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The underlying respiratory disease is activated by unknown mechanism and results in an
intense infiltration of mast cells and eosinophils into the entire respiratory mucosa. These cells
synthesize leukotrienes (LTs) at a very high rate and mast cells also release histamine and
tryptase and synthesize PGD, a vasodilator and bronchoconstrictor. Furthermore, AERD pa-
tients under synthesize from arachidonic acid (AA) a peculiar product called lipoxins, which
opposes inflammation generated by leukotrienes. Finally, cysLT, receptors are over expressed
and highly responsive to LTE,, further augmenting the underlying inflammatory disease.

This inflammatory condition is partly inhibited by synthesis of PGE, through COX-1. PGE,
partially inhibits 5-lipogygenase conversion of AA to LTA, and blocks release of histamine
and tryptase from mast cells. When COX-1 is inhibited by ASA or NSAIDs, PGE, synthesis
stops and an enormous release of histamine and synthesis of LTs occurs. The upper respira-
tory reaction is mediated by both histamine and LTs but the bronchospastic reaction is medi-
ated by LTs. The systemic effects of flush, gastric pain and hives are mediated by histamine.

Aspirin desensitization can not be explained by disappearance of LT synthesis since urine
LTE, levels are still elevated at acute ASA desensitization. However, mast cell products such
as histamine, tryptase and PGD, are no longer released or synthesized at acute desensitization.
It is more likely that a diminution in number or function of cysLT receptors accounts for the
diminished inflammatory response found in ASA desensitization.
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Introduction

The clinical presentation of reactions to
ASA and other NSAIDs is compatible with
both allergic and pseudoallergic reactions.
Although difficult to definitively establish,
immediate hypersensitivity reactions (urticaria,
angioedema, anaphylaxis) to single drugs in this
class are most likely IgE-recognized and -medi-
ated. By contrast, first-exposure reactions to
chemically dissimilar NSAIDs have been estab-
lished as pseudoallergic reactions, which rely
upon shared actions of pharmacologic inhibi-
tion of cyclooxygenase enzymes.

In 1971, Vane (1) discovered that both ASA
and NSAIDs inhibit prostaglandin synthase,
now renamed cyclo-oxygenase (COX). Recent
findings have identified at least two isoforms
of COX: COX-1 is constitutively expressed in
most mammalian cells, including respiratory
and gut epithelial cells and most inflammatory
cells; and COX-2, which is 60% homologous
with COX-1, and is highly inducible by pro-
inflammatory mediators, such as cytokines,
growth factors, and physiologic tissue injury
(2). ASA and most NSAIDs inhibit both COX-1
and 2, although they are far more potent inhibi-
tors of COX-1. By contrast, the new selective
COX-2 inhibitors are potent and specific inhibi-
tors of the COX-2 enzyme, with no measurable
effect on COX-1 in the doses used in human
pharmacology (3). Whether COX-1 and or COX-
2 are genetically different from normals has not
been determined. However, this critical enzyme
system is the key to crossreactions, and may be
phenotypically different in aspirin-exacerbated
respiratory disease (AERD) patients.

In 1980, Samuelsson reported that a second
metabolic pathway for arachidonic acid sub-
strate, namely the 5-lipoxygenase (5-LO) path-
way, where leukotrienes are synthesized, was
also involved in the genesis of inflammation
(4). Leukotrienes (C,D,E4) are potent mediators
of the chemotaxis of eosinophils, increased vas-
cular permeability, mucus gland secretion, and
prolonged and powerful constriction of bron-
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chial smooth muscles (5). Since the discoveries
of Vane and Samuelson, research has advanced
our knowledge about the genetic control of
inflammatory enzyme systems, recruitment
and movement of inflammatory cells, and the
mechanisms by which ASA /NSAIDs inhibit or
form arachidonic acid products within these
cells (6).

Pathogenesis of the Underlying
Respiratory Disease

Inflammatory Cells

Mast cells and eosinophils have been inden-
tified in nasal cytograms and nasal-tissue biop-
sies from AERD asthmatics (7). In a study by
Yamashita et al. (8), immunohistochemical
staining of polyp tissues from AERD patients
revealed numerous eosinophils and degran-
ulated mast cells. In AERD asthmatics, in con-
trast to ASA-tolerant asthmatics, bronchial
biopsies contained increased numbers of eosi-
nophils and mast cells, which stained for 5-LO
(9), COX-2(10), interleuken-5 (IL-5) and granu-
locyte-macrophage-stimulating factor (GM-
CSF) (11). After stimulation with ASA-lysine,
broncoalveolar lavage (BAL) fluid from asth-
matic AERD subjects contained increased num-
bers of eosinophils as well as increased levels
of eosinophil cationic protein (ECP) in AERD
asthmatics, compared to control asthmatics
(12). Similar results were obtained by Kowalski
et al. (13) while conducting nasal lavages in
AERD patients after instilling ASA-lysine into
the noses of six ASA-sensitive asthmatic vol-
unteers. Significantly increased numbers of
eosinophils were found, when compared to
normals and patients with chronic allergic rhini-
tis. Although metachromatic cells increased (21/
mmma3 to 64 cells/mma3), the difference was
not statistically significant in this small study
population. Leukocytes (PMNs) and macroph-
ages are found in respiratory tissues and secre-
tions of both AERD patients and ASA-tolerant
asthmatics (9,12). Since these inflammatory
cells also synthesize archidonate products,
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Fig 1. Mast cells and eosinophils heavily infiltrate the submucosal surface of the respiratory epithelium in
AERD. All three cells synthesize prostanoids, including PGE, via COX-1. Mast cells and eosinophils also
synthesize leukotrienes (LTs) and, through upregulated COX-2, synthesize both inflammatory and inhibitory
prostanoids. Mast cells and eosinophils also secrete preformed mediators. In aspirin disease, the inflamma-
tory cascades are active and only partially downregulated by PGE,. When ASA or NSAIDs are ingested, the
PGE, brake is removed and an avalanche of mediators induces a marked increase in the pathophysiologic
events shown at the bottom of the figure. CysLT, _ receptors are present in the upper airway, but only
CysLT, receptors are found on bronchial smooth-muscle cells. During ASA desensitization, both COX-1 and
-2 are destroyed and histamine and eosinophil cationic protein (ECP) and perhaps other eosinophil products
are no longer released. LTs are synthesized, but at a rate no greater than baseline. CysLT, receptors, and by
speculation cysLT, receptors, appear to be less responsive or available to the stimulus of LTs.

their potential for participation in the inflam-
matory disease of AERD cannot be dismissed.
However, a preferential accumulation of these
cells in the respiratory mucosa, as is seen with
mast cells and eosinophils, has not been reported
in AERD patients (see Fig. 1).

Chronic Hyperplastic Eosinophilic
Sinusitis, Nasal Polyps, and Asthma

The hallmark of this condition is hyperplas-
tic mucosal inflammation and nasal polyps
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(14). It is found in virtually all AERD patients,
who are generally recognized to be the proto-
type example of the syndrome of chronic hyper-
plastic eosinophilic sinusitis. This inflammatory
mucosal disease is characterized by heavy
infiltration of eosinophils, and is associated
with the activation of TH, lymphocytes, produc-
ing IL-3, IL-4, IL-5, IL-13, eotaxin, and GM-CSF
(14-16). Furthermore, infiltrating eosinophils
contribute additional cytokines—with IL-5, for
example—recruiting more eosinophils to the
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respiratory mucosa, which is already infil-
trated by activated eosinophils and mast cells.
Thus, the cells that are infiltrating nasal, sinus,
and bronchial mucosa are also capable of pro-
longing inflammation by recruiting more eosino-
phils to join the inflammatory process. Using
nasal polyp tissue, Kowalski et al. (17) demon-
strated that apoptosis of eosinophils was sig-
nificantly delayed in AERD patients, when
compared to ASA-tolerant controls. Cytokines
such as IL-3, IL-5, and GM-CSF dramatically
increased the lifespan of eosinophils in vitro by
inhibition of programmed cell death (18). Thus,
delayed cell death of eosinophils guarantees
both infiltration and survival of eosinophils in
the respiratory mucosa of AERD patients. Fur-
thermore, this heavy infiltration of activated
eosinophils in the respiratory mucosa is also
responsible for further tissue damage, activa-
tion of fibroblasts, and thickening of basement
membranes (14).

Nasal polyps consist of edematous tissue
infiltrated by eosinophils. Extensive studies
have shown that the prevalence of nasal pol-
yps is considerably higher in nonallergic rhini-
tis, than in allergic rhinitis, but all patients with
nasal polyps also suffer from AERD (19). How-
ever, in AERD, it is unusual to find patients
without nasal polyps (20,21). The histology of
nasal polyps consists of edematous and fibrotic
stroma, reduced numbers of vessels and glands,
and no neural structures, surrounded by a
thickened basement membrane and a damaged
epithelium (22). Eosinophils are found through-
out the polyps, but are particularly prominent
between the epithelium and thickened base-
ment membrane. Mediators in normal nasal
mucosa vs nasal polyp-tissue supernatants
have been measured. A highly significant
increase in IL-5, eotaxin, eosinophilic cationic
protein, and albumin in the supernatants of
non-allergic nasal polyps was found, but there
was no difference in concentrations of leuko-
trienes C4-E4 or hyaluronic acid (23). Eotaxin
is a chemokine, which is important in recruit-
ment and activation of eosinophils and may
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also contribute to tissue damage through its
capacity to induce the release of reactive oxy-
gen radicals (24). Mullol et al. (25) used cul-
tured cells from aspirin-tolerant nasal polyps
and normal nasal mucosal cells, and showed a
significant decrease in COX-1 mRNA. Further-
more, after stimulation by cytokines, there was
a delay in synthesis of COX-2 mRNA in the
nasal polyp cells vs normal mucosal cells (4 h
vs 1 h). This finding is very interesting because
it implies that polyp cells do not synthesize the
protective prostanoid (prostaglandin E,, or
PGE,), and that this finding is not limited to
patients with AERD. Bachert and his colleagues
(23) have proposed a mechanism for eosino-
philic polyp formation. Accumulation and
activation of eosinophils in mucosal tissue,
particularly under the direction of IL-5 and
eotaxin, characterizes the first stage of polyp
formation. Activated eosinophils release vaso-
active and cytotoxic substances (ECP, MBP,
EPO, and EDN), increasing vascular perme-
ability and damaging mucosal tissue. Exuda-
tion of albumin and fibronectin and retention
of water occur next. Pseudocysts form, and
eosinophils, mast cells, and fibroblast infiltrate
the polyp stroma. Gravitational pull enhances
polyp elongation. Activation of myofibroblasts
by these mediators contributes to the develop-
ment of chronic fibrosis.

Leukotrienes and Prostanoids

There is clear evidence that AERD patients
constitutively synthesize excessive amounts of
archidonate products, even before any exposure
to ASA/NSAIDs (see Figs. 1, 2). For example, at
baseline, prior to challenge with ASA-lysine,
Sladek et al. (12) measured higher concentra-
tions of LTC, and TXB, in BAL, taken from
AERD asthmatics than from control asthmat-
ics and normals. When compared to normal
controls and ASA-tolerant asthmatics, Christie
and colleagues (26) and Smith et al. (27) reported
elevated levels of LTE, and TXB, in the urine of
ASA-sensitive asthmatic patients prior to ASA
challenge. Since LTE, is the terminal leukotriene

Volume 24, 2003



Pathogenesis of AERD

173

in the synthesis of leukotrienes, and is synthe-
sized in extracellular fluid, urinary concen-
trations of LTE, reflect prior synthesis of
leukotrienes in both the upper and lower
respiratory tracts or elsewhere in the body.
High levels of urinary TXB, are the conse-
quence of excess synthesis of COX products.
Subsequent studies have consistently corrobo-
rated the in vivo evidence of increased synthe-
sis of leukotrienes and prostanoids in most
AERD asthmatics, before any exposure to ASA
(28-31). Certainly, eosinophils and mast cells
are capable of synthesizing cysteinyl leuko-
trienes (32-35) and are likely to be primary
cells generating these mediators in the respira-
tory mucosa of AERD patients.

The presence of both LTC, and eosinophil
cationic protein in BAL fluid during ASA chal-
lenges establishes not only that eosinophils are
present in the bronchial airways, and that they
are also activated and releasing mediators (36).
Eosinophils generate leukotrienes and also
express cysLT, . receptors. In the presence of
GM-CSF, IL-3, and IL-5, leukotrienes stimulate
proliferation and differentiation of eosinophil
progenitor cells in the bone marrow (37). Leuko-
trienes are also chemotactic for eosinophils,
directing blood-borne eosinophils to the respi-
ratory mucosa (38). Mast cells in the respira-
tory tract can also synthesize large amounts of
LTC,, D,, and E, as well as prostaglandin D,
(39). Therefore, the evidence indicates that
eosinophils and mast cells (34), are a major
source of leukotrienes in the respiratory
mucosa. However, it is impossible to estimate
the relative production of leukotrienes by other
cells in the airways capable of synthesizing
leukotrienes, including monocytes (40), poly-
morphonuclear leukocytes (41), and basophils.
Furthermore, prostanoids are also synthe-
sized by epithelial cells of the airways (42) and
endothelial cells of the supporting vessels
(43—45).
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CysLT-Receptors

In recent years, two distinct leukotriene
receptors have been indentified, and both are
activated by binding of LTC,, D,, or E,. CysLT,
was discovered and cloned by two indepen-
dent groups in 1999 (46,47). In normal subjects,
cysLT, receptors are found on bronchial smooth
muscle, endothelial cells, mucus-secreting
glands, as well as mature and progenitor eosino-
phils, lung macrophages, and subsets of peri-
pheral-blood monocytes (CD, 19, 34, and 14)
and T cells (CD4, CD8) (48). The cysLT, recep-
tor was discovered in 2000 (49). It is present on
eosinophils, neutrophils, monocytes, and T
lymphocytes, as well as endothelial cells and
Purkinje fibers in the heart (50). Mita and col-
leagues (51) found that peripheral blood leu-
kocytes from asthmatics express cysLT, receptors
and that eosinophils express twice as much
mRNA for cysLT, as cysLT,. The implication of
this observation is that selectively blocking
cysLT, receptors may not significantly prevent
leukotriene effects on eosinophils. James and
Sampson (50) further suggested that there may
be a third cysLT receptor, which to date has
not been discovered, and it also would not be
blocked by cysLT,-receptor antagonists. Whether
or not such a receptor exists is not yet known.

Strong circumstantial evidence supports an
important role for leukotriene receptors in the
pathophysiology of AERD. Because only cysLT,
is expressed on bronchial smooth muscle, its
function is unique in inducing smooth-muscle
constriction of the bronchial airways. AERD
subjects have been shown to be specifically
hypersensitive to the bronchoconstrictive effect
of inhalation of LTE,; and selective cysLT,-
receptor antagonists can block ASA-induced
bronchoconstriction in some AERD patients,
consistent with the lack of expression of cysL T,
receptors in bronchial smooth muscle (52-54).
The presence of both cysLT, and cysLT, recep-
tors in the upper airway mucosa, including
endothelial cells, mucus-secreting glands,
T-lymphocytes, polymorpholeukocytes, and
eosinophils, makes it likely that stimulation of
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cysLT, receptors also contributes to the chronic
eosinophilic upper-airway inflammation seen
in AERD patients. These observations are sup-
ported by the fact that cysLT,-receptor antago-
nists are somewhat effective in blocking
smooth-muscle constriction in the lower airways,
but usually have only partial or no effects on
nasal congestion and rhinorrhea in AERD
patients (55). Although it is theoretically pos-
sible that cysLT, - and cysLT -receptor expres-
sion is quantitatively or qualitatively different
in AERD patients, the expression of these
receptors has not been quantified in the airway
tissues of AERD patients. It is also theoretically
possible that leukotriene receptors transduce
their signals more efficiently in AERD patients,
thereby augmenting the effects of cysLTs and
potentially producing a more vigorous inflam-
matory response. For example, there is some
evidence that within the AERD population, dif-
ferent degrees of responsiveness to stimulation
of one receptor over the other may be occur-
ring, depending on genetic differences in the
transcription and expression of these receptors.
Clinically, some AERD patients enjoy marked
decongestion of their nasal tissues, remissions
in asthma, and marked increases in their forced
expiratory volume in one second (FEV,) values,
while taking a cysLT, -receptor antagonist.
Other AERD patients who are clinically indis-
tinguishable from these patients may not receive
a benefit from taking a cysL T, -receptor antago-
nist. Without availability of a selective cysLT,
antagonist, this discrepancy in responses to
currently available cysLT -receptor antagonists
cannot be further explored. Unfortunately, the
prospects for developing selective cysLT,-
receptor antagonists may not be feasible
because of potential side effects of such drugs
on the regulation of Purkinje fibers in the heart
(56) or cysLT, receptors in other tissues.

Lipoxins
In addition to generating increased leuko-

trienes and prostanoids, AERD patients may
also generate less of the antiinflammatory lipid
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mediators, lipoxin and 15-epimer lipoxin (see
Fig. 2). Like leukotrienes, lipoxins are synthe-
sized from arachidonic acid by lipoxygenase
enzymes. However, their function is the oppo-
site of the pro-inflammatory leukotrienes
because they downregulate inflammation (57).
In a study by Sanak et al. (568), AERD patients
generated less lipoxins and 15-epimer lipoxins
following stimulation of blood cells with cal-
cium ionophore than did ASA-tolerant asth-
matics and normal subjects. Furthermore,
pretreatment of blood cells with aspirin led to
increased synthesis of lipoxins in the cells of
ASA-tolerant asthmatics, but not cells from
AERD patients. This suggested that the
lipoxins, which were designed to dampen and
limit inflammation, are preferentially undersyn-
thesized in AERD patients. Whether this is the
central defect in AERD and is responsible for
uncontrolled leukotriene synthesis and mucosal
inflammation, or merely one dysfunction with
perhaps little or no consequence, cannot be
determined at this time.

Initiating and Propagating Stimuli
in Producing AERD

Unfortunately, the initiating and propagat-
ing stimuli in AERD are currently unknown. It
is as though we have been allowed to examine
the consequences of a fundamental stimulatory
event—namely, uncontrolled synthesis of arachi-
donate products by infiltrating mast cells and
eosinophils—without being able to see why
this process began in the first place. Since the
inflammatory disease of AERD is similar to
chronic allergic rhinitis and asthma, with infil-
trating eosinophils and mast cells, AERD could
hypothetically be caused by chronic allergen
exposure with recognition by IgE antibodies.
However, there is no convincing evidence that
IgE recognition and mediation plays a role in
the initiating or propagating events in AERD.
That is not to say that IgE-mediated respiratory
disease cannot coexist with AERD. In fact, 30—
60% of patients with AERD have positive wheal-
and-flare skin tests and histories that support
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IgE-mediated respiratory events (59,60). It is not
rare, to evaluated AERD patients who give
a history of sneezing and rhinorrhea, when
exposed to cat or dust mites and have positive
wheal-and-flare cutaneous tests to these same
antigens. But IgE-mediated disease is absent in
40-70% of AERD patients and even in those
patients with coexisting IgE-mediated respira-
tory disease; the identified allergens may not
be available to initiate or propagate the chronic
inflammation of AERD. This situation is most
obvious in cat-sensitive AERD patients who do
not own or visit a cat or have small children
who bring home cat allergen on their clothing.
These patients experience allergic symptoms
after rare exposure to cat allergen. However,
the chronic eosinophilic inflammatory disease
of AERD could not be the result of rare cat
exposure. One could argue that dust mite sen-
sitivity is a different situation, since exposure
to dust mites is ubiquitous in most localities.
But even in these AERD patients, their inflam-
matory mucosal disease persists at high alti-
tudes, where dust mites cannot survive.
Could this be a genetic disease? Are there
genetic differences in the regulation of enzyme
systems in inflammatory cells that are exclu-
sively found in AERD patients? Or, as sug-
gested by Prof. Szczeklik (61), is AERD the
result of a chronic or latent viral infection of
the respiratory tract, with activation of T-lym-
phocytes, secretion of cytokines (IL-3, IL-5 and
IL-13), followed by recruitment, activation, and
infiltration of eosinophils and mast cells? Indeed,
patients with AERD almost universally describe
a typical viral “cold” at the onset of their respi-
ratory disease, which usually occurs between
the ages of 20—40 yr of age (60). By the time
patients are evaluated by physicians who are
interested in this research, electron microscopy
studies have not demonstrated viral particles
in the mucosa of AERD patients. However,
such a lack of evidence does not eliminate the
possibility that the disease began as a common
viral “cold,” an event that is indistinguishable
from the millions of persons who have 1-2
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colds every winter. However, unlike normal
individuals, AERD patients may lack a funda-
mental ability to turn off the inflammatory
response to the inciting virus. There is a report
of a herpes simplex infection immediately pre-
ceding the onset of AERD (62). However, this
virus is not usually associated with onset of
respiratory disease in most patients with AERD,
and proving that the HV was concomitant
rather than causative is not possible.

A reasonable but unproven hypothesis is
that the onset of the respiratory disease of
AERD is the result of a combination of envi-
ronmental or infectious events plus genetic
abnormalities. Both components could work
together, with genetic defects rendering the
individual susceptible to or unable to recover
from an otherwise routine viral respiratory ill-
ness or environmental exposure.

The Genetic Control of LTC, Synthase
Enzymes

Figure 2 presents the arachidonic acid cas-
cade. Any enzyme in the cascade, beginning
with the phospholipases and ending with ter-
minal enzymes, is a potential candidate for a
genetically controlled increase or decrease in
eicosanoid synthesis. Intuitively, patients with
AERD may be expected to have an increase in
activity of one or more essential enzymes that
would drive the arachidonic cascade toward
overproduction of leukotrienes. If such a genetic
or developmental abnormality were limited to
AERD patients, a logical explanation for overpro-
duction of lipid mediators or prostanoids down-
stream from an upregulated enzyme might
then be proposed. Furthermore, such a finding
could be a genetically programmed difference
that distinguishes AERD patients from normals
and ASA-tolerant asthmatics. Thus, in AERD
patients, the critical enzymes, which could
enhance overproduction of leukotrienes
include phospholipase A2, 5-LO, 5-LO, acti-
vating protein, and leukotriene C4 synthase
(LTC,S).
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Mast cells and eosinophils are the main source of LTC, synthase, the critical enzyme in directing synthesis of
LTC,D, E,. COX-1 is found in most mammalian cells, including epithelial and endothelial cells in the respi-
ratory tract and provides a steady source of PGE,. COX-2 is restricted to inflammatory cells and cytokines,

and other products of infection upregulate its synthesis.

Genetic Polymorphism

The human genome is continuously
reshaped by heritable mutations, which are
passed onto the next generation. If more than
one allele is present at a given chromosome
locus, and they differ by a single basepair, such
a mutation is referred to as a single-nucleotide
polymorphism (SNP). Other sequence vari-
ants—such as repeats, insertions and dele-
tions—also occur, but SNPs are responsible for
the majority of phenotypic differences. SNPS
are most suitable for association studies (which
can determine phenotypic effects of complex
genetic abnormalities), rather than linkage
analysis, because they are frequent, stable, and
amenable to high-throughput genotyping. Many
SNPS are common, occurring in the human
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genome with a frequency of 10%, and most
variants are functionally silent (63). The aver-
age distribution of SNPS is about one SNP for
every 1000 basepairs, and the number of SNPs
estimated in the human genome is between
50,000 and 100,000. More than 1.5 million SNPS
have been found in the human genome, and
the number increases exponentially as genetic
sequencing advances (63).

LTC, Synthase

In 1997, Sanak and his colleagues (64)
reported that 60% of AERD patients from
Poland were found to have a SNP in the 5
regulatory region of the LTC, synthase gene.
This polymorphism consisted of an adenine
(A) to cytosine (C) transversion at —444 nucle-
otides upstream to the ATG translation start
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site in the promoter region of the LTC, synthase
gene. The —444C allele was associated with
increased transcription and over-expression of
LTC, enzymes in the affected AERD patients
(65). Although no relationship was seen
between the LTC, genotype and secretion of uri-
nary LTE, in AERD patients at baseline, inha-
lation challenge with ASA-lysine induced a
striking and preferential increase in urinary
LTE, in AERD patients who were carriers of the
—444C allele (66). Immunostaining of bronchial
biopsies from AERD asthmatics, ASA-tolerant
asthmatics and normal individuals for relevant
inflammatory enzymes revealed no differences
in the three study populations for: 5-LO, its
activator protein (FLAP), COX-1, or COX-2.
However, counts of cells, which stained for
LTC, synthase, were 5x higher in the AERD
asthmatics with the —444C allele (34). There-
fore, these findings offered a possible explana-
tion as to why AERD patients synthesized
excessive quantities of leukotrienes (67). It is
important to note, however, that 40% of the
Polish AERD study subjects did not carry the
—444C allele, and that 25% of a normal control
population in Poland also carried the —444C
allele, with no evidence of health problems,
including asthma or ASA-induced respiratory
reactions (64). Additionally, in a collaborative
study, using DNA samples from patients in the
United States and Japan, Van Sambeek et al.
(68) were unable to confirm an increased prev-
alence of the —444C allele in these populations
of AERD patients, when compared to appro-
priate control groups. Therefore, the —444C
allele in the LTC,S gene did not appear to cor-
relate with the phenotypic expression of aspi-
rin-sensitive asthma or the transcriptional
activity of the LTC,S gene.

In a recent study by Kawagishi et al. (69),
polymorphism of the LTC, gene was evaluated
in Japanese patients with aspirin-induced
asthma (AIA) and aspirin-tolerant asthma
(ATA). A variety of important data were pre-
sented. First, the genotype frequency of the
—444C allele of the LTC,S gene was 0.192 for
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AERD patients, 0.110 for aspirin-tolerant asth-
ma (ATA), and 0.200 for normal controls. Sta-
tistically, there were no difference between
normals and AERD patients, but ATA patients
had a significantly decreased frequency com-
pared to both groups. Of the 60 AERD patients,
20 (33%) were either homozygous or heterozy-
gous for the —444C allele. The population of
AERD patients who carried the —444C allele
was then compared to the population of AERD
patients who were homozygous for —444A.
Clinically, the —444C group was distinguished
because they were younger, with a longer dura-
tion of asthma than the 40 patients with the
—444A genotype. However, there were no
differences in sex, predicted FEV,, or use of
inhaled or systemic corticosteroids. As expec-
ted, the mean urine LTE, levels were higher in
the AERD group than in the ATA or normals,
but within the AERD groups there was tremen-
dous spread and no difference in mean values
for LTE,. Interestingly, although there was a
lower prevalence of the —444C allele in ATA
patients, they produced significantly more
LTE, in the urine than the normals with the
same frequency of the —444C allele as the
AERD group. There was also no difference in
the LTC,S activity in the eosinophils from
AERD patients and normal controls, but both
were increased over eosinophil LTC,S activity
from ATA patients. Thus, polymorphisms for
LTC, synthase are not responsible for overpro-
duction of leukotrienes in any AERD patients,
or else the variant LTC, synthase gene may be
one of several abnormalities, with other abnor-
mal alleles to be discovered in other popula-
tions of AERD patients (70).

Kawagishi et al. (69) also studied mutations
in the 5-LO gene in the same subjects, and again
were unable to find any differences between the
three groups. To date, there has been no convinc-
ing evidence for upregulation of any of the
critical enzymes in the arachidonate cascade in
AERD subjects, except LTC, synthase. This
statement does not imply pessimism in the pur-
suit of SN polymorphisms in AERD patients. In
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fact, we believe it is likely that other genetic
abnormalities are present in AERD patients,
and that over time they will be discovered.

This discussion leads to a curious conclu-
sion about ASA respiratory disease. Either the
disease is the result of a single abnormal gene
or an altered regulatory system, or it is a col-
lection of genetic and environmental defects
that have the same clinical presentation. The
evidence for the first theory does not exist,
which does not assure that future discoveries
might provide the proper support for ASA dis-
ease as a single pathologic entity. However, at
the present time, it is not possible to combine
all of the abnormalities, cited in this section
into a single pathogenic sequence for all AERD
patients. The probability remains that various
pathways can converge into stimulation of
mast cells and eosinophils, with multiple defects
or upregulations leading to the final inflamma-
tory disorder.

Pathogenesis of ASA-Induced
Respiratory Reactions

Clinical Presentations of Reactions
and Their Pathologic Implications

Respiratory reactions to ASA and NSAIDs
can best be divided into lower respiratory,
upper respiratory, and systemic. Although
ASA-induced reactions in upper-respiratory or
lower-respiratory tracts can occur separately,
a substantial majority of AERD patients expe-
rience reactions in both upper and lower respi-
ratory tracts (“classic reactions”) (71). During
oral challenges with ASA in AERD patients,
systemic reactions do not appear by them-
selves, but are added onto the predominant
respiratory reactions. This is in contrast to
patients who have anaphylaxis to ASA or an
NSAID, for whom the systemic reaction is pre-
dominant and respiratory responses are a side
issue. Nevertheless, by dissecting the respira-
tory reactions and the associated systemic
reactions into specific organ responses, we gain
some useful insight into the pathogenic events
that lead to the respiratory reactions.
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Lower Respiratory Reactions to ASA

These reactions consist of bronchospasm,
with the intensity of the reactions strongly
related to the dose of ASA or NSAIDs. The
degree of bronchospasm, particularly after
ingesting full therapeutic doses of ASA (650
mg) can be profound and even life-threatening.
ASA-induced bronchospasm typically lasts for
several hours, and is only partially responsive
to beta agonist treatment. The clinical presenta-
tion of bronchospasm during an ASA-induced
reaction is identical to that observed during
inhalation of leukotrienes (52,72). In contrast
to histamine inhalation, LTE, by inhalation
induces a dose response, which was 13 times
greater than histamine (52). In general, ASA-
induced bronchospasm is more severe than
histamine-induced bronchospasm, lasts for
hours, and responds poorly to bronchodilators.
Thus, inhalation of leukotrienes reproduces a
clinical picture that is identical to the dose
response, ASA-induced bronchospasm. Final-
ly, if the same provoking dose of ASA is used
at baseline and after pretreatment with either a
cysLT -receptor antagonist or a 5-LO-blocking
drug, the second ASA-induced reaction is com-
pletely blocked (53,73,74). By contrast, pre-
treatment with a potent antihistamine had no
protective effect on ASA-induced broncho-
spasm (75).

Upper Respiratory Reactions to ASA

These reactions consist of two parts. The
first component is severe nasal congestion with
paranasal headaches. The second component is
sneezing, profuse rhinorrhea, and ocular injec-
tion with pruritis of the conjunctivae. Both his-
tamine and leukotrienes are released into nasal
secretions during ASA-induced upper-respira-
tory reactions (76-79). Pretreatment with an
antihistamine eliminated most of the upper air-
way reactions, although nasal congestion was
not specifically measured (75). Pretreatment
with leukotriene-modifying drugs did not effect
upper-airway reactions in a large series of
AERD patients undergoing oral ASA chal-
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lenges (80). The ASA-induced upper-airway
reactions appear to be mediated by both hista-
mine (the predominant mediator) and leuko-
trienes.

Systemic Reactions to ASA During
Predominant Respiratory Reactions

During inhalation challenges with ASA-
lysine, reproducible reactions in the lower air-
way (81-84) or upper airway (79,85) can be
produced. During inhalation challenges with
ASA, it is extraordinarily rare to have any sys-
temic symptoms. In fact, if the lower airway is
challenged with ASA-lysine, the upper airway
does not react, and the opposite is true if the
upper airway is challenged with ASA-lysine.

By contrast, systemic reactions are rela-
tively common during oral challenges with
ASA. At the Scripps Clinic, during the last 200
oral ASA challenges, 48/200 (24%) of the patients
experienced some type of extra-respiratory reac-
tions in addition to their respiratory reactions.
Most of these reactions were relatively minor,
with flushing 25/200 (12.5%) or gastrointestinal
(cramping abdominal pain, nausea, or diarrhea)
in 25/200 (12.5%) accounting for most of these
responses. Eleven (5%) had transient hives that
cleared completely as they reached ASA desen-
sitization, and 7 (3%) had generalized pruritis.
Flushing and hypotension, in addition to a res-
piratory reaction, occurred in one patient. Most
systemic reactions involved more than one
organ, although 21 patients were single-organ
reactors, usually with flushing or gastrointes-
tinal (GI) symptoms. These extra respiratory
reactions are almost certainly the result of the
release of histamine from the respiratory tract
into the systemic circulation. Bosso et al. (86)
measured serum tryptase and plasma hista-
mine levels in 17 ASA-sensitive rhino-sinusitis
asthmatic patients during oral ASA challenges.
Three of 17 patients experienced both naso-
ocular and bronchospastic reactions and also
had systemic reactions (flushing, diarrhea, and
cramping abdominal pain). Plasma and serum
from only these three patients contained sig-
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nificant elevations of plasma histamine and
serum tryptase levels. Notably, these three
patients experienced the same magnitude of
respiratory reactions when compared to the
remaining 14 patients. Sladek et al. (30) also
measured increased serum tryptase during ASA-
provoked bronchospastic reactions. Szczeklik et
al. (75) were able to show that pretreatment with
clemastine, an older first-generation antihista-
mine, prevented flushing reactions during oral
ASA-induced respiratory reactions. In our
series of 200 patients, who experienced systemic
reactions during ASA-induced respiratory reac-
tions, one-half had already been pretreated
with leukotriene-receptor antagonists. Thus,
LTRAs did not protect against systemic reac-
tions. Our clinical experience in treating and
preventing these systemic reactions has been
highly successful, using intravenous (iv) H,
blockers such as diphenhydramine, and H,
blockers such as ranitidine. All of these obser-
vations seem to implicate histamine as the
major—and perhaps the only—mediator respon-
sible for systemic reactions in AERD patients.

Initiation of Reactions to ASA

Based on crossreactivity of AERD patients
to structurally distinct NSAIDs upon first
exposure, as well as the failure of selective
COX-2 inhibitors to induce reactions (87,88),
inhibition of COX-1 appears to be the initial
signal that initiates an ASA-induced respira-
tory reaction (6) (see Fig. 1). Therefore, consid-
erable attention has been focused on possible
differences between the expression or function
of COX enzymes in AERD asthmatics and tol-
erant asthmatic controls. In vitro studies of
peripheral monocytes from AERD patients,
taken during ASA-induced reactions, showed
that inhibition of COX-1 could be demon-
strated after in vivo exposure to as little as 60
mg of ASA given orally (89). Much larger
doses—in the range of 325-650 mg given
orally—were required to inhibit COX in mono-
cytes from ASA-tolerant asthmatics and nor-
mal volunteers. This observation could not

Volume 24, 2003



180

Stevenson and Zuraw

have been the result of a more efficient absorp-
tion and distribution of ASA in AERD patients
because serum levels of salicylates post-ASA
challenge were found to be the same in normals
and AERD patients (90,91). Therefore, the pos-
sibility that cyclooxygenase (COX) enzymes in
AERD patients may be different (more vulner-
able to acetylation by ASA or inhibition by
NSAIDs) is an attractive differentiating theory
to explain why AERD patients are highly sus-
ceptible to these drugs. Regardless of whether
or not this theory is true, removing COX-1
(acetylation by ASA or channel blockade by
NSAIDs) appears to initiate the ASA /NSAID-
induced respiratory reaction.

As shown in Fig. 1, a hypothesis that might
explain ASA/NSAID-induced respiratory
reactions, is as follows: Overproduction of
leukotrienes as a result of the inflammatory
disease of AERD is already underway for rea-
sons that are not clearly elucidated. Very small
concentrations of ASA /NSAIDs rapidly inhibit
COX-1 in AERD patients, abrogating addi-
tional synthesis of COX products, including
PGE,. Under the influence of phospholipases
A, (PLA)), arachidonic acid from cell mem-
branes is constantly available. Since PGE, is
known to have potent inhibitory effects on 5-
LO, inhibition of PGE, synthesis, in the face of
continued generation of archidonate, leads to
increased synthesis of leukotrienes (6,61). The
evidence for this sequence of events is very
persuasive. In BAL fluid obtained from AERD
asthmatics, the instillation of ASA-lysine into
the bronchial segment is followed by a sharp
decline in PGE, (36). Nasal secretions from
AERD patients had measurable levels of PGE,
at baseline. However, after oral ASA chal-
lenges, PGE, levels fell rapidly to undetectable
levels (76). Urine thromboxane B, disappeared
after ASA inhalation challenge challenges in
AERD subjects, suggesting a rapid inhibition
of COX-1 by ASA in the respiratory tract (28).
Sestini et al. (92) showed that ASA-lysine-
provoked bronchospasm was associated with
a rise in urine LTE,. However, after pretreat-
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ment with inhaled PGE,, ASA-lysine by inha-
lation did not induce bronchospasm, and there
was no expected increase in urine LTE,. In the
same year, similar experiments by Szczeklik et
al. (93) showed that both PGE, and salmeterol
pretreatment prevented ASA-lysine-induced
bronchospasm. Pretreatment with oral miso-
prostol (synthetic PGE,) prevented ASA-induced
asthma during oral challenges with ASA (94).

The important and unanswered question is:
do AERD patients have a peculiar susceptibil-
ity to depletion of COX-1 by ASA and NSAIDs
or do they start with a defective synthetic sys-
tem, which is synthesizing less PGE, at base-
line? Picado et al. (45) discovered that mRNA
for COX-2 was significantly reduced in nasal
polyp cells from AERD patients, when compared
to healthy normal mucosa and nasal polyps
from aspirin-tolerant asthmatics. The authors
suggested that AERD patients were vulnerable
to further depletion of PGE, by ASA because of
the low baseline production of COX-2-depen-
dent prostanoids. Kowalski demonstrated that
cultured epithelial cells from AERD patients
generated less PGE, than cells from controls
(95). However, a recent study by Antczak et al.
(96) presents data that is substantially differ-
ent from these studies. By measuring mediators
in the exhaled breath condensate, they were
able to demonstrate that PGE, concentrations
were the same in AERD asthmatics and ASA-
tolerant asthmatics. Their conclusion was that
a deficiency of PGE, was unlikely to be an
important mechanism in the pathogenesis of
ASA-induced reactions.

There is also substantial evidence that mast
cells contribute to acute ASA-induced reac-
tions by discharging tryptase and histamine
(76,77,86). Ferreri et al. (76) measured increased
LTC, and histamine and decreased PGE, in
nasal lavage fluid after oral ASA challenges in
AERD asthmatics. Both histamine and LTC,
appeared in the nasal secretions slightly before
the onset of naso-ocular reactions. Similar find-
ings of increased histamine and LTC, during
oral challenges with ASA were reported by
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Kowalski et al. (78) and after intranasal chal-
lenges with ASA-lysine by Picado et al. (79).
Fischer et al. (77) induced nasal reactions by
oral ASA challenges, and measured signifi-
cantly increased concentrations of tryptase,
histamine, and LTC, in the nasal secretions
during the reactions. However, ECP was not
increased when compared to controls. Although
the evidence that mast cells participate in ASA-
induced nasal reactions is impressive, the mecha-
nism by which ASA induces histamine and
tryptase release from mast cells is not clear.
One explanation is that activated mast cells are
stabilized by PGE,, and when synthesis of this
prostanoids is interrupted, mast cells are no
longer inhibited, and discharge their granule
mediators (6). This explanation begs the ques-
tion as to why AERD mast cells are so unstable
in the first place? Could the explanation be that
ASA directly acetylates mast-cell membranes,
which then provides a signal to initiate gran-
ule discharge?

Similar findings have been reported in
studies of the lower respiratory tract in AERD
patients. Nasser et al. (97), demonstrated that
endobronchial challenge with ASA-lysine
decreased the numbers of non-degranulated
mast cells and increased the number of acti-
vated eosinophils compared to baseline num-
bers. Sladek et al. (12) obtained BAL fluid 30
min after ASA-lysine inhalation challenges in
10 AERD asthmatics. Following challenge,
BAL fluid contained increased concentrations
of eosinophil cationic protein, LTC,, and hista-
mine, and decreased concentrations of TXB,.

In 1991, Christie et al. (26) studied AERD
patients after oral ASA challenges, and found
significant increases in urinary LTE,, peaking
at 6 h post-ASA-induced respiratory reactions.
These observations have been confirmed, using
both oral and inhalation ASA challenges (28,30,
98). Daffern et al. (31) showed that baseline lev-
els of urinary LTE, predicted the severity of the
subsequent ASA-induced lower-respiratory
reactions. High baseline levels of LTE, were
associated with severe asthmatic reactions, in
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which the FEV, declined >30%, whereas low
baseline levels were followed by ASA-induced
naso-ocular reactions only. Sladek et al. (30)
demonstrated a rapid decline in urinary TXB,
and an increase in LTE,, during oral ASA-
induced bronchospastic reactions. Studies by
Szczeklik and Sestini (92,93), as presented ear-
lier in this section, showed that added PGE,,
by inhalation prevented ASA-induced respira-
tory reactions. Therefore, reduction of PGE,
synthesis by inhibition of COX-1 appears to
be an important initiating event in LT over-
production and the subsequent respiratory
reactions.

Epithelial Cells from Nasal Polyps
of Patients with AERD

Cultured epithelial cells obtained from nasal
polyps were examined for arachidonic acid
metabolism before and after calcium iono-
phore stimulation. Unstimulated epithelial
cells from AERD patients generated similar
quantities of PGF, ~and 15-HETE as com-
pared to ASA-tolerant epithelial cells. However,
AERD epithelial cells generated significantly less
PGE,, both spontaneously and after stimulation
with calcium ionophore. After stimulation
with ionophore, cell cultures from both groups
increased synthesis of PGE,, 15-HETE, and
PGF, ., without synthesis of PGD, or LTC,.
After adding ASA, only the epithelial cells
from AERD patients generated increased
15-HETE. Simultaneously, the addition of ASA
resulted in a decrease in PGE, in cells from both
AERD patients and tolerant controls (99). The
finding that ASA stimulates 15-HETE gener-
ation in AERD patients appears to differenti-
ate AERD patients from control asthmatics, but
the mechanism by which diversion of archi-
donate into 15-HETE might induce respiratory
reactions is unknown. However, the quanti-
tative loss of protection, because of the lower
levels of PGE,, increased the vulnerability of
AERD patients to a greater depletion of PGE,
by ASA.
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Susceptibility to the Effects
of Leukotrienes

Arm et al. (52) evaluated bronchial airway
responsiveness to histamine and LTE, in AERD
asthmatics and found a 13-fold increase in air-
way responsiveness to inhaled LTE,, when
compared to ASA-tolerant asthmatics. There
were no differences between the two groups in
their responses to inhaled histamine. There-
fore, airways of AERD asthmatics appeared
to be preferentially sensitive to the effects of
this terminal LT, further magnifying the degree
of bronchospasm that occurs during ASA-
induced reactions. Thus during ASA /NSAID-
induced respiratory reactions, new molecules
of leukotrienes are generated, and cysLT,
receptors on bronchial smooth muscle of
AERD patients appear to be able to augment
leukotriene signals. A potential explanation for
this phenomenon is that AERD patients have
different cysLT, receptors, which can more effi-
ciently bind and or signal a smooth-muscle
response. No published literature exists to sup-
port this theory.

In the nasal tissues, similar challenge stud-
ies with LTE, before and after ASA challenges
have not been conducted. However, the upper
airway may not yield clear information from
LTE,-challenge studies because of the consid-
erable role of histamine and the confounding
presence of a second and potentially a third
cysLT receptor.

Mechanisms to Explain Aspirin
Desensitization

Acute ASA Desensitization

Mechanisms accounting for ASA desensiti-
zation are only partly understood. A few facts
exist, but most questions remain unanswered.
During acute ASA desensitization, defined as
3 h after first ingestion of ASA 650 mg with no
adverse effects, peripheral-blood monocytes
synthesized significantly less thromboxane B,
but only slightly less LTB,, the preferential 5-
LO product of peripheral monocytes (100). At
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acute ASA desensitization, COX-1 and perhaps
COX-2 are completely inactivated, with very
little if any PGE, available to inhibit leukotriene
synthesis. This is supported by the following
study. In a large series of AERD asthmatics, lev-
els of LTE, in the urine were the same at acute
ASA desensitization as they were at baseline
(31). However, on the first day following ASA
desensitization, Arm et al. (52) demonstrated a
20-fold decrease in bronchial airway respon-
siveness to LTE,, compared to pre-desensitiza-
tion responses in AERD asthmatics. These two
experiments suggested that ASA desensitiza-
tion downregulates cysLT, receptors in the
bronchial smooth muscles; so that although
leukotrienes are available, they can no longer
induce a strong signal. In a study of ASA indu-
ced release of histamine and tryptase, Bosso et
al. (86) showed that these mediators disap-
peared at acute desensitization, suggesting that
mast cell discharge was completed or ASA in
high doses directly or indirectly interfered with
discharge of granule mediators. The ability to
tolerate ASA and other NSAIDs at acute ASA
desensitization remains somewhat of a mys-
tery. The phenomenon cannot be explained by
further depletion of PGE, synthesis or inter-
ruption of leukotriene synthesis. At the same
time, significant decongestion of the nasal tis-
sues at acute desensitization strongly suggests
that ASA is directly inhibiting mast cells from
releasing histamine and PGD, and at the same
time ASA is blocking cysLT, and perhaps
cysLT, receptors in the endothelial cells of the
nasal vessels or mucus-secreting glands. Fur-
ther studies are needed to unravel this complex
series of interactions between ASA and the in-
flammatory, vascular, and secretory mecha-
nisms that have been described here.

Chronic ASA Desensitization

Chronic desensitization occurs after 2 wk
of treatment by daily ingestion of ASA in AERD
patients who have completed ASA desensitiza-
tion. As shown in a recent clinical study (101),
improvement in clinical symptoms and sense
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of smell occurred within the first month of ASA
desensitization treatment. Jurgens et al. (100)
showed that after treatment with ASA 650 mg
BID for 2 wk or more, LTB, synthesis in periph-
eral monocytes declined substantially, to the
same level as found in normal controls. Nasser,
et al. (102) reported that during chronic ASA
desensitization, urine LTE, levels declined to
lower values, but not to levels found in normal
controls. Thus, leukotrienes in these ASA-
treated patients were still present in sufficient
quantities to stimulate cysLT receptors.

With these limited facts, what are the possible
ways in which ASA treatment could account for
improved symptoms, particularly decreased
nasal congestion and improved sense of smell, in
AERD patients who are treated with daily ASA
for many months? It seems to us that we should
be looking at three main areas that might yield
useful information on this subject. The first is
that ASA might acetylate or downregulate
cysLT, ., receptors on endothelial cells, mucus
glands, and eosinophils, decreasing nasal con-
gestion and mucus secretion and gradually
turning down the eosinophilic cycle of infiltra-
tion and recruitment. Certainly, systemic corti-
costeroids effectively decrease eosinophilic
infiltration into respiratory tissues in AERD
patients, and although the mechanisms may
not be the same, the end result—a comparison
of ASA and systemic corticosteroid treat-
ment—could be similar.

The second possibility is that higher ASA
doses of 650 mg BID are enough to inhibit the
upregulated inflammatory COX-2 enzyme in
inflammatory cells. This presumes a role for
COX-2 products in the genesis of the inflam-
matory disease of AERD in the first place. In
support of this theory is the fact that only 81
mg per d of ASA will maintain the desensitized
state, a dose capable of inhibiting COX-1 but
not COX-2. By contrast, therapeutic doses of
ASA, in the range of 650-1300 mg/d of ASA
are required to reduce nasal congestion, a dose
compatible with inhibition of COX-2. The third
possibility is that ASA has other direct effects
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on inflammatory cells, which are independent
of those effects described here. For example,
ASA has been reported to inhibit activation of
the transcription factor NF-kappa B (103) and
also to inhibit IL-4 and IL-13 induced activa-
tion of STAT6 (104). Future studies will be
important because the scarcity of data about
the effects of ASA desensitization currently
inhibit progress in understanding these impor-
tant mechanisms.
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