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Purpose of review

The purpose of this review is to summarize the complex cellular interactions of aspirin-exacerbated
respiratory disease (AERD) and how these interactions promote pathogenic mechanisms of AERD.

Recent findings

In addition to characteristic changes in eicosanoid levels, recent studies have identified increases in
alarmin cytokines (IL-33, thymic stromal lymphopoietin) as well as activated innate lymphoid and plasma

cell populations in samples from AERD patients.

Summary

Patients with AERD typically demonstrate high levels of proinflammatory eicosanoids including cysteinyl
leukotrienes (CyslTs) and prostaglandin D, (PGD5) and hyporesponsiveness to prostaglandin E; (PGE5).
CyslTs are released by mast cells, eosinophils, and adherent platelets and promote epithelial release of IL-33,
which activates mast cells and group 2 innate lymphoid cells (ILC2s) in concert with CysLTs. TSLP induces
PGD, release from mast cells which activates and recruits eosinophils, basophils, Th2 cells, and ILC2s via
CRTH2. In turn, ILC2s and other cell types produce Th2 cytokines IL-4, I1-5, and IL-13 that, along with CyslTs
and PGD,, promote bronchoconstriction, eosinophilic tissue inflammation, and mucus production.
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Aspirin-exacerbated respiratory disease (AERD) is a
complex syndrome that results from dysregulated
type 2 inflammation brought on by interactions
between immune and structural cells. The classic
‘Samter’s Triad’ of AERD is characterized by asthma,
chronic rhinosinusitis (CRS) with nasal polyposis
(CRSwWNP), and respiratory and other reactions to
cyclooxygenase-1 (COX-1) inhibitors, such as aspi-
rin and NSAIDs [1]. Symptoms after exposure to
COX-1 inhibitors include nasal congestion, sneez-
ing, rhinorrhea, bronchospasm, skin flushing, and
hives [1]. AERD treatments include inhaled and
systemic corticosteroids, leukotriene modifiers,
aspirin desensitization, endoscopic sinus surgery,
and possibly novel biologics targeting type 2 cyto-
kines [1]. Aspirin desensitization has been observed
to significantly reduce polyp recurrence, decrease
symptoms and medication use, and is associated
with improved quality of life [2]. AERD affects nearly
7% of asthmatic patients and is almost doubled in
patients with severe asthma [3]. However, the prev-
alence of AERD may be underrepresented as a study
of electronic health records of those exhibiting
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characteristics of clinical AERD showed approxi-
mately 12% were undiagnosed [4]. An understand-
ing of cellular and mediator mechanisms is critical
for the development of future therapies for this
debilitating syndrome.

Mast cells

Mast cell activation is central to AERD and patient
samples have increased levels of proinflammatory
cysteinyl leukotrienes (CysLTs), which contribute to
mast cell activation. Canonical mast cell activation
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KEY POINTS

e AERD is characterized by an imbalance in eicosanoids,
which influence how major cellular players including
mast cells, eosinophils, epithelial cells, and ILC2s
are regulated.

e Interactions between cells that produce PGD, and
CyslTs and those that respond to these mediators are at
the core of AERD.

o Epithelial release of alarmins IL-33 and TSLP activate
ILC2s which is enhanced by CyslTs and PGD; from
mast cells and eosinophils.

e Recent studies support a role for platelets and plasma
cells in AERD pathogenesis.

involves FceR1 triggering via IgE cross-linking,
though mast cells are also activated using nonca-
nonical mechanisms via the epithelial alarmin IL-
33. Recently, IL-33 activation of mast cells was
demonstrated to be dependent on the COX-1 path-
way [5"%]. Mast cells also produce prostaglandin D,
(PGDy) in response to the epithelial alarmin thymic
stromal lymphopoietin (TSLP) [6]. In fact, stimula-
tion with TSLP and IL-33 increases PGD, production
more than IL-33 alone, highlighting the potentiat-
ing effects of IL-33 and TSLP stimulation on mast
cells. Mast cells also express and are activated
through cysteinyl leukotriene 1 receptor (CysLT1R),
which binds to LTC,4 and LTDy, and less so to LTE,.
Prostaglandin E, (PGE,), a metabolite of the COX
pathway, binds to four different E-prostanoid recep-
tors, E-prostanoid 1-4. Mast cells express E-prosta-
noid 2 and PGE, binding to E-prostanoid 2 decreases
mast cell activation and inhibits the 5-LOX pathway
and CysLT production [7].

The cyclooxygenase enzyme exists in two iso-
forms, COX-1 and COX-2, which converts arachi-
donic acid into Prostaglandin G, that is eventually
processed into PGE,, Prostaglandin F,pn., and
PGD,. Mast cells express COX-1 at baseline and
upregulate expression of Ptgs2 mRNA, which enco-
des for COX-2, after stimulation [8]. Patients with
AERD demonstrate higher urinary PGD, metabolite
compared with aspirin-tolerant controls and PGD,
levels increased further during aspirin reactions [9].
As PGD, promotes bronchospasm and inflamma-
tory cell recruitment, it is thus considered a domi-
nant mediator produced by mast cells in AERD.

Eosinophils

Severe asthma associated with AERD is eosinophilic
and nasal polyps from AERD patients have a greater
number of eosinophils when compared with
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samples from aspirin-tolerant patients [10]. Bron-
chial mucosal biopsies from patients with aspirin-
intolerant asthma have been shown to have more
eosinophils than those from patients with aspirin-
tolerant asthma [11]. Further, elevated peripheral
blood eosinophilia can also be observed in AERD
patients when compared with aspirin-tolerant asth-
matics and healthy controls [12].

Eosinophils express two high-affinity PGD,
receptors: D-type prostanoid 1 and CRTH2 (D-type
prostanoid 2). PGD, promotes eosinophil chemo-
taxis in vitro through CRTH2 and stimulation with a
CRTH2-specific agonist increases eosinophil recruit-
ment in models of allergic asthma and atopic der-
matitis [13]. In addition to responding to PGD,,
eosinophils are also an important source of PGD,
in AERD as hematopoeitic Prostoglandin D synthase
was found in higher amounts in AERD tissue and
blood compared with non-AERD asthma controls
[14,15]. In contrast to PGD,, PGI, and PGE, play
inhibitory roles in eosinophil responses through the
prostacyclin receptor (IP) and PGE receptors E-pros-
tanoid 2 and E-prostanoid 4, respectively [16].
Eosinophils cultured with NSAIDs produce CysLTs
and Leukotriene B4 which is ameliorated by E-pros-
tanoid 2-mediated PGE, [17,18"]. Although patients
with AERD do not demonstrate changes in eosino-
phil E-prostanoid 4 expression, there is evidence
that PGE,-mediated inhibition as well as E-prosta-
noid 4 agonist-mediated inhibition of eosinophil
chemotaxis is impaired in patients with AERD [19].

Eosinophils also likely play a role in AERD path-
ogenesis via interaction with epithelial cells [20].
Surfactant protein D (SPD) is a collectin protein that
lines the airway epithelial cells and patients with
AERD have been shown to have significantly lower
serum SPD levels than those with aspirin-tolerant
asthma. Eosinophils cultured with airway epithelial
cells induce increases in a-smooth muscle actin
expression, a feature of remodeling. SPD treatment,
however, decreases the expression of eosinophil-
induced a-smooth muscle actin [21]. Thus, SPD
may mediate proremodeling features of eosinophils
in AERD.

Group 2 innate lymphoid cells

Group 2 innate lymphoid cells (ILC2s) are a rare
subset of lymphocytes that represent innate coun-
terparts to Th2 cells. They express GATA binding
protein 3 and, upon stimulation, produce large
amounts of IL-4, IL-5, IL-9, IL-13, and the EGFR
ligand amphiregulin. ILC2s are activated by epithe-
lial cytokines IL-33, TSLP and IL-25 as well as mod-
ulated by eicosanoids including the CysLTs, PGD,,
PGI,, and PGE, [22]. ILC2s were initially shown to
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express CysLT1R and be activated by LTD4 [23]. A
recent report also showed that LTC, and LTE,
increased eosinophilia in AERD-like prostoglandin
e synthase ( ptges)—/— mice via cysteinyl leukotriene
2 receptor (CysLT2R) regulation of IL-33 [24]. ILC2
activation by IL-33 is also potentiated by CysLTs
through nuclear factor of activated T-cells signaling
suggesting nonredundant pathways that drive ILC2
responses by lipid and cytokine mediators [25].
Several prostaglandins regulate ILC2 function
providing potential insight into ILC2 function in
AERD. Human ILC2s highly express CRTH2 and are
activated by PGD, to induce chemotaxis and cyto-
kine production [22,26,27]. In contrast, PGE, and
PGI, play inhibitory roles in ILC2 responses. ILC2s
express the E-prostanoid 2 and E-prostanoid 4 recep-
tors, both of which may be required for PGE, to
inhibit ILC2 function. Peripheral blood and tonsillar
ILC2s cultured with PGE, had decreased GATA bind-
ing protein 3 expression, reduced type 2 cytokine
production, and downregulated expression of the
IL-2 receptor CD25 [27]. PGI; also inhibits the type 2
cytokine production in IL-33-stimulated ILC2s in
vitro and in vivo. In an Alternaria-challenged mouse
model, administration of PGI, significantly
decreased the amount of lung type 2 cytokine-
expressing ILC2s and airway eosinophilia [28]. In
patients with AERD undergoing aspirin desensitiza-
tion, ILC2s in nasal scrapings increased, whereas
those in the blood decreased when compared with
control patients. The increased tissue ILC2s were
positively correlated with symptom scores during
reactions. Consistent with previous studies,
increases in urinary LTE4 and PGD, metabolite were
found during reactions [29]. Though the mecha-
nism of recruitment of ILC2s to the airway in AERD
isunknown, CysLTs and PGD;, are likely candidates.

Epithelial cells

The epithelium and associated alarmins TSLP and
IL-33 are likely central to AERD pathogenesis. TSLP
activates mast cells to produce PGD, and epithelial
cells release IL-33 in response to CysLT stimulation
[6,30]. IL-33 is increased in nasal polyps from AERD
patients and CysLT2R has been shown to be respon-
sible for maximal IL-33 release in AERD-like mice
[30,31]. Additionally, transcriptomic analysis of
AERD nasal epithelial cells has revealed enriched
expression of pathways involved in leukotriene met-
abolic processes as well as plasma membrane orga-
nization [32""]. Folliculin is a protein expressed by
epithelial cells to maintain epithelial cell integrity
and survival. Patients with AERD had increased
serum folliculin levels in comparison to aspirin-
tolerant  asthmatics and healthy controls.
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Stimulating human airway epithelial cells with
LTE; caused a significant increase in folliculin
release. In the presence of LTE4, folliculin knock-
down reduced levels of IL-8 and occludin suggesting
that folliculin may promote epithelial dysfunction
in AERD [33].

Plasma cells

In CRSWNP, type 2 inflammation is associated with
increased B cells, immunoglobins, and B-cell acti-
vating factor (BAFF). Nasal polyp tissue from
patients with CRS contains increased levels of auto-
antibodies, including IgG and IgA, in comparison to
control tissue [34]. Further, higher concentrations of
IgA, 1gG, and IgE have been detected in patients
with CRSWNP along with significantly higher num-
bers of naive CD19+ B cells and plasma cells [35]. In
a recent study, AERD sinus tissue was observed to
have high IgE and 1gG4 levels compared with non-
AERD CRSwNP. Within the AERD patient popula-
tion, patients with nasal polyp recurrence had
higher IgE levels and polyp samples had higher
numbers of IL-5Ra+ plasma cells compared with
non-AERD CRSwNP [36™].

The role of plasma cells and antibodies in AERD,
particularly in nasal polyp formation, is currently
unknown. Considering that AERD nasal polyps
expressed more IL-5Ra+ plasma cells, plasma cell
regulation via IL-5 may be of particular interest.
ILC2s, Th2 cells and possibly mast cells produce
IL-5 and could be functioning upstream to contrib-
ute to plasma cell activation in nasal polyps [36™].
IgG4 and IgE production by plasma cells is also
regulated by IL-4 and IL-13 signaling, which are
two additional cytokines highly produced by ILC2s
and Th2 cells, further highlighting a potential
mechanism between these cells and plasma cell
responses in AERD [37].

Platelets

Platelet adhesion to leukocytes may play an impor-
tant role in AERD pathogenesis. Patients with AERD
were shown to express higher levels of the activation
marker P-selectin on platelets compared with aspi-
rin-tolerant asthmatic controls [38]. Upon activa-
tion, platelets metabolize arachidonic acid into
several different eicosanoids including PGD,. Plate-
let PGD, is generated via the COX-1 isoform as
platelets do not express the COX-2 isoform [39].
Importantly, peripheral blood from patients with
AERD contains higher percentages of eosinophils,
neutrophils, and monocytes with adherent platelets
compared with aspirin-tolerant controls [40]. Plate-
lets express elevated levels of LTC, synthase and
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when activated neutrophils were combined with
platelets, excess LTA4 was converted to LTCy4 [39].
As neutrophils lack LTC, synthase and cannot
metabolize LTA, into LTCy, the adherence of plate-
lets to neutrophils allows for CysLT overproduction.
To adhere to neutrophils and other granulocytes,
platelets must be activated and express P-selectin or
other adhesion molecules [14,39]. Thus, platelets
likely contribute to both the overproduction of
CysLTs and PGD, in AERD which can then further
activate ILC2s and mast cells.

Other cells in aspirin-exacerbated respiratory
disease

In contrast to IgE-mediated diseases such as allergic
rhinitis, AERD is generally considered an antigen-
independent type 2 inflammatory syndrome. How-
ever, T cells and upstream regulators are found in
AERD samples. Patients with AERD have higher
levels of IL-16 and thymus and activation-regulating
cytokine (TARC) in nasal lavage samples compared
with patients with allergic rhinitis and asthma [41].
TARC is the ligand for the C-C chemokine receptor
type 4 receptor, is dominantly expressed on Th2
cells, and induces chemotaxis of Th2 cells [42].
Th2 cells also selectively express CRTH2 and are
activated upon stimulation with PGD, to produce
Th2 cytokines, though TCR cosignaling is required
for full activation [43]. Interestingly, blood from
aspirin-challenged patients with AERD were also
observed to have higher baseline levels of CD4+
CD25+CD127+ and CD4+CD45RA—-CD45RO+
memory T cells and low baseline levels of CD4+
CD25+CD127— cells. After aspirin challenge, there
was an increase in the number of CD4+CD45RA—
CD45RO~+ memory T cells [43]. T-cell dysregulation
in AERD is intriguing and perhaps staphylococcal
superantigens promote broad T-cell responses
though evidence is lacking that this occurs in
AERD.

Basophils have also been implicated in AERD as
nasal polyp tissue and peripheral blood from AERD
patients contained more basophils than CRSwNP
samples. One study found that nasal polyp baso-
phils from patients with AERD expressed less 2D7, a
granule content marker, which could be because of
increased degranulation in AERD [44]. Further, baso-
phils also express CysLT1R and CysLT2R and are
activated by LTD, [45]. Patients with AERD and with
aspirin-tolerant asthma have displayed significantly
higher expression of the activation marker CD203c¢
on basophils after stimulation with anti-IgE when
compared with healthy controls. During aspirin
challenges, patients with AERD had decreased
peripheral blood CD203c-expressing basophils that
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may be because of increased trafficking of basophils
to target tissues [46]. Similar to other cells involved
in AERD pathogenesis, basophils can produce
CysLTs and PGD,, which could further regulate
mast cell, Th2 cell, ILC2, and eosinophil activation.

Although AERD nasal polyps are primarily
eosinophilic, neutrophils may be present in nasal
polyp tissue [47]. Neutrophils metabolize LTA4 to
Leukotriene B4 via LTA4 hydrolase, whereas other
cells with the 5-LOX pathway will metabolize LTA,4
to LTC, via LTC,S. LTC4 can then be converted to
the other CysLTs. As noted above, neutrophils
adhered to platelets are able to function together
to produce LTC4 which is then metabolized to LTD,
and LTE4 [39].

Epithelium/mast cell/group 2 innate
lymphoid cell interactions

Maijor cellular interactions in AERD are summarized
in Fig. 1. Patients with AERD express higher levels of
IL-33 in the basal layer of epithelial cells in nasal
polyps. Similarly, the lungs of AERD-like ptges—/—
mice demonstrated increased expression of IL-33,
especially after house dust mite treatment. Deletion
of LTC,4 synthase in ptges—/— mice decreased IL-33
levels in the lungs and decreased mast cell activation
and eosinophilia [30]. This suggests that CysLTs
regulate epithelial cell release of IL-33 which in turn
can activate mast cells and ILC2s. Further, TSLP
released from airway epithelial cells promotes
PGD, production from mast cells which may also
recruit and activate ILC2s, eosinophils, and other
cell types [6].

Mast cell/eosinophil/group 2 innate
lymphoid cell interactions

Many of the mediators characteristic of AERD,
including PGD,, CysLTs, PGE,, and the epithelial
alarmins, regulate ILC2 function [22]. ILC2s that
express CRTH2, CysLT1R and ST2 (IL-33R) show
potentiated activation upon stimulation with
PGD,, CysLTs, and IL-33. Upon activation, ILC2s
produce type 2 cytokines including IL-5 which is
critical for recruitment, activation, and survival of
eosinophils. Further, ILC2s produce IL-9 that can
enhance the numbers of tissue mast cells. Fosino-
phils are activated by several mediators including
PGD,, IL-5, 1L-3, IL-33, and TSLP. Upon activation,
eosinophils release CysLTs, PGD,, extracellular
vesicles, and extracellular traps which further
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FIGURE 1. Major cellular interactions of AERD. CyslTs are released by mast cells and eosinophils and cause epithelial
release of I1-33, which in turn activate mast cells, eosinophils, and ILC2s via ST2 (IL-33R). ILC2s release type 2 cytokines
including IL-4, IL-5, and IL-13 which are capable of stimulating plasma cells to produce IgE and IgG4. IL-5 promotes
recruitment, survival, and activation of eosinophils. Eosinophil activation is further promoted through direct interactions with
platelets. These cells and mediators contribute overall to bronchoconstriction, eosinophilic inflammation, and mucus production

that are features of AERD.

promote tissue damage and effector type 2 responses
[20]. Eosinophil-produced PGD, and CysLTs in turn
activate mast cells and ILC2s and are enhanced by
epithelial cytokine costimulation. Thus, a complex
interplay between many cell types through multiple
mediators leads to pathologic features of AERD.

CONCLUSION

AERD is characterized by intense type 2 inflamma-
tion with the hallmarks of CRSWNP, moderate-to-
severe asthma, and COX-1 inhibitor reactions. Sam-
ples from AERD patients show an imbalance in
eicosanoids with high levels of proinflammatory
mediators including CysLTs and PGD, and reduced
responses to PGE,. CysLTs are released by mast cells,
eosinophils, basophils, and platelets and promote
epithelial release of the alarmin IL-33 in AERD mod-
els. Further, epithelial TSLP induces mast cell acti-
vation and triggers the release of PGD,, which can
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then activate eosinophils, basophils, Th2 cells, and
ILC2s via CRTH2. Novel insights into platelet and
plasma cell responses as likely contributors to AERD
has also been recently put forth. Importantly, the
inclusion of the epithelial alarmins and novel cell
types into our understanding of AERD is likely to
have significant implications on future treatments.
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