features in the mechanisms and triggering factors 
involved in ige- and igG-dependent anaphylactic pathways.

ige-dependent 
pathway

igG-dependent pathway

Ig involved IgE IgGs

Antigen concentration Low High

Fc receptor FcεRI FcγRI, FcγRIIA, FcγRIIB, 
FcγRIIC, FcγRIIIA, and 
FcγRIIIB

Effector cells Mast cells Macrophages, monocytes, 
and neutrophils

Mediators Histamine (leukotrienes, 
prostaglandin, 
serotonin, etc.)

Platelet-activating factor 
(leukotrienes, prostaglandin, 
serotonin, etc.)

Triggering factors Food, drugs  
(e.g., beta-lactam 
antibiotics), insect sting 
and bites, exercise 
(food dependent)

Food, drugs [monoclonal  
antibodies (omalizumab or 
infliximab)], or dextrans, others
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to active or passive immunization followed by oral challenge, 
completely suppress the anaphylactic reaction.

However, animal immunization followed parental challenge 
with the same Ag, revealed that anaphylaxis could even occur 
in the absence of the IgE/FcεRI/mast cell pathway. This demon-
strates the existence of an alternative anaphylaxis pathway that 
closely resembles IgE-mediated anaphylaxis but involves other 
key players (3–5).

Both pathways display significant differences in their main 
features (Table 1), such as the requirement of different concentra-
tions of Ag and Ab to induce the reaction.

In fact, studies comparing Ag doses required to elicit IgE- or 
IgG-mediated anaphylaxis suggested that the IgG-dependent 
pathway requires approximately 100-fold more Ag than the IgE 
pathway to induce a similar response (3).

Additionally, anaphylaxis mediated through IgG also 
appeared to require much more Ab than anaphylaxis mediated 
through IgE. In fact, IgE-mediated anaphylaxis can even be seen 
with serologically undetected sIgE levels, in which sIgE bound 
to mast cells is sufficient (5). In contrast, relatively high levels of 
serum IgG are required for Ag induction of anaphylaxis through 
the IgG pathway (3). This could be due to two factors: first, the 
much higher affinity of FcεRI for IgE than FcγRIII for IgG, and 
second, the fact that IgE binds directly to mast cell-associated IgE, 
whereas Ag/IgG complexes are presumably formed in blood and 
lymph before binding by FcγRIII on other immune cells such as 
macrophages (6, 7).

In the case of IgG-mediated anaphylaxis, the immunoglobu-
lin subclasses and receptors involved in the reaction also play 
an important role. Regarding IgG subclasses, IgG1, IgG2a, and 
IgG2b have been reported to enable the induction of systemic 
anaphylaxis, inducing mild to severe hypothermia (8, 9). 
Furthermore, IgGs can bind to six different FcγR, namely, FcγRI, 
FcγRIIA, FcγRIIB, FcγRIIC, FcγRIIIA, and FcγRIIIB, which have 
different affinities, downstream signaling routes, and patterns 
of expression (10, 11). FcγRI is considered as the high-affinity 

receptor, although FcγRIIIB can bind IgG with high and low 
affinity depending on the IgG subclass (7).

Another crucial issue for development of either the IgE or IgG 
pathways of anaphylaxis is the balance between Ag concentration 
and the levels of IgG or IgE. Usually, both Ag-specific IgE and 
IgG are present in blood, with IgG levels being higher. Under 
these conditions, Ag will encounter IgG in blood before it can 
bind to mast cell-associated IgE, which results in blockage of 
IgE-mediated anaphylaxis. However, when Ag levels are insuf-
ficient to induce IgG-mediated anaphylaxis, high levels of IgG 
can prevent the development of any anaphylactic response. For 
a similar reason, larger amounts of Ag trigger anaphylaxis pre-
dominantly through the alternative pathway when Ag-specific 
IgG antibody levels are high, even though Ag-specific IgE is 
present. In this situation, the anaphylactic pathways will only 
be triggered simultaneously when the amount of challenge Ag 
exceeds the capacity of IgG antibody to block Ag binding to mast 
cell-associated IgE (5).

Taken together, these data clearly support significant differ-
ences between both anaphylactic pathways regarding the type 
of Ig as well as the conditions needed for the development of 
one pathway or the other (Figure  1). However, in humans the 
relevance of the alternative pathway is still a matter of debate.

eFFeCTOR CeLLS AnD MeDiATORS 
invOLveD in ige- AnD igG-MeDiATeD 
AnAPHYLAXiS

There is complete segregation of the effector cells and mediators 
underlying both anaphylactic pathways.

While it is well known that the IgE-dependent pathway of 
anaphylaxis is triggered by an allergen interacting with allergen-
specific IgE bound to the FcεRI on mast cells, which leads to 
cross-linking and subsequent degranulation of the cells, the 
exact mechanism underlying the IgG anaphylactic pathway 
has not been completely elucidated. In fact, there is significant 
controversy about the effector cells involved in IgG-mediated 
anaphylaxis, and it seems that the main effector cells, at least 
in murine experimental models are macrophages/monocytes 
and basophils. However, some authors also suggest a role for 
neutrophils (8) and basophils (12). In fact, the latest publication 
of Khodoun et al., covering all three known effector cell types, 
concluded that all cells, monocytes/macrophages, basophils, and 
neutrophils, participate in IgG-induced anaphylaxis (13).

Another point of controversy is the level of FcγR expression 
and the type of myeloid cell expressing the receptor. In this 
regard, Beutier et  al. showed that the differential expression of 
inhibitory FcγRIIB on myeloid cells and its differential binding of 
IgG subclasses control the contribution of basophils, neutrophils, 
and monocytes to IgG-dependent anaphylaxis, thus revealing 
novel complexities in cell population regulation mechanisms and, 
therefore, their relative contribution to IgG-induced reactions in 
murine models (14).

The outcome of this process of Ab–receptor recognition and 
subsequent cellular signaling activation is the release of several 
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FiGuRe 1 | Diagram showing the classical (ige-dependent) and alternative (igG-dependent) anaphylactic pathways: effector cells, mediators, igs, 
and FcR implicated.
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mediators responsible for the hypothermia and hypotension that 
characterize anaphylaxis.

The main mediator involved in IgE-mediated anaphylaxis is 
histamine. Histamine is known to play an essential role in the 
evolution of the anaphylactic process (15–17). Moreover, it is also 
involved in regulation of the immune response (18, 19). Other 
mediators released during IgE-mediated anaphylaxis are prosta-
glandins and leukotrienes (17, 20). Furthermore, a receptor for 
prostaglandins has also been described in several immune cells, 
such as macrophages or innate lymphoid cells (ILC2) (21).

Another significant metabolite reported to be released by mast 
cells upon IgE cross-linking is serotonin (22–24). The role of sero-
tonin in the anaphylactic process is still unknown, although recent 
reports have suggested that this metabolite is key in immune 
response regulation (23, 25) and, more specifically, in the regula-
tion of macrophage polarization and inflammatory resolution (26, 
27), allergy (28), and hypotension (29). Serotonin participation 
in the regulation of inflammation and immune response upon 
anaphylaxis will be further discussed.

In the case of IgG-mediated anaphylaxis, the main mediator 
is PAF (5, 30, 31). It has been reported that serum PAF levels 

correlate with the severity of anaphylaxis (32). This metabolite is 
produced and secreted by several types of cells and is active at 
concentrations as low as 10−12 mol/L despite its short half-life (32).

Platelet-activating factor (PAF) is implicated in platelet aggre-
gation and activation through the release of vasoactive amine 
during inflammatory responses, thus resulting in an increase in 
vascular permeability, circulatory collapse, a decreased cardiac 
output, and other biological effects (33).

Strikingly, platelets have been reported to be the major 
reservoirs of serotonin outside the nervous system (34), once 
again suggesting a novel role for serotonin in progression of the 
anaphylactic pathway as well as in allergic disease progression.

MACROPHAGeS AnD SeROTOnin: 
POTenTiAL nOveL PLAYeRS in 
AnAPHYLAXiS?

In anaphylaxis, macrophages have been described as effector 
cells in the IgG-dependent pathway, since they express FcγR and 
release PAF. This has been demonstrated in mouse models of 
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anaphylaxis. Apart from this, no specific role has been described 
for these immune cells in IgE-dependent anaphylaxis in neither 
human nor mice. However, one could speculate that all the 
mediators released by mast cells (histamine, leukotrienes, and 
prostaglandin) might significantly affect macrophage polarization 
status and, thus, immune response outcome. These mechanisms 
will probably occur in both mouse and humans.

Macrophages and dendritic cells occupy a prominent position 
during immune responses, being essential for their initiation 
(a function primarily displayed by dendritic cells) and for the 
final effector phases (mostly macrophages) (35). In fact, and 
regardless of the triggering stimulus, macrophages are usually 
the final effectors of any given immune response, because they 
can acquire a continuum of functional states, thus adapting their 
effector functions to the surrounding environment and to the 
prevailing T  cell-derived cytokines in the extracellular milieu 
receptor signals (36). By virtue of this plasticity, macrophages 
are not only critical for maintaining tissue homeostasis but can 
either display pro- or anti-inflammatory functions, promote 
or resolve an inflammatory response, and cause tissue damage 
or help in tissue repair. Results generated in recent years have 
clearly established the widespread homeostatic functions of 
macrophages, as they fine-tune physiological parameters as 
relevant as body temperature and even transit time in the gut 
(37–39).

Regarding factors with a prominent role in macrophage 
polarization and anaphylaxis, serotonin has also been shown to 
modify macrophage polarization in the phenotypic, cytokine, 
and transcriptional profile (27). Besides its production by 
mast cells (40), peripheral serotonin is mostly produced by 
enterochromaffin cells and later stored by platelets in dense 
granules (34). Serotonin not only promotes proliferation of 
numerous cell types but also functions as a regulator of immune 
and inflammatory responses. In fact, the immunomodulatory 
activity of serotonin is partly mediated through direct actions 
on macrophages: serotonin favors angiogenesis in colon cancer 
allografts by acting on tumor-infiltrating macrophages (41), con-
tributes to pulmonary arterial hypertension by altering myeloid 
cell differentiation potential (42), and limits postoperative bowel 
inflammation via recognition by muscularis and peritoneal mac-
rophages (43). At the molecular level, these actions appear to be 
mediated by serotonin receptors expressed on the macrophage 
cell surface. We have previously demonstrated that human 
anti-inflammatory macrophages specifically express HTR2B 
and HTR7 serotonin receptors, whose ligation results in altered 
macrophage transcriptome and inhibition of pro-inflammatory 
cytokine production (27). In fact, serotonin appears to switch 
the macrophage transcriptome toward a growth-promoting, 
anti-inflammatory, and pro-fibrotic gene profile, whose acquisi-
tion depends on both HTR2B and HTR7 (27). Therefore, we 
can speculate that agonists/antagonists of serotonin receptors 
might be therapeutically useful for limiting the uncontrolled 
production of pro-inflammatory cytokines that takes place in 
chronic inflammatory diseases (44). Surprisingly, HTR7 is the 
receptor responsible for serotonin-induced hypothermia (45), 
but whether macrophage HTR7 contributes to this response is 
currently unknown.

A reasonable hypothesis for the role of serotonin in the 
IgG-mediated anaphylaxis might be the generation of a feed-
back loop that favors the acquisition of an anti-inflammatory 
phenotype by macrophages right after the induction of an 
anaphylactic shock, aiming to restore homeostatic conditions 
(Figure 1).

Another strategy in line with the alternative anaphylactic 
pathway in humans that also supports the connection between 
changes in IgG concentration and a regulation of macrophages 
polarization is treatment with intravenous immunoglobulins 
(IVIg). IVIg is a preparation of polyclonal poly-specific IgG 
from the plasma of thousands of donors that is currently used 
as immunoregulatory and anti-inflammatory treatment in 
autoimmune and inflammatory disorders (46). The mechanism 
of action of IVIg has not been completely elucidated, but we 
have reported that IVIg skews human and mouse macrophage 
polarization through FcγR-dependent mechanisms (47). IVIg 
immunomodulatory activity is dependent on the macrophage 
polarization state, as it limits the pro-inflammatory nature of 
GM-CSF-dependent macrophages and favors the acquisition of 
pro-inflammatory properties in anti-inflammatory macrophages 
(47). In fact, IVIg enhances inflammatory tissue-damaging 
responses in murine models of stroke and sepsis and reduces 
tumor growth and metastasis by shifting the polarization state 
of tumor-associated myeloid cells toward the pro-inflammatory 
side (47). Since the latter effect was dependent on the expression 
of Fc receptors, we can conclude that ligation of molecules, such 
as CD16 and FcRγ, might be useful targets for the modulation of 
macrophage polarization.

eviDenCe FOR igG-MeDiATeD 
AnAPHYLAXiS in HuMAn

The existence of IgG-mediated anaphylaxis in humans is not 
clear. In spite of a lack of direct evidence, the findings of some 
studies imply a possible alternative mechanism to IgE-mediated 
anaphylaxis (5, 30). PAF, which seems to be associated with 
the IgG mechanism in mice, is an essential mediator in human 
anaphylaxis, and its levels are elevated in patients undergoing 
anaphylaxis compared with a control group (48). The catabolism 
of this mediator is controlled by the enzyme PAF acetylhydrolase 
(PAF-AH), which is in charge of PAF inactivation (49). Some 
studies have correlated the levels of these two markers with the 
severity of anaphylaxis, with increases in PAF levels and decreases 
in PAF-AH activity. Moreover, patients with the lowest levels of 
PAF-AH activity were found to exhibit a 27-times higher risk of 
developing severe or fatal anaphylaxis than patients with normal 
levels (48, 50).

Several cases of drug anaphylaxis are classified as non-allergic 
due to the absence of specific IgE titers (measured in sera or by 
skin test) and the lack of increased serum tryptase or baso phil 
activation (51), although no study has addressed the IgG-mediated 
mechanism in these patients.

However, in patients treated with biological drugs, these can 
induce anaphylaxis without the presence of detectable specific 
IgE, although they do present high levels of specific IgG (52). 
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This observation derives from patients with IgA deficiency 
who developed anaphylaxis after receiving a blood transfu-
sion or treatment with intravenous injections of IgA. In these 
subjects, increased levels of IgG anti-IgA antibodies were also  
found (53, 54).

Moreover, in a later study patients with higher levels of IgG 
were found to present an increased frequency of a gain-of-
function allele of the stimulatory FcγRIIA (55), although this 
study was conducted in a limited number of subjects.

The presence of increased titers of specific IgG has also 
been observed in patients treated with human, humanized, or 
chimeric mAbs, such as infliximab or adalimumab (56), and 
other biological factors (57–59). In the case of infliximab, the 
presence of high levels of specific IgG has been related to an 
increased risk of suffering anaphylaxis (60). A common fac-
tor to all these reported cases was the administration of high 
quantities of the suspected Ag, leading to the presence of high 
levels of specific IgG.

As with drug allergies, evidence for the existence of IgG-
mediated anaphylaxis has also been found in cases of food 
allergy, especially in anaphylaxis induced by lipid transfer 
proteins (LTP). Increased levels of anti-LTP IgG1 and IgG3 and 
increased expression of the three genes coding for the activat-
ing receptor FcγRI (CD64) have been observed in a group of 
patients with food anaphylaxis induced by LTP (61). Mast cells 
can be activated by IgG via this receptor (62, 63) and are able 
to recognize both IgG1 and IgG3 with high affinity (64, 65). 
Interestingly, both anti-LTP specific IgG and IgE have been 
found in LTP allergic patients, which could suggest an involve-
ment of both pathways in the anaphylactic mechanism in these 
subjects (61). The most severe food allergens are milk, egg, and 
peanut, and all of them share a high allergenic concentration, 
thus fulfilling the criteria necessary to elicit an alternative 
anaphylactic pathway.

COnCLuSiOn AnD FuRTHeR 
eXPeCTATiOnS

Anaphylaxis is the most serious allergic reaction that can occur 
and may even endanger the patient’s life. Moreover, epide-
miological data indicate that cases of anaphylaxis are increasing 
worldwide. The mechanisms involved in the pathogenesis of ana-
phylaxis can be immunological or non-immunological. Classical 
immunological reactions mediated by IgE are observed in food 
anaphylaxis, beta-lactam antibiotics, or hymenopteran stings. 
Immunological reactions mediated by IgG are being observed 
following administration of certain monoclonal antibodies 
(omalizumab or infliximab) or dextrans. The role of macrophages 
is relevant in this type of IgG-mediated immunological anaphy-
laxis. PAF released by activated macrophages can activate mast 
cells, explaining the pathogenesis of this anaphylaxis. Given 
the increased use of different monoclonal antibodies in clinical 
practice for the treatment of immune-based diseases, an increase 
in this type of IgG-mediated anaphylaxis might be observed.
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Anaphylaxis is an acute and life-threatening systemic reaction. Many triggers have 
been described, including food, drug, and hymenoptera allergens, which are the most 
frequently involved. The mechanisms described in anaphylactic reactions are complex 
and implicate a diversity of pathways. Some of these mechanisms may be key to the 
development of the anaphylactic reaction, while others may only modify its severity. 
Although specific IgE, mast cells, and basophils are considered the principal players 
in anaphylaxis, alternative mechanisms have been proposed in non-IgE anaphylactic 
reactions. Neutrophils, macrophages, as well as basophils, have been involved, as 
have IgG-dependent, complement and contact system activation. A range of cationic 
substances can induce antibody-independent mast cells activation through MRGPRX2 
receptor. Cofactors and augmenting factors may explain why, in some patients, food 
allergen exposure can cause anaphylaxis, while in other clinical scenario it can be toler-
ated or elicits a mild reaction. With the influence of these factors, food allergic reactions 
may be induced at lower doses of allergen and/or become more severe. Exercise, 
alcohol, estrogens, and some drugs such as Non-steroidal anti-inflammatory drugs, 
angiotensin-converting enzyme inhibitors, β-blockers, and lipid-lowering drugs are the 
main factors described, though their mechanisms and signaling pathways are poorly 
understood.

Keywords: adenosine, anaphylaxis, cofactor, exercise, ige, igG, mast cell, non-steroidal anti-inflammatory drug

inTRODUCTiOn

Anaphylaxis is an acute, life-threatening, systemic reaction caused by the mediators released from 
different cells (1). Although the underlying mechanism is frequently IgE-dependent, some other 
mechanisms there are also involved (2–4). Complement activation, neuropeptide release, T-cell 
activation, immune complex formation, cytotoxicity, IgG-dependent activation, induction of 
purinergic metabolism, and activation of the receptor MRGPRX2, are some of those alternative 
pathways (2, 5). Mast cells are considered the pivotal cells in IgE-mediated anaphylaxis (6), and 
the role of macrophages and neutrophils has been described in IgE-independent reactions (6, 7). 
Interestingly, basophil implication has been suggested in both IgE-dependent and -independent 
reactions, although its role in allergic reactions has been considered as redundant with mast cells for 
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some time (8). In humans, CD203c and CD63, basophil activa-
tion surface markers, are used to confirm allergen sensitization 
(9). Recently, a decrease on circulating basophil and an increase 
in serum concentration of the major basophil chemotactic factor 
(CCL2) during food and hymenoptera-induced anaphylaxis has 
been observed, suggesting the role of basophil in human IgE-
dependent anaphylaxis (10).

iMMUne-MeDiATeD AnAPHYLAXiS

ige-Mediated Reactions
The more common mechanism involved in an anaphylactic 
reaction is promoted by an allergen recognized by an allergen-
specific IgE bound to the FcεRI receptor on the surface of mast 
cells and basophils. When the signal is sufficiently powerful, mast 
cell and basophil activation make progress, releasing mediators 
(11). Those mediators also lead to the amplification of the allergic 
reaction through the recruitment and activation of other cells 
involved in the IgE immunological response (12–14). However, 
this explanation is too simple to understand what take place in 
an in vivo reaction, and sundry factors could influence allergen-
dependent mast cell and basophil activation under specific 
conditions (15).

igG-Mediated Reactions
There are six different Fcgamma receptors (FcγRI, FcγRIIA, 
FcγRIIB, FcγRIIC, FcγRIIIA, and FcγRIIIB), and all of them bind 
IgG. Among them, FcγRI is considered a high-affinity receptor 
(16). Most of these receptors induce cell activation, except for 
FcγRIIB, which induces an inhibitory signal and has been pro-
posed as a key player in IgG subclass-dependent anaphylaxis in 
a recent study (17).

Mouse models have been used to demonstrate the relevance 
of IgG in anaphylaxis. A passive systemic anaphylaxis model has 
suggested that FcγRIII on cells as macrophages and basophils 
mediates these reactions (3, 4, 18), and platelet-activating factor 
(PAF) but not histamine (3, 4) is the main mediator involved.

An IgG-dependent mechanism has been also suggested in 
human anaphylaxis. PAF, mostly associated with an IgG mecha-
nism, has a key role in human anaphylaxis as several authors 
have suggested. Vadas et al. (19) found increased circulating PAF 
levels and decreased PAF acetylhydrolase (PAF-AH) activity 
in proportion to the severity of the anaphylactic reaction (20). 
Indeed, the lowest levels of PAF-AH activity were related with 
a 27 times more risk of severe or fatal anaphylaxis compared to 
normal activity (19, 21).

Several authors have suggested that both IgG and neutrophils 
may be involved in human anaphylaxis. Muñoz-Cano et  al. 
(5) studied patients with anaphylaxis induced by lipid transfer 
proteins (LTP) and mediated by IgE. They found an increase of 
specific anti-LTP IgG1 and IgG3 levels and increased expres-
sion of the three genes coding for FcγRI (CD64), an activating 
receptor (5). It has been shown that FcγRI mediates mast cell and 
neutrophil activation via IgG (22, 23), by both IgG1 and IgG3 
(16) also in humans. Interestingly, Muñoz-Cano et al. (5) found 
specific IgG and anti-LTP IgE in those patients, suggesting that 

both IgG and IgE pathways may contribute substantially to ana-
phylaxis. Rispens et al. (24) also found both specific IgE and IgG1 
anti-α-gal in patients with galactose-alpha-1,3-alpha-galactose 
(α-gal) allergy.

Neutrophils, activated through FcγRIV-IgG2, are proposed 
to play a major role in a mouse model of anaphylaxis (7). They 
are important PAF producers, and a differential PAF release has 
been observed in neutrophil-dependent reactions in mice (7, 25). 
However, PAF is also observed in IgE-mediated reactions in 
animal models (11). Muñoz-Cano et al. (5) showed that several 
markers of neutrophil activation and trafficking were highly 
expressed in patients with IgE-dependent anaphylaxis allergic 
to LTP. Moreover, the authors found increased levels of reactive 
oxygen species/reactive nitrogen species, known as a measure of 
oxidative outburst, suggesting an enhancement of neutrophilic 
activity. Francis et al. (26) also found increased neutrophil acti-
vation markers (myeloperoxidase and CD62L) during an acute 
anaphylactic reaction.

In the light of these findings, the paradigm of anaphylaxis 
mediated only by IgE and mast cell/basophil seems not totally 
accurate. In the LTP particular case, anaphylaxis may be elicited 
via IgE, IgG, or both, with the involvement of neutrophils and not 
only of mast cells and basophils, although other allergens may act 
similarly.

Complement Activation in Anaphylaxis
Monomeric IgG and IgG immune complexes can bind FcγRI 
receptors (27, 28) and are key in the novel paradigm in human 
anaphylaxis (IgG anaphylaxis). Furthermore, the complement 
system can also be activated by immune complexes, result-
ing in the generation of anaphylatoxins such as C3a (23, 29). 
Interestingly, C3a has demonstrated a direct effect on mast cell 
and also a synergistic effect (twofold increase) with FcγRI recep-
tor activation (23). Therefore, the combination of IgG and C3a 
activation results in greater mast cell activation or activation 
under circumstances in which neither of the stimuli would elicit 
maximal release on its own.

Large amounts of the anaphylatoxin C3a have been found in 
peanut severe allergic reactions by Khodoun et al. (30), in both 
mouse and human plasma. However, allergens such as milk and 
egg white did not have the ability to activate complement in 
humans (30). Therefore, several factor as patient susceptibility 
(5), cofactors (31) and characteristics of a particular allergen may 
determine the severity of an allergic reaction.

Reactions with drugs solubilized in therapeutic liposomes 
and lipid-based excipients have been related with the activation 
of complement in the absence of immune complex. It is the case 
of Cremophor EL, a diluent used in the older preparations of 
propofol and paclitaxel, which has been found to induce comple-
ment activation (32).

Finally, it has been also demonstrated that lypopolysaccha-
rides (LPS) can induce a strong activation of the complement 
and trigger an anaphylactic reaction in a mouse model (33). 
Recently, Rodriguez et al. (34) demonstrated the role of LPS as 
a co-stimulus triggering anaphylaxis in a mouse model; specific 
Pru p 3-induced anaphylaxis was generated after nasal sensitiza-
tion to Pru p 3 in combination with LPS.
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nOn-iMMUne-MeDiATeD AnAPHYLAXiS

Contact System Activation in Anaphylaxis
It has been identified as direct or indirect activation of the blood 
coagulation pathway in allergic reactions mediated by IgE (35). 
During acute anaphylaxis, an increase of the heparin levels and 
an activation of the factor XII-driven contact system has been 
observed, which results in the production of bradykinin (36). 
In fact, after the analysis of more than 150 deaths associated 
to anaphylaxis induced by oversulfated chondroitin sulfate-
contaminated heparin, the possible role of heparin as a trigger of 
bradykinin formation through contact activation was suggested 
(37, 38). Therefore, targeting its generation may be a promising 
strategy for treatment of severe allergic reactions, importantly 
those with hypotension (39).

new Mast Cell Receptors in Anaphylaxis: 
MRGPRX2
Mast cells are classically activated by IgE antibodies, although 
a range of cationic substances, called basic secretagogues, can 
induce antibody-independent activation. Among those secre-
tagogues, there are peptides with pro-inflammatory effects and 
several drugs. Recently, Mrgprb2, the ortholog of the human 
G-protein-coupled receptor MRGPRX2, has been described to 
mediate this activation in a mouse model. This receptor seems to 
be the target of many small-molecule drugs involved in non-IgE 
anaphylactic reactions, such as non-steroidal neuromuscular 
blocking drugs (tubocurarine, atracurium, or ciprofloxacin). This 
work identified a chemical motif that is common to several of 
these molecules and may be linked to some of the observed side 
effects. In conclusion, MRGPRX2 may be considered a potential 
therapeutic target to reduce some adverse effects induced by 
some drugs (40).

COFACTORS AnD AUGMenTinG 
FACTORS in AnAPHYLAXiS

The so-called accompanying factors may explain why an allergen 
can either be tolerated or trigger a mild reaction or, in the same 
patients, induce a severe anaphylaxis. In the presence of cofactors, 
reactions become more severe and/or the amount of allergen elic-
iting the allergic reaction can be lower. According to published 
data, the presence of those accompanying factors occurs in up to 
30% of episodes of anaphylaxis (31, 41). Niggemann and Beyer 
(42) postulated three categories of risk factors for anaphylactic 
reactions: first, the augmenting factors, which influence the immu-
nological mechanism, such as physical exercise, acute infections, 
drugs [non-steroidal anti-inflammatory drugs (NSAIDs), proton 
pump inhibitors], alcohol, and menstruation; second, concomi-
tant diseases, such as asthma, mastocytosis, and cardiovascular 
disease, which are associated with more severe reactions and/or 
increased mortality; and third, cofactors, which do not have any 
influence on the immunological mechanism, as psychological 
factors (e.g., emotional stress) or specific allergens. Nevertheless, 
the lack of knowledge about the mechanisms underlying these risk 
factors limits a strict categorization. Therefore, for the purposes 

of this review, the terms cofactor and augmenting factor are used 
indistinctively.

estrogens
Gender differences have been reported in the incidence of 
anaphylactic reactions, demonstrating that anaphylaxis is more 
frequent in women than men (43, 44), but only during the repro-
ductive years, suggesting that sexual hormones might play a role. 
Additionally, like the episodes of asthma or urticaria associated 
with the menstrual cycle (45, 46), recurrent episodes of anaphy-
lactic reactions around menstruation have been described, point-
ing at the estrogens or progesterone as the augmenting factors 
involved (47).

The susceptibility of women to develop anaphylactic reactions 
observed in clinical studies was also demonstrated in a murine 
model (48). Female mice were ovariectomized to eliminate the 
major source of estrogens and the result was the decrease in the 
severity of anaphylaxis. Moreover, the implant of subcutaneous 
estradiol-releasing pellets in the ovariectomized mice resulted 
in an increase in the severity of anaphylaxis. The mechanism 
involved was not related with the increase in mast cell degranula-
tion, but with an augmentation of the vascular permeability. 
A higher production of nitric oxide as a result of major expression 
of endothelial nitric oxide synthase was in fact the cause (48).

exercise
Exercise is involved up to 10% of anaphylactic reactions, being 
one of the more frequent augmenting factors (49). However, 
the knowledge of its pathogenic mechanism still continues to 
be poorly understood, and some theories have being proposed. 
Although, according to the literature, the foods involved in food-
dependent exercise-induced anaphylaxis are very diverse, wheat 
is the most frequent one, being ω-5 gliadin the culprit protein 
in most cases (50). As a result, most of the mechanistic studies 
have been performed in patients with wheat-dependent exercise-
induced anaphylaxis (WDEIA).

One of the theories hypothesizes that exercise induces an 
activation of tissue transglutaminase (tTG), resulting in a forma-
tion of large ω-5 gliadin/tTG complexes that would facilitate the 
ω-5gliadin–IgE binding. Nonetheless, no direct evidence of this 
phenomenon has been found in patients with WDEIA (51).

A second hypothesis establishes that exercise would induce 
an increase in the intestinal allergen absorption, and as a con-
sequence, an increase of blood allergen concentration and the 
likelihood to develop an anaphylactic reaction (52, 53). Some 
murine models of food allergy have demonstrated how physical 
exercise increases the absorption of allergen from the gastroin-
testinal tract due to mucosa injury (54, 55). An increase of the 
core temperature in the gastrointestinal tract due to intense 
exercise would result in epithelial cell damage owing to the phos-
phorylation state of tight junction proteins. In addition, another 
mechanism involved in the mucosal damage may be related with 
the deviation of blood flow away from the splanchnic arteries to 
the working muscle, resulting in an ischemia/reperfusion cycle 
that causes the epithelial damage (56, 57).

Another hypothesis establishes that exercise, due to a direct 
effect on mast cells, would modify the threshold dose of allergen 
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in patients with WDEIA. It has been described that physical 
exercise induces an increment of the plasma osmolarity (58), and 
this increase results in mast cells activation and release of inflam-
matory mediators (59). Additionally, a previous in  vitro study 
showed that IgE activation and hyperosmolar stimuli at the same 
time have a synergistic effect on IgE-induced mast cell release 
(60). However, the increase of plasma osmolarity due to physical 
exercise is only significant when the exercise is strenuous and, 
in patients with WDEIA reactions, the intensity of the physical 
exercise is frequently moderate.

Lipid-Lowering Drugs (Statins)
Lipid-lowering drugs can be considered as a risk factor in 
anaphylaxis since some studies posited that low plasma levels of 
low-density lipoprotein (LDL) may augment the risk of severe or 
fatal anaphylaxis. These drugs increase plasma concentration of 
PAF by lowering PAF-AH activity (19, 61). In this way, Perelman 
et al. (62) demonstrated a significant direct correlation between 
PAF-AH activity and LDL levels in patients with peanut allergy. 
Moreover, a significant correlation between PAF plasma levels 
and the severity of anaphylaxis has also been demonstrated (33).

non-Steroidal Anti-inflammatory Drugs
Non-steroidal anti-inflammatory drugs are other well-known 
augmentation factors in anaphylaxis. They have been reported 
to be present in up to 22% of cases of food-induced severe ana-
phylaxis, constituting a risk factor with an odds ratio >11 (63). 
In the Mediterranean area, NSAIDs are involved up to 58% of 
cofactor-induced food-related anaphylaxis episodes (64) and in 
up to 33% of cases of anaphylactic reaction induced by LTP (65). 
Two hypotheses have been proposed to explain the underlying 
mechanisms involved in food-dependent NSAID-induced ana-
phylaxis (FDNIA).

The first hypothesis suggests that the increase of gastroin-
testinal permeability and allergen absorption may account 
for the augmentation effect of NSAIDs (53). It is well known 
that prostaglandins play an important role in gastrointestinal 
mucosa defense and repair. NSAIDs, through prostaglandin 
inhibition, leave gastrointestinal tissues more susceptible to the 
injury caused by gastric acid and bile and with less capacity to 
retrieve the mucosa function (38). Additionally, NSAIDs induce 
mitochondrial damage that leads to the malfunction of the intes-
tinal epithelial cells and increase of the intestinal permeability 
(66, 67).

A second hypothesis suggests that NSAIDs have a direct 
impact on mast cells and basophils IgE activation, amplifying 
their activation and degranulation (68, 69). However, the under-
lying mechanisms involved remain still unknown.

Bartra et  al. (70) suggested that the enhancing effect of  
NSAIDs in food allergic reactions might be related with the 
cyclooxygenase (COX) pathway. Several authors (71–73) have also 
shown that this effect is a class effect, therefore COX-dependent. 
Moreover, it has been demonstrated that selective COX-2 inhibi-
tors (nimesulide and etodolac) (68, 69) did not increase the sever-
ity of food allergic reactions. Additionally, prostaglandin E1, an 
important prostanoid derived from the COX pathway (74), has 
been demonstrated to be protective in patients with FDNIA (75).

Adenosine metabolism and A3 receptor (A3R) have been 
linked with the underlying mechanisms of some diseases exac-
erbated by NSAIDs, such as NSAID-dependent urticaria (76) 
and aspirin-induced asthma (77). Interestingly, it has also been 
demonstrated that the activation of A3R enhances FcεRI-induced 
granule release in human mast cells (78–80). Moreover, a study 
that evaluated the transcriptome of patients with FDNIA showed 
an overexpression of genes related to adenosine metabolism, 
particularly A3R gene (5). NSAIDs are able to inhibit oxida-
tive phosphorylation of ATP and promote its hydrolysis which 
entails the release of adenosine (81, 82); therefore, a link between 
NSAIDs, adenosine, adenosine receptors, and allergic reaction 
has been suggested.

Angiotensin-Converting enzyme inhibitors 
and β-Blockers
Angiotensin-converting enzyme inhibitors (ACE inhibitors) 
and β-blockers have been described as augmenting factors in 
anaphylactic reactions according to several studies (63, 83, 84). 
The odds ratio established for β-blockers was 6.8 and 13 for 
ACE inhibitors. However, other studies concluded that the risk 
of develop anaphylaxis related to ACE inhibitors and β-blockers 
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does not exist unless both treatments are combined (21, 85, 86). 
Recently, mast cells were recognized as targets of ACE inhibitors 
and β-blockers in a murine model, augmenting their activation 
through FcεRI (86). In spite of the fact of this important data, 
further epidemiological and in vivo and in vitro studies in humans 
are necessary to determinate the real impact of these drugs as a 
risk factors in anaphylaxis.

Alcohol
Alcohol is involved in up to 15% of cases of anaphylactic reac-
tion according to some series (49, 87), independently of their 
severity (86). Although, the underlying mechanisms are not well 
established, alcohol may increase allergen absorption. It has been 
described that alcohol induces a modification in the expression of 
the tight junction-associated proteins ZO-1 and claudin-1 of the 
intestinal epithelium, thereby augmenting the permeability of the 
intestinal epithelial barrier (88).

An adenosine-related mechanism has also been suggested 
in IgE-mediated anaphylaxis when alcohol is involved. Alcohol 
inhibits the adenosine uptake, inducing an increase of the extra-
cellular adenosine, thus enhancing FcεRI-induced mast cells and 
basophil activation (89).

Another mechanism postulated is based on the capacity of 
alcohol to boost the serum IgE concentration (90). In a murine 
model, alcohol intake was linked with a raise in IgE serum levels 
and a decrease in IgG (90). Nevertheless, this acute alcohol intake 
has also been linked with lower release of mast cell mediators, 
such tryptase (91).
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COnCLUSiOn

IgE, mast cells and basophils have been considered the main 
key players in human anaphylaxis for a long time, although 
alternative mechanisms have been suggested. Neutrophils and 
macrophages, IgG-mediated, complement, and contact system 
activation are some of them. A range of cationic substances can 
induce antibody-independent activation through the recently 
described receptor MRGPRX2. The presence of the so-called 
cofactors (accompanying or augmenting factors) may explain 
why the intake of some food sometimes lead to anaphylaxis, while 
in other cases the same allergen induces a milder reaction or is 
even tolerated. An understanding of the mechanisms underly-
ing the anaphylactic reactions as well as of the predisposing 
and augmenting factors could help in the development of new 
prophylactic and therapeutic approaches. These strategies should 
target the specific pathways involved in anaphylaxis which, in the 
light of this review, may be more than one (Figure 1).
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Anaphylaxis in humans is inherently difficult to study due to the acuteness of symptoms 
and the lack of biomarkers serving as risk predictors. Most cases are related to IgE 
sensitizations to foods, insect venoms, and drugs with mastocytosis patients forming 
a smaller risk group. However, identifying the relatively small fraction of persons at risk 
has been exceedingly difficult. In this review, we propose to describe anaphylaxis in a 
broader context than defined by IgE sensitization alone. Exposure to a trigger, such as 
an allergen, may lead to anaphylaxis, but in particular, the internal dose sensed by the 
immune system needs to be established. Moreover, intrinsic patient factors as well as the 
specific circumstances of the exposure, i.e., the extrinsic factors, need to be thoroughly 
accounted for. More controversially, other triggers of anaphylaxis, such as increased 
sensitivity to or reduced catabolism of histamine (“histamine intolerance”) or mast cell 
activation syndrome also named mast cell activation disorder have been suggested, 
but still with very limited epidemiological evidence that a significant proportion of the 
observed reactions are caused by these alleged conditions. Thus, when all conditions 
are considered, it seems as if IgE-mediated reactions are responsible for the vast majority 
of anaphylactic conditions.

Keywords: anaphylaxis, allergens, mast cells, mast cell activation, cofactors

inTRODUCTiOn

Anaphylaxis is a serious allergic reaction that is rapid in onset and may cause death (1). It typi-
cally involves one or more of the symptoms: an itchy rash, throat or tongue swelling, shortness of 
breath, vomiting, lightheadedness, and low blood pressure (BP) appearing in minutes to hours after 
a stimulus that is mostly believed to be of exogenous origin.

Epidemiological studies are scarce (1), but recent studies suggest that foods (two-thirds), insect 
venoms (20%), and drugs are among the most frequent triggers, with differences between age groups. 
A special population at risk seems to be patients with mastocytosis, where various triggers including 
mechanical stimuli and insect stings—even without the presence of allergic sensitizations to venom 
allergens—may precipitate severe reactions.

While becoming increasingly popular in quasi-scientific fora on the Internet, other triggers 
of anaphylaxis, such as increased sensitivity to or reduced catabolism of histamine (“histamine 
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tolerance”) or mast cell activation syndrome (MCAS) also 
named mast cell activation disorder (MCAD) still have unclear 
definitions and limited epidemiological evidence exists that a 
significant proportion of anaphylaxis should be caused by these 
alleged conditions. Thus, when all conditions are considered, it 
seems as if IgE-mediated reactions are responsible for the vast 
majority of anaphylactic conditions.

When looking at the triggers of anaphylaxis, it is clear, 
however, that only a tiny fraction of patients with food, insect 
venom, or drug allergy will experience an anaphylactic reaction. 
Due to the severity and life-threatening nature of anaphylactic 
reactions, it is of utmost importance to identify the risk factors 
in these patients that may predict—or ultimately prevent—the 
occurrence of anaphylactic reactions. While some foods seem 
to be more allergenic than others, there is little prognostic value 
in both food sources and sensitization to specific allergens.  
A similar uncharacteristic pattern has emerged for insect venoms, 
and even more so for drugs where the diversity and complexity 
of drugs make it impossible to gather much experience except for 
large drug groups such as beta lactam antibiotics.

Next in line for the risk analysis comes quantitative factors, 
such as the IgE-titer—or more indirectly: skin test response—to 
certain allergens. Also, these parameters have, however, failed to 
be strongly predictive of anaphylaxis risk, and examples can be 
found where the IgE-titer in serum over time has fallen below the 
detection limit, while the patient has retained clinicial reactivity 
upon reexposure (2). While IgE sensitization is still the best bio-
marker for risk of anaphylaxis, we aim at identifying additional 
features of the anaphylaxis pathophysiology that may eventually 
provide tools for identifying the patients at high risk.

All the above evidence suggests that individual factors to a 
great extent determine the severity of the allergic response and 
thereby also the risk of developing anaphylaxis, but knowledge 
about predictive factors is lacking. In this paper, we propose 
a theoretical framework for the pathogenesis of anaphylaxis, 
which by investigating a putative pathway of the mast cell activa-
tion, the primary target cells of the mast cell mediators, and of 
the neurological and other secondary mechanisms in the vascu-
lature display a research paradigm that may help shedding some 
light on a disease, which by its acute form and unpredictable 
occurrence has so far eluded a more systematic study approach 
(Figure 1A).

TYPe 1 HYPeRSenSiTiviTY

The hypersensitivity reaction classified by the British immuno-
logists, Philip Gell and Robin Coombs, as the type 1 reaction (now 
also named the IgE-mediated allergic reaction, but notably IgE 
had still not been discovered and named in 1963, when Gell and 
Coombs first suggested their classification of this humoral form 
of hypersensitivity), still provides the basic theoretical framework 
for our discussion of anaphylaxis. Centrally in this theory is the 
involvement of effector cell-bound antibodies, which upon bind-
ing to an allergen will induce activation and release of anaphy-
lactogenic mediators. Immunoglobulin E is in humans the only 
antibody class with a solid evidence of binding to and activating 
the effector cells, mast cells, and basophil granulocytes, via the 

tetrameric form of the high affinity IgE receptor, the FcεRI com-
prising one alpha, one beta, and two gamma units (as opposed to 
the trimeric form of the receptor, lacking the beta-chain, which 
may be found on other cell types not believed to take part in the 
acute allergic reaction). So-called homocytotrophic antibodies, 
i.e., antibodies binding to effector cells, of other isoforms such 
as IgG4 (3), IgD (4), and even isolated light chains (5) have been 
suggested, but not supported by a solid body of evidence. There 
is likely to be marked differences between man and rodents, and 
while the human isotype IgG4 has similarities to mouse, rat, and 
guinea pig IgG1, there is little evidence of functional effector cell 
receptors playing an important clinical role in the human system. 
Thus, it seems fair to conclude that most anaphylactogens are in 
fact allergens, as defined as an antigen to which an IgE-immune 
response is mounted.

As mentioned above, there is a large body of literature dis-
cussing the quality and quantity of IgE, in relation to anaphylaxis 
caused by foods, insect venoms, and drugs. Many such studies 
suggest that not all allergens may necessarily be anaphylactogens, 
but since our aim is to go beyond this discussion, we will not dwell 
further on this aspect, but refer the reader to the vast amount of 
literature most recently reviewed in Ref. (6).

ALLeRGOKineTiCS AnD inTeRnAL DOSe

Much less studied are the pathways before and after the sen-
sitized effector cell meets the allergen (Figure  1A). We have 
used the term allergokinetics (derived from the terms and 
concepts of pharmacokinetics and toxicokinetics) to describe 
the mechanisms by which an allergen source such as a food, an 
insect venom, or a drug is taken up by the body, how the aller-
genic (=IgE-binding) molecules are solubilized, absorbed over 
biological membranes, and eventually distributed in the organ-
ism where it is able to meet and activate effector cells, causing 
mediator release. Even less studied are the subsequent events 
where the allergen is potentially metabolized and excreted by the  
organism.

We propose to use the concept of internal dose, to describe the 
quantity of the anaphylactic trigger (most often an allergen) that 
becomes available to the systemic circulation, from where it is 
believed to activate the vascular system.

Old studies using the method of passively sensitizing heal-
thy persons with a hyperimmune serum from a sensitized 
person, followed by ingestion of the culprit allergenic food, has 
demonstrated a much faster uptake than would be expected by 
normal gastrointestinal physiology (7). This was confirmed by 
studies using sensitive biological tests (8, 9) for detection of 
allergen in plasma of non-allergic persons ingesting foods to 
which hyperimmune sera could be used for detection. Finally, 
an elegant revival of the old Prausnitz–Küstner method has 
been used after a rigorous ascertainment of the safety of the 
sensitizing serum. Here, an inverse relationship between oral 
dose and onset of skin reaction was demonstrated (10). The 
overall conclusions from these studies suggest that less than 
one part per million of food protein (and thus almost out of 
reach with the present status of analytical allergen detection) 
is absorbed systemically. However, so far, it has not been 
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FiGURe 1 | (A) A theoretical outline of the pathogenesis of anaphylaxis induced by a single trigger. After absorption and redistribution, the trigger reaches and 
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mechanisms. (B) A theoretical outline of the pathogenesis of anaphylaxis induced by a single trigger, but modified by host-specific intrinsic and extrinsic factors. The 
modifying factors may alter each of the steps: cellular activation, primary target cell activation, or secondary cellular or tissues activation.
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possible to study whether similar mechanisms of limited intact 
food allergen absorption is taking place in allergic patients, or 
whether they might have qualitatively different mechanisms 
operating.

Some foods are known to potentially induce severe anaphy-
lactic reactions, such as egg and milk in early childhood, and 
peanut, tree nuts, fish, and shellfish persistently throughout life. 
It is well-accepted that a “dangerous” food contains allergens that 
are sufficiently resistant to gastrointestinal proteolysis allowing 
them to cross the gut epithelial barrier and cause systemic reac-
tions. Legume and tree nut storage proteins such as peanut Ara 
h 2 and lipid transfer proteins such as peach Pru p 3 are probably 

the best characterized molecules in this category. They are both 
highly resistant to proteolysis and have been identified as risk 
factors for severe symptoms. Nevertheless, a very significant 
number of patients sensitized to such stable allergens only expe-
rience mild symptoms, usually limited to the oral cavity. This 
means that, besides protease-resistance, other factors determine 
the clinical outcome of exposure to potentially severe (stable) 
allergens.

The relationship between the internal dose reaching the 
immune system, and the actual dose administered via ingestion, 
inhalation, skin absorption, or via parenteral routes is not only 
determined by absorption. In particular, many food allergens are 
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digested in the stomach but may also react or become absorbed 
intact in the buccal mucosa (8). The clinical studies of threshold 
values to allergenic challenges suggest that there are large interin-
dividual (of 3–5 decades) differences between patients’ threshold 
dosages when challenged with food allergens. Although insuf-
ficient data are available, it seems most likely that each individual 
has his/her own threshold value, and the more the given dose 
exceeds this threshold, the higher likelihood of an anaphylactic 
reaction.

MeDiATOR ReLeASe AnD PRiMARY 
TARGeT CeLL ACTivATiOn

Following mediator cell activation, different mediators, the most 
prominent being histamine, but likely also involving tryptase, 
prostaglandins, the sulphido-leukotrienes, LTC4, LTD4, and 
LTE4; platelet aggregating factor and other lipid-derived media-
tors are released to the surrounding tissue to act locally and sys-
temically. Both primary triggers such as allergens and mediators 
released by these may be systemically distributed, but it is rarely 
clear which of the two distribution mechanisms that are most 
important for the systemic nature of anaphylaxis.

SeCOnDARY eFFeCTS: LOCALiZeD  
OR SYSTeMiC ReSPOnSe?

Anaphylaxis can affect multiple organ systems and results in 
a broad range of symptoms from the skin and mucous mem-
branes, upper and lower respiratory tract, gastrointestinal tract, 
and cardiovascular and nervous systems. Cutaneous symp-
toms are present in more than 80% of episodes and are often 
transient including erythema, pruritus, rash, and urticaria/
angioedema (11, 12). During skin and mucosal symptoms, the 
dermal microvasculature is highly unbalanced and important 
extravasations of fluid occurs. However, the vascular system 
extends well beyond of the microvasculature. The majority of 
severe alterations described in human anaphylaxis involve the 
vascular system and hypotension is one of three important cri-
teria for diagnosing anaphylaxis, with resulting hypoxia being a 
key feature contributing to the severity of the reaction (13, 14). 
Overall hemodynamic defects are fundamental for the sudden 
fall in the BP and may directly cause some of the neurologic 
symptoms as dizziness, fainting, and seizures associated to 
severe anaphylaxis. Moreover, involvement of the gastroin-
testinal system (abdominal pain, cramping, nausea, vomiting, 
incontinence, and diarrhea) has been strongly correlated with 
hypotension and hypoxia too. Low BP during anaphylaxis 
might result in decreased myocardial perfusion, which in turn 
causes arrhythmias and cardiovascular collapse. The respiratory 
system is commonly affected giving rise to symptoms such as 
dyspnea, wheezing, stridor, deep cough, upper airway obstruc-
tion, asphyxia, and respiratory arrest (15, 16).

The extravasation of fluid leads to decreased venous return, 
which in turn causes insufficient filling of the heart, reduced 
cardiac output, and ultimately cardiac arrest. Respiratory 
obstru ction/arrest, cardiovascular collapse, or a combination 

of these might be fatal. Moreover, there is increasing evidence 
of the human heart as a target of cardiac anaphylaxis involving 
human heart mast cells (17), but this area deserves further 
studies.

PATienT-ASSOCiATeD inTRinSiC 
FACTORS

Clearly, allergen dose and the patients IgE titer are not enough to 
predict the severity of an anaphylactic reaction, and other con-
tributing factors termed cofactors may be described as intrinsic 
or extrinsic (Figure 1B).

Patients with, e.g., severe food allergy often report an almost 
immediate tingling sensation in the mouth, already upon expo-
sure to tiny quantities of the offending food. An anaphylactic 
reaction can occur within a few minutes, so symptoms are initi-
ated long before the food allergen has had the chance to pass the 
stomach into the intestinal tract and interact with the relevant 
epithelial mast cells. This suggests that the process of anaphylaxis 
already starts when the allergen is exposed to the oral (or esopha-
geal) mucosal/epithelial barrier. The kinetics of uptake of food 
proteins over the oral mucosal barrier is a poorly understood 
process that may differ between patients with mild and severe 
food allergy. Anaphylactic patients may have a more permeable 
mucosal/epithelial barrier in the oral cavity but possibly also in 
the intestinal tract. In addition to differences in the physical bar-
rier function, the innate immune function of epithelial cells may 
also differ, and the number of subepithelial tissue mast cells and/
or their sensitivity to allergen may distinguish between patients 
with mild and severe reactions. Also, differences in the phenotype 
and thus responsiveness of mast cells (18) and basophils (19) may 
play a role.

In addition, much more crude physiological parameters, such 
as age, hormonal status, and comorbidities may determine the 
reactivity of the organism being exposed to an anaphylactic trig-
ger, and it is important to emphasize that the intrinsic, as well 
as the extrinsic factors described below, may interact differently 
with each of the steps in the anaphylactic pathway.

eXTRinSiC FACTORS: FOOD, 
LiFeSTYLe, enviROnMenT,  
AnD inFeCTiOnS

Thresholds for allergic reactions to food also have considerable 
intraindividual variability. It is nevertheless assumed that all 
patients can develop severe reactions, given the right combination 
of factors and events and if the dose is high enough. Apart from 
the dose of a food, there is also the way it is consumed, i.e., pure 
unprocessed, processed, and/or as part of a composite food. The 
matrix in which a food allergen is presented to mucosal surfaces, 
both with respect to its composition and its way of processing, 
is an extrinsic factor that has significant impact on release and 
uptake of food allergens (Figure 1B).

Other extrinsic factors that may influence allergen uptake 
are exercise shortly after food consumption (exercise-induced 
anaphylaxis), alcohol-use, and the use of non-steroidal 
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antiinflammatory drugs and antacids (20, 21). Exercise-induced 
anaphylaxis is most commonly but not exclusively associated 
with wheat allergy. All these extrinsic factors are thought to 
increase gut permeability or increase allergen solubility, thereby 
lowering the threshold for severe reactions. Quantitative data 
are, however, not available. Some of these extrinsic factors may 
very well synergize into the perfect storm of a “party challenge”  
(dinner including potential allergens, alcohol, dance, preven-
tive aspirin, antacid), of which the quantitative impact is of 
course even more complex. Stress and sleep deprivation are 
also on the list of extrinsic factors that increase the risk for 
severe reactions. Last but not least, infections such as com-
mon cold (rhinovirus) and flu (influenza virus) have been 
implicated to increases hyperresponsiveness and may thus 
lower thresholds or increase the severity of a reaction. As 
of yet, the effects attributed to most of these extrinsic fac-
tors have not yet been confirmed by clinical, prospective  
studies.

TRiGGeRS OF THe AnAPHYLACTiC 
ReACTiOn

After having discussed the potential host-modifying (intrinsic 
and extrinsic) factors (Figure  1B), we can move back to the 
actual triggers (Figure 2) of the reaction. Clearly, not all clinical 

cases of anaphylaxis may be fully explained and diagnosed, but 
as previously cited from the literature, food seems to be most 
important trigger, followed by insect venom stings and drugs, 
the latter also including allergic side effects of allergen-specific 
immunotherapy, and systemic reactions caused by diagnostic 
(iatrogenic) allergen challenges.

Food
By definition, the oral route is the only relevant exposure to 
foods, even though food proteins are known to elicit (and per-
haps sensitize) via inhalation or via dermal exposure. This does 
not preclude, however, that the primary sensitization to a food 
allergen has taken place via another administration route.

insect venoms
Insect stings often occur in body areas with thin skin or on 
mucous membranes that allow a rapid and relatively unhindered 
systemic absorption of the individual venom components. By 
nature, these are toxic in their own right, and even if the patients 
is not allergic, large local reactions may be seen.

Drugs
Anaphylactic reactions to drugs are divided into allergic reac-
tions (including IgE-mediated reactions) and non-allergic 
reactions, which may have several other mechanisms, such as 
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activation via the complement system or direct actions of a drug 
on receptors of the target cell, e.g., opioid drugs activating mast 
cells directly, or more recently, the suggestion that some drugs 
may directly activate the mast cell via the MRGPRX2 surface 
receptor (22).

In practice, it is important not to limit the scope to the active 
component in prescription drug. Excipients and additives 
such as, e.g., methylcelluloses or polyethylene glycols (23) may 
also have allergenic potential. In addition, chemicals used for 
disinfection or sterilization such as chlorhexidine and ethylene 
oxide may be important to consider. Also, many drugs have 
potent effects in their own right, and the differentiation between 
pharmacological effects, side effects, and allergic symptoms is 
important for reaching the correct diagnosis (24).

Within the realm of perioperative anaphylaxis and postsurgi-
cal recovery, the administration of blood products may also give 
rise to anaphylactic reactions, and here, two immune systems, 
the host’s and donor’s, may be on collision course with other 
mechanisms than IgE being involved. Such mechanisms includes 
an immune-complex-mediated (with possible complement-
system involve ment also including the contact system) reaction 
between anti-IgA auto-antibodies of IgA-deficient donors and 
IgA of the recipient (25).

endogenous Cellular Activation: 
Mastocytosis and Other Mast  
Cell-Related Disorders
Mastocytosis is a well-known cause of anaphylaxis (26), which 
can often be diagnosed via the signature KIT D816V mutation 
(27). Additionally, condition(s) described as MCAS or MCAD 
have been suggested, but it has been difficult to establish firm 
criteria for this or these conditions. One important step forward 
was the suggestion to first eliminate primary MCADs such as 
mastocytosis and secondary activation disorders such as allergic 
reactions and other conditions caused by receptor-mediated 
mast cell activation before considering MCAS. Further, strict 
criteria have been proposed including (a) symptoms from two 
or more organs; (b) response to anti-mediator therapy; and 
(c) evidence of increased mediator turnover (28). It seems 
fair to state that the clinical significance of such reactions are 
still controversial and very limited epidemiological evidence 
exists where the above-described criteria have rigorously been 
applied. Thus, when all conditions are considered, it seems as 
if IgE-mediated reactions followed by mastocytosis-related 
anaphylaxis are responsible for the vast majority of anaphylactic 
conditions.

exogenous Mediator intake and/or 
Reduced Catabolism, i.e., Histamine 
intolerance
Scombroid poisoning—an allergy-like intoxication after inges-
tion of fish or other foods with high histamine content due to 
microbial degradation—can be considered as an overdose of 
histamine. Intake of more than 50 mg histamine/100 g food is 
considered toxic, but intake of histamine 20 mg/100 g food has 
in some cases elicited symptoms. None of the symptoms are 
pathognomonic to histamine poisoning, and the only reliable 
way to diagnose this condition is to measure histamine content 
in the food (29, 30).

It is likely that sensitive individuals exists, who may react to 
lower dosages of histamine, either because of an increased sen-
sitivity at the receptor level or because of a reduced catabolism 
of histamine, which is mainly degraded by the enzyme, diamine 
oxidase [see p. 89 in Ref. (31)]. In principle, similar syndromes 
may exists for other mediators. A considerable literature is avail-
able, but the diagnosis, histamine intolerance, is controversial (32) 
and not always easily differentiated from extrinsic or intrinsic 
factors described above.

COnCLUSiOn

Experimental evidence, both clinically and at laboratory level, is 
needed to facilitate better understanding of the mechanisms by 
which severe reactions occur, but also to be able to quantify their 
impact on threshold doses. Severe, potentially life-threatening 
anaphylactic reactions have great impact on the quality of life 
of patients. They are the basis of the anxiety and fear common 
to these patients and their relatives. An important knowledge 
gap relevant to evidence-based risk management of anaphylaxis 
is our poor ability to predict whether, and if so when, patients 
will develop such severe systemic, potentially life-threatening 
reactions. Here biomarkers are essential, and biomarkers that are 
bedded in mechanisms of disease are more powerful than mark-
ers identified simply by association (33). On the other hand, the 
difficulties in performing clinical research on patients with acute 
but fast remitting symptoms may also have inspired the proposal 
of a number of controversial disease mechanisms.
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Anaphylaxis is a life-threatening allergic reaction. It is triggered by the release of pro- 
inflammatory cytokines and mediators from mast cells and basophils in response to 
immunologic or non-immunologic mechanisms. Mediators that are released upon mast 
cell activation include the highly sulfated polysaccharide and inorganic polymer heparin 
and polyphosphate (polyP), respectively. Heparin and polyP supply a negative surface 
for factor XII (FXII) activation, a serine protease that drives contact system-mediated 
coagulation and inflammation. Activation of the FXII substrate plasma kallikrein leads 
to further activation of zymogen FXII and triggers the pro-inflammatory kallikrein–kinin 
system that results in the release of the mediator bradykinin (BK). The severity of ana-
phylaxis is correlated with the intensity of contact system activation, the magnitude of 
mast cell activation, and BK formation. The main inhibitor of the complement system, 
C1 esterase inhibitor, potently interferes with FXII activity, indicating a meaningful cross-
link between complement and kallikrein–kinin systems. Deficiency in a functional C1 
esterase inhibitor leads to a severe swelling disorder called hereditary angioedema 
(HAE). The significance of FXII in these disorders highlights the importance of studying 
how these processes are integrated and can be therapeutically targeted. In this review, 
we focus on how FXII integrates with inflammation and the complement system to 
cause anaphylaxis and HAE as well as highlight current diagnosis and treatments of 
BK-related diseases.

Keywords: contact system, factor Xii, kallikrein–kinin system, bradykinin, mast cells, heparin, polyP, anaphylaxis

BACKGROUND OF THe PLASMA CONTACT SYSTeM

The factor XII (FXII)-driven contact system is a network of proteases and inhibitors that inte-
grates four major pathways: (1) the complement system, (2) the coagulation cascade, (3) the 
fibrinolytic system, and (4) the kallikrein–kinin system (1). The name “plasma contact system” 
comes from FXII being activated when it comes into “contact” with anionic surfaces, which 
leads to a conformational rearrangement resulting in the active protease factor XIIa (FXIIa). 
FXIIa initiates a series of downstream events that mediate the interface between of inflamma-
tion and coagulation (2, 3). FXIIa activates two serine proteinases, factor XI (FXI) and plasma 
prekallikrein (PK) that drive the coagulation and kallikrein–kinin systems, respectively. The 
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FiGURe 1 | Factor XII (FXII)-driven contact system in activation of anaphylaxis. Zymogen scFXII becomes activated to FXIIa either by endogenous activators 
[misfolded proteins, RNA/DNA, neutrophil extracellular traps (NETs), polyP, oversulfated chondroitin sulfate-contaminated heparin (OSCS-heparin) and heparin] or by 
artificial surfaces. Anaphylaxis can activate mast cells with the release of their mediators (polyP and heparin), which also leads to FXIIa. FXIIa proceeds to activate 
prekallikrein, which reciprocally cleaves both FXIIa into β-FXIIa and high-molecular-weight kininogen (HK) to bradykinin (BK). BK binds receptor B2 (B2R) and triggers 
inflammation, edema, and symptoms of anaphylaxis. BK can be further proceeding to des-Arg-BK and mediates B1 receptor (B1R) activation resulting in 
hypotension and bronchoconstriction. The contact system can be inhibited by the C1INH that inhibits both FXIIa and plasma kallikrein.
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non-enzymatic cofactor, high-molecular-weight kininogen 
(HK) is cleaved by activated plasma kallikrein (PKa) to release 
the pro-inflammatory oligopeptide bradykinin (BK) (4). 
Recent data have linked FXIIa-driven formation of BK and the 
downstream activation of the G-protein-coupled receptor B2 
(B2R) potentially signaling to anaphylaxis and other immuno-
logic disorders (Figure 1) (5, 6).

Proteins and Molecules of the  
Contact System
Factor XII
Factor XII circulates in plasma as a zymogen with a concentra-
tion of 40 µg/ml (375 nM) (1). Coming into contact with anionic 
surfaces causes the zymogen form of FXII to undergo a confor-
mational change in the presence of zinc ions. Conformational 
rearrangements induce auto-activation, which leads to small 
amounts of FXIIa (7). Due to activation of FXII zymogen, the 
single-chain polypeptide is converted into a two-chain molecule, 

composed of a heavy chain [353 amino acid (aa)] and a light 
chain (243 aa). The two chains stay connected with each other by 
a disulfide bond between Cys340 and Cys367 residues. The heavy 
chain is responsible for binding to anionic surfaces and, similar 
to HK heavy chain (8), links the zymogen to proteoglycans of cell 
surfaces (9). The catalytic domain is located within the C-terminal 
light chain of the protease. In humans, single-chain (sc)FXII 
has measurable, although much lower, proteolytic activity than 
complete FXIIa and its potential importance in vivo remains to 
be shown (10). FXIIa initiates the intrinsic coagulation cascade, 
which leads to the generation of thrombin and fibrin to produce 
clots in the blood (11). Furthermore, FXIIa converts PK to the 
active protease PKa, which reciprocally activates more FXII (7). 
In addition, PKa can initiate a further proteolysis of FXIIa into a 
~30 kDa light chain fragment, termed β-FXIIa. The cleavage takes 
place at the peptide bond Arg353–Val354 and consequently, the 
active site released from the heavy chain and thus from surfaces. 
This small, soluble β-FXIIa variant retains its proteolytic activity 
toward PK, but not to FXI (Figure 1), offering an explanation 
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for selective activation of the kallikrein–kinin pathway in the 
absence of coagulation (12).

Plasma Kallikrein
Prekallikrein has a plasma concentration of 35–50 µg/ml (580 nM)  
and exists as two different glycosylated forms with molecular 
weights of 85 and 88 kDa, respectively. Similar to FXII, a lim-
ited proteolysis activates zymogen PK and the active form is 
composed of a heavy chain (residues 1–371, 55 kDa) linked by a 
disulfide bond and a light chain (residues 378–619, 30 kDa). The 
heavy chain contains four apple domains and PK/PKa binding 
to HK is mediated by apple domains 1, 2, and 4 (13, 14). The 
PK light chain contains the peptidase domain with the substrates 
being HK, FXII, plasminogen, and urokinase-type plasminogen 
activator. Interestingly, the kallikrein–kinin system is linked to 
thrombosis, fibrinolysis, and the rennin–angiotensin system 
through the conversion of plasminogen to plasmin by PKa (7).

High-Molecular-Weight Kininogen
In humans, the non-enzymatic cofactor HK is generated from a 
single gene but undergoes alternative splicing to form high- (HK) 
and low-molecular (LK) weight kininogen. Murine HK contains 
two kininogen genes and both transcripts undergo alternative 
splicing which results in four kininogens. HK, but not LK, binds to 
cell surface glycosaminoglycans and the interaction is improved 
by zinc ions (15, 16). There is no detectable spontaneous HK 
activation due to HK protection from proteolytic cleavage by 
glycosaminoglycans binding. Therefore, cell surface presents a 
reservoir for BK production (7, 17).

Activation of BK via the FXii-Driven 
Contact System
Bradykinin is a nonapeptide composed of the sequence Arg–Pro–
Pro–Gly–Phe–Ser–Pro–Phe–Arg and functions as an inflamma-
tory mediator. BK is the product of the kallikrein–kinin system 
following activation of FXII. FXIIa leads to proteolysis of PK, 
and the resulting PKa cleaves HK to generate BK (Figure 1). In 
contrast to PK, tissue kallikrein liberates kallidin (Lys-BK) from 
LK (18). Released BK binds with high-affinity (8–12 nM) to B2R. 
Upon binding of BK or kallidin, the activated B2R induces an 
increase of intracellular calcium ([Ca2+]i) that stimulates the 
endothelial nitric oxide synthase resulting in increased protein 
kinase G activity (19, 20). B2R signaling triggers vasodilatation, 
increase of vascular permeability, mobilization of arachidonic 
acid, and chemotaxis in granulocytes (21). BK increases vascular 
permeability via opening tight junctions of endothelial cells 
(22). B2R is constitutively expressed in multiple tissues such as 
endothelial cells, sensory fibers, smooth muscle cells, and epithe-
lial cells, among others. Furthermore, expression of the B2R is 
enhanced by cytokines, cyclic adenosine monophosphate, estro-
gen, and glucocorticoids. Pathologic B2R activation contributes 
to various allergic, inflammatory, and infectious diseases such as 
sepsis, anaphylaxis, traumatic brain edema, rhinitis, capillary leak 
syndrome, or ischemia/reperfusion injuries (6, 23, 24). BK has a 
short half-life (<30 s) in plasma because it is quickly degraded by 
both plasma and endothelial peptidases. To overcome limitations 

in analyzing BK in patient samples elegant assays that measure 
BK-free HK (cleaved HK) have recently been developed (25). 
The angiotensin-converting enzyme (kinase 2), carboxypepti-
dases M and N (kininase 1), and the neutral endopeptidase 
(Neprilysin) process BK at two distinct sites (Pro7–Phe8 and 
Phe5–Ser6) leading to the inactive peptides BK1–7 and BK1–5 
(26). Carboxypeptidase N removes the C-terminal BK arginine 
residue resulting in the metabolite des-Arg9-BK. This peptide 
stimulates the G-protein-coupled kinin B1 receptor (B1R) 
(27). Under normal physiological conditions, B1R is minimally 
expressed, but expression is rapidly upregulated in response to 
stimuli such as tissue injury or an increase in inflammation (20). 
Pharmacological inhibition of some mitogen-activated protein 
kinases and NF-κB interfere with B1R expression. Interestingly, 
all kallikrein–kinin system components are found within the cen-
tral nervous system (CNS), and BK is formed and contributes to 
brain trauma and ischemia (28). Recently, a role for B1R in brain 
immune inflammation in a mouse model of Alzheimer’s disease 
was identified, possibly with microglial/macrophage involvement 
(29). Blocking B1R reduces brain infarction and edema formation 
in mice, while B2R deficiency had no effect on stroke outcome 
in mice (30). Furthermore, murine models indicate a role of 
FXIIa and BK in CNS autoimmunity, including multiple sclerosis 
(31) and pharmacologic interference with BK formation and/or 
signaling might ameliorate secondary brain injury (32).

THe CONTACT SYSTeM iNTeGRATeS 
wiTH ACTivATeD MAST CeLLS, THe 
COMPLeMeNT SYSTeM AND MeDiATeS 
ANAPHYLAXiS

Anaphylaxis is a multisystem syndrome of a rapid onset of 
symptoms and an immunologic response to allergens (33) that 
is predominantly driven by activated mast cells. Mast cells are 
found near blood vessels and areas susceptible to foreign anti-
gens, such as tissue mucosa, and serve as multifunctional effector 
cells in the immune system (34). In most cases, the initiation of 
anaphylaxis is due to an antigen (allergen) that interacts with 
high-affinity receptors for immunoglobulin E (FcεRI), which are 
located on mast cells and basophils. Allergen-binding leads to 
intracellular signaling that results in the release of granules (35). 
These components, which are synthesized by mast cells and other 
immune cells such as macrophages or neutrophils, interact with 
circulating plasma proteins or tissue factors. Among the liberated 
compounds is histamine, which increases vascular permeability 
and vasodilation, leads to plasma leakage and reduced intravas-
cular volume (36). This induces a drop in blood pressure that can 
lead to a lethal outcome.

Mediators of the Mast Cells and Activators 
of FXii-Driven Contact System
Mast cells critically contribute to anaphylaxis. The link between 
mast cells and anaphylaxis was established once it was discov-
ered that mast cells were abundant in protein and mediators 
such as tryptase, chymase, and other cytokines, as well as newly 
synthesized lipid-derived molecules such as prostaglandins, 
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platelet-activating factor (PAF), cytokine tumor necrosis factor 
α, and leukotrienes (37). These mediators play an important role 
in the development of anaphylaxis; however, the mechanisms of 
inducing anaphylaxis vary widely (6). For instance, PAF activates 
inflammatory and thrombotic pathways by causing platelet acti-
vation and liberates vasoactive substances, resulting in increased 
endothelial permeability. Uncontrolled PAF activities can result 
in sepsis, shock and are important in disseminated intravascular 
coagulation (38, 39). Prostaglandins lead to smooth muscle 
relaxation and act as vasodilators. Interestingly, they can also 
inhibit platelet adherence. Levels of urinary prostaglandin D2 
correlate with severity of anaphylaxis (40) and leukotriene pro-
duction accompanies histamine and prostaglandin production. 
Their release triggers smooth muscle contractions and vasodila-
tion, leading to bronchoconstriction and hypotension. Cysteinyl 
leukotrienes are termed slow-reacting substance of anaphylaxis 
and are up to 1,000-fold more potent than histamine but have a 
slower onset and long-lasting activities (41–43). The overlap of 
these pathways leads to synergistic pathologic effects that also 
result in activation of complement and contact system pathways, 
highlighting the importance of developing effective therapeutics 
for this potentially lethal condition. In this section, some of the 
main mediators that induce inflammation and/or coagulation 
through contact system-mediated pathways will be discussed in 
greater detail.

Histamine
Released histamine causes increased angioedema, anaphylaxis, 
or chronic spontaneous urticaria and is also involved in allergic 
responses. Histidine decarboxylase is the only enzyme capable 
of producing histamine (44). Upon mast cell release, histamine 
promotes recruitment of TH2 helper cells and dendritic cells along 
with antigen presentation (35). Mast cell secretory granules also 
contain heparin and proteoglycans, which are heavily negatively 
charged, in contrast to histamine, which is positively charged. 
Both components can interact within granules and upon mast 
cell activation, heparin proteoglycans and histamine are released 
with similar kinetics (45). Furthermore, histamine and heparin 
have been shown to interact in purified systems (34, 46), but 
there is no evidence for a physiologically relevant interaction 
in  vivo. In urticaria patients, the occurrence of angioedema 
was reduced with antihistamine therapy (47). In addition, there 
were no increased plasma BK levels in four patients with an 
acute histamine-sensitive angioedema (48) arguing that BK and 
histamine have the capacity for inducing edema by independent 
pathways. For angioedema with unknown derivation (idiopathic 
angioedema) and for hereditary angioedema (HAE), histamine 
receptor antagonists are clinically applied, but approximately one 
in six patients exhibiting idiopathic angioedema do not respond 
to antihistamine treatments (49). This suggests that other media-
tors are involved in the trigger and the outcome of hereditary 
forms of angioedema.

Serotonin
Serotonin, a biogenic amine, is a mast cell granule constituent. 
However, confocal microscopy revealed that distinct mast cell 
granules contain both histamine and serotonin (50, 51). In absence 

of endogenous histamine, serotonin is increased in immune cells 
including mast cells (44). One explanation could be that mast cells 
can selectively release serotonin without releasing histamine (52) 
via high-affinity serotonin-binding proteins used to sequester 
serotonin from secretory vesicles (53). Serotonin functions as a 
regulator of immune and inflammatory responses and is partially 
mediated through direct interactions with macrophages (54).

Heparin
Another major component of mast cell granules is heparin, which 
is released following IgE/antigen activation (5). Heparin-driven 
FXII contact activation triggers the kallikrein–kinin system, 
releases BK to stimulate B2R in human plasma and leads to 
edema in vivo (55). Heparin levels are elevated in patients with 
anaphylaxis while PK and HK plasma levels are low in anaphylaxis, 
indicating that the contact system is indeed activated. In contrast 
to other contact system activators, mast cell heparin does not 
activate the coagulation pathway, possibly because heparin binds 
to antithrombin III, thereby increasing its inhibitory activity 
toward thrombin (6).

In 2007, heparin contaminated with synthetic oversulfated 
chondroitin sulfate-contaminated heparin (OSCS-heparin) was 
accidentally given to patients in the United States and Germany. 
This commercially available contaminated heparin resulted in 
adverse clinical events in the heparin therapy for hundreds of 
individuals (56). Within several minutes of intravenous infusion 
of contaminated heparin, there was a drastic reaction in patients 
causing edema, hypotension, swelling of the larynx and other 
related symptoms including death (56). The OSCS-contaminated 
heparin potently activates FXII via the kallikrein–kinin system 
through BK formation in human plasma (57), demonstrating 
the importance of understanding the mechanisms that induce 
BK in patients.

Polyphosphate
Polyphosphate (polyP) is a polymer of linear linked phosphate 
units via energy-rich phosphoanhydrous bonds. PolyP is 
pro-inflammatory and procoagulant and is found in secretory 
granules of platelets, basophils, and mast cells that resemble 
acidocalcisomes in prokaryotes (51, 58). Mast cell activation leads 
to a release of polyP that activates the FXII-driven contact system 
(51) while FXII- or B2R-deficient mice do not exhibit activated 
mast cell-induced edema and hypotension (5).

Polyphosphate was first found in prokaryotes and is involved 
in metabolism, structural behavior and stress responses. The 
polymer can be from a few up to thousands of residues long 
(11). In artificial systems, dissolved long-chain polyP (>500 
residues) activates FXII more potently than short-chain polyP 
(<100 residues); however, these long-chain polymers have low 
solubility under physiological conditions (59). The hypothesis 
that size determines the activity of polyP for activating FXII 
has been challenged by the fact that polyP form calcium-rich 
nanoparticles in vivo. Independent of the size of the individual, 
polyP monomer polyP, packed into particles potently activates 
FXII (60). PolyP is unstable in plasma (61) and technology to spe-
cifically analyze the polymer has been developed (62). Recently, 
intravital microscopy visualized release of polyP nanoparticles 
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FiGURe 2 | Cross talk between the kallikrein–kinin system and the 
complement system. The complement system can be activated by three 
different pathways: (1) C1q initiates the activation of the classical pathway,  
(2) the mannose-binding lectin (MBL) or ficolins trigger the lectin pathway for 
glycosylation on the surface of pathogens. Activation of either the classical 
pathway or MBL generates C3 convertase. (3) If C3 is spontaneously 
hydrolyzed, the alternative pathway is activated and generates activated  
C3b. C3 and C5 release C3a and C5a, which can trigger inflammation.  
The activation of the complement system via the kallikrein–kinin system is 
indicated, mainly FXIIa and plasma kallikrein are involved in activation of  
C3 and C5. FXIIa can trigger the C1r/C1s complex. C1INH inhibits the 
complement system in all three different pathways and furthermore via the 
inhibition of the kallikrein–kinin system.
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from platelet dense granules. PolyP nanoparticles accumulate 
on the procoagulant platelet surface in vivo. The polyP particles 
are retained on the platelet surface where they potently initiate 
FXII contact activation (63, 64). FXII activation by exposed 
procoagulant polyP offers a rationale for the critical role of FXIIa 
in mediating platelet driven coagulation/clot formation that is 
well established since decades the field (65–70). In addition to 
polyP particles, small amounts of short-chain soluble polymers 
are released into the supernatant from activated platelets (71) 
and activate an array of procoagulant mechanisms (72). The 
role of these FXII-independent mechanisms, however, remains 
enigmatic in vivo. PolyP colocalizes with serotonin and calcium 
in the acidic secretory granules of mast cells (51). Taken together, 
polyP in mast cells is released in a mechanism similar to that of 
platelets. These data suggest that the release of heparin coupled 
with polyP inhibits the procoagulant properties of polyP while 
retaining the pro-inflammatory capability.

Contact System Cross Talk with the 
Complement System
An important component of the immune response is the comple-
ment system, which is composed of soluble proteins circulating 
as precursors in the plasma. There are three distinct pathways that 
can activate the complement system: (1) the classical pathway,  
(2) the lectin pathway, and (3) the alternative pathway. The clas-
sical pathway is activated via binding of C1q to antibodies com-
plexed with antigens. In some cases, the interaction of C1q with 
certain pathogens can lead to a direct surface binding without the 
presence of antibodies. The C1 complex contains C1q, which is 
further bound to two molecules each of the zymogens C1r and 
C1s (73). The mannose-binding lectin (MBL) pathway is initi-
ated when mannan-binding lectin-associated serine proteases 
(MASP-1 and MASP-2) bind and are activated via MBL, ficolins 
or collectins to carbohydrates on the bacterial cell wall (12). The 
alternative pathway is initiated via spontaneous activation of C3b 
that leads to binding on the pathogenic surface. The activation 
of all three pathways is driven by a series of limited-proteolysis 
reactions that convert the proenzymes to an active enzymes (74) 
culminating in generation of C3 convertase (73). The convertase 
cleaves C3 to C3a and C3b and can generate more C3 molecules 
to amplify production of C3b. C3b is involved in the production 
of C5 convertase, which functions as an opsonization marker for 
bacteria to be phagocytosed by macrophages and neutrophils 
(75). The cleavage of C5 by C5 convertase yields C5a and C5b in a 
similar fashion as C3. C3a and C5a, known as anaphylatoxins, are 
pleiotropic inflammatory mediators and proteolytically released 
from C3 and C5 (74). In host defense responses, the membrane 
attack complex (MAC) is produced by C5b-mediated formation 
of C5b-9 complex. This MAC induces lysis of pathogens or cells 
via incorporation into the cell membranes (12).

The complement system has the capacity to trigger anaphylac-
tic shock, mainly via C3a and C5a activity. These anaphylatoxins 
induce degranulation of mast cells, which leads to the release 
of histamine. In addition, they also increase vascular perme-
ability and induce contraction of smooth muscle cells (76, 77). 
Complement activation was found to trigger anaphylactic shock  

in mice exposed to peanut extract through C3 activation. In 
accordance with this finding, the authors showed that mice 
deficient in C3 or its receptor C3aR had almost no response to 
the peanut extract (78).

There is extensive cross talk between the complement and 
contact systems at several levels (Figure 2). They share the major 
endogenous inhibitor, C1INH that inhibits the initial step of 
both cascades. While C1INH inhibits FXIIa activation of the 
contact system, all three-activation pathways of the complement 
are also inhibited by distinct mechanisms. The classical pathway 
is inhibited by C1INH-mediated inactivation of C1r and C1s 
(79), two subunits of the C1 complex that is also known to be 
activated by FXIIa (Figure  2) (80, 81). By covalent binding to 
MASP-1 and MASP-2, C1INH also inhibits the lectin pathway 
(82). Finally, the alternative pathway is inhibited by reversible 
binding of C1INH to C3b (83). Interestingly, in vitro activation 
of FXII by OSCS activates C3 and C5 in human plasma in addi-
tion to the kallikrein–kinin system. In FXII-deficient plasma, 
activation was abrogated with no effect on normal complement 
activation, an effect that was rescued by addition of purified FXII 
to FXII-deficient plasma (57). There are multiple inhibitors of 
the complement system that are expressed on cell surfaces. The 
inhibitory effect of antithrombin, however, is much enhanced 
by glycosaminoglycans, such as heparin and heparan sulfate 
(84, 85). Further interactions between the complement and the 
kallikrein–kinin system have been discovered. For example, PKa 
has been found to trigger the generation of C3a fragments in 
humans (86) and C5a due to limited proteolysis of C5 in rabbits 
(87). While this last reaction was confirmed using anti-PK IgG 
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or soybean trypsin inhibitor, this result has yet to be confirmed 
in humans. The cross talk between complement and the contact 
system has become increasingly more relevant because many 
types of molecules are produced that play an important role in 
pathologies such as angioedema (12) and anaphylaxis.

BK iN ANAPHYLAXiS AND 
iNFLAMMATORY DiSeASeS

Anaphylaxis
Anaphylaxis can result from serious allergic reactions and immu-
nologic response to allergens and may lead to life-threatening 
swelling episodes (33). Its onset is in the range of a few minutes 
if the allergen entered via the circulatory system to a couple of 
hours if the allergen was ingested. Depending on the type of the 
response, symptoms of anaphylaxis include hypotension, vascular 
leakage, or even cardiac arrhythmia and bronchial constriction 
in severe cases (6). There are common triggers for anaphylactic 
reactions such as food, medications or insect venom with 1–15% 
of the population being susceptible to anaphylaxis (88).

Recent work from our group has shown that this increased 
vascular permeability was mediated by heparin-initiated BK 
formation in mice (5). In this study, it was shown that targeting 
FXII or B2R abrogated heparin-mediated leukocyte adhesion to 
the endothelium and inhibited mast cell-triggered hypotension. 
Ablation of FXII or B2R protected against mast cell-mediated 
leakage in response to allergens and heparin-induced edema. 
Furthermore, our group has also demonstrated that deficiency or 
targeted inhibition of FXII, PK, HK, B2R, but not B1R, resulted 
in a protective effect against anaphylaxis in an allergen/IgE mice 
model. In F12−/− mice, this protective effect could be abolished 
by restoration of plasma FXII levels, confirming the involvement 
of the contact system in this model of anaphylaxis. Analysis of 
human plasma from anaphylactic patients revealed activation 
of the contact system. The degree of anaphylaxis associated with 
levels of mast cell degranulation, heparin levels in the plasma, the 
amount of contact activation, and subsequent BK formation (6).

Abnormal blood coagulation as a result of IgE-triggered 
hypersensitivity has been known for years. Activated partial 
thromboplastin time, a measure of FXIIa-driven coagulation 
is delayed in patients with anaphylaxis and anaphylactic shock 
(89, 90). In contrast, the prothrombin time, which utilizes the 
FXII-independent extrinsic pathway of coagulation, remains 
unchanged in patients with allergen-mediated anaphylaxis, 
suggesting that they mediate their effect only via the intrinsic 
coagulation pathway (11). The plasma of IgE/Ag-challenged mice 
does not clot due to a heparin concentration of >4 μg/ml, which 
is sufficient for initiation of BK formation (5). Therefore, minute 
amounts of heparin may produce BK on the mast cells surface.

Hereditary Angioedema
Dysregulation of the contact system leads to HAE, an autosomal 
dominant disorder that results in recurrent episodes of angi-
oedema of the skin or tissue mucosa. Before the use of prophylactic 
drugs, laryngeal edema and upper airway obstruction were lethal 
in up to one-third of patients (91). It is unknown how prevalent 

HAE is across the world but current estimates propose as many 
as 1/10,000–1/150,000 individuals in Europe (92). HAE is caused 
by either reduced C1INH levels (HAE type I) (93), a defective 
C1INH protein (HAE type II) (94), or hyperactive FXII (HAE 
type III). In HAE type III patients, C1INH functions normally 
and circulates at a normal concentration in plasma. However, a 
single point mutation in FXII (position 309) leads to enhanced 
FXIIa activity by a mechanism that recently has been unraveled 
(95). A defective FXII glycosylation at that single site (Thr309 
that is mutated to Arg or Lys) is the underlying cause of excessive 
FXII activation in HAE type III, suggesting that HAE type III is 
a disease model for gain of function FXII contact activation (96). 
Edema in HAE type III is not associated with thrombosis (96), 
supporting a role of mast cell heparin in activating mutant FXII 
similar to anaphylactic reactions (6). C1INH deficiency increases 
the ability of FXIIa to convert PPK to PKa (97), since C1INH 
inhibits over 90% of plasma FXIIa (94). In murine models, cross-
breeding C1INH-null with B2R-null mice completely rescues the 
leakage phenotype, confirming that BK triggers edema forma-
tion (98). During acute swelling attacks, C1INH infusions, B2R 
antagonists, and PK inhibitors have all been shown to effectively 
block generation of BK (20).

inflammatory Diseases
Vasodilation and vascular permeability are two processes are 
involved in many inflammatory diseases (48), leading to local 
swelling attacks of the dermis and submucosa (99). As an impor-
tant regulator of those processes, the contact system has been 
studied in several inflammatory diseases. In rheumatoid arthritis 
and irritable bowel diseases, for example, high levels of PKa and 
BK have been observed. Furthermore, it was shown in rodent 
rheumatoid arthritis models that inhibition of the contact system 
interferes with arthritis. Moreover, HK deficiency in rats resulted 
in less acute and chronic arthritis (100). The precise role of the 
kinin receptors in rheumatoid arthritis has remained a matter of 
discussions. While B2R receptor deficiency did not affect arthritis 
in a mouse model of anti-collagen antibody-induced arthritis, 
combined deficiency of B2R and B1R attenuated arthritis (101). 
In support of these observations, there are similar findings in 
irritable bowel disease. Patients with ulcerative colitis (UC) 
showed decreased plasma levels of PKa and HK, which indicated 
proteolysis of these precursors and therefore contact system acti-
vation (102). Both kinin receptors are expressed in UC patients 
in intestinal epithelial cells. During active UC, however, B1R is 
significantly upregulated and seems to be the main receptor by 
which BK exerts its deleterious effect in UC (18). Interestingly, 
in a murine dextran sulfate induced colitis model C3, deficiency 
conferred protection from disease development indicating a role 
for the complement system in the disease (103). In the same 
study, the authors showed that treatment with C1INH would also 
reduce the severity of the disease in WT mice. A rat enterocolitis 
model confirmed the clinical observation of decreased plasma 
PKa and HK and intestinal inflammation could be reduced by 
treatment with BK antagonists or HK deficiency in a PG-PS 
model. There are many different animal models that display 
intestinal inflammation and contact system inflammation but 
use different triggering agents (56, 104, 105), suggesting that the 
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contact system is an integral part of the process. Taken together, 
these data indicate that contact activation can be detected in 
most inflammatory diseases and is mostly mediated through BK 
production and its receptors.

Diagnostics Related to the Kallikrein–Kinin 
System
Diagnostics for anaphylaxis are well described in Montanez 
et al. (106). In the case of BK-related anaphylaxis, there are some 
more in vitro assays available. But measuring the concentration 
of BK is very challenging, due to rapid degradation of BK and 
des-Arg9-BK (27  ±  10 and 643  ±  436  s, respectively) (107). 
Therefore, a number of enzymatic assays have been designed to 
circumnavigate this issue by measuring more stable BK-related 
products such as cleaved HK levels (108, 109). Other assays focus 
on C1INH inhibitory capacities by measuring free C1s activity 
(110) and C1INH-protease complexes levels (111).

Amidase Activity Assay
This assay measures the activity of free, active C1s amidase (e.g., 
not bound to C1INH) by the kinetic or endpoint colorimetric 
assay, using the substrate H-d–Pro–Phe–Arg–pNA (110). It was 
demonstrated that spontaneous amidase activity was increased 
in plasma from patients with BK-dependent disorders compared 
to plasma from normal patients. They confirmed increased BK 
production by detecting HK cleavage via Western blot, which also 
correlated with increased kininogenase activity (112).

Cleaved Kininogen Assay
A direct indicator of BK release is cleaved HK (25, 113). The 
reconstitution of liver-synthesized, novel protein is slow. Due to 
the slow recovery of plasma HK levels, the observed distribution 
of HK and HK degradation products gives a robust readout of 
the in vivo BK production and allows for the detection of active 
angioedema (114). The cleaved kininogen assay could be used in 
injury cases where the role of contact system is developing, such 
as in transfusion-related acute lung injury and other detrimental 
blood reactions (115).

Treatments with Drugs against BK 
Formation
The standard treatment for anaphylaxis is adrenaline, but since 
mast cell and contact system activation correlate with the sever-
ity of the response (116), other drugs inhibiting BK formation 
could be also considered. For example, specific inhibitors of 
the kallikrein–kinin system have been shown to be effective at 
preventing BK-mediated HAE attacks. Some severe side effects 
can exist, such as a hypersensitivity to the drug that can induce 
anaphylaxis. The variations in physiological responses demon-
strate the need for detailed mechanistic studies of therapeutics 
that target the contact system. Some of the current therapeutics 
in clinical trials will be discussed in more detail.

Icatibant
Icatibant (Firazyr®; Shire) is a synthetic decapeptide containing 
five non-proteinogenic amino acids (H–d-Arg–Arg–Pro–Hyp– 

Gly–Thi–Ser-d–Tic–Oic–Arg–OH) which resembles the BK- 
peptide and selectively blocks B2R. In contrast to BK, icatibant 
has a relatively long half-life (1–2 h) (117). Several in vitro and 
in vivo pharmacological assays showed that icatibant binds with 
a high-affinity to B2R in guinea pig models (118). Furthermore, 
the anaphylaxis associated BK-induced bronchoconstriction in 
guinea pig models was inhibited with icatibant (119). Consistent 
with animal model data, clinical trials showed the efficacy of 
icatibant and a strong decrease of HAE attacks in treated patients 
(114, 120). Some side effects were observed in 90% of the patients 
treated with icatibant, such as temporally local pain, swelling, 
and erythema at the injection site.

Ecallantide
Ecallantide (Kalbitor®; Dyax, USA) is a potent recombinant 
protein modeled after the human tissue factor pathway inhibitor 
Kunitz 1 domain that inhibits PK (121). To test the efficacy and 
safety in acute attacks, there were two double-blind, placebo-
controlled studies performed in 160 patients with HAE. The 
results of these studies were comparable but the measurement of 
the patients’ reported outcomes was different (122, 123). A known 
risk of ecallantide treatment for acute HAE attacks is hyper-
sensitivity and subsequent anaphylaxis. The clinical relevance 
and post-marketing surveillance are required to determine the 
therapeutic and clinical value (121).

C1INH
Some drugs are available to cover the impropriate function  
of C1INH or C1INH deficiency. These are plasma-derived 
(pd)C1INHs [Berinert® (CSL Behring), Cetor® (Sanquin), and 
Cinryze® (ViroPharma)] or recombinant human (rh)C1INH 
(Ruconest® in Europe, Rhucin® in the USA, Pharming Group 
NV). The pdC1INHs prepared and pasteurized from fraction-
ated plasma. rhC1INH is expressed in the mammary gland of 
transgenic rabbits. Interestingly, both synthetic proteins pro-
duced C1INHs differ in their glycosylation pattern. rhC1INH 
contains less glycosylation than pdC1INH due to its production 
in a heterologous system. Because of the differences in glycosyla-
tion patterns, the rhC1INH can be cleared within 3 h from the 
circulation, in comparison to pdC1INH, which takes more than 
24 h. It is important to know if patients have a rabbit allergy since 
this could induce anaphylaxis upon treatment with rhC1INH 
(121). To confirm the safety of these products, more long-term 
data are necessary.

Avoralstat
Avoralstat (BCX4161) is developed by BioCryst Pharmaceuticals 
Ltd. (Durham, NC, USA) and is a small molecule kallikrein inhib-
itor of oral administration. It is an effective and specific inhibitor 
of PK, as indicated in preclinical studies. One promising study in 
phase IIa was performed with statistically significant mean attack 
reduction for HAE type I and type II (124).

DX-2930
DX-2930 is a recombinant human monoclonal antibody against 
PK produced by Dyax Corp (Burlington, MA, USA) that was 
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developed using phage display. DX-2930 acts as a long-acting 
inhibitor and could be used to prevent HAE attacks (124).

Anti-FXIIa Antibody (3F7)
3F7 is a recombinant, fully humanized antibody (3F7) which 
neutralizes FXIIa by blocking the protease activity of the catalytic 
domain (125). 3F7 blocks the intrinsic clotting cascade in human 
plasma and thrombosis formation in mouse models. Consistent 
with the selective role of FXII in thrombosis but not in hemostatic 
mechanisms, 3F7 thromboprotection is similar to that of heparin 
but there is no change in bleeding. 3F7 interferes with FXII activa-
tion in response to an array of contact activators including polyP 
and heparin (126). In humanized mouse models of HAE type III, 
3F7 inhibits FXIIa and as a consequence prevents edema in ani-
mal models. Supporting a potential use of 3F7 to treat anaphylaxis 
and HAE, the addition of the antibody abolished BK formation in 
patients’ plasma of HAE type III (96).

CONCLUSiON

The FXII-driven contact system plays a role in anaphylaxis and 
angioedema via its ability to increase inflammation and vessel 
permeability. During the onset of these pathologies, the mast 
cell activation releases pro-inflammatory mediators including 
polyP and heparin that can activate the contact system. This 
contact system activation triggers the kallikrein–kinin system 
and the complement pathways that intertwine at many levels, for 

example frequently used control mechanisms, cross-activation, 
and commonly used binding proteins. The abnormal production 
of BK leads to HAE and also plays a role in anaphylaxis that both 
can lead to acute, life-threatening attacks of edema. Therefore, 
it is of interest to study the common pathways between these 
pathologies. There are several novel drugs emerging to interfere 
with contact system activation and possibly other pathologies 
involving HK, BK, and C1INH. Further clinical studies of the 
contact system are required to better understand the connection 
between the contact system and inflammatory-related patholo-
gies like HAE and anaphylaxis.
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Anaphylaxis is the most severe form of allergic reaction, resulting from the effect of medi-
ators and chemotactic substances released by activated cells. Mast cells and basophils 
are considered key players in IgE-mediated human anaphylaxis. Beyond IgE-mediated 
activation of mast cells/basophils, further mechanisms are involved in the occurrence 
of anaphylaxis. New insights into the potential relevance of pathways other than mast 
cell and basophil degranulation have been unraveled, such as the activation of the con-
tact and the coagulation systems. Mast cell heparin released upon activation provides 
negatively charged surfaces for factor XII (FXII) binding and auto-activation. Activated 
FXII, the initiating serine protease in both the contact and the intrinsic coagulation 
system, activates factor XI and prekallikrein, respectively. FXII-mediated bradykinin (BK) 
formation has been proven in the human plasma of anaphylactic patients as well as in 
experimental models of anaphylaxis. Moreover, the severity of anaphylaxis is correlated 
with the increase in plasma heparin, BK formation and the intensity of contact system 
activation. FXII also activates plasminogen in the fibrinolysis system. Mast cell tryptase 
has been shown to participate in fibrinolysis through plasmin activation and by facilitating 
the degradation of fibrinogen. Some usual clinical manifestations in anaphylaxis, such 
as angioedema or hypotension, or other less common, such as metrorrhagia, may be 
explained by the direct effect of the activation of the coagulation and contact system 
driven by mast cell mediators.

Keywords: mast cell, heparin, tryptase, bradykinin, coagulation system, factor Xii, fibrinolysis, anaphylaxis

inTRODUCTiOn

Anaphylaxis is a severe, life-threatening reaction that results from the systemic effect of mediators 
and chemotactic substances (1). Pathophysiological mechanisms of human anaphylaxis are not fully 
understood, but classically mast cells and basophils are considered to play a pivotal role. Allergen 
crosslinking of specific IgE bound to the high affinity receptor, FcεRI, leads to the activation of mast 
cells and basophils, inducing cellular degranulation and release of mediators, both preformed or 
de novo synthesized. Mediators of human mast cells comprise pro-inflammatory molecules, such 
as histamine, leukotriene (LT) B4 and LTC4, or prostaglandin D2 (PGD2), cytokines, vascular 
endothelial growth factor (VEGF), proteases such as tryptase and chymase, and the highly sulfated 
polysaccharides, heparin and chondroitin sulfate, being the last two especially abundant in mast 
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cell secretory granules (2). Besides IgE-mediated activation of 
mast cells and basophils, further mechanisms are involved in the 
occurrence of anaphylaxis. In mouse models, the role of IgG has 
been demonstrated. The IgG/antigen complex crosslinking of 
FcγRIII on macrophages and basophils results in the release of 
platelet-activating factor (PAF) and the induction of symptoms 
resembling anaphylaxis (3, 4). Neutrophils have also been sug-
gested as relevant cells in anaphylaxis through IgG1 and 2 in 
mice (5). In humans, the existence of IgG-mediated anaphylaxis 
remains unclear. However, studies, showing that PAF— a media-
tor linked to IgG-mediated anaphylaxis—is essential in human 
anaphylaxis, reinforce the role of this potential mechanism (6). 
Recently, the implication of IgG1 and neutrophils in human 
anaphylaxis has been suggested (7, 8). Other mechanisms linked 
to severe allergic reactions are the Ig-dependent and independ-
ent activation of the complement system, with anaphylatoxin  
(C3a, C5a) production and binding to their receptors on mast cells, 
basophils, and other myeloid cells (9, 10) and the direct activation 
of mast cells by drugs interacting with receptors on these cells.

A myriad of clinical symptoms involving the skin (erythema, 
itching, urticaria, angioedema), the respiratory tract (bronchos-
pasm, dyspnea, or laryngeal edema), the digestive (diarrhea, 
vomiting, nausea, pain), or the cardiovascular systems (dizziness 
and hypotension) can be present during an anaphylactic episode 
(1). Unusual symptoms include diffuse alveolar hemorrhage, 
thrombocytopenic purpura, vasculitis, or metrorrhagia, espe-
cially in honey bee venom-induced anaphylaxis (11–13). Clinical 
symptoms of anaphylaxis have classically been attributed to the 
effects of mast cell/basophil mediators. For instance, histamine 
binding to its receptors is responsible of pruritus, rhinorrhea, 
tachycardia, bronchospasm, or hypotension (14) while vasodila-
tion and edema formation, as well as abdominal pain, may be 
related to tryptase or chymase effects on its target cells (15, 16). 
On the other hand, mast cell mediators can secondarily promote 
the activation of different pathways, leading to the release of 
molecules affecting the clinical expression of anaphylaxis. In this 
line, it is currently known that the kallikrein–kinin system, the 
clotting cascade, and the fibrinolytic system may be activated 
during anaphylaxis (17, 18). The purpose of this review is to give 
new insights on the implication of the contact and the coagula-
tion systems in anaphylaxis, focusing on the central role of mast 
cell/basophil mediators on their activation.

THe COnTACT SYSTeM in AnAPHYLAXiS

The contact system integrates the plasma bradykinin (BK) for-
mation pathway (the kallikrein–kinin system) and the intrinsic 
coagulation cascade. In addition, it is involved in thrombus 
formation, fibrinolysis, and complement activation (19).  
The contact system is configured by three serine proteases, coagu-
lation factor XII (FXII) or Hageman factor, coagulation factor XI 
(FXI), and plasma prekallikrein (PK), and by a non-enzymatic 
cofactor, the high molecular-weight kininogen (HK). FXII, the 
initiating protein in the kallikrein–kinin system auto-activates to 
form activated FXII after binding to certain negatively charged 
surfaces or to macromolecular complexes formed during an 
inflammatory response or to proteins along cell surfaces (20). 

There are two plasma substrates for activated FXII, PK, and FXI, 
and each of these circulates as a complex with HK. Kallikrein is 
liberated from PK, its plasma precursor, by activated FXII (21). 
BK, the final product of the system, is released after cleavage of 
HK by kallikrein (Figure 1). Although the mechanisms of in vitro 
contact system activation have been elucidated, the in vivo effects 
of this complex system in some instances are still unclear.

The effects of BK include peripheral vasodilatation, enhance-
ment of vascular permeability and subsequent vascular leakage, 
and the contraction of gastrointestinal and uterine smooth 
muscle, resulting in angioedema, hypotension, and abdominal 
pain (21), all clinical manifestations of anaphylaxis. The role of 
kinins in allergy was first established more than 30  years ago 
from the observation than BK was produced in parallel with 
histamine release in patients with allergic rhinitis during allergen 
nasal challenge (22) and in the lungs of asthmatic patients (23), 
suggesting a link between mast-cell-related conditions and the 
contact system.

A strong consumption of contact system factors has been 
observed in patients with anaphylaxis (17, 24, 25) and in IgE-
mediated mouse models of anaphylaxis (26). Deficiency or 
pharmacologic inhibition of FXII, plasma kallikrein, HK, or 
the bradykinin B2 receptor (BK2R), largely attenuated allergen/
IgE-mediated mast cell hyperresponsiveness in mice (17). 
Interestingly, in this study, both FXII or BK2R-deficient mice, 
that are resistant to BK signaling, were protected from systemic 
hypotension during anaphylactic reactions (17), indicating that  
the contact system is active and contributes to systemic ana-
phylaxis. In patients with anaphylactic shock to bee venom 
immunotherapy, intravascular coagulation and diminution of 
plasma HK has been reported (25) and the sting-challenge test 
in patients with sting-induced anaphylaxis has been described to 
promote the generation of FXIIa-C1INH and kallikrein-C1INH 
complexes, as well as cleavage of HK (24). Recently, activation of 
FXII and plasma kallikrein has been shown in patients with food 
or drug-induced anaphylaxis, as well as a 60% cleavage of HK. 
Furthermore, this activation of the contact system was associated 
with mast cell degranulation and increased plasma heparin levels 
(17). Mast cells are an important source of heparin, which con-
tributes to the morphology and storage capacity of their secretory 
granules (27). In vivo, this proteoglycan is exclusively synthesized 
in mast cells (28). Therefore, heparin derived from human mast 
cells seems to represent the physiological macromolecule capable 
of activating the contact system. In experimental models, when 
heparin either isolated from peritoneal or from human lungs 
mast cells is added to plasma, contact system activation and 
BK generation occurs (26, 29). Heparin provides the negatively 
charged surface for binding and activation of plasma FXII and 
initiates the kallikrein–kinin cascade. In 2007, several cases of 
heparin-induced anaphylactic shocks occurred after the use of 
heparin contaminated with oversulfated condroitin sulfate (30). 
This contaminated heparin was shown to activate FXII and 
trigger BK generation (31). Mast cell heparin is a potent FXII 
activator as it has been observed in mouse models and in humans 
(22, 32, 33). In acute anaphylaxis, the activation of the contact 
system correlates with the severity of the episode and the degree 
of mast cell activation (17).
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FigURe 1 | The involvement of mast cell mediators in the coagulation and kallikrein–kinin system. The figure illustrates the effects that mast cells mediators released 
upon activation during anaphylaxis exert in the kallikrein–kinin, coagulation, and fibrinolytic systems. Solid lines represent activated pathways. Dashed lines are 
inhibitory pathways. Kinin-forming system factors are represented in blue; the fibrinolytic system is represented in red; the common coagulation pathway in dark 
purple; the extrinsic coagulation pathway in medium purple; the intrinsic coagulation pathway in light purple. PolyP, polyphosphates; TF, tissue factor;  
PK, prekallikrein; KK, Kallikrein; BK, bradykinin; HK, high molecular-weight kininogen; tPA, tissue plasminogen activator; uPA, urokinase plasminogen activator;  
FDP, fibrin degradation products; PAF, platelet-activating factor.
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Tryptase, a trypsin-type serine protease released from mast 
cells upon activation, may also contribute to kinin production 
in allergic diseases and in anaphylaxis. Tryptase derived from 
human lungs was able to release BK mainly through plasma 
kallikrein activation and to enhance vascular permeability (34). 
Furthermore, tryptase levels are correlated to plasma HK cleavage 
during human anaphylaxis (17). Other mast cell mediators poten-
tially capable of activating the contact system are polyphosphates 
(polyP) and elastase. PolyP are pro-inflammatory agents and 
potent modulators of the human blood-clotting system, released 
from activated platelets (35). In mast cells activated through 
IgE-binding, polyP levels greatly decrease (36). Elastase, a serine 
protease mainly released by neutrophils but also by basophils and 
mast cells granules (37), has the capacity to cleave the light chain 
of HK leaving the kinin sequence untouched and seems to be a 
positive regulator of the contact system activation (38).

Taken together, these findings indicate that mast cell degranu-
lation during anaphylaxis may trigger FXII activation and the 
generation of BK through the release of heparin, tryptase and 
possibly polyP, elastase, or other mediators. However, the role of 
other mast cell mediators in contact system activation needs to 
be further explored.

THe COAgULATiOn SYSTeM in 
AnAPHYLAXiS

In addition to contact system activation, mast cell mediators 
may also be involved in the activation of the coagulation system. 
Hemostasis is maintained by complicated interactions between 
the coagulation and fibrinolytic systems as well as platelets and 
vessel walls (39). During anaphylaxis, the release of mast cell 
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mediators may break this hemostasis and the subsequent effects 
may explain the findings described in these patients.

The finality of the coagulation cascade is to form the clot.  
It involves the extrinsic, intrinsic, and common pathways. The 
key initiating factor of the extrinsic pathway is tissue factor (TF), 
present in the circulation and expressed by cells around the 
vessels when the endothelial layer is compromised. The intrinsic 
pathway is activated by FXII, which activates both the contact 
system via PK, and the coagulation system via FXI, convert-
ing prothrombin to thrombin. Then thrombin further cleaves 
fibrinogen to insoluble fibrin and activates factor XIII, which will 
crosslink fibrin polymers (40). Fibrinolysis is activated simulta-
neously as the coagulation cascade and limits the size of the clot. 
Plasmin dissolves the fibrin clot into fibrin degradation products. 
Thus, D-dimers are specific indicators of fibrinolysis. This step 
is mediated by tissue plasminogen activator (tPA) or urokinase 
plasminogen activator (uPA) release from vascular endothelium 
(40) (see Figure  1). The release of tPA is stimulated by tissue 
occlusion, epinephrine, thrombin, vasopressin, and strenuous 
exercise (41). Plasminogen is also activated by FXII, although 
in a weaker manner than tPA and uPA (42). This may suggest 
a protective role of activated FXII for cardiovascular disease.  
In addition, plasmin is able to cleave and activate FXII (43), 
making the interaction between the fibrinolytic and the contact 
system bidirectional. In fact, angioedema, probably BK-mediated, 
as a side effect of plasminogen activators administered to patients 
with thrombotic conditions, has been widely reported (44, 45), 
indicating contact system activation. Recently the possible role of 
human tissue mast cells as another important source of tPA has 
been described (46). Moreover, mast cell tryptase has been shown 
to activate tPA and pro-urokinase (47, 48).

Few studies have evaluated the interaction of mast cell media-
tors released during anaphylaxis with the coagulation system. In 
a case of wasp-sting anaphylaxis, unclottable activated partial 
thromboplastin time (aPTT) that measures intrinsic coagula-
tion pathway, and a significant anti-Xa activity, with extremely 
low fibrinogen level with only a slight increase of D-dimer was 
observed (49). The authors hypothesized that this effects were 
caused by tryptase tetramers stabilized by heparin released from 
mast cells during anaphylaxis. On the one hand, heparin acts as 
an anticoagulant by binding to antithrombin and is responsible 
of anti-Xa activity and unclottable aPTT. On the other hand, 
tryptase tetramers act directly on the fibrinolytic pathway by 
activating pro-urokinase and subsequently degrading fibrino-
gen. This may explain the low fibrinogen level and the increase 
in D-dimer reported in the mentioned case (49). In this line, a 
hyperfibrinolytic state in anaphylactic shock to suxamethonium 
has been reported (50). Our group also evaluated the coagulation 
system in anaphylaxis by measuring anti-Xa and aPTT (17). Only 
20% of patients had a prolonged aPTT, greater than 100 s, and 
almost all of them showed a high anti-Xa. These changes occurred 
concomitantly to HK cleavage. These findings were probably due 
to mast cell heparin release, which activates FXII leading to the 
activation of the intrinsic coagulation and the kallikrein–kinin 
systems, at the same time that it inhibits FXa. Intriguingly, none 
of these patients developed bleeding (17). In fact, FXII deficiency 
is an asymptomatic condition and is not associated with bleeding 

(51). Therefore, it is not surprising that in anaphylaxis, despite 
activation of FXII usually no hemorrhagic events occur.

The coagulation system has also been assessed in relation 
to conditions which share some features with anaphylaxis, 
and in which, mast cells plays a crucial role, such as urticaria.  
In chronic spontaneous urticaria it was found that coagulation 
factors (D-dimer, factor VIIa, and fibrinogen) were increased 
compared to controls and were significantly correlated with 
disease severity (52).

In a murine model, the tetramer-forming β-tryptases cleaved 
the α and β-fibrinogen chains and, therefore, the thrombin-
initiated clot formation was inhibited (18). This is an additional 
potential mechanism that could explain why some rare cases of 
anaphylaxis may develop hemorrhagic disorders. PAF is another 
mast cell mediator known to interact with the coagulation sys-
tem. Despite PAF is released by different cell types (neutrophils, 
endothelial cells, eosinophils, platelets, macrophages, monocytes, 
and mast cells), in anaphylaxis mast cells are the main source 
(6). A mice study demonstrated that the release of mast cell PAF 
could explain disseminated intravascular coagulation symptoms 
(thrombocytopenia, prolongation of prothrombin time and 
hypofibrinogenemia, and increase levels of D-dimer), since PAF 
antagonists could prevent these effects while intravenous PAF 
was able to reproduce some of the symptoms (53). In addition, 
another experimental murine study demonstrated that blocking 
PAF prevents life-threatening peanut-induced anaphylactic reac-
tions (54).

Moreover chymase, a protease exclusively of mast cell origin, 
has also been shown to affect the coagulation pathway. Mast cell 
chymase, whose activity depends on heparin (55), is responsible 
for the degradation and, therefore, inactivation of both throm-
bin and plasmin, suggesting that mast cell chymase-heparin 
complexes have a potential function in regulating extravascular 
coagulation processes, as well as the plasminogen activator/
plasmin system (56, 57). Both human chymase and its mouse 
homolog, mouse mast cell protease-4, had the ability to reduce 
factor XIIIA, the fibrin-stabilizing factor, levels, and function via 
proteolytic degradation (58). In addition, chymase deficiency led 
to an increase in the levels and activity of factor XIIIA reducing 
bleeding times in homeostatic conditions and during sepsis (58).

Histamine has been shown to induce the expression of TF 
in vascular cells activating the H1, but not the H2, receptor  
(59, 60), revealing the potential effect of histamine on the extrin-
sic coagulation pathway. Some newly generated cytokines from 
mast cells, such as IL-6, also affect the coagulation system. It has 
been described that IL-6 may amplify activation of coagulation 
through upregulation of TF (61). Finally, it has also been shown 
that mast cell-derived exosomes activate endothelial cells to 
secrete plasminogen activator inhibitor type 1 and induce pro-
coagulant states (62).

Thus, as it occurs with the contact system, several mast cell 
mediators have a potential role in the regulation of coagulation 
and fibrinolysis. When a massive release of mast cells mediators 
occurs, as in anaphylaxis, the activation of these two systems may 
contribute to the pathophysiology of the multisystemic reaction. 
In addition, depending on the relative release of each mediator, 
the clinical effects may differ.
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BiOMARKeRS TO ASSeSS THe COnTACT 
AnD COAgULATiOn SYSTeM 
invOLveMenT in AnAPHYLAXiS

Currently, the only biomarkers that can be measured routinely in 
anaphylaxis are histamine and tryptase. Reliable biomarkers to 
assess contact system activation and the generation of BK have 
not been established.

Measurement of BK in vivo is practically impossible due to its 
rapid degradation by kininases once released. As BK is present in 
the circulation for only few seconds, the measurement of activa-
tion products of the contact system can be valuable biomarkers as 
they may reflect recent BK production. Thus, we speculate that the 
most suitable biomarkers to assess contact activation are circulat-
ing cleaved HK and kallikrein activity but these measurements 
are very labor intensive since standardized assays are lacking.  
To assess the coagulation system, the observation of prolonged 
aPTT reveals activation of the intrinsic coagulation pathway. 
Increased levels of anti-Xa reflect the possible effect of heparin and 
the inhibition of the common coagulation pathway. Regarding 
the fibrinolytic system, increased levels of plasmin complexes and 
also increased levels of D-dimer, in patients without a thrombo-
embolic event, should raise the suspicion that the contact and 
fibrinolytic systems are activated.

COnCLUSiOn

Anaphylaxis is a complex allergic reaction where multiple 
biological systems are involved. Further mechanistic studies 
to discern the involvement of molecules from the contact and 
coagulation systems are warranted to completely understand 
the pathophysiology and subsequent clinical effects during 
anaphylaxis. In order to assess all these complex connections 
between mast cell mediators and the activation of the contact 
and coagulation systems, a wide array of potential biomarkers 
are needed and should be monitored at multiple time-points 
together with their functional effects. Only then, will we be able 
to have a complete overview of the interactions and subsequent 
effects of each mediator and pathway, and maybe also offer a 
closer insight to new potential diagnostic markers or therapeutic 
targets for anaphylaxis.
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Anaphylaxis, the most serious and life-threatening allergic reaction, produces the 
release of inflammatory mediators by mast cells and basophils. Regulator of calcineurin 
1 (Rcan1) is a negative regulator of mast-cell degranulation. The action of mediators 
leads to vasodilation and an increase in vascular permeability, causing great loss of 
intravascular volume in a short time. Nevertheless, the molecular basis remains unex-
plored on the vascular level. We investigated Rcan1 expression induced by histamine, 
platelet-activating factor (PAF), and epinephrine in primary human vein (HV)-/artery 
(HA)-derived endothelial cells (ECs) and human dermal microvascular ECs (HMVEC-D). 
Vascular permeability was analyzed in vitro in human ECs with forced Rcan1 expression 
using Transwell migration assays and in vivo using Rcan1 knockout mice. Histamine, but 
neither PAF nor epinephrine, induced Rcan1-4 mRNA and protein expression in primary 
HV-ECs, HA-ECs, and HMVEC-D through histamine receptor 1 (H1R). These effects were 
prevented by pharmacological inhibition of calcineurin with cyclosporine A. Moreover, 
intravenous histamine administration increased Rcan1 expression in lung tissues of 
mice undergoing experimental anaphylaxis. Functional in vitro assays showed that over-
expression of Rcan1 promotes barrier integrity, suggesting a role played by this molecule 
in vascular permeability. Consistent with these findings, in vivo models of subcutaneous 
and intravenous histamine-mediated fluid extravasation showed increased response in 
skin, aorta, and lungs of Rcan1-deficient mice compared with wild-type animals. These 
findings reveal that endothelial Rcan1 is synthesized in response to histamine through a 
calcineurin-sensitive pathway and may reduce barrier breakdown, thus contributing to 
the strengthening of the endothelium and resistance to anaphylaxis. These new insights 
underscore its potential role as a regulator of sensitivity to anaphylaxis in humans.

Keywords: anaphylaxis, endothelial cells, vascular permeability, regulator of calcineurin 1, histamine
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inTrODUcTiOn

Anaphylaxis is a potentially lethal, rapid-onset allergic reaction, 
and is known to be the most aggressive manifestation of allergic 
disorders (1). Anaphylactic reactions trigger a broad range of 
symptoms affecting different organs and bodily systems. The 
severe alterations described in human anaphylaxis involve the 
cardiovascular system and include loss of peripheral vascular 
resistance (vasodilation) and exacerbated vascular extravasation. 
These physiological processes are associated with low blood 
pressure, reduced venous return, and decreased cardiac output. 
Furthermore, bronchoconstriction and pulmonary/coronary-
artery vasoconstriction commonly occur in the thoracic cavity, 
which contributes to widespread circulatory collapse (2–4). The 
clinical features of anaphylaxis have been well-described and  
classified, though investigations into its molecular signaling 
dynamics remain scarce in humans. To date, this hypersensitivity 
event has been considered a disorder of the immune system. 
However, immunological mechanisms do not fully explain the 
versatility of the events that take place during a reaction (5). In 
order to obtain a better understanding of anaphylaxis, we searched 
for new strategies, including the study of vascular mechanisms.

Molecules released mainly by active mast cells and basophiles 
interact with the vascular endothelium and the smooth muscle 
layers, destabilizing the endothelial barrier and modifying essen-
tial vascular contractile functions (tone) in vessels and airways (6). 
Tryptase, histamine, and platelet-activating factor (PAF) are only 
two such relevant biochemical mediators found in the serum of 
anaphylaxis patients (7). In cells, histamine binds to four types of 
receptors coupled to G proteins (H1-4R), and these receptors are 
widely distributed across tissues and leads to signaling through 
numerous molecular pathways. Type-1 and type-2 histamine 
receptors (H1R and H2R) have been widely investigated due to the 
fact that they mediate the intracellular signaling associated with 
second messengers such as Ca2+ and cAMP, which regulate vas-
cular permeability, vasodilation, and bronchoconstriction (8, 9).  
In order to control these homeostatic disorders, the first-line treat-
ment for anaphylaxis is intramuscular injection of epinephrine, 
which acts via α- and β-adrenergic receptors, triggering intracel-
lular mechanisms in cardiac and smooth vascular cells (10). Their 
potent vasoconstrictor actions combined with fluid therapy are 
effective when administered promptly (11). Moreover, the second 
messenger cAMP is mediated by activation of β-adrenergic recep-
tor signaling and contributes to the maintenance of endothelial 
barrier properties under baseline conditions (12).

There is growing interest in understanding the vascular 
permeability and vasodilation that occur during anaphylaxis. 
Different endothelial molecular pathways have been described as 
key targets for anaphylaxis due to their implication in the disrup-
tion of endothelial integrity or vascular tone modulation (13, 14). 
In humans, changes in vascular permeability during anaphylaxis 
may lead to a transfer of 50% of the intravascular fluid into the 
interstitial space within 10 min (3). At the molecular and cellular 
level, it is well known that histamine induces rapid and transient 
processes, which disrupt the endothelial barrier, thereby allow-
ing the leakage of fluids, mainly in venules (15). Furthermore, 
endothelial cells (ECs) participate in physiological processes 

that regulate not only the capillary component but also peri-
pheral vascular resistance and homeostasis. This fact is a focus of 
research in vascular permeability modulation (16), and vascular 
wall components are also essential in regulating leakage and 
peripheral vascular resistance in anaphylaxis. Mechanistically, a 
cellular counterbalance between contractile and adhesive forces 
must exist to maintain the stability between cells and prevent the 
rupture of the endothelial barrier (17). It has been reported that 
ECs contribute to the widespread effects observed in anaphylaxis 
through synthesis and the release of substances, including nitric 
oxide (NO) and mediators generated from the arachidonic acid 
cascades (18). However, mast cells are the main cellular source 
recognized to date, and are major releasers of prostaglandins and 
leukotrienes eliciting anaphylaxis reactions (19, 20).

Histamine binding to H1 receptors activates PLCβ and elevates 
intracellular Ca2+, both of which determine the signaling pathways 
which regulate inflammatory processes. Via Ca2+-dependent mech-
anisms, changes take place in cytoskeleton proteins or junction 
structures that determine cellular permeability and contractility 
(21). One of the most sensitive downstream effectors of Ca2+ is 
the ubiquitously expressed serine/threonine protein phosphatase 
calcineurin (22). Activation of calcineurin contributes to immune 
response signaling by members of the nuclear factor of activated 
T-cells (NFAT) family (23). Calcineurin activity can be inhibited 
by the immunosuppressant cyclosporine A (CsA) which forms 
a complex with cyclophilin A to bind and competitively inhibit 
calcineurin phosphatase activity (24). Endogenous regulation of 
calcineurin is mediated by members of the regulator of calcineu-
rin (Rcan) family, and Rcan1 is the only such molecule regulated 
by Ca2+/calcineurin (25). The RCAN1 gene contains seven exons 
that can generate several transcripts resulting from differential 
promoter use and first exon choice. The two major transcriptional 
products for Rcan1 are isoforms, including exons 1 + 5–7 (Rcan1-
1) and isoform 4 (Rcan1-4) with exons 4 + 5–7, which produce 
proteins with 252 and 197 amino acids, respectively (26, 27).

Divergent functions have been reported for both Rcan1-1 
and Rcan1-4. While different inducers of Ca2+ selectively 
upregulate Rcan1-4, few stimuli have been described as modu-
lators of Rcan1-1 expression. A role for apoptosis is attributed 
to Rcan1-1 in response to glucocorticoids, and relevant studies 
have linked Rcan1-1 to Huntington disease (28, 29). Rcan1-4 
is upregulated by increases in Ca2 or in response to a variety 
of signals, including cytokines, hormones, hydrogen peroxide, 
and stress (30). Functionally, it has been widely described as an 
anti-inflammatory, anti-angiogenic agent and modulator of car-
diovascular pathologies (31, 32). Due to its influence in regulating 
calcineurin activity, Rcan1 is involved in a broad range of cellular 
systems and biological processes. Extensive investigations have 
provided insights into EC signaling, describing Rcan1 as a poten-
tial therapeutic target in vascular inflammation (33). VEGF and 
thrombin have been reported to be the major inducers of Rcan1 
in ECs, while angiotensin II induces Rcan1 expression in vascular 
smooth muscle cells (34–36).

Given the crucial role exerted by mediators on the vascular wall 
in anaphylaxis, we assessed the impact of anaphylaxis on Rcan1 
expression in human ECs, as well as its functional involvement 
in vascular permeability and cell dilation. This study evaluates 
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Rcan1 expression in human ECs in response to mediators of 
anaphylaxis and, more specifically, the involvement of histamine 
receptors involved in Rcan1 expression. Moreover, we studied the 
permeability effects of Rcan1 causing either endothelial barrier 
rupture or strengthening in response to mediators of anaphylaxis 
and also analyzed the plausible endothelial mechanisms exerting 
these functions.

MaTerials anD MeThODs

In Vitro human cell cultures
Human dermal microvascular ECs (HMVEC-D) were acquired 
from Lonza. Human vascular endothelial vein and artery cells 
were isolated from the macroscopically healthy part of intact 
saphenous veins harvested from patients undergoing bypass 
surgery/high ligation of varicose veins. The study was approved 
by the research ethics committees of the Gentofte and FJD 
hospitals, and written informed consent was obtained from all 
patients. Briefly, after removal of the connective tissue, the vein 
was opened longitudinally and the endothelium was isolated 
by digestion with 0.1% type I collagenase (Gibco) in PBS for 
30 min at 37°C. Similarly, artery specimens were incubated with 
the digestion buffer O.N at 37°C. Reactions were stopped and 
cells were collected by centrifugation and grown in DMEMF12 
media supplemented with 10  U/ml heparin, 30  g/ml ECGF, 
100  U/ml penicillin, 100  g/ml streptomycin, and 15% (v/v) 
heat-inactivated fetal bovine serum. Cells were seeded in a plate 
previously coated with 0.5% sterile gelatin and maintained in a 
humidified atmosphere of 5% CO2 in air at 37°C. After 5–7 days 
of incubation, human vein or artery ECs (abbreviated herein as 
HV-EC/HA-ECs) were selected with human CD31 antibody. 
Next, the secondary antibody associated with magnetic beads 
(Dynabeads® anti-mouse IgG from CELLection ™ Pan Mouse 
IgG Kit) was incubated for 30 min at 4°C with constant shaking. 
ECs were seeded on plates previously treated with 0.5% gelatin. 
Once in confluence, primary cell cultures were FBS 0.5% starved 
for 18 h before the experiments were performed. All experiments 
were performed during passages 3–7. A similar protocol was 
applied to the artery specimens.

reagents
Histamine, PAF, epinephrine, and the histamine receptor antago-
nists diphenhydramine hydrochloride (H1RB) and famotidine 
(H2RB) were obtained from Sigma.

Protein extraction and immunoblot 
analysis
Endothelial cells were lysed with buffer containing Tris, NaCl, 
EDTA, EGTA, Triton X-100, NP40, protease inhibitors, PMSF, 
and DTT. Cellular lysates were shaken for 15 min and centrifuged 
at 12,000 rpm at 4°C. After stimulation with reagents or sera, ECs 
were washed with ice-cold PBS and protein extracts obtained as 
previously described (36). Rabbit polyclonal anti-Rcan1 primary 
antibody was used at a ratio of 1/1,000 (Sigma). Analysis of images 
was carried out using the ImageJ program. Protein extracts from 
animal tissues were previously disaggregated and processed in 
similar fashion.

mrna extraction, rT, and real-time Pcr 
analysis
RNA extraction was performed using Tri Reagent (Molecular 
Research Center). Two micrograms of total RNA were reverse trans-
cribed following the instructions for the high-capacity cDNA RT 
(Thermo Fisher) protocol, and samples were stored at −70°C (36). The 
following TaqMan FAM/MGB probes were purchased from Applied 
Biosystems: human Rcan1 (Hs01120954_m1), human Rcan1.1 
(Hs01120956_m1), human PTGS2 (Hs00153133_m1), human 
MYLK (Hs00364926_m1), human NOS3 (Hs01574659_m1),  
human ROCK1 (Hs01127699_m1), and human CAMK2B 
(Hs00365799_m1). Human Rcan1.4 was purchased customized  
according to primer forward: GCAAACAGTGATATCTTCAG  
CGAAA, primer reverse: GTGATGTCCTTGTCATACGTCCTAA, 
and the labeled CAGGGCCAAATTT (5 NFQ). Reactions were 
incubated in the presence of AmpliTaq Gold DNA polymerase 
(Applied Biosystems) for 2  min at 50°C followed by 10  min at 
95°C. Reactions were then run over 40 cycles of 95°C for 15 s and 
60°C for 1 min. Human beta actin VIC/MGB or 18s VIC/MGB 
rRNA transcripts were used as an internal control, which were 
amplified in the same tube to normalize for variation in input 
RNA. The amount of target mRNA in the samples was estimated 
by the 2CT relative quantification method. Ratios were calculated 
between the amounts of mRNA from stimulated and/or transfected 
vs nonstimulated control ECs.

In Vitro Vascular Permeability assays
Endothelial barrier integrity was evaluated by using Transwell 
24-well cell culture inserts (TW) including a membrane pore size 
of 0.4 µm (Corning). ECs were seeded at a density of 105 cells/
well in TWs previously coated with 0.5% gelatin diluted in sterile 
water and grown in DMEMF12 media supplemented as described 
above. After several days, EC monolayers were observed and 
starved for 18 h before the experiments were performed. Stimulus 
together with a final concentration of 1 mg/ml of FITC-Dextran 
(Sigma) was added to the upper chamber. Vascular endothelial-
permeability measurements were determined by measuring 
fluorescence of the recipient at 5–30 min and 2 h. All samples 
were evaluated at least in duplicate.

lentiviral Production and infection
Lentiviruses expressing Rcan1-1-IRES-GFP, Rcan1-4-IRES-GFP, 
and IRES-GFP were obtained by transient calcium phosphate 
transfection of HEK-293. The supernatant containing the 
lentiviral particles was collected 48  h after removal of the cal-
cium phosphate precipitate, filtered through a 45-µM PVDF 
membrane (Steriflip; Millipore), and ultracentrifuged for 2 h at 
26,000 rpm at 4°C (Ultraclear Tubes, SW28 rotor, and Optima 
l–100 XP Ultracentrifuge; Beckman Coulter). Viruses were 
resuspended, titrated, and infection efficiency (GFP-expressing 
cells) was monitored by flow cytometry (36). Lentiviral infection 
was performed in subconfluent primary cultures of ECs with a 1:1 
mix including Rcan1-IRES-GFP (Rcan1-1-IRES-GFP + Rcan1-
4-IRES-GFP) or IRES-GFP. Cells were exposed to the lentiviruses 
in the presence of 10% FBS during 5 h (37). After 4 days, cells 
were starved of FBS (0.5%) during for 18 h and the experiments 
of interest were performed.
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animal experimental Designs
Animal procedures were carried out in accordance with the 
European Union guidelines for the care and experimental use of 
animals. Protocols with reference PROEX: 391/15 received prior 
approval from the IIS-FJD Ethics Committee and the competent 
authorities in the region of Madrid.

Two-month-old C57BL/6J mice were intravenously (i.v.) 
injected with Evans blue (0.04 µg/g in NaCl) followed by subcu-
taneous (s.c.) injection with histamine and PAF at 5–50 ng/ml for 
10 min. To evaluate systemic vascular permeability, histamine at 
10 mg/kg or PAF 2 µg/g were i.v. injected together with Evans blue 
dye. Once i.v. administrated, mice were sacrificed after 15 min, 
and most PAF animals died spontaneously. The skin pieces, aor-
tas, lungs, and hearts of these animals were incubated in 500 µl 
of formamide at 55°C for 48 h, and the Evans blue content was 
determined by absorption at 595  nm. To test passive systemic 
anaphylaxis (PSA) using an experimental in  vivo model, mice 
were i.v. injected with 20  µg of anti-DNP IgE. After 24  h, the 
mice were challenged with an i.v. injection of 1 mg DNP-HSA 
(human serum albumin) for the development of anaphylaxis. 
To test for active systemic anaphylaxis (ASA), we used the 
classical model, sensitizing mice with i.p injection of 1 mg BSA 
and 300 ng pertussis toxins as adjuvant in normal saline. After 
14 days, the mice were challenged with i.v. injection of 2 mg BSA 
(38). Following administration of s.c. and i.v. histamine, PSA and 
ASA mice were sacrificed 30 min after the challenge by cervical 
dislocation, and blood sampling and biopsies (organ collection) 
were collected for molecular analysis. All studies were repeated at 
least once to assure reproducibility. Rcan1-deficient (−/−) mice 
were generated as previously described (39). All mice were geno-
typed by PCR of tail samples using the following primers: Rcan1, 
5′-GGTGGTCCACGTGTGTGAGA-3′, 5′-ACGTGAACAAAG  
GCTGGTCCT-3′, and 5′-ATTCGCAGCGCATCGCCTTCTAT  
CGCC-3′. Control littermates were used in all experiments.

statistical analysis
All values are expressed as the mean ±  SEM. Differences were 
evaluated with GraphPad Prism 7.3 program using one-way 
ANOVA analysis followed by Bonferroni’s post hoc test (experi-
ments ≥3 groups) or Student’s t-test (experiments with two 
groups). Statistical significance was set at p < 0.05.

resUlTs

histamine increases rcan1-4  
expression in hV-ec
Previous studies have demonstrated the stimulation of Rcan1-4 
protein induced by agents that cause the mobilization of Ca2+  
(33, 34, 36). We observed that histamine stimulation induces a 
specific increase in Rcan1-4 but not Rcan1-1 protein after a short 
period (30 min of stimulation); the increase was considerably greater 
after 60 min of exposure in HV-ECs (Figures 1A,B). Parallel to 
these results, Rcan1-4 mRNA expression also increased during the 
same time frame in response to histamine (Figure 1C). Moreover, 
as histamine is not the sole mediator recognized for anaphylaxis, 
we addressed the effect of PAF on HV-ECs. Over the last decade, 

evidence based primarily on animal models has indicated the  
existence of an anaphylaxis reaction mediated by IgG- FcγRIII  
(5, 40), and PAF has been recognized as essential in those non-IgE-
mediated reactions (41). In our studies, PAF did not modify Rcan1-4 
protein expression in HV-ECs (Figures 1A,B). Additionally, since 
epinephrine/adrenaline is the first-line treatment in anaphylaxis  
(1, 42), we set out to determine whether epinephrine could modu-
late Rcan1-4 expression in ECs. Incubation of epinephrine from 
15 min to 1 h did not modify Rcan1-4 protein expression; however, 
histamine and epinephrine coincubation increased the expression 
of the Rcan1-4 protein in HV-ECs (Figures  1D,E). As with the 
protein findings, Rcan1 mRNA expression increased in response 
to histamine and epinephrine (Figure 1F). In all cases, the Rcan1-1 
protein and mRNA isoform was unchanged in its expression.

histamine increases rcan1-4 expression 
in ha-ec, hMVec-D, and lungs of 
experimental anaphylaxis
The cellular heterogeneity of the whole endothelial compart-
ment has been recognized for some time. Both intracellular 
mechanisms and functional abilities may be different between 
the micro-, artery, or vein ECs (43, 44). For this reason, we next 
checked Rcan1-4 modulation by histamine and epinephrine in 
other endothelial vascular microenvironments. By using primary 
artery-derived ECs (HA-EC), our results showed that the contact 
with histamine induced a marked increase in Rcan1-4 protein 
expression after 30 min and 1 h (Figures 2A,B), which was corre-
lated with elevated levels of Rcan1-4 mRNA expression (data not 
shown). As we previously observed in HV-ECs, epinephrine had 
no effect on Rcan1-4 expression when incubated alone; however, 
coincubation with histamine induced a high Rcan1-4 increase in 
HA-ECs. Additionally, experiments addressing Rcan1 expression 
in human dermal microvascular ECs (HMVEC-D) showed simi-
larly increased levels of Rcan1-4 protein and mRNA expression 
in response to histamine. Contrary to this, no effect was observed 
upon epinephrine stimulation within the studied time frame in 
HMVEC-D (Figures 2C,D). These results suggest that histamine 
modulates Rcan1-4 expression in ECs of large vessels regardless 
of whether they are veins, arteries, or the microvasculature.

The molecular and physiological differences found between 
studies in animals and studies in humans have sparked debate 
in anaphylaxis as well as other fields of research (5). Using three 
experimental designs simulating different degrees of allergic sen-
sitivity, we looked for Rcan1 expression in target organs in mice 
undergoing anaphylaxis. Experimental passive anaphylaxis (PSA) 
is based on systemic IgE anti-DNP sensitization over 24 h, while 
ASA was induced by BSA followed by challenge 14  days later. 
Analysis of Rcan1 expression in lung extracts of mice treated with 
histamine for 30 min or undergoing PSA or ASA showed increased 
Rcan1-4 levels compared to lungs of control mice (Figures 2E,F).

rcan1-4 Protein expression is induced by 
histamine via its h1 receptor and a 
calcineurin-Dependent Mechanism
Studies were performed to evaluate the relevant receptors (H1R/
H2R) involved in histamine-induced Rcan1-4 expression. 
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FigUre 1 | Histamine increases Rcan1-4 protein and mRNA expression in human vein (HV)-endothelial cells (ECs). HV-ECs were treated with epinephrine (1 µM), 
histamine (1 µM), or platelet-activating factor (PAF) (0.1 µM) at indicated times. (a) Representative immunoblots show Rcan1-1 (35 kDa) and Rcan1-4 (28 kDa) 
expression in stimulated extracts. (B) Quantifications were normalized to β-actin and expressed as times of relative change to nonstimulated (basal) cells. Data 
represent means ± SEM of three and four experiments performed at 30 and 60 min, respectively. One-way ANOVA followed Bonferroni’s multiple comparisons test 
was performed for each time studied [*P = 0.0375 vs basal (30 min), ****P < 0.0001 (60 min)]. (c) qPCR analysis of Rcan1-1 and Rcan1-4 mRNA with indicated 
stimulus and times normalized to the endogenous 18s gene. Data represent means ± SEM of four experiments performed at 15, 30, and 60 min. One-way ANOVA 
followed Bonferroni’s multiple comparisons test was performed (**P = 0.0052 vs basal). (D–e) HV-ECs were treated with epinephrine, histamine, and histamine in 
the presence of epinephrine at indicated times. (D) Representative immunoblots. (e) Quantifications were normalized to β-actin and expressed as times of relative 
change to nonstimulated (basal) cells. Data represent means ± SEM of five experiments performed at 15, 30, and 60 min. One-way ANOVA followed Bonferroni’s 
multiple comparisons test was performed (****P < 0.0001, ***P = 0.0009 vs basal). (F) qPCR analysis of total Rcan1 mRNA with indicated stimulus and times 
normalized to endogenous gene expression. Data represent means ± SEM of six experiments performed at 15, 30, and 60 min. One-way ANOVA followed 
Bonferroni’s multiple comparisons test was performed (****P < 0.0001, **P = 0.0019).
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Prior to stimulation with histamine, HV-ECs were incubated 
with increasing concentrations of diphenhydramine hydro-
chloride (type 1 receptor antagonist), determining the optimal 
concentration of use at 10−5  M. Cellular pre-incubation with 
diphenhydramine hydrochloride completely blocked Rcan1-4 
expression induced by histamine in HV-ECs (Figures  3A–C). 
In contrast, no inhibitory effect mediated by famotidine (type 2 
receptor antagonist) was observed; indeed, an additional increase 
in Rcan1-4 expression induced by histamine stimulation was 
noted when the receptor type 2 was blocked (Figures  3A–D). 

Additionally, coincubation with antagonists for both receptors 
(diphenhydramine hydrochloride plus famotidine) abolished 
Rcan1-4 expression induced by histamine in HV-EC and HA-ECs 
(Figures 3C,D).

Next, we investigated the potential role of calcineurin in 
mediating Rcan1-4 expression induced by histamine. Cellular 
pre-incubation with CsA completely blocked Rcan1-4 expression 
induced by histamine in HV-ECs and HMVEC-D (Figures 3E,F). 
Similar to the protein findings, Rcan1-4 mRNA expression was 
significantly diminished in the presence of CsA (Figure  3G). 
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FigUre 2 | Rcan1-4 expression is modulated in response to histamine in other cellular microenvironments—HA-ECs, HMVEC-D, and lungs from experimental 
anaphylaxis. HA-ECs and HMVEC-D were treated with epinephrine (1 µM) and/or histamine (1 µM). (a) Representative immunoblots show Rcan1-1 (35 kDa)  
and Rcan1-4 (28 kDa) expression in stimulated HA-ECs for 15, 30, and 60 min. (B) Quantifications were normalized to β-actin and expressed as times of relative  
change to nonstimulated (basal) cells. (c) Representative immunoblots show Rcan1-1 (35 kDa) and Rcan1-4 (28 kDa) expression in HMVEC-D for 60 min.  
(D) Quantifications were normalized to β-actin and expressed as times of relative change to nonstimulated (basal) cells. Data represent means ± SEM of five 
experiments performed per cellular type at 60 min. One-way ANOVA followed Bonferroni’s multiple comparisons test was performed for each cellular type  
studied (HA-ECs; *P = 0.0115, vs basal, HMVEC-D; *P = 0.0135, vs basal). (e) Immunoblots include representative lung extracts from wild-type control mice 
C57BL6, injected i.v. with Hist, active systemic anaphylaxis (ASA), or passive systemic anaphylaxis (PSA). (F) Quantification was normalized to GAPDH and 
expressed as times of relative change to control mice. Data represent means ± SEM of five animals per group. Unpaired t-tests were performed vs control  
(Rcan1-1 *P = 0.0462; Rcan1-4 *P < 0.02).
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In addition, an increase in calcineurin phosphatase activity 
is observed in response to histamine in HMVEC-D (data not 
shown).

human rcan1 induces Marked Prevention 
in Vascular Permeability, strengthening 
the endothelial contact
In vitro ECs adhere to coated surfaces, making up the endothe-
lial monolayer. To evaluate vascular permeability in  vitro, we 
employed available assay systems (Transwell, TW) based on 
measurements of extravasations of fluids through an endothelial 
monolayer. These cells supported on permeable membranes are 
inserted in individual containers that allow the transport of mol-
ecules through them (Figure 4A). First, it was verified that the 
system allows a measurable increase of FITC-Dextran over time. 
EC monolayer blocks the passage of the dye in resting conditions 

(and only endothelial permeability is increased throughout the 
course of the experiment). As expected, short incubations (min-
utes) with the vasoactive mediators histamine and PAF induced a 
rapid increase in vascular permeability on HMVEC-D, which was 
not observed by incubation with epinephrine (12). The response 
duration and sensitivity induced by histamine may vary depend-
ing on ECs (45). After 15–30 min, we observed a clear tendency 
to block the passage of molecules across the endothelial barrier 
both in the presence of histamine and epinephrine, indicating a 
transient effect of histamine on vascular permeability followed 
by cell dilation. At this time, only PAF continued destabilizing 
the endothelial barrier (Figure 4B). Following this, we checked 
the histamine-induced barrier effects in ECs of big vessels. Our 
studies did not show modification in barrier properties after short 
periods of stimulation with histamine in HV-ECs or HA-ECs. 
However, a clear cell-dilating effect induced by histamine is 
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FigUre 3 | Histamine induces Rcan1-4 protein expression via its H1 receptor and CsA sensitive manner. Cells were preincubated with diphenhydramine 
hydrochloride (H1 receptor antagonist) and famotidine (H2 receptor antagonist) for 30 min at indicated concentrations previously to histamine 1 µM stimulation.  
(a) Representative immunoblots show Rcan1-1 (35 kDa) and Rcan1-4 (28 kDa) expression in stimulated human vein (HV)-endothelial cells (ECs). (B) Quantifications 
were normalized to β-actin and expressed as times of relative change to nonstimulated (basal) cells. Data represent means ± SEM of five experiments performed. 
One-way ANOVA followed Bonferroni’s multiple comparisons test was performed (*P < 0.05). (c,D) Representative immunoblots show Rcan1-1 (35 kDa) and 
Rcan1-4 (28 kDa) expression in stimulated HV-ECs and HA-ECs preincubated with diphenhydramine hydrochloride, famotidine and a combination of both at a 
concentration of 10−5 M. (e,F) Rcan1 immunoblot in extracts from HV-ECs stimulated with histamine 1 µM at indicated times after pretreatment as indicated 
(30 min) with 200 ng/ml CsA (cyclosporine A). Representative immunoblots show Rcan1-1 (35 kDa) and Rcan1-4 (28 kDa) expression in stimulated HV-ECs.  
(F) Quantifications were normalized to β-actin and expressed as times of relative change to non-stimulated (basal) cells. Data represent means ± SEM of five and  
six experiments, respectively, performed on HV-ECs (black bars) and HMVEC-D (white bars) at 60 min. One-way ANOVA followed Bonferroni’s multiple comparisons 
tests were performed (HV-ECs *P = 0.0232; HMVEC-D **P = 0.0022). (g) qPCR analysis of Rcan1-1 and Rcan1-4 mRNA with indicated stimulus normalized to the 
endogenous 18s gene. Data represent means ± SEM of four experiments performed at 60 min. One-way ANOVA followed Bonferroni’s multiple comparisons test 
was performed (*P = 0.0197 vs basal).
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observed in HV-ECs, and a tendency toward this same dynamic 
was seen in HA-ECs (Figure 4C). In order to determine whether 
Rcan1 has a functional contribution in these processes, we used 
lentiviral constructs aimed at exogenously modifying Rcan1 
expression on ECs. HV-ECs were transduced with Rcan1-
IRES-GFP or the lentiviral control IRES-GFP. The efficiency of 
infection in human cell cultures was analyzed by GFP expression 
using flow cytometry (data not shown), fluorescence microscopy, 
and Western blotting (Figure 4D). Lentiviral infection does not 
modify the effects of histamine on cells, as the Rcan1 pattern 
expression showed the increase of Rcan1-4 protein resembling 

that seen in non-transduced cells for both IRES-GFP and Rcan1-
IRES-GFP HV-ECs (Figures 1–3).

To evaluate the role of Rcan1 in vascular permeability, IRES-
GFP and Rcan1-IRES-GFP HV-ECs were seeded in TW and 
stimulated with or without histamine for 30  min. Data show 
that Rcan1 overexpression prevents basal FITC extravasation 
in HV-ECs, indicating a marked role of Rcan1 in blocking cell 
permeability. In addition, HV-ECs infected with control vector 
and exposed to histamine produced an effect resembling the 
one observed previously in non-transduced cells. However, no 
additional effects of histamine were observed when the cells 
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FigUre 4 | Regulator of calcineurin 1 (Rcan1) maintains the endothelial barrier integrity in human vein (HV)-endothelial cells (ECs). (a) Integrity of endothelial 
monolayers was evaluated using TW assays. (B) Quantification of FITC-Dextran molecules extravasated to the TW container and expressed as times of relative 
change to untreated (basal) cells for 5 (left bars), 30, and 120 min (right bars). Data represent means ± SEM of duplicates determined by TW in five independent 
experiments performed on HMVEC-D. One-way ANOVA followed Bonferroni’s multiple comparisons tests were performed for each time studied (*P < 0.05, 
**P < 0.001). (c) Quantifications expressed as times of relative change to untreated HV-ECs or HA-ECs, respectively, for 30 min. Data represent means ± SEM of 
duplicates determined by TW in five independent experiments performed in each genotype. Unpaired t-tests were performed vs basal cells (***P = 0.0003 vs basal 
HV-ECs). (D) The correct infection with lentiviral constructions expressing IRES-GFP or Rcan1-GFP were detected by fluorescence microscopy and analyzed by 
Western blot. The panel shows Rcan1-IRES-GFP extracts modified by infection expressing both exogenously overexpressed isoforms (Rcan1-1 and Rcan1-4).  
(e) Quantification of FITC-dextran molecules extravasated to the TW container and expressed as times of relative change to IRES-GFP cells not treated with 
histamine 1 µM for 30 min. Data represent means ± SEM of duplicates determined by TW in six (IRES-GFP) and seven (Rcan1-IRES-GFP) independent experiments 
performed on HV-ECs. One-way ANOVA followed Bonferroni’s multiple comparisons tests was performed (**P < 0.0057, ##P < 0.0094, &&P < 0.0012 vs IRES-GFP 
control). (F) Quantification of FITC-dextran molecules extravasated to the TW container and expressed as times of relative change to IRES-GFP cells for 5, 30, and 
120 min. Data represent means ± SEM of duplicates determined by TW in three independent experiments performed on HV-ECs. One-way ANOVA followed 
Bonferroni’s multiple comparisons tests was performed (***P = 0.0007, **P = 0.0069 vs IRES-GFP).
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overexpressed Rcan1 endogenously (Figure 4E). To determine 
whether Rcan1 can also affect the earliest phases of extravasa-
tion and its stability over time, time frames of 5 and 120 min 
were used for the measurements (Figure  4F). Our results 
indicate that Rcan1 stabilizes the endothelial barrier during 
short incubation times, though this effect is weakened when 
incubation is longer.

We, therefore, speculated that increased expression of Rcan1 
in ECs could in turn modulate other primordial factors involved 
in anaphylaxis. To test this hypothesis, we analyzed the expres-
sion of some genes involved in vascular homeostasis and barrier 

stability: cyclooxygenase-2 (COX-2), calmodulin-dependent 
protein kinase II-dependent (CaMKII), nitric oxide synthase 3 
(NOS3), MLC-kinase (MLCK), and Rho-kinase 1 (ROCK1) in 
resting and histamine-stimulated IRES-GFP and Rcan1-IRES-
GFP HV-ECs. Resting Rcan1-IRES-GFP HV-ECs showed a 
marked inhibition of COX-2 mRNA, CaMKII mRNA, and NOS3 
expression. However, similar levels of MLCK and ROCK1 were 
observed compared to IRES-GFP HV-ECs (Figure 5). This brief 
screening suggests that consequent generation of newly formed 
proinflammatory phospholipid-endothelial derived COX-2 could 
contribute to vascular contractile processes concomitant to 
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anaphylactic reactions. Additionally, a direct effect on the pro-
duction of the NO is exerted when Rcan1 is overexpressed.

Mouse Rcan1−/− Tissues Present higher 
leakage in response to s.c. and i.v. 
histamine administration
The in  vitro results described above led us to investigate the 
role of Rcan1 in experimental vascular permeability in  vivo.  
We examined the effect exerted by histamine and PAF on vascular 
permeability in Rcan1-deficient vs WT mice. NaCl s.c. injection 
does not modify basal extravasation in WT and Rcan1−/− mice 
(data not shown). However, an increase of leakage was seen in 
response to s.c. injection of histamine in both types of mice, 
and this increase was dose-dependent and significantly higher 
in Rcan1−/− mice (Figures 6A,B). Moreover, histamine adminis-
trated intravenously increased extravasation in aortas and lungs, 
though not in the hearts of Rcan1−/− mice, while no significant 
difference was observed in response to PAF between genotypes 
(Figures 6B,C). As in the in vitro human cells, endothelial Rcan1 
may prevent or recover the loss of endothelial barrier function 
induced by histamine.

DiscUssiOn

The functional heterogeneity between different EC niches and 
their importance in the release of certain physiological factors 
contributing to pathological situations is a topic of high relevance 
in important fields of research (16, 46). Therefore, in anaphylaxis 
affecting a large number of organs, it is plausible that the vascular 
system is a critical participant in the evolution of symptoms and 
one that may condition the progress of reactions. This study 
provides the first evidence that histamine, a relevant mediator 
involved in anaphylactic reactions, modulates Rcan1-4 expres-
sion in different human vascular niches (HV-ECs, HA-ECs, and 
HMVEC-D). Different authors have previously reported that 
factors such as VEGF and thrombin induce Rcan1-4 expression 
in cultured ECs (34, 47). Given the major role of histamine 
when released by immune cells as a mediator of anaphylactic 
reactions, our results extend previous findings, showing that 
histamine upregulates Rcan1-4 expression in several types of 
ECs, whereas Rcan1-1 is not modulated. In agreement with our 
findings, a number of studies performed on this cellular type did 
not observe significant Rcan1-1 variation in response to stimuli 
(34) in spite of its involvement in Huntington disease and mito-
chondrial autophagy (29, 48). Additionally, epinephrine has no 
effect on Rcan1 expression, and although its potent actions as a 
dilator or constrictor through its adrenergic receptors have been 
widely observed, its role in the endothelium has been poorly 
investigated. However, the contributions of epinephrine to the 
maintenance of the endothelial barrier, through its β-adrenergic 
receptors, have been evaluated in ECs (12). Similarly, a sub-
stantial number of studies have demonstrated the role of PAF 
in anaphylaxis. The data shown here do not support a role for 
PAF in modulating Rcan1-4 expression in ECs, at least in our 
experimental conditions. However, given the relevance of PAF, 
more thorough studies focused on human vascular cells would 

be of interest to clarify unexplored aspects that thus far have been 
mostly related to reactions mediated by IgE or IgG antibodies in 
anaphylaxis (5, 41).

The human H1R acts mainly by coupling to Gq/11 proteins; in 
fact, experimental anaphylaxis is prevented in endothelial Gq/11-
deficient mice (38). Through its specific signal, histamine is one 
of the most potent vasoactive substances, inducing relaxation or 
contraction (tissue- and species-dependent) and participating 
in anaphylactic responses, mainly through its H1R and H2R 
receptors (8, 9). The data shown here demonstrate that histamine 
increases Rcan1 expression through the H1R receptor in ECs 
due to a calcineurin-dependent mechanism, as the calcineurin 
inhibitor CsA inhibits its expression.

Anaphylaxis is widely recognized by the presence of increased 
vascular permeability, mediating a shift of intravascular fluid into 
the extravascular space within minutes, which results in hypoten-
sion and hemoconcentration (3). Some studies in human subjects 
have revealed transient impairment of the microvasculature dur-
ing severe acute anaphylaxis (49). Thus, the leakage occurring 
in anaphylaxis requires cellular retraction of ECs as a result of 
increased cell contractile pathways in response to external stimuli 
or agents (15). Subsequently, a biological counterbalance between 
contractile and adhesive forces must exist to maintain the stabil-
ity between cells or allow cells to recover from the rupture of 
the endothelial sheet. Thus, most of the mediators described in 
anaphylaxis elicit vascular EC permeability signaling through 
specific receptors and molecular pathways. However, some sta-
bilizing molecules preserve the rupture of the endothelial barrier 
(as cAMP or sphingosine 1 phosphate). The functional evaluation 
of Rcan1 by using in vitro permeability assays and in vivo extrava-
sation mice models show Rcan1 as a stabilizer of the endothelial 
barrier or as a cellular dilator agent. Our studies demonstrate 
that histamine-induced Rcan1 contributes to the stability of the 
endothelial barrier and also indicate that this mechanism is a 
late-secondary response to prevent the loss of fluids and/or the 
regulation of vascular tone.

Our studies demonstrate that exogenous overexpression of 
Rcan1 downregulates the expression of calcineurin-related genes 
such as COX2, NOS3, and CaMKII. H1R stimulation increases 
NOS3 synthesis through a mechanism that involves CaMKII in 
human vascular ECs (24, 50). NOS3 upregulation and consequent 
NO production is protective under normal conditions, though 
may be deleterious in a model of experimental anaphylaxis (51, 52).  
Our studies correlate the stability of the endothelial barrier with 
a decreased NOS3 expression in Rcan1 overexpressed cells, as 
well as a tendency to prevent the increase of NOS3 induced by 
histamine, suggesting a protective vasodilator role for Rcan1 in 
ECs. Interestingly, CaMKII has been reported as a suppressor of 
intracellular cAMP accumulation (53). The inhibited CaMKII 
may induce PKA-mediated responses, increasing the levels of 
cAMP, which in turn could contribute to barrier stability. In fact, 
direct evidence has demonstrated the ability of Rcan1 to increase 
the phosphorylation of cAMP response element-binding protein 
through the negative regulation of the calcineurin signaling path-
way (54). Accordingly, Rcan1 overexpression decreases CaMKII 
levels in our EC system, supporting its role in the strengthening 
of the endothelial barrier.
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FigUre 5 | Regulator of calcineurin 1 (Rcan1)-IRES-GFP inhibits COX2, CaMKII, and nitric oxide synthase 3 (NOS3) expression in human vein (HV)-endothelial cells 
(ECs). Figure shows the qPCR analysis of COX2, CaMKII, NOS3, MLC-kinase (MLCK), ROCK1, and RCAN1 mRNA of IRES-GFP and Rcan1-IRES-GFP HV-ECs 
treated or not with Hist 1 µM for 60 min. Values represent amounts of mRNA normalized to the endogenous gene. Unpaired t-test analysis was applied to untreated 
or histamine-treated cells. Data represent means ± SEM of duplicates determined by qPCR from indicated independent experiments: COX-2; ****P < 0.0001, 
Rcan1-IRES-GFP control (n = 13) vs IRES-GFP control (n = 12); #P = 0.0130, Rcan1-IRES-GFP histamine (n = 14) vs IRES-GFP histamine (n = 15); CaMKII; 
*P = 0.0454, Rcan1-IRES-GFP control (n = 9) vs IRES-GFP control (n = 8); Rcan1-IRES-GFP histamine (n = 6) vs IRES-GFP histamine (n = 6); NOS3; **P = 0.0044, 
Rcan1-IRES-GFP control (n = 6) vs IRES-GFP control (n = 6); Rcan1-IRES-GFP histamine (n = 5) vs IRES-GFP histamine (n = 5); RCAN1; *P = 0.0392, Rcan1-
IRES-GFP control (n = 10) vs IRES-GFP control (n = 10); Rcan1-IRES-GFP histamine (n = 11) vs IRES-GFP histamine (n = 9); MLCK; Rcan1-IRES-GFP control 
(n = 9) vs IRES-GFP control (n = 10); Rcan1-IRES-GFP histamine (n = 8) vs IRES-GFP histamine (n = 6); ROCK1; Rcan1-IRES-GFP control (n = 10) vs IRES-GFP 
control (n = 11); Rcan1-IRES-GFP histamine (n = 11) vs IRES-GFP histamine (n = 9).
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Molecular pathways based on disruption of cell–cell contacts 
and which are regulated by phosphorylation and de-phospho-
rylation of the myosin light chain are also relevant to this field 
of research (17, 55, 56). Although RhoA and ROCK have been 
recently recognized as key targets mediating histamine-induced 
vascular leakage and anaphylactic shock (14), our results do not 
reveal significant differences in MLCK/ROCK1 when Rcan1 
is overexpressed in HV-ECs. Nevertheless, the identification 
of COX2 as a downstream target of the CN/Rcan1 molecular 
pathway is a meaningful observation, and one which supports 
previous studies (57). COX-2 expression is induced by inflam-
matory stimuli and other mediators in the vascular wall, such 
as histamine, generating prostaglandin I2, and E2 production in 
HA-ECs (58). Proinflammatory phospholipid-derived media-
tors are critical modulators of vascular tone in physiological 
and pathological situations. COX-2 production induced by 

histamine has been reported in mast cells (19, 20). In addition 
to its products, prostaglandin D2, leukotrienes, thromboxane 
A2, and PAF are released rapidly in anaphylactic events (59, 60). 
In our studies, COX2 mRNA was substantially decreased upon 
histamine stimulation in Rcan1 overexpressed HV-ECs, sug-
gesting a major relevance of the axis histamine/Rcan1-4/COX2 
in anaphylaxis. In general, it can be speculated that both cell 
types (endothelial and mast cells) may contribute to prostanoid/
eicosanoid generation, which greatly render the vasoconstrictor/
vasodilator effects that occur in anaphylaxis. Our findings suggest 
that, through endothelial Rcan1 expression, histamine could also 
contribute to the regulation of important molecular pathways 
related to anaphylaxis, although further investigations need to be 
performed to confirm this.

Knowledge of the consequences of human Rcan1 overexpres-
sion is limited to evidence of genetic dysfunctions secondary to 
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FigUre 6 | Regulator of calcineurin 1 (Rcan1)-deficient mice prevent histamine-induced vascular subcutaneous and systemic permeability but not systemic 
anaphylaxis. (a) Experimental mice models addressed in WT and Rcan1−/− mice. (B) Representative skin pictures of WT and Rcan1−/− mice s.c. injected with 
mediators at indicated concentrations. Evans blue extravasation was determined in four mice per genotype after subcutaneous injection of 20 µl of the indicated 
doses of histamine or PAF. Figure shows the amounts of Evans blue determined in skin dorsal punches as described in the Section “Materials and Methods.” Data 
represent means ± SEM. Unpaired t-tests were performed vs WT mice for each treatment and doses, *P = 0.0138 vs WT (5 ng/ml), *P = 0.0441 vs WT (50 ng/ml). 
(c) Graphic shows individual values of aorta and lung extravasation determined in seven (WT) and eight (Rcan1−/−) mice after 15 min of i.v. histamine injection 
together with Evans blue. Figure shows the amounts of Evans blue determined in tissues as described in the Section “Materials and Methods.” Data represent 
means ± SEM. Unpaired t-tests were performed vs WT mice. Aorta; *P = 0.0357, Lung; *P = 0.0319, Heart; ns = 0.1879 compared with Histamine WT mice.
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trisomy of chromosome 21 in patients with Down syndrome, 
who present defects of the immune system, though the preva-
lence of allergy is not high in these individuals (61). Previous 
studies using experimental anaphylaxis in Rcan1-deficient mice 
have found a role for Rcan1 in regulating Fc-εRI-mediated signal-
ing and mast-cell function (62). Rcan1−/− bone-marrow-derived 
mast cells show increased transcriptional activation of NF-κB 
and NFAT and calcineurin activity following stem-cell factor 
stimulation (63). On the other hand, Rcan1 seems to be required 
for the development of pulmonary eosinophilia in allergic 
inflammation in mice (64). Additionally, Rcan1 plays a protec-
tive role for respiratory infections and sepsis in experimental 
mice models (33, 65). Consistent with this, studies performed 
on Rcan1 transgenic mouse have found that Rcan1 gives rise to 
cancer protection by inhibiting the calcineurin pathway in the 
vascular endothelium (66). Moreover, as an endogenous inhibitor 
of calcineurin, Rcan1 has been involved as a negative regulator 
in inflammatory molecular pathways belonging to ECs (47). Our 

results in human ECs and an experimental mice model support 
the immunosuppressive function of Rcan1 for vascular perme-
ability and anaphylaxis.

We, here, show that endothelial Rcan1 maintains the integ-
rity of the endothelial barrier in HV-ECs. This effect is closely 
correlated with the cellular dilatory process that must occur in 
the resident cells once the primordial effect of endothelial bar-
rier breakdown has been induced by histamine. Extravasation 
or vascular permeability in micro-ECs may be best understood 
in terms of cellular contraction and dilatation, though cellular 
processes do not always correlate with physiology in vessels, and 
it is plausible that a similar process would occur in the context 
of anaphylaxis. Our results suggest that Rcan1 overexpression 
produces cell dilation, at least in HV-ECs, which correlates with 
the stabilization of the HMVEC-D barrier.

In summary, this work contributes to the knowledge of 
anaphylaxis, showing endothelial Rcan1 as an inducible 
molecule which is modulated in the endothelial compartment 
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upon contact with histamine through a calcineurin-sensitive 
pathway. Additionally, human functional assays and in  vivo 
experimental mice models suggest a role for endothelial Rcan1 
controlling vascular permeability, most likely to recover the 
loss of fluids, and pointing to Rcan1 as a plausible regulator 
of sensitivity to anaphylaxis in humans from the endothelial 
compartment.
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