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Cysteinyl Leukotrienes in Allergic
Inflammation*

Strategic Target for Therapy

William Busse, MD; and Monica Kraft, MD, FCCP

Systemically bioavailable leukotriene receptor antagonists (LTRAs) can reduce the essential
components of allergic inflammation in allergic rhinitis (AR) and asthma by blocking cysteinyl
leukotriene (CysLT) activity, resulting in a wide range of clinical effects. CysLTs, mediators, and
modulators in the pathophysiology of asthma and AR are a key target for therapy because they
modulate production of hemopoietic progenitor cells, survival and recruitment of eosinophils to
inflamed tissue, activity of cytokines and chemokines, quantity of exhaled NO, smooth-muscle
contraction, and proliferation of fibroblasts. The mechanism of action of LTRAs leads to their
effects on systemic allergic inflammatory processes. (CHEST 2005; 127:1312-1326)
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Abbreviations: AR = allergic rhinitis; AUC =
GM-CSF = granulocyte-macrophage  colony—stimulating
ICS = inhaled corticosteroid; 1L = interleukin; LTC,

area under the FEV,-vs-time curve; CysLT = cysteinyl leukotriene;
factor; ICAM = intercellular adhesion molecule;

-—

H’(l‘})t()l antagonist; NO =
produce a 20% decline in FEV,
VCAM = vascular cell adhesion mol(*('ulc

= leukotriene C,; LTD, = leukotriene D; LTRA =
nitric oxide; PAF = letel(t activating Lutm PC 2 = provocative concentration needed to
; PEF = peak expiratory flow; The = type 2

leukotriene

T helper; TNF = tumor necrosis factor;

A sthma and allergic rhinitis (AR) are two of the most

common respiratory disorders encountered in clin-
ical practice. They are linked by a unified airway and a
common pdthuplﬂ siology. Asthma is a chronic inflam-
matory disorder of the Tower airway that causes bron-
choconstriction, airway edema, mucus secretion, and

airway remodeling, leading to recurrent episodes of

wheezing, breathlessness, chest tightness, and cough-
ing.!~3 Similarly, AR is a chronic inflammatory disorder
of the upper airway that typically causes rhinorrhea,
congestion, sneezing, and pnm’tus.“
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Cysteinyl leukotrienes (CysLTs) are key mediators
and modulators of systemic allergic responses, as
well as an important component of the inflammatory
responses that lead to the typical symptoms of
asthma, including bronchoconstriction, wheezing, in-
creased mucus secretion, and decreased mucociliary
clearance.5-5 They are produced by eosinophils,
basophils, macrophages, mast cells, and to a lesser
extent T cells and endothelial cells.®* CysLTs cause
vasodilation and increased microvascular permeabil-
ity, both of which lead to tissue edema,''-'3 and can
prolong eosinophil survival.'* Increased CysLT lev-
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els have been detected in the urine,'>-17 BAL fluid,!'s
and sputum!92° of patients with asthma; the in-
creased sputum levels correlate with both eosinophil
levels?” and symptom severity.!¥ Nasal allergen chal-
lenge causes a dose-depe ‘ndent increase in C vsLTs
t]ldt correlates with nasal symptoms.2! Consequently,

CysLTs likely represent an important strategic target
in both asthma and AR.

The effects of CysLTs in asthma and AR are
mediated through the CysLT, receptor,?> which is a
G- p]()tem—u)nplcl receptor expressed in monocytes/
macrophages, eosinophils, basophils, mast cells, neu-
trophils, T cells, B lymphocytes, interstitial cells of
the nasal mucosa, and smooth-muscle cells.22-26 The
leukotriene receptor antagonists (LTRAs) monte-
lukast and zafirlukast se l(‘(tl\(‘]\ block the CysLT,
receptor and produce mulhplc beneficial effe cts
locally in the asthmatic or allergic rhinitic airway and
syste ]lll(‘d”\ on the allergic mﬂ(unmdtm} response.
This review examines tlw wide range of clinical

effects produced by LTRAs in asthima and AR as well
as the multiple l)dth()ph\ siologic mechanisms by
which LTKAs may alter allergic inflammation.

ADULT PERSISTENT ASTHMA
Pulmonary Function

LTRAs improve pulm()mm' function, measured as
the FEV,, by 8 to 13% in patients with mild,?"

24 1

16 4

10 1

Percentage of Patients

=-04 >-04to- >-02to >0.0to
0.2 0.0 0.2

>0.2to

mild-to-moderate 2539 and severe3! asthma. ()ml
montelukast significantly increased baseline FEV, by
27%, attaining nearly maximal effect within 2 ]1 32
Similarly, LTRAs sl(fmh(lmt]\ increased peak expi-
ratory flow (PEF), measured l»\ patients at home, in
patie nts with mild-to-moderate asthma25-30.33-35 ynd
moderately severe asthma.3!.36

When montelukast was compared with the inhaled
corticosteroid (ICS) beclomethasone, the
FEV, increase was significantly
with beclomethasone (13.1% vs 7.4%37 or 0.38 L vs
0.24 1.?%). Although the mean responses were signif-
icantly (hH( rent, a large portion of those re sp()ndmtf
with ]dl(’(‘ improvements (= 10% change or > 0.4
L) received montelukast. Figure 1 shows the distri-
bution of incremental improvements of FEV, for
each drug; as shown, there were patients who were
better responders and patients who were poorer
responders to each drug. Overall, there was an S1%
overlap of the responses to each drug.?s39 In a 3-year
extension study,*0

mean
(p < 0.05) greater

_ montelukast and beclomethasone
produced similar overall improvements in FEV,
during the second and third years.

Airway Hyperresponsiveness

LTRAs have also been found to reduce airway
hyperresponsiveness, an indicator of airway inflam-
mation. LTRAs modestly increased the provocative
concentration needed to produce a 20% decline in

O Montelukast B Beclomethasone

>04to >06to >08to > 1.0
0.4 0.6 0.8 1.0

Change From Baseline FEV,, L

FIGURE 1. Frequency distributions of percentage change from baseline FEV | after montelukast (gray
bars) and beclomethasone (black bars) treatments. A large portion of 111(11\1(1|m|s re \p(m(lm«r with larger
improvements (> 0.4 L) were patients receiving monte lukast. Re produced with permission from Israel

et al.3®
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FEV, (PC,,) of methacholine,*-43 histamine,*344
and adenosine monophosphate.*> Similarly, adding
montelukast or zafirlukast to ICS further increase d
the PC,, of adenosine monophosphate compared
with placebo.*647 Because of its action as a CysL.T
antagonist, the PC,, for inhaled leukotriene D,
(LT 1)4) increased 66-fold when zafirlukast was
added to ICS therapy.*s

Symptoms and Quality of Life

Montelukast significantly decreased both daytime
asthma symptoms and nocturnal aw akenings in pa-
tients with mild asthma27 and with mild-to- m()demte
asthma.?? Zafirlukast reduced daytime asthma symp-
tom scores by 26.5%2% and increased symptom-free
days by 89%.%° Montelukast Slﬂ'lllfl(.dllt]\ improved
the asthma quality of life (Fig 2 9) in all four domains
(d(tl\]t_\. symptoms, (Hl()t]()ll(l] function, and expo-
sure to environmental stimuli).2%3° In more severe
forms of asthma (FEV, 45 to 80% of predicted),
zafirlukast improved daytime symptom scores by 23
to 26%.31:50

B-Agonist Use

In patients with mild asthma, the LTRA monte-
lukast significantly reduced the need for rescue

B-agonist use by 32% and increased the number of

rescue-free (Ll)x by 25%.27 In mild-to-moderate
asthma, montelukast or zafirlukast reduced B-agonist
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use by 20 to 24%.252950 It was also effective when
added to high-dose ICS therapy.>!

Eosinophilia

LTRAs significantly decrease eosinophil levels in
I
blood, BAL ﬂmd, and sputum, 295253

LTRA as Add-on Therapy

The LTRA montelukast can be added to ICS
therapy to obtain better control, as measured by
significant improvement of FEV,, daytime asthma
sy mptom scores, and nocturnal awa)\enm(rs 54 It was
as effective as doubling the dose of budemmde.” In
patients requiring moderate-to-high doses of IGS:
adding montelukast permitted significant tapering of
the ICS dose without loss of asthma control.36 In
chronic asthma inadequately controlled with a high
dose of ICS (1,000 to 4,000 wg/d), zafirlukast not
only significantly improved pulmonary function and
dst]mm symptom scores®-57 but also significantly
reduced the risk of an asthma exacerbation by 39%.5!

PERSISTENT ASTHMA IN PEDIATRIC PATIENTS
Pulmonary Function

Montelukast (approved for children = 2 years old)
and zafirlukast (approved for children = 5 years old)
significantly improved pulmonary function and re-

[] placebo Group

Emotions Environment

FIGURE 2. Improvement in asthma-specific quality-of-life scores in 681 patients with asthma
randomized to 12 we e ks of therapy with montelukast or pld(( >bo. Bars depict the mean value, and error

bars depict the SE.
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duced symptoms, irrespective of concomitant ICS
use.38-60 In children 6 to 14 vears of age who were
inadequately controlled by budesonide, tlle addition
of montelukast sltfmflcantl\ increased FEV, (6.0% vs
4.1% with placebo p= 0.01) and PEF ((hffexenco
from placebo: morning PEF, 9.7 L/min, p = 0.023;
evening PEF, 10.7 L/min, p = 0.012).6!

In an open-label extension trial** in children 6 to
14 years of age, both montelukast and beclometha-
sone maintained a 17% improvement of FEV, at the
end of 68 weeks. Both children and their parents
reported significantly more satisfaction with monte-
lukast than with beclomethasone therapy, as they
found it more convenient and less difficult to use.62

Symptoms and Quality of Life

Montelukast significantly reduced the percentado
of days with daytime asthma symptoms and in-
creased the percentage of asthma-free days in chil-
dren 2 to 5 years of age with persistent asthma.>

Zafirlukast §1<rmf1cdntl\ I(dll(e(l nighttime awaken-
ings in 5- to ll -year _old children.60 In a small study®
with very young children (5 to 20 months) with
severe virus-induced bronchiolitis poorly responsive
to ICS and bronchodilators, montelukast provided
clinical improvement within 1 week. In children with
respiratory syncytial virus bronchiolitis, 3 months to
3 years of age, nmntclukdst produced symptom- free

35 1

Percent Change From Baseline FEV,

days and nights 22% of the time (4% with placebo);
(()u(fh and the rate of exacerbations were reduced as
well."4

B-Agonist Use

The LTRAs reduce the need for rescue B-agonists
in children by up to 25%.596° In children 6 to 14
vears of age madcquatel\ controlled by budesonide,
the adchtl(m of montelukast swmhcantl\ decreased
the need for B-agonist.5! SnmLul\ montelukast in-
creased the number of rescue-free days per week by

4.5 days.>

Eosinophilia

LTRAs significantly decrease eosinophil levels in
blood of cln](hen with asthma,5%.59.66

OTHER ASTHMA PHENOTYPES

Acute Asthma

In adult patients presenting with moderate-to-
severe asthma symptoms acutely, IV montelukast (7
or 14 mg) was administered in the emergency (l(*
partment with standard therapy. The FEV | signifi-
cantly improved during the first 20 min (14. 8% vs
3.6% with placebo; p = 0.007) and lasted > 2 h after

-5 ) —

0 20 40
Minutes After Treatment Dose

T T = ¢ 1

60 80 100 120

FIGURE 3. Improvement in FEV, after IV montelukast in patients with moderate-to-severe acute
asthma. Patients received either IV montelukast, 7 mg (diamonds; n = 66); IV montelukast, 14 mg
(squares; n = 64); or IV placebo (triangles; n = 64). Ddtl(ll(‘ presented as least square means = SE of
the percentage change from baseline for each treatment. #p < 0.05 vs placebo; tp < 0.01 vs placebo.
Reproduced \\1tll permission from Camargo et al.o7
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infusion (Fig 3). Significantly fewer patients admin-
istered montelukast received B-agonist nebulizations
or corticosteroids than did patients who received
placebo.®7

Exercise-Induced Bronchoconstriction

After exercise, montelukast produced a 32% re-
duction of the maximum decrease in FEV, after
exercise, a 27% reduction of the time to recovery
from the maximal decrease in FEV,, and a 47%
inhibition of the area under the FEV,-vs-time curve
(AUCQ) after exercise. The protection against exer-
cise-induced bronchoconstriction was measured 20
to 24 h after an evening dose.% Zafirlukast signifi-
cantly attenuated the maximum decrease in FEV,
after exercise by 57%.%9

Just as with adults, children experience protective
effects of LTRAs after exercise for up to 24 h after
the previous nighttime dose.™ Zafirlukast, adminis-
tered 4 h before exercise, significantly reduced the
maximum decrease of FEV, and the AUC in chil-
dren 6 to 14 years of age (Fig 4). The time for
recovery from exercise was reduced by almost half.™!
In children 7 to 13 years of age with dllerglc asthma,
montelukast significantly reduced the maximum fall
in FEV, and the AUC when exercise was performed
12 h after dosing.™

Aspirin-Induced Asthma

Nonsteroidal antiinflammatory drugs can dramat-
ically increase the production of CysLTs. In nonste-

Percent Change in FEV,,
LS Mean+SE

roidal antiinflammatory drug-intolerant patients,
90% of whom were already receiving moderate-to-
high doses of corticosteroids, montelukast signifi-
cantly improved pulmonary function, asthma-spe-
cific quality of life, the need for bronchodilator use,
and frequency of exacerbations.™

Allergen-Induced Asthma

Montelukast and zafirlukast significantly inhibited
inhaled allergen-induced early and late asthmatic
responses.”™ 76 Similarly, in subjects with asthma and
cat allergy, montelukast and zafirlukast significantly
attenuated the fall in FEV, on exposure to high
levels of cat antigen.””-7 During the grass pollen
season, zafirlukast (20 mg bid) significantly reduced
asthma and AR symptoms. The LTRAs inhibited
antigen-induced inflammatory cell infiltration and
activation, including a reduction in lymphocytes,
basophils, and macrophages in the BAL fluid ob-
tained after segmental allergen challenge in allergic
subjects with asthma.>>5° The number of eosinophils
in nasal lavage fluid decreased in patients with both
asthma and AR, while neutrophils levels remained
unchanged.®°

AR

Montelukast significantly reduced daytime nasal
symptoms (congestion, rhinorrhea, pruritus, and
sneezing), daytime eye symptoms, nighttime symp-

-16 T T
0 5 10
Time Relative to Exercise Challenge, min

2 | T T 1

15 20 25 30

FIGURE 4. Percentage change in FEV, after exercise challenge in children with exercise-induced

bronchoconstriction. Data are presented as least-s

quare (LS) means = SE. The reduction of fall in

FEV, after zafirlukast, 10 mg, was significantly less than after placebo (F = ().01). The time to recovery

within 5% of the preexercise value was also significantly shorter with zati

rlukast compared with pldcel)()

(p = 0.05); it was about half the time of the placebo group. Adapted from Pearlman et al.”
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toms (difficulty sleeping, nighttime awakenings, and
congestion on dwakemng), and peripheral eosino-
philia.5-53 Montelukast also significantly improved
the rhinoconjunctivitis-specific quality-of-life score,51-53
which included significant improvement in domains such
as activity, ocular symptoms, practical problems, and
emotional symptoms (Fig 5).5%% Zafirlukast significantly
improved nasal airway resistance by 68% in patients with
AR® and reduced nasal congestion in patients allergic to
cats.™ Likewise, the number of eosinophils in nasal lavage
fluid were decreased.

INFLAMMATION IN ALLERGIC RESPIRATORY
DISEASE

Evidence of a Systemic Response

Allergic respiratory disorders are the result of a
pathophysiologic process that extends well beyond
the local, antigen-exposed airway. Inflammation in
one part of the airway often manifests itself in
another. For example, 21 to 58% of patients with AR
have concomitant asthma,%657 and 85 to 95% of
patients with asthma have concomitant AR.565
Moreover, isolated allergen challenge in either the
upper or lower airway produces demonstrable in-
flammatory changes in the nonchallenged site.

In a randomized, double-blind, crossover evalua-
tion® of 10 subjects previously sensitized to grass

Fall

pollen but free of nasal and respiratory symptoms,
isolated nasal provocation with grass extract induced
not only a marked nasal allergic reaction but also a
significant increase in bronchial hyperresponsiveness
to methacholine, at both 30 min (p = 0.011) and
4.5 h (p <0.001), compared with placebo. Sepa-
rately, in nine subjects with seasonal AR but not
asthma, isolated nasal allergen challenge, outside of
their allergy season, resultod in significant (p = 0.05)
eosinophil influx into bronchial epithelium and lam-
ina propria in addition to the nasal epithelium and
lamina propria.?* Furthermore, this influx of cells
correlated with detectable increases of intercellular
adhesion molecule (ICAM)-1, vascular-cell adhesion
molecule (VCAM)-1, and E-selectin expression in
vessels in nasal and bronchial tissues.

Similarly, segmental bronchial challenge significantly
increased eosinophil and basophil levels in nasal lamina
propria as well as interleukin (IL)-5 expression in blood
and nasal epithelium (p < 0.05),9! in addition to in-
creases in eosinophil and basophil concentrations in
bronchial mucosa (p < 0.05).92 Moreover, even in the
absence of rhinitis, patients with asthma have increased
eosinophil levels in their nasal mucosa (p < 0.01), and
these levels correlate with bronchial eosinophil values
(r=10.851; p<0.001).9 Finally, clinical signs and
symptoms of sinusitis are often detected during acute
exacerbations of asthma; conversely, aggressive treat-

Allergic Rhinitis

Spring 1 Spring 2

1 p =0.001

p =0.001 p =0.001

Rhinoconjunctivitis QOL
(mean change from baseline)

el o

-1.5

@ Montelukast
B Placebo

FIGURE 5. Change in overall rhinoconjunctivitis quality-of-life (QOL) score (0 = best, 6 = worst) in
patients with All or s]l)nnﬂ AR randomized to treatment with montelukast or pl(uelm during their
allergy season. Symbols represent the mean change (decrease in score represents improvement in

et al*> and van Adelsberg et al.>

www.chestjournal.org
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ment of sinus disease has been shown to decrease
medication requirements needed to control concomi-
tant asthma.!

Systemic Immune Response

The basis of these comorbidities that involve a
remote airway response needs to be viewed in the
context of the immune response. In atopic individu-

als, initial antigen exposure leads to the synthesis of

antigen-specific IgE, which binds to hlgh affinity
receptors on the surface of tissue mast cells and
circulating basophils as well as to low-affinity recep-
tors on the surface of circulating lymphocytes, eosin-
ophils, platelets, and macrophages.®* Reexposure to
antigen produces molecular bridging of these IgE-
receptor complexes, activating the cell to release
preformed and newly synthesized mediators.%

Located in the mucosa and submucosa of the
airway, mast cells are the first cells to be activated on
antigen reexposure,®% causing the release of medi-
ators, including histamine, CysLTs, prostaglandins,
pldtelet -activating factor (PAF), and cytokines (IL-1,
IL-2, TIL-3, 1L-4, IL-5, granulocyte- nmcroplmge col-
ony-stimulating factor [GM-CSF], and tumor necro-
sis factor [TNF]-a).599495 These mediators produce
the early phase reaction and are responsible for the
initial acute symptoms (bronchoconstriction in asthma
and sneezing, pruritus, rhinorrhea, and to some extent
congestion in AR) of antigen exposure.?>% Further-
more, these mediators initiate the processes leading to
the infiltration into local tissues by circulating inflam-
matory cells, including eosinophils, basophils, T cells,
and mdcrophdges It is proposed that these inflamma-
tory cells then become activated and release their
mediators, which act to sustain and enhance the inflam-
matory response, thus producing the chronic or late-
phase response.

Eosinophils characterize and reflect the systemic
nature of this late phase (Fig 6). Their development
is under the regulatory control of cytokines IL-3,
IL-5, and GM-CSF.594 1L-5, released from cells as
part of the allergic response, is proposed to circulate
to the bone marrow, where it induces the terminal
differentiation of immature eosinophils.?* These eo-
sinophils then enter the circulation and bind to
selectins and adhesion molecules VCAM-1 and
ICAM-1 located on vascular endothelial surfaces
near inflammatory sites.%+9 Migrating through the
endothelial surface into the inflammatory tissue,
eosinophils become activated to sxmthesme and re-
lease additional inflammatory mediators, including
CysLTs, prostaglandin E,, PAF, IL-3, IL- 57 TE-8:
and GM-CSF, and to reactive oxygen intermediates,
major basic protein, eosinophil cationic protein, eosi-
nophil-derived neurotoxin, and eosinophil peroxi-

1318

FIGURE 6. Eosinophils in allergic respiratory disorders. In re-
onse to antigen activation, mast cells and Th2 cells located in
tF e airway release inflammatory mediators, such as histamine and
leukotrienes, and cytokines, such as IL-4, IL-5, and GM-CSF.
IL-5 travels to the bone marrow, where it stlmuldte.s the terminal
differentiation of eosinophils. These eosinophils enter the circu-
latory system and, through interactions \\ntlp selectins and adhe-
sion proteins (VCAM-1 and ICAM-1), ultimately migrate to and
infiltrate regions of inflammation. Once activated in the local
tissue, these eosinophils release inflammatory mediators such as
leukotrienes and granule proteins, leading to airway injury. In
addition, they generate GM-CSF, which, along with 1L-5, re-
duces apoptosis, prolonging their survival and contributing to
pemlstent (urwdv inflammation. MCP = monocyte chemotactic
protein, MIP = mdcropha;_,e inflammatory pr()tem RANTES =
regulated upon activation, normal T-cell expressed and secreted.
Repmduce(r\wth permission from Busse anc Lemanske.%4

dase.!59495 Furthermore, GM-CSF, IL-5, and Cys-
LTs reduce apoptosis, prolonging eosinophil survival
in inflammatory tissue, likely sustaining their medi-
ator release, and resulting in ongoing tissue damage
and inflammation 394

Similar to eosinophils, basophils, T cells, especially
type 2 T helper (Th2) cells, and macrophages mi-
grate to the inflammatory site, become activated, and
release their mediators.!->5595 Basophils release Cys-
LTs, IL-4, and IL-13 and appear to be the primary
source of histamine in the late phase of allergic
reactions.>? Th2 cells are one of the principal cells
that regulate and coordinate IgE-mediated allergic
inflammation?; they release 1L-3, IL-4, IL-5, IL-9,
IL-10, TL-13, and GM-CSF on activation.>® Finally,
macrophages release similar cytokines plus lysosomal
enzymes and histamine-releasing factors, which ap-
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pear to act on mast cells and basophils to perpetuate
the allergic response independent of repeated aller-
gen exposures.’

This allergen-induced up-regulation of inflamma-
tory cell function leads to migration and infiltration
of these cells into all susceptible tissues. Conse-
quently, tissue sites far removed from the inciting
focus may manifest clinical or subclinical inflamma-
tory activity, further illustrating the systemic nature
of this response.! 55

Role of CysLTs in the Systemic Inflammatory
Response

Progenitor Cells: In the bone marrow, CysLTs act
S\1lerg1§thclll\7 with either GM-CSF or IL-5 to facil-
itate the growth and subsequent differentiation of
progenitor cells. The CysLT, receptor has been
detected on CD34" progenitor cells, eosinophils,
monocytes, macrophages, and some lymphocytes,
and a model has been proposed in which CysLTs
could prime progenitor cells to differentiate into
mature blood cells (Fig 7).2¢ This model was subse-
quently confirmed when it was demonstrated that
adding LTD, (0.1 pmol/L) to GM-CSF caused a
small but significant (p < 0.001) increase in the
proliferation of eosinophil hemopoietic progenitor
cells in peripheral blood and that adding LTD, to
IL-5 significantly (p = 0.01) increased the prolifera-
tion of eosinophil hemopoietic progenitor cells in
bone marrow.”” Moreover, adding montelukast (1
pmol/L) suppressed both of these (peripheral blood

suppression, p = 0.01; bone marrow suppression,

p = 0.001).57

Recruitment: CysLTs facilitate eosinophil recruit-
ment. Leukocyte 10llmg is a prerequisite for vascular
adhesion and subsequent migration into inflamma-
tory tissues.” The CysL.T LTD , induces P-selectin—
dependent increases of leukocyte rolling flux and a
reduction in leukocyte rolling \eloat\ 98 CysLTs also
increase eosmoplnl ddlleSIOH by up- leguldtmg Bs-
integrin expression in eosinophils (Fig 8)99.100 and
stimulate vascular endothelial cells to produce PAF,
a phospholipid known to increase leukocyte adhesion
by activating B,-integrin.”s Finally, CysLTs are che-
moattractants that induce eosmoplnl migration (Fig
§).99.101 Conversely, LTRAs significantly inhibit both
the up- 1eguldt10n of adhesion molecule expression
and eosinophil chemotaxis.?9-100

Apoptosis: Once eosinophils migrate into the in-
flammatory site, CysLTs prolong their survival, con-
tnbutmg to maintenance of the mﬂ‘unmdtor\ reac-
tion. LTD, (1 pmol/L) was as effective as GM-CSF

5 ng/mL) or fibronectin (400 ng/mL) in promoting
the survival of peripheral blood eosinophils obtained
from asthmatic subjects.'* Moreover, inhibition of
CysLTs with either leukotriene synthesis inhibitors
or LTRAs reduced eosinophil survival both under
basal conditions and following stimulation with GM-
CSF or fibronectin, demonstrating that CysLTs play
a central role in this survival.l4

Cytokine Production: In addition to their modu-

’ LN5
‘CD19
B Lymphocyte Macrophage
M-CSF
GM-CS LTD,
CysLT,R Basophil LTE,
M-CSF, GM- CSF IL-3 CD14
Monocyte
LTC LTD,; LTE;
IL5R}

Hemopoietic
Stem c.n

T Cell
C

., ﬁs\,

'Noutrophil

j Represents the

CysLT, receptor

osinophil

FIGURE 7. Proposed model of how CysLT, receptor expression in CD34" progenitor cells and

peripheral blood cells promotes the maturation of these cells. LTE,

= leukotriene E;

M-CSF = macrophage-colony stimulating factor. Reproduced with permission from Figueroa et al.2*
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lating effects on cytokine activity, CysLTs also mod-
ulate cytokine production and the production of
other inflammatory mediators and markers. Leuko-
triene C, (LTC,) and LTD, have been shown to
induce messenger RNA expression, stimulating the
production of IL-5 (Fig 9), TNF-a, and macrophage
inflammatory protein-1B in mast cells derived from
human cord blood and primed with I1.-4.192 More-
over, an LTRA inhibited not only this exogenous
CysLT-induced cytokine production but also the
production of IL-5 (Fig 9) and TNF-a in response to
IgE receptor cross-linking, implying a positive feed-

back loop involving endogenous CysLTs.'92 Simi-
larly, in sensitized mice, high-dose IV montelukast
for 3 days prior to antigen inhalation significantly
blunted antigen-induced increases in IL-5 and total
IgE levels in serum; IL-4, IL-5, and eotaxin levels
in BAL fluid; and IL-4, IL-5, and IL-13 protein
expression in the total lung.!% Likewise, in allergic
asthmatic patients, pranlukast suppressed antigen-
induced increases in 1L-3, 1L-4, 1L-5, and GM-CSF
in peripheral blood mononuclear cells,'** and
zafirlukast suppressed an antigen-induced increase
in TNF-« in BAL fluid.?2

B Control +IL-4 I +]L-4 + MK-571
p<0.05
50 q e | 50 q
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c 30 1 30 ]
S
\E, 20 1 20 1
Q.
[Te}
- 10 4 10 1
0 L 50 i ? e .
LTC, LTD, LTC, LTD,

FIGURE 9. LTC, and LTD, caused an increase of IL-5 in human mast cells (hMCs) primed with IL-4
in vitro. The increase of IL-5 was blocked with 1 pmol/L. MK-571, an LTRA, demonstrating that this
increase was specific to CysLTs and not the result of 1L-4. Adapted from Mellor et al.102

1320

Reviews

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




Nitric Oxide: Exhaled nitric oxide (NO), a surro-
gate marker of airway inflammation, is elevated in
asthmatic patients, and LTC, causes an increase of
NO in human polymorphonuclear leukocytes in
vitro'% (Fig 10). In two separate evaluations of
school-age children with mild-to-moderate asthma,
exhaled NO was elevated at baseline compared with
age-matched nonasthmatic control subjects (p < 0.001)
and significantly reduced by 20% (p = 0.02)!% and 30%
(p <0.01)17 following 2 to 4 weeks of montelukast
therapy.

Smooth Muscle: Epithelial and smooth-muscle
cells also generate CysLTs in the lower airway,
where they produce both acute and chronic adverse
structural changes.’% Acutely, CysLTs are potent
bronchoconstrictors.6-198 This effect is enhanced in
small, clinically significant bronchi (inner diameter,
0.5 to 2 mm), where they are 30-fold more potent
than in larger bronchi (inner diameter, 4 to 6
mm).19 LTRAs decrease this bronchoconstric-
tion.109-110 In small bronchi isolated from macroscop-
ically normal sections of human lung removed during
carcinoma surgery, montelukast and its two main
metabolites produced parallel rightward (antagonist)
shifts in the concentration-response curves for
LTC,-, LTD,-, and leukotriene E-induced bron-
choconstriction.109

Remodeling: The chronic effects of CysLTs on
airway remodeling may be even more important
than acute bronchoconstriction. CysLTs enhanced
the proliferation of lung fibroblasts to known

OUnstimulated  LTC, 1 nM
300 -
250
=
E 200
S
T 150 -
O
= 100 1
[e}
&=
2 50
O .

mitogens.'°5111 In cultures of murine peritoneal
macrophages, LTC, stimulated a dose-dependent
increase in macrophage-derived fibroblast growth
factor; conversely, this reaction was inhibited by
an LTRA.'2 The stimulation response depended
on the local balance between CysLTs and prosta-
glandins.!'! In cultures of normal human skin
fibroblasts, LTC, and LTD, caused dose-depen-
dent cell proliferation when 50 pmol/L indometh-
acin was added to the medium.!'! Moreover, this
proliferation could be reproduced by the addition
of other cyclooxygenase inhibitors, such as ibupro-
fen and aspirin, and was abolished by the addition
of prostaglandin E,.!''! Of note, a reduction in
prostaglandin E, synthesis by respiratory epithe-
lium has been reported in both an equine model of
asthma and in patients with aspirin-sensitive asth-
ma.'% In addition, CysLTs promoted pulmonary
fibrosis by stimulating fibroblasts to increase col-
lagen synthesis.'?% In cultured rat lung fibroblasts,
LTC, produced a dose-dependent increase in
collagen synthesis (85% at 1 nmol/L; p < 0.02)
that was independent of fibroblast proliferation;
this increase was suppressed by an LTRA (FPL-
55712).113 Additionally, CysLT levels were in-
creased fivefold in wild-type mice, but were un-
detectable in 5-lipoxygenase gene knockout mice,
following intratracheal instillation of 0.5 U of
bleomyecin; this difference was associated with
decreased histologic evidence of collagen deposi-
tion and a 60% reduction (p < 0.05) in lung
hydroxyproline, 14 days following the intratracheal
instillation, in knockout compared with wild-type

LTC,10nM MLTC, 100 nM

15 min

10 min

Time

F1GURE 10. LTC, caused an increase of NO in human polymorphonuclear leukocytes (PMN) in vitro.

Reproduced from Liirfars et al.105
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FIGURE 11. Ovalbumin-treated mice (14 days of intraperitoneal ovalbumin followed by intranasal
ovalbumin on days 14 to 75) were used as a model of human asthma. Using morphometric analysis, on
a scale of 0 to 4+, the mean airway fibrosis score was 2.2 in ovalbumin-treated mice comgared with 0.55

in saline solution-treated mice (¥p < 0.0001). The airway fibrosis score was reduce
P y

by 98.8% by

treatment with the LTRA montelukast. Reproduced from Henderson et al.!'>

mice.''* Similarly, in ovalbumin-sensitized/chal-
lenged mice, montelukast markedly reduced col-
lagen deposition in lung interstitium, decreasing
the airway fibrosis score by 98.8% (p < 0.001)
compared with ovalbumin control (Fig 11).115
Through use of electron microscopy, montelukast
appeared to reduce the thickness and number of
collagen bundles in the lung interstitium.

Proliferation of Smooth Muscle: Finally, CysLTs
augment growth factor-induced proliferation of air-
way smooth-muscle cells.’*> In human tracheal
smooth-muscle cells obtained from lung transplant
donors, LTD, potentiated the effects of either epi-
dermal growth factor or thrombin on DNA synthesis
leading to cell proliferation.!'¢ This potentiation was
abolished by pranlukast but unaffected by zafirlukast.!16
Consistent with this finding, in sensitized mice, ovalbumin
challenge produced a 2.1-fold increase in the thickness
of the smooth-muscle layer surrounding the airway
(p < 0.001); montelukast therapy reduced this prolifera-
tive response by 80.1% (p < 0.001)."> The relevance and
relationship of these in vitro observations to airway re-
modeling in asthma awaits further study.

CONCLUSION

In summary, allergic respiratory disorders are the
result of a systemic inflammatory process that in-
volves the complex interaction of numerous cell
types and mediators. In many of these interactions,
CysLTs are key mediators and modulators. Locally,
CysLTs increase mucus secretion, promote tissue
edema, enhance inflammatory cell survival, and
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modulate cytokine production and activity. In the
bone marrow and peripheral blood, CysLTs facilitate
the production and maturation of inflammatory cells.
In the vascular system, these products increase
adhesion molecule expression, enhance recruitment
of these inflammatory cells and, in the airway,
promote tissue fibrosis, hypertrophy, hyperplasia,
and constriction of smooth-muscle cells.

LTRAs have high systemic bioavailability and,
consequently, are able to target various sites of
allergic reactions to produce disease control. Data
from both animal and human studies™ ™ demon-
strate that these agents inhibit the early phase
allergic reaction, suppress progenitor cell prolifera-
tion, reduce eosinophil survival, decrease cytokine
production, and inhibit airway remodeling. Conse-
quently, LTRAs are designed to modify airway tissue
responses to CysLTs and thus provide effective
treatment of asthma or AR.
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