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Abstract: Mast cells (MC) have recently been demonstrated to play an integral role in the 
pathogenesis of aspirin-exacerbated respiratory disease (AERD). When activated, MCs release 
pre-formed granules of many pro-inflammatory mediators, including histamine, serotonin, and 
various chemokines and cytokines including tumor necrosis factor (TNF)-α, interferon ɣ (IFN ɣ), 
macrophage inhibitory factor, transforming growth factor, interleukin (IL) 1, 3–6, 9, 10, 13 and 
16. These mediators promote inflammation in AERD by recruiting or activating a network of 
cells involved in acute and chronic inflammatory pathways, such as endothelial, epithelial, 
stromal, and other immune cells. Several studies have implicated multifactorial pathways for 
MC activation in AERD beyond classical IgE mediated mechanisms. The elucidation of these 
complex networks therefore represents important targets for innovative patient therapeutics. This 
review summarizes classic and alternative pathways of MC activation in AERD with a special 
focus in relation to new and emerging treatment strategies. 
Keywords: mast cells, aspirin-exacerbated respiratory disease, asthma, drug sensitivity, 
humanized monoclonal antibody

Introduction
Dysregulated mast cell (MC) activity directly contributes to the pathophysiology and 
symptoms associated with many respiratory diseases, including Aspirin-exacerbated 
respiratory disease (AERD). AERD is characterized by adult-onset asthma, chronic 
rhinosinusitis with nasal polyposis, and non-IgE-mediated anaphylactic reactions to 
cyclooxygenase-1 (COX-1) inhibitors, including nonsteroidal anti-inflammatory drugs 
(NSAIDS). The prevalence of aspirin intolerance is estimated to be 7.2% among adult 
asthma patients and increases to 14.9% in those with severe, persistent disease.1 AERD 
adversely affects quality of life, with the most common symptoms cited as chronic 
nasal symptoms followed by loss of sense of smell. Additionally, many patients report 
respiratory reactions to several common foods, including alcohol, tea, and certain 
spices, which may persist even after aspirin desensitization. Although the exact 
mechanism is unclear, it is postulated that polyphenols found in alcoholic drinks may 
inhibit COX-1, and foods such as spices and mint act through thermoreceptor transient 
receptor potential ion channels (eg, TRPV2, TRPV4, TRPM8) on the surface of MCs, 
activating them and leading to these symptoms.2

MCs originate from CD34+ pluripotent hematopoietic cells in the bone marrow. 
IL-3 and IL-6 increase the number of these CD34+ progenitor cells and begin the 
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process of mast cell differentiation.3 However, other than 
in the setting of mast cell leukemia, mast cells do not fully 
mature until they arrive at their terminal tissue. The bind-
ing of stem cell factor (SCF) produced by stromal cells to 
the c-Kit (CD117) receptor is the main driver of the 
growth and final differentiation of mast cells at their tissue 
of destination (such as the skin, gastrointestinal tract, and 
respiratory mucosa).3,4

MCs are found in almost all tissues, including the 
brain. They are found in particularly high numbers in 
tissues that interact with the outside environment, such as 
skin and mucosal tissues. Furthermore, they are located 
near blood vessels, neurons, and lymphatic vessels, which 
allow them to regulate inflammation in both local tissue 
and systemic sites.5 When activated, MCs release pre- 
formed granules of many pro-inflammatory mediators, 
including histamine, serotonin, cytokines and chemokines 
including tumor necrosis factor (TNF)-α, interferon ɣ (IFN 
ɣ), macrophage inhibitory factor, transforming growth fac-
tor, IL 1, 3–6, 9, 10, 13, 16, numerous proteases such as 
tryptase, chymase, carboxypeptidase, as well as leuko-
trienes (such as LTC4, LTB4) and prostaglandins (such 
as PGD2, PGE2). These mediators further promote inflam-
mation by recruiting or activating a network of cells 
involved in acute and chronic inflammatory pathways, 
such as endothelial, epithelial, stromal, and other immune 
cells.5

MCs are critical to the pathophysiology of AERD, as 
evidenced by their ability to elaborate large quantities of 
key mediators including cysteinyl leukotrienes (CysLTs) 
as well as prostaglandin D2 (PGD2). CysLTs are generated 
through the 5-lipoxygenase (5-LO)/Leukotriene C4 
(LTC4) synthase pathway, and MC metabolizes arachido-
nic acid through cyclooxygenase (COX) to synthesize 
PGD2. These mediators act synergistically to activate var-
ious type 2 inflammatory pathways in AERD. Stable urin-
ary metabolites of both CysLTs and PGD2 are measured at 
significantly higher levels among AERD patients, reflec-
tive of MC activation.6,7 MC activation in the respiratory 
tract is also a feature of aspirin-induced respiratory reac-
tions associated with elevated plasma tryptase during 
aspirin challenges.8 Finally, increased numbers of MCs 
have been demonstrated in bronchial biopsies of AERD 
subjects as compared with aspirin tolerant controls.9 

However, the mechanisms underlying this sustained acti-
vation of MC are to be fully elucidated. In addition to 
traditional signaling through the high-affinity IgE receptor 
(FcεR1), MCs in AERD may also be activated by non- 

classical mechanisms, as reviewed below, and outlined in 
Figure 1.

Pathogenesis of MC Activation in 
AERD
Classical Activation
Local Antibody Production
Classical MC activation through FcεRI signaling may play 
a role in AERD pathogenesis, although the nature of the 
cytokine milieu driving IgE production is not fully under-
stood. While many AERD patients lack classic atopic sen-
sitization, they tend to have overall elevated serum and local 
tissue IgE.10 Tissue levels of IgE and IgG4 are higher in 
AERD subjects as compared with aspirin tolerant nasal 
polyps, chronic sinusitis, and healthy controls, with evi-
dence of local B cell activation and antibody secretion.11 

The driving factors and the consequences of antibody pro-
duction within polyp tissue is unknown. However, higher 
IgE levels are associated with aggressive nasal polyp 
growth and accelerated recurrence following sinus surgery.

Elevated local IgE concentrations in AERD may be 
related to Staphylococcus aureus enterotoxins that act as 
superantigens and induce polyclonal IgE. As many as 87% 
of patients with AERD are colonized with Staph. aureus, and 
a subset of these produce IgE directed against staphylococcal 
superantigens.12 Levels of Staph. aureus superantigen IgE 
are significantly increased in AERD as compared with other 
nasal polyps.13 Staph. aureus has also been implicated in 
defective mucosal barrier function and innate immune sys-
tem activation, as will be discussed later.

Nasal polyp IgE and its association with aggressive 
recurrence may be instrumental to local MC activation in 
AERD. Locally produced IgE may allow FcεRI-expressing 
effector cells including MCs and basophils to respond to 
microbial or other antigens. Polyp IgE has been demon-
strated to be functional and induces basophil activation 
with histamine release and upregulation of the surface 
marker CD63.14 The effects of nasal polyp IgE specifically 
on FcεRI responses in MCs are yet to be elucidated.

Non-Classical Activation
Eicosanoids and MCs
Aberrant Regulation of Prostaglandin E2 (PGE2) 
PGE2 is a homeostatic and ubiquitous product of the COX 
pathway that is constitutively generated and induced at 
extremely high levels during inflammatory reactions. 
This PGE2 response to inflammation is dependent on 
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inducible COX2 that acts in conjunction with microsomal 
prostaglandin E2 synthase 1 (mPGES1) to generate PGE2. 
As compared with the constitutive expression of COX-1, 
COX-2 is less sensitive to blockade by aspirin in AERD.15 

Selective COX2 inhibitors appear to be well tolerated in 
most patients with NSAID hypersensitivity, especially 
those with AERD.16

A deficiency of homeostatic PGE2 appears to be the 
central defect in AERD, through baseline reductions in 
both PGE2 production and activity. PGE2 is critical in 
inhibiting MC activation through its target receptor 
EP2.17 Impaired respiratory tract PGE2 production or sig-
naling leads to 5-lipoxygenase activation and MC stimula-
tion. PGE2 inhibits MC activation in response to FcεRI 
through the E-prostanoid 2 (EP2) and EP4 receptors, spe-
cifically by attenuating the PLC-γ and ERK1/2 signaling 
pathways.18 Lower levels of PGE2 have been linked with 
MC hyperresponsiveness.19 Furthermore, transgenic 
mPGES1(-/-) knockout mice are used as an animal model 
to study AERD, further highlighting the importance of 
PGE2 in the pathogenesis of this disease.20 However, the 
reasons underlying the dysregulation of PGE2 in AERD 
are yet to be fully described.

Cysteinyl Leukotrienes (CysLTs) and MCs 
Cysteinyl leukotriene receptors CysLT1R and CysLT2R 
are broadly expressed by structural and hematopoietic 
cells, including MCs.21 The overproduction of CysLTs is 
pathognomonic of AERD, and also plays a role in MC 
activation. A substantial body of evidence supports the 
effect of CysLTs on MC activation and mediator release. 
The stimulation of cord-blood MCs with CysLTs elicits 
strong calcium influx accompanied by mediator release22 

as well as chemotaxis of MC progenitors.23 More recently, 
Lazarinis et al directly demonstrated prominent increases 
in urinary PGD2 excretion and other MC metabolites in 
response to LTE4-triggered bronchoconstriction in mild 
asthmatics.24 This response was abrogated by montelukast, 
a CysLT1R antagonist. This confirms a role for LTE4 in 
MC activation through CysLT1R, with the consequent 
generation of MC mediators. A similar effect on mast 
cell PGD2 production was also demonstrated by 
Banakova et al through indirect binding of LTE4 to epithe-
lial GPR99 receptors (CysLTR3) with consequent MC 
activation.25 Taken together, these findings imply that 
CysLTs induce MC activation in AERD, and elicit MC 
release of contractile COX-derived mediators.

Figure 1 Mast cells in the pathogenesis of AERD. Pro-inflammatory mast cells may be activated in AERD by both classic, high-affinity IgE receptor binding, or alternative 
mechanisms such as PGE2, cysteinyl leukotrienes (CysLTs) and the production of innate cytokines such as thymic stromal lymphopoietin (TSLP) and interleukin 33 (IL-33) via 
type 2 innate lymphoid cells (ILC-2).

Dovepress                                                                                                                                                        Kuruvilla et al

Journal of Asthma and Allergy 2020:13                                                                                    submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                         
465

http://www.dovepress.com
http://www.dovepress.com


Further, the gene encoding 15-lipoxygenase, ALOX15, 
has selective and significantly greater expression in 
AERD. A novel mediator, 15-oxo-ETE was also recently 
identified in AERD that is a product of the 15-lipoxygen-
ase pathway.26 MCs appear to be critical in this process 
using MC-derived hematopoietic PGD2 synthase 
(HPGDS) to generate 15-oxo-ETE.

Innate Cytokines and MCs 
There is an accumulating body of evidence that supports 
the role of innate cytokines in AERD through type 2 innate 
lymphoid cell (ILC2) activation. Various models of type 2 
innate immunity initiated by IL-33, IL-25 and TSLP also 
strongly implicate MC activation.27 TSLP and IL-33 
appear to play unique roles in AERD including COX-1- 
inhibitor-induced reactions. More recently, both TSLP and 
IL-33-mediated MC activation has been found to elicit 
eicosanoid generation in cultures.6,28

The airway epithelium in AERD shows impaired bar-
rier integrity when compared with normal epithelium fol-
lowing exposure to Staph. aureus. While the precise role 
of Staph. aureus in AERD is unclear, epithelial repair 
following this exposure to Staph exoproducts is inferior 
in nasal polyp subjects when compared with healthy 
controls.29 This exposure increases the expression of 
epithelium-derived innate type 2 cytokines including IL- 
33 and TSLP in polyp tissue.30 MCs are localized just 
beneath the epithelium and may even be intraepithelial, 
and thus poised to respond to epithelium-derived TSLP 
and IL-33.31

In contrast to classical activation mechanisms, innate 
type 2 cytokines do not induce MC degranulation and 
exocytosis. Rather, TSLP and IL-33 prominently induce 
Th2-cytokine production by MCs as well as lipid mediator 
synthesis.27,32,33 In particular, TSLP drives MC-derived 
PGD2 production, and when combined with IL33 results 
in a synergistic rise in PGD2 generation. Dysregulation of 
the innate inflammatory system is a significant contributor 
to AERD pathophysiology.6

IL-33 acts through ST2 receptors on the MC surface to 
activate MAP kinase and NF-κB pathways, with conse-
quent activation and leukotriene production. In a murine 
model of AERD, MC activation with synthesis of PGD2 
and LTs hinged upon IL-33 release34 and LTE4 induced 
MC activation through an IL-33 dependent mechanism. 
Interestingly, IL-33 induced eicosanoid synthesis in MCs 
in this model was critically dependent upon constitutive 
COX-1 activity. PGE2 synthase deficient mice upregulated 

IL33 and MC activation in the airway epithelium.35 

Deletion of LTC4 synthase in this model abrogated IL33 
production as well as MC activation. In addition, IL-33 
promotes the synthesis of preformed granule mediators, 
thus augmenting IgE-mediated MC activation.36

In another model, IL-33-induced release of arachidonic 
acid and all its downstream products (including PGD2 and 
LTC4) was sharply abrogated by the treatment of MCs 
with a COX-1 inhibitor.28 These COX-1 inhibitor-treated 
mice showed absence of changes in airway resistance and 
eicosanoid levels following aspirin challenge suggesting 
desensitization.

Mast Cell Derived Mediators in 
AERD
PGD2 is the major COX product of MCs and induces 
bronchoconstriction as well as chemotaxis of type 2 
inflammatory cells. Prostaglandin DP1 and CRTH2 recep-
tors are overexpressed in the sinonasal tissue of AERD 
patients and MC-derived PGD2 is a major effector of type 
2 immune responses in AERD.37 AERD has even been 
labeled a syndrome of MC-mediated overproduction of 
PGD2,38 with significantly increased tissue expression in 
AERD as compared with other forms of eosinophilic sinu-
sitis and controls.39 PGD2 triggers bronchospasm through 
the thromboxane receptor.6 PGD2 also drives chemotaxis 
of Th2 cells, eosinophils and basophils, and also promotes 
type 2 cytokine release from Th2 cells and ILC2s. Of note, 
while PGD2 was exclusively attributed to MC production 
until recently, eosinophils were also discovered to be a 
dominant producer in AERD through high expression of 
hematopoietic PGD2 synthase (HPGDS).6

MCs also express both 5-lipoxygenase and leukotriene 
C4 synthase and are hence able to catalyze the generation 
of LTC4 from arachidonic acid. While they may contribute 
to the CysLT burden in AERD, no significant abnormal-
ities in CysLT production were found in AERD subjects.40

Clinical Implications
MC activation in the respiratory tract is a well-recognized 
feature of aspirin-induced respiratory reactions and plays a 
role in desensitization. A subset of patients manifests 
severe reactions during aspirin challenges associated with 
elevated plasma tryptase that develop despite prophylaxis 
with a leukotriene receptor antagonist.8 It has been 
hypothesized that MC activation is responsible for 
PGD2-mediated bronchospasm and potential systemic 
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symptoms in these cases and the tryptase level was inver-
sely correlated with the decrease in FEV1 in this patient 
subset.

MC activation in aspirin challenges has also been 
associated with an acute increase in local and systemic 
production of eicosanoids – specifically PGD2 metabolites 
and LTE4.41 Peak levels of PGD2 synthesized during 
reactions correlate with symptom severity,6 and patients 
unable to tolerate desensitization generate significantly 
more PGD2 during reactions. Increased PG metabolites, 
particularly PGD2, were documented in a subgroup of 
patients resistant to desensitization.42 Differences in eico-
sanoid synthesis may account for the variance in clinical 
response to desensitization. This aligns with reports of 
PGD2 dominance in an AERD sub-phenotype associated 
with more serious cutaneous and gastrointestinal reactions 
to aspirin.42

MC-derived PGD2 promotes the rapid recruitment of 
CRTH2+ ILC2s, eosinophils and basophils into the 
respiratory tissue during aspirin desensitization,43 with 
concurrent decrease in blood numbers of these effector 
cells.44 Additional MC and cys-LT independent mechan-
isms and mediators are also possible contributors to AERD 
in general and in particular the reactions to COX-1 
inhibitors.

Therapeutic Implications
MC Response During Long-Term Aspirin 
Therapy
With longer-term high-dose aspirin therapy, one proposed 
mechanism of clinical benefit is a reduction in PGD2 
activity.45,46 However, high-dose aspirin therapy does not 
appear to rectify the overall dysregulation in eicosanoid 
synthesis and MC homeostasis characteristic of AERD. 
The clinical benefit of daily high-dose aspirin in AERD 
appears to be independent of a reduction in MC activation 
and CysLT production. In fact, a paradoxical increase in 
serum tryptase and urinary LTE4 has been demonstrated 
following desensitization.46 Thus, the clinical benefit of 
high-dose aspirin is disconnected from a global correction 
of the arachidonic acid pathway.

Despite this paradoxical increase in MC activation 
following aspirin desensitization, COX products (PGD2 
and thromboxane metabolites) appear to be suppressed.46 

Markedly decreased levels of urinary eicosanoids (includ-
ing PGE2, PGD2 and thromboxane A2 metabolites) 
implies that decreased synthesis of these PGs may 

facilitate clinical improvement on high-dose aspirin ther-
apy. This is accompanied by prominent increases in blood 
eosinophils and basophils, a presumed reflection of dimin-
ished PGD2-mediated chemotaxis of these effector cells 
into the respiratory tissue.42 Further, the rise in plasma 
tryptase correlates with increases in peripheral blood eosi-
nophils and basophils.46

Thus, a predominant mechanism by which aspirin ther-
apy is hypothesized to work is the loss of PGD2-mediated 
chemotactic gradient and prevention of cells homing into 
respiratory tissues. MC-intrinsic COX-1 amplifies IL-33- 
induced activation, potentially mediating the effects of 
aspirin desensitization. The suppression of PGD2 may be 
secondary to MC stabilization through inhibition of con-
stitutive COX-1 activity and impaired MC responses to 
endogenous IL-33.28 Therefore, while aspirin might 
increase MC activation as it exerts its therapeutic benefit, 
the dominant effects of PGD2 and thromboxane A2 sup-
pression may overcome this increased mast cell activity.

Notably, systemic PGE2 levels have not been shown to 
change significantly and even decreased in some reports.46 

This has been attributed to high renal PGE2 production 
that masks fluctuations in respiratory tissue provoked by 
aspirin.47 It is hypothesized that this PGE2 depletion 
allows for increasingly activated MCs during long-term 
high-dose aspirin therapy.

Pharmacotherapeutic Implications
MC directed therapy may translate into clinical improve-
ment for AERD subjects. A recent study reported that anti- 
IgE treatment with omalizumab improved sinonasal symp-
toms in patients with AERD and also decreased urinary 
PGD2 and LTE4 levels, with ~90% coming from MCs.48 

This decrease in urinary PGD2 metabolites was observed 
as early as within 24 hours of administration. Omalizumab 
also suppressed the overproduction of PGD2 characteristic 
of aspirin challenges in these patients.

The predominant role of eosinophils versus mast cells 
in AERD has long been debated. Anti-eosinophil agents 
that are clinically available are helpful in some scenarios. 
In addition to a direct anti-eosinophil effect, the IL-5 
receptor is expressed on local antibody secreting cells 
that elaborate local IgE.11 The decrease in MC activation 
following IL-5 blockade may contribute to the therapeutic 
benefit of these agents. The efficacy of dupilumab in nasal 
polyps, including AERD, may similarly derive in part 
from decreased IgE generation secondary to IL4/IL13 
blockade, with consequent decrease in MC activation.
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In the future, treatment mechanisms that inhibit PGD2 
pathways may thus afford similar clinical improvement. 
Randomized controlled trials of CRTH2 antagonists are 
underway. It remains to be seen whether these agents 
accomplish clinical benefits comparable with high-dose 
aspirin, while circumventing the risks of desensitization 
and long-term high-dose therapy. PGD2-induced broncho-
constriction is responsive to blockade of the thromboxane 
receptor49 and PGD2 signaling may be modified by the 
selective thromboxane receptor antagonist ifetroban.

Several other emerging therapies may also prove ben-
eficial at decreasing MC activity in AERD (Table 1). For 
instance, IL-33 appears to be the bridge between CysLT 
overproduction and MC activation in AERD and this may 
also be a pharmacotherapeutic target. Similarly, a PGE2 
analogue that selectively targets the EP2 receptor may 
restore the central dysregulation of this disorder and 
inhibit MC activity, although decreased EP2 expression 
may limit its utility in some cases. Hopefully, the results 
of clinical trials using these medications will provide 
more definitive evidence for the contribution of MCs in 
AERD.

Another future avenue for treatment may target Staph. 
aureus induced barrier dysfunction and type 2 inflamma-
tion in AERD. While antibiotic treatment directed at 
Staph. aureus does not alleviate nasal congestion or anos-
mia in nasal polyps, targeting its inflammatory pathways 
may afford a more suitable solution.

The study of mast cells in other disease processes may 
also be helpful in elucidating new targets for AERD 
patients. Mast cell-deficient mouse strains, usually invol-
ving a mutation in KIT, have been developed and studied. 
These models have established the important role of mast 
cells in allergic diseases, though findings for the under-
lying pathophysiology have not always been consistent. 
No humans lacking mast cells have yet been reported, 
making it more challenging to study this in human 
patients. However, in diseases such as mastocytosis 
where reducing mast cell numbers offers clinical relief, 
therapies involving apoptosis, reducing mast cell migra-
tion, differentiation and survival, have been explored. 
Tyrosine kinase inhibitors are used in aggressive systemic 
mastocytosis, and siglec-8, a receptor expressed by human 
mast cells (and eosinophils and basophils) may also be 

Table 1 Pharmacologic Treatments for AERD

Treatment Mechanism

Corticosteroids:
● Inhaled/topical: eg, Fluticasone propionate
● Systemic: eg, Prednisone

Decreasing the transcription of inflammatory genes by inhibition of the gene 

transcriptional complex

Leukotriene Modifiers
● eg, Montelukast, Zileuton

Montelukast: Competitive antagonist of the Cys-LT1 receptor 

Zileuton: Direct inhibitor of 5-Lipoxygenase

Aspirin Desensitization Exact mechanism currently unknown, but evidence of decrease in IL-4 and STAT 6 

transcription, decrease in PGD2, LTE4, and IFN-γ production, as well as a 
decrease in density of Cys-LT receptors

Monoclonal antibodies:
● Dupilumab

Dupilumab: IL-4receptor-α antagonist monoclonal antibody – inhibits action of IL- 
4 and IL-13, decreasing Th2-cell mediated inflammation

Investigational Agents:
● Omalizumab (Positive results from Phase III trials POLYP1 

and POLYP2) – currently undergoing FDA review
● Mepolizumab (currently undergoing phase III trials 

SYNAPSE)
● Benralizumab (currently undergoing phase III trials 

ORCHID)
● AMG-282 (phase I trial), PF-06817024 (phase I trial), 

Etokimab/ANB020 (phase II trial)
● GB001 (phase II trial), ACT-774312 (phase II trial), 

Fevipiprant (phase III trial)
● Ifetroban (phase II trial)

Omalizumab: anti-IgE monoclonal antibody – inhibits the binding of IgE to the high- 

affinity IgE receptor on surface of mast cells, basophils 

Mepolizumab: IL-5 antagonist monoclonal antibody – binds to IL-5 and inhibits IL-5 
signaling, reducing the production and survival of eosinophils 

Benralizumab: monoclonal antibody against IL-5 receptor α on eosinophils, also 

attracts natural killer cells to induce apoptosis of eosinophils 
AMG-282, PF-06817024, Etokimab/ANB020: Anti-IL-33 monoclonal antibody  

GB001, ACT-774312, Fevipiprant: Prostaglandin D2 receptor 2 (CRTH2) 
antagonist 

Ifetroban – Thromboxane receptor (TP) antagonist

Note: Data from Li KL, Lee AY, and Abuzeid WM.50
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targeted. A siglec-8-specific antibody is currently under 
investigation for the treatment of mastocytosis (41). 
Although these therapies are not being specifically studied 
for AERD, as our knowledge of the role of mast cells in 
disease increases, variations of these therapies may be 
applicable for AERD patients in the future.
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