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Recent clinical studies have brought asthma’s complex inflammatory processes into clearer focus, and understanding them
can help to delineate therapeutic implications. Asthma is a
chronic airway inflammatory disease characterized by the
infiltration of airway T cells, CD+ (T helper) cells, mast cells,
basophils, macrophages, and eosinophils. The cysteinyl
leukotrienes also are important mediators in asthma and modulators of cytokine function, and they have been implicated in
the pathophysiology of asthma through multiple mechanisms.
Although the role of eosinophils in asthma and their contribution to bronchial hyperresponsiveness are still debated, it is
widely accepted that their numbers and activation status are
increased. Eosinophils may be targets for various pharmacologic activities of leukotriene receptor antagonists through
their ability to downregulate a number of events that may be
key to the effector function of these cells. (J Allergy Clin
Immunol 2003;111:S5-17.)
Key words: Asthma pathogenesis, T cells, mast cells, basophils,
macrophages, eosinophils, cytokines, cysteinyl leukotrienes

A sensitized individual’s initial response to allergen is
dominated by products associated with mast cell activation, particularly histamine, prostaglandin D2 (PGD2),
leukotriene C4 (LTC4), and tryptase. Within hours of the
response, inflammatory cells are recruited from the circulation, including T cells, neutrophils, eosinophils,
basophils, and monocytes. Understanding the complex
mechanisms of asthma’s inflammatory processes can
help to delineate therapeutic implications, and recent
clinical studies have highlighted mechanisms of this
inflammatory process. For example, the effect of anti-IgE
therapy on airway response to allergen bronchoprovocation has underlined the critical role of mast cells and
basophils, which express the high-affinity IgE receptor.
Studies with the leukotriene receptor antagonists
(LTRAs) have demonstrated that cysteinyl leukotrienes
(CysLTs) are important for most early and late physiologic responses to allergen bronchoprovocation and that
CysLTs play a central role in the allergic airway and the
recruitment of inflammatory cells.
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Abbreviations used
5-LO: 5-lipoxygenase
AA: Arachidonic acid
BAL: Bronchoalveolar lavage
CysLT: Cysteinyl leukotriene
LTC4: Leukotriene C4
LTD4: Leukotriene D4
LTE4: Leukotriene E4
LTRA: Leukotriene receptor antagonist
MBP: Major basic protein
PGD2: Prostaglandin D2
SAC: Segmental allergen challenge

This article reviews cellular mechanisms that are part
of asthma’s inflammatory processes and details recent
clinical studies that shed light on those processes, providing a clearer understanding of specific roles played by
therapeutic agents, particularly the leukotriene modifiers.

INFLAMMATORY CELLS IN ASTHMA
Asthma is a chronic airway inflammatory disease
characterized by infiltration of the airway T cells. In both
normal and asthmatic airway mucosa, the prominent
cells are the T lymphocytes, which are activated in
response to antigen stimulation, or during acute asthma
exacerbations, and produce high levels of cytokines.
They are subdivided into two broad subsets according to
their surface cell markers and distinct functions: the
CD4+ (T helper) and the CD8+ (T cytotoxic) cells. CD4+
cells are further subdivided into TH1 and TH2 cells,
depending on the type of cytokines that they produce.
Another subtype of CD4+ cells has been identified, the
TH3 cells, which produce high levels of transforming
growth factor β and various amounts of IL-4 and IL-10.1
The TH3 cells are associated with oral tolerance and are
suggested to be regulatory T helper cells.1-5 Other cells
involved in the pathogenesis of asthma include mast
cells, basophils, macrophages, and eosinophils. The
interactions among all these cells and their products perpetuate the inflammatory response.

CYTOKINES
The initial indication for cytokine involvement in the
pathogenesis of asthma came from studies performed in
the early 1990s showing that atopic asthma was associated with local TH2 cytokine expression. IL-3, IL-4, IL-5,
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FIG 1. Potential sites and effects of cysteinyl leukotrienes relevant to asthma pathophysiology. Adapted
from Hay DW, Torphy TJ, Undem BJ. Cysteinyl leukotrienes in asthma: old mediators up to new tricks.
Trends Pharmacol Sci 1995;16:304-9.

and GM-CSF were upregulated in asthmatic patients relative to control subjects. These cytokines were significantly upregulated after antigen challenge, and their
receptors were identified locally on the surface of inflammatory cells.6 Studies have confirmed the existence of
the prominent TH2-type cytokine profile not only in asthma but also in allergic rhinitis and atopic dermatitis.
Many of these cytokines have been found in human
beings and have been shown to be associated with pathologic changes of asthma.6 For example, IL-13 is associated not only with IgE synthesis and chemoattraction of
eosinophils but also with mucus hypersecretion, fibroblast activation, and the regulation of airway smooth
muscle function.7 Another TH2 cytokine, IL-9, is upregulated preferentially and is associated with airway hyperresponsiveness, mucus hypersecretion, eosinophil function, IgE regulation, and the upregulation of
calcium-activated chloride channel.8-10
The list of chemokines associated with asthma has
expanded and includes eotaxin, monocyte chemoattractant
protein 4, and RANTES. Although transforming growth
factor β has long been considered the major profibrotic
cytokine associated with subepithelial fibrosis and production of extracellular matrix proteins, other cytokines such
as IL-11 and IL-17 have also demonstrated profibrotic
activity in association with severe asthma.11-13

LEUKOTRIENES
Although not cytokines, the CysLTs have emerged as
important mediators in asthma and as modulators of
cytokine function. Leukotrienes are lipid mediators
resulting from the catabolism of the arachidonic acid
(AA) released from the cell membrane by phospholipase
A2 after cell activation. After its release, AA is metabolized either by the cyclooxygenase pathway, generating
prostaglandins and thromboxanes, or by the 5-lipoxy-

genase (5-LO) pathway, which in association with 5LO–activating protein as a helper protein produces the
leukotrienes: leukotriene B4, LTC4, leukotriene D4
(LTD4), and leukotriene E4 (LTE4), with the last three
forming the CysLT group. LTC4 is metabolized enzymatically to LTD4 and subsequently to LTE4, which is excreted in the urine. The CysLTs are produced in eosinophils,
monocytes, macrophages, mast cells, basophils, and, to a
lesser extent, endothelial cells and T lymphocytes.14
Increased production of CysLTs has been detected in
bronchoalveolar lavage (BAL)15,16 and urine17 samples
from patients with asthma, especially after allergen challenge18 or during an acute asthma attack.19 In allergic
airway inflammation, the expressions of 5-LO and 5LO–activating protein enzymes are increased; their
mRNA is present in endothelial and inflammatory cells
after allergen challenge in mice.20 Furthermore, an overexpression of LTC4 synthase has been demonstrated in
bronchial biopsy specimens from asthmatic patients.21-23
The CysLTs also have been implicated in the pathophysiology of asthma by way of multiple mechanisms,
including mucus hypersecretion, increased microvascular permeability, ciliary activity impairment, inflammatory cell recruitment, edema, and neuronal dysfunction
(Fig 1).24-29 The CysLTs also induce eosinophil recruitment into the airways of guinea pigs in vitro30 as well as
in patients with asthma in vivo.31,32 Most important,
these molecules increase airway hyperresponsiveness
and cause smooth muscle hypertrophy in both healthy
subjects and asthmatic patients.32,33

MAST CELLS
Mast cells make up a small proportion of cells recovered by BAL, but within the airway tissue as many as
20% of inflammatory cells are mast cells.34,35 In BAL
specimens, normal mast cell numbers range from 0.02%
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to 0.48%.36,37 Normal mast cell numbers36,38-41 or
increases of 2- to 6-fold, have been reported in patients
with atopic34,37,42-47 as well as nonatopic asthma.48 On
the airway surface and in the submucosa, mast cells are
mostly the mucosal type, containing tryptase in secretory granules designated MCT, as opposed to the tissuetype mast cell containing both tryptase and chymase,
designated MCTC.
Present on the surface of and within the airway, mast
cells are well positioned to respond to a provocative stimulus. Normally, they are the only resident cells in the airway that can interact with allergen by way of the IgE
bound to the high-affinity receptor FcεRI. On allergen
challenge of the airways, the mast cells respond within
minutes, releasing both preformed mediators such as histamine and tryptase and newly synthesized products such
as PGD2 and LTC4.16,38,40,49-52 Clearly, the immediate
response to allergen challenge is dominated by products
that are found with the mast cell. These products are
potent bronchoconstrictors and may induce alterations in
vascular permeability. Mast cell numbers in the bronchial
mucosa also may increase after the late-phase response
to allergen challenge.53 In addition to allergen, such
other stimuli as exercise, aspirin, and chemicals may
invoke mast cell degranulation, leading to bronchoconstriction and vascular changes.
Ongoing mast cell degranulation has been shown to be
present in chronic asthma, as evidenced by increased levels of the mast cell mediators histamine, PGD2, and
tryptase,34,36,39,41,54,55 although BAL histamine levels
may be elevated in persons with allergic rhinitis without
asthma.36,45 In vitro both spontaneous and IgE-mediated
release of histamine has been enhanced in BAL mast cells
of asthmatic versus nonasthmatic persons,46 and spontaneous histamine release has been increased in patients
with symptomatic versus asymptomatic asthma.41
Mast cells may further participate in asthma’s inflammatory changes through the elaboration of cytokines. In
response to IgE-dependent stimuli, mouse mast cell lines
have been shown to produce a profile of cytokines,
including IL-3, IL-4, IL-5, and IL-6, similar to the TH2
profile produced by T lymphocytes. Human lung mast
cells have been shown to release IL-4,56 IL-5,57 and IL1358 in vitro, and mucosal biopsy specimens from asthmatic persons have revealed positive staining by
immunohistochemical means for IL-4, IL-5, IL-6, and
TNF-α in mast cells.59 In IgE-mediated reactions, mast
cells are most likely an important immediate source of
TNF-α. Unlike other sources of TNF-α, such as
macrophages, resting mast cells contain preformed stores
available for immediate release.60 Further localization of
cytokines to mast cell subsets reveals preferential IL-4
expression by MCT mast cells, with predominantly IL-5
and IL-6 expression by the MCTC subset.61

BASOPHILS
Basophils possess high levels of the FcεRI receptor
and are capable of an immediate response to allergen.

Although basophils are not present in healthy airways,
they are present in the airways of asthmatic persons
under a variety of circumstances. Basophils have been
reported in the sputum of patients with symptomatic
asthma,62 and recent studies have demonstrated basophil
infiltration of airways in cases of fatal asthma63,64 and in
bronchial biopsy specimens from patients with asthma.65,66 During the late response to allergen challenge,
large numbers of basophils have appeared in BAL specimens after segmental allergen challenge (SAC)38,67 and
have been noted in airway tissue after inhalation bronchoprovocation.66,68 Like mast cells, basophils release
histamine on activation; unlike mast cells, however, they
do not produce PGD2. The major product of AA metabolism in the basophil appears to be LTC4. On a per cell
basis, basophils produce as much LTC4 as do mast cells
and much more than do eosinophils. Recently, basophils
have also been found to be a rich source of IL-4 and IL13, demonstrating both spontaneous release and response
to IgE-mediated stimuli.69,70 In fact, basophil production
of these cytokines rivals that reported for T-cell clones.
Mixed lymphocyte populations produce only 10% to
20% as much IL-4 as do basophils.71

MACROPHAGES
Macrophages are the predominant cell recovered by
BAL in both nonasthmatic and asthmatic persons.
Although most macrophages are recovered from alveoli,
small volume lavage or lavage of isolated airway segments72 supports macrophage predominance in conducting airways as well as alveoli. Thus, macrophages are
well positioned to respond to and regulate inflammation
along the airway. Although the prominence of
macrophages along the airway surface and their diverse
functions strongly implicate macrophages as playing a
role in asthma, it is unclear whether that role is one of
promoting or preventing inflammatory responses. On the
one hand, macrophages can perform accessory cell functions by presenting antigen and providing secondary signals (eg, IL-1) required for the differentiation and proliferation of specific lymphocyte responses. These
functions may play a role in sensitizing the airway to
respond to further exposures. On the other hand, in some
systems, alveolar macrophages have been found to be
poor antigen-presenting cells, and in the large proportions of macrophages to lymphocytes (5:1 to 10:1) found
on the airway surface, macrophages most likely suppress
lymphocyte responses.73 Thus, the role of the resident
macrophage in initiating immune responses remains
unclear. Adding to this complexity are the findings that
blood monocytes are better antigen-presenting cells than
are macrophages and may be recruited to inflammation
sites. In addition, dendritic cells are present in the airways and appear to be much more potent antigen-presenting cells than are macrophages.74
Nevertheless, airway macrophages may participate in
airway inflammation through multiple mechanisms.
Alveolar macrophages express the low-affinity receptor
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CLINICAL STUDIES SUPPORTING THE ROLE
OF MAST CELLS AND BASOPHILS IN
ASTHMA
Anti-IgE

A

B
FIG 2. Effect of anti-IgE therapy on allergen bronchoprovocation.
FEV1 is shown as a percentage of baseline in the first 7 hours after
allergen challenge. The early phase is during hour 1, and the late
phase is from hours 2 to 7. The responses to placebo (A) and
rhuMAb-E25 (B) are depicted at baseline (open circles) and at the
end of 9 weeks of treatment (closed squares). RhuMAb-E25 significantly reduced allergen-induced bronchoconstriction during
both early- and late-phase responses to allergen bronchoprovocation. From Fahy JV, Fleming HE, Wong HH, Liu JT, Su JQ,
Reimann J, et al. The effect of an anti-IgE monoclonal antibody on
the early- and late-phase responses to allergen inhalation in asthmatic subjects. Am J Respir Crit Care Med 1997;155:1828-34.

for IgE FcεRII,75 and expression appears to be increased
in asthmatic persons relative to healthy subjects.76
Macrophage release of lysosomal enzymes in response to
SAC has been demonstrated in vivo.77 In vitro studies
have revealed that alveolar macrophages can respond to
antigen through IgE to release leukotriene B4, LTC4,
PGD2, superoxide anion, and lysosomal enzymes.78-81
Macrophages also produce other inflammatory mediators, such as platelet-activating factor, prostaglandin F2α,
and thromboxane.82,83 These mediators may play important roles in producing bronchoconstriction or in causing
inflammatory changes, including cell recruitment and
altered vascular permeability.
Pro-inflammatory cytokines produced by macrophages
include IL-1, TNF-α, IL-6, and GM-CSF, which may
induce endothelial cell activation, cellular recruitment, and
prolonged eosinophil survival. Interleukin-6 and TNF-α
may be released by IgE-dependent stimulation.84
Macrophages also elaborate histamine-releasing factors
that appear to act on the basophil and mast cell by way of
binding to surface IgE.85-87 Thus, macrophages may play
a role in perpetuating mast cell activation in asthma and
late-phase responses independently of repeated exposures
to specific allergen.

In the pathogenesis of allergic disease, IgE plays a
central role. Mast cells and basophils are the primary
cells that bear the high-affinity IgE receptor, and a critical role for these cells is supported by the effect of antiIgE therapy on the airway response to allergen bronchoprovocation. Omalizumab is a humanized murine
monoclonal antibody (rhuMAb-E25) that binds to the
same portion of IgE as the high-affinity IgE receptor.
Because the anti-IgE antibody and the cell surface receptor compete for the same site (FcεR, binding domain) on
IgE, the anti-IgE antibody can only bind free IgE and
will not cause mediator release by cross-linking IgE on
the cell surface. Results from 2 clinical studies have
demonstrated that treatment with omalizumab inhibits
the early- and late-phase responses to allergen challenge.
In one study, shown in Fig 2, treatment with omalizumab reduced free serum IgE by nearly 90%, increased the
dose of allergen required for an early response, and
inhibited the maximum early and late changes in FEV1
by about 40% and 60%, respectively.88 In a separate
study, omalizumab was given intravenously at an initial
dose of 2 mg/kg, followed by 1 mg/kg at 1 week and
every 2 weeks thereafter for a total of 10 weeks.89 Free
serum IgE was reduced by 89%, and the dose of inhaled
allergen causing a 15% fall in FEV1 was significantly
increased by 2.3 to 2.7, doubling concentrations on days
20, 55, and 77. Methacholine reactivity was also significantly decreased by day 76.

Antihistamine and antileukotriene therapy
The concept that histamine and leukotrienes are
responsible for most of the early and late physiologic
responses to allergen bronchoprovocation is supported
by a study in which identical bronchoprovocations were
performed after 1 week of pretreatment with the LTRA
zafirlukast (80 mg twice daily), the antihistamine loratadine (10 mg twice daily), or both in combination.90 As
shown in Fig 3, the results clearly demonstrated the inhibition of both the early and late responses with each
agent alone. Zafirlukast was more effective than loratadine in the early (P < .05) but not the late response. Combination therapy inhibited the early response by 75% and
the late response by 74% and was more effective than
either drug alone during the late response (P < .05).
These results clearly support a role for mast cell–derived
and basophil-derived mediators in both the early and late
bronchoconstrictive responses to allergen.
On the basis of the effects of multiple antileukotriene
therapies on both the early- and late-phase responses, the
central role of leukotrienes in this allergic airway reaction is firmly established. Whereas antileukotriene therapy may affect cell recruitment airway edema, and during
the late-phase response blocking smooth muscle contrac-
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tion, may be a major mechanism of antileukotriene therapy. In a recent study, increasing doses of the β-agonist
terbutaline were administered intravenously 7 hours after
allergen bronchoprovocation, when FEV1 was 57% of
baseline. At the end of infusion at 45 minutes, FEV1 had
returned to 100% of baseline and 84% of the maximal
attainable value.91 The reversal of late-phase airway
obstruction by a β-agonist supports the role of smooth
contraction in this response to allergen challenge, in
which leukotrienes (and histamine) appear to play major
roles in the contractile responses.

SAC
The cellular, mediator, and cytokine responses underlying the physiologic response to allergen exposure have
been examined with the SAC model, in which allergen is
instilled directly into an airway segment during bronchoscopy and events occurring within minutes, hours, or
days can be examined, generally by BAL. This model
also has been used to examine the effects of prednisone
and leukotriene modifier therapy on inflammatory
changes. Cellular effects of these asthma medications on
BAL cells after SAC are summarized in Table I.
The initial response to allergen in the sensitized individual is clearly dominated by products associated with
mast cell activation, particularly histamine, PGD2, LTC4,
and tryptase.38,51,52,97 These products are released within
minutes and appear in the absence of cellular changes.
Lipid products not produced by mast cells are also present, however, which implies the activation of other resident cells within the lung by the initial events. Within
hours, immune and inflammatory cells are recruited from
the circulation. This recruitment involves virtually all
cell types including granulocytes (neutrophils,
eosinophils, and basophils) and mononuclear cells
(monocytes and lymphocytes); however, a remarkable
selectivity of cells characterizes the allergic response,
specifically eosinophils, basophils, and helper T cells.
The T cells are further characterized as memory T cells
and express a cytokine profile (eg, IL-4, IL-5) consistent
with TH2 cells.91 These cells have in common the expression on their surface of the adhesion molecule very late
antigen 4, which binds to vascular cell adhesion molecule 1 on endothelial cells, suggesting a shared pathway
for recruitment. IL-4 and IL-13 are TH2 cytokines that
specifically induce vascular cell adhesion molecule 1
expression.97,98 Whether there is a sequential recruitment
of granulocytes followed by a mononuclear infiltration is
not clear, but within 24 hours, all cell types are present.
Furthermore, the mononuclear cell population shifts
from one dominated by mature alveolar macrophages to
one characterized by monocytes and monocytoid cells
expressing blood dendritic cell-specific antigens99 (Liu
MC, personal unpublished data).
The effects of leukotriene-modifying medications on
inflammation induced by SAC have demonstrated inhibition of multiple cell types recruited during SAC. An
examination of pretreatment with the 5-LO inhibitor

FIG 3. Effect of antihistamine and antileukotriene therapy on allergen bronchoprovocation. Results demonstrate inhibition of both
early (EAR) and late (LAR) responses to all treatments and supported a role for mast cell–derived and basophil-derived mediators in both the early and late bronchoconstrictive responses to
allergen. The early- and late-airway responses after the different
treatments are expressed as area under the curve in percentage
of the response during the control bronchoprovocation performed in the absence of drugs. All treatments caused significant
reductions of both phases (P < .05). Bar heights represent mean;
error bars represent SE. Asterisk denotes significant difference
between zafirlukast plus loratadine (black bars) and loratadine
alone (white bars); dagger denotes significant difference between
zafirlukast plus loratadine and zafirlukast alone (shaded bars).
From Roquet A, Dahlen B, Kumlin M, Ihre E, Anstren G, Binks S,
et al. Combined antagonism of leukotrienes and histamine produces predominant inhibition of allergen-induced early and late
phase airway obstruction in asthmatics. Am J Respir Crit Care
Med 1997;155:1856-63.

zileuton (600 mg four times daily) for 8 days demonstrated a significant increase in eosinophils in BAL at 24
hours during placebo treatment but no significant
increase in eosinophils during active treatment. A study
that examined a 7-day pretreatment with the LTRA zafirlukast (20 mg twice daily) demonstrated significant
decreases in lymphocytes and alcian blue–positive cells
in BAL at 48 hours.93 TNF in BAL was also inhibited.
Finally, researchers examined pretreatment for 6 weeks
with zileuton (600 mg four times daily versus placebo) in
a parallel design protocol.94 On the basis of the initial
response to SAC, the group could be divided into low and
high leukotriene producers according to leukotriene levels in BAL at 24 hours after SAC. High leukotriene producers had greater eosinophil, total protein, and cytokine
(TNF-α, IL-5, IL-6) levels than did low leukotriene producers. Eosinophil influx was significantly inhibited only
in the group producing high levels of leukotrienes.
Whereas the changes in airway obstruction inhibited by
antileukotriene therapy probably represent effects on
smooth muscle function, the results of SAC studies support an additional role of leukotrienes in the recruitment
of inflammatory cells. This is further supported by studies with inhaled leukotrienes demonstrating both
eosinophil and metachromatic cell (probably basophil)
recruitment. Increased numbers of eosinophils and neutrophils appeared in the airway mucosa 4 hours after
inhalation challenge with LTE4. Numbers of eosinophils
were 10-fold greater than those of neutrophils.100 A
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FIG 4. A scheme of putative immune and inflammatory events associated with the pathophysiology of asthma, with emphasis on early- versus late-phase asthmatic responses. Sites of potential anti-inflammatory
action of LTRAs are shown by large arrows. ECP, Eosinophil cationic protein; EPO, eosinophil peroxidase;
PG, prostaglandin; PAF, platelet activating factor; APC, antigen presenting cell; TCR, T-cell receptor.

TABLE I. Effects of prednisone and leukotriene-modifying agents on BAL cells after SAC
Medication

Zileuton
Zafirlukast
Zileuton
Prednisone

Cellular effect

Reference

No significant increase in eosinophils after SAC
Inhibition of lymphocytes and basophils
Inhibition of eosinophils in high leukotriene producers
Inhibition of eosinophils, basophils, and lymphocyte subsets

recent study also demonstrated increased sputum
eosinophils, as well as increased airway eosinophils and
metachromatic cells (probably basophils), after inhalation of LTE4.101
The effect of systemic steroid therapy with prednisone
has also been examined in this model. Pretreatment with
prednisone had no effect on the release of mast
cell–derived mediators in the initial response,92,93 but
subsequent events were inhibited.93 In particular, significant decreases in cell recruitment of eosinophils,
basophils, and T-cell subsets (CD4, CD45RA, and
CD45RO cells) but not neutrophils occurred. Increases in
airway permeability, kinins, the adhesion molecule Eselectin, and cytokine (IL-4, IL-5, IL-2, and transforming
growth factor α) gene expression or protein induced by
SAC were also inhibited. Increases in GM-CSF were not
inhibited. Clearly, steroid therapy suppressed multiple
components of the allergic airway response.

EOSINOPHILS
Activated T cells and eosinophils are important pathophysiologic elements in asthma (Fig 4). The numbers of

Kane et al,92 1996
Calhoun et al,93 1998
Hasday et al,94 2000
Dworski et al,95 1994; Liu et al,96 2001

these cells have been correlated broadly with disease
severity.102 Mucosal damage in chronic asthma has been
shown to be associated with cytotoxic and pro-inflammatory mediator release from activated eosinophils.103,104
These products include reactive oxygen species and cytotoxic granule and vesicular proteins: major basic protein
(MBP), eosinophil cationic protein, eosinophil peroxidase, and eosinophil-derived neurotoxin, as well as
cytokines and chemokines together with phospholipidderived, pharmacologically active mediators. Cytokines
released from TH2-type cells, particularly IL-3, IL-5, and
GM-CSF, are thought to regulate eosinophil priming, activation, and survival.105,106

CysLTs
Eosinophils are a rich source of CysLTs103 that are
derived from native AA by the action of phospholipase
A2.107 Human eosinophils synthesize and release relatively large concentrations of LTC4 (as much as 70
ng/106 cells) after stimulation with the calcium
ionophore A23187.108 In general, eosinophils obtained
from asthmatic subjects appear to produce more LTC4
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than do those from healthy control donors.109,110 Experimentally, coculture of eosinophils with endothelial
cells111 or exogenous addition of cytokines (eg, IL-3, IL5, GM-CSF, and TNF) has resulted in the upregulation of
ionophore-induced release of LTC4.106,111,112
Leukotriene C4 metabolism produces LTD4 and LTE4,
which are rapidly degraded in the body; small amounts of
LTE4 can be measured in the urine.113 In human beings
the 5-LO pathway is expressed only in myeloid cells,
including mast cells, basophils, neutrophils, eosinophils,
and alveolar macrophages.114 The CysLTs appear to have
selective eosinophilotactic activity27,100 and promote
transmigration of these cells through endothelial barriers.115
There are two receptors for CysLTs on smooth muscle
cells, CysLT1 and CysLT2. The CysLT1 receptor is the
regulator for bronchial smooth muscle contraction and
thus is directly relevant to asthma treatment.116 On the
other hand, CysLT2 appears to be involved mainly in pulmonary vein contraction.117 In addition to LTD4, both
LTC4 and LTE4 bind to CysLT1, although LTE4 exhibits
a greatly reduced binding capacity.116 Evidence at the
level of mRNA expression has suggested that eosinophils
may have the capacity to synthesize CysLT1 receptors.115
Recent studies have also suggested that eosinophils may
express CysLTs, which may have implications for the
capacity of these cells to respond to LTRAs in the setting
of allergic and airway inflammation.118

LEUKOTRIENE MODIFIERS
The contribution of the CysLTs in bronchoconstriction
has been inferred from recent developments in the field of
leukotriene-modifying therapies.33,119,120 LTD4 receptor
antagonists (montelukast, zafirlukast, and pranlukast)
inhibit the biologic activities of LTD4 and the other members of the CysLT family by competing for their receptors
on smooth muscle cells.121 Clinical trials of LTRAs,
including montelukast and zafirlukast,122-126 have significantly controlled asthma symptoms in a substantial proportion of patients. Although the role of eosinophils in
asthma and their contribution to bronchial hyperresponsiveness are still debated,127 it is widely accepted that in
asthma the number and activation status of eosinophils
are increased and that eosinophil granule-derived products cause mucosal injury that may promote irreversible
changes (tissue remodeling). The actions of LTRAs go
beyond their potent bronchodilatory effects, particularly
those that appear to downregulate various eosinophil
effector parameters. Both montelukast and zafirlukast
decrease peripheral blood and airway eosinophil numbers.93,128 In cellular infiltrate obtained from induced sputum, reductions in the number of sputum eosinophils were
significantly less after treatment with montelukast.129
These findings provide further support to the notion that
CysLTs have eosinophilotactic properties.27,100,128
In a rat model of allergic airway responsiveness after
allergen challenge, eosinophil (MBP positive) and IL-5
mRNA–positive cell numbers were significantly reduced
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in both BAL and lung tissue from rats that received montelukast compared with untreated animals.130 In contrast,
there are negligible data on the activation status of
eosinophils in human airway tissue in LTRA-treated versus untreated subjects. Such data would expand current
understanding and better define the anti-inflammatory
properties of LTRAs in vivo. It is becoming clear that
although LTRAs such as montelukast and zafirlukast
dampen the eosinophilic response, the precise pathways
underlying such an effect remain to be established. There
is a need for a better identification of the spatial and temporal targeting of the effects of LTRAs during the life
cycle of the eosinophil in inflammation, from
eosinopoiesis to its demise in a given inflammatory site.
The first potential site for the effect of LTRAs is in
early T-cell events associated with the development of
the late-phase response. The LTRAs may interfere with
the capacity of TH2 cells to release critical cytokines (eg,
IL-3, IL-5, GM-CSF) as well as chemokines (eg,
RANTES) required for bone marrow stimulation of
eosinopoiesis. Additionally, LTRAs may downregulate
receptors or critical elements for these cytokines. More
likely, LTRAs may exert their effect on the growth, differentiation, and efflux of bone marrow eosinophil progenitors (Fig 4).131 A currently ongoing study is aimed at
examining the LTRAs’ mode of action on sequential
growth and differentiation steps from CD34+ progenitor
to the fully differentiated and activated cell. In addition,
the effects of these agents on bone marrow levels of
eosinophil-sensitive chemokines (eg, RANTES and
eotaxin) are to be ascertained. The results of this study
will determine whether there is a potential blocking
action of LTRAs on the proximal arm of cell accumulation in tissue and related events associated with the
egress of eosinophils from hematopoietic sites.
Montelukast inhibits eosinophil transmigration across
human umbilical vein endothelial cells.115 In addition, the
demonstration that human eosinophils express mRNA for
the CysLT1 receptor strongly supports the hypothesis that
these inflammatory cells may accumulate and traffic to
sites of allergic inflammation as a result of chemotactic
activity exerted by CysLTs. Thus, LTRAs may interfere
with eosinophil recruitment by way of effects on adhesion
molecules that facilitate rolling, tethering, flattening, and
transmigration by diapedesis (Fig 4).
Previous studies have concluded that LTC4, LTD4, and
LTE4 have little if any chemotactic activity for human
eosinophils132,133 and no upregulatory effects on
eosinophil effector function (including cytotoxicity)134
in comparison with leukotriene B4. In light of the fact
that these results achieved more concrete evidence for a
chemotactic function of CysLTs, it is crucial that these
data be revisited to appreciate the magnitude and mechanisms regulating and reducing eosinophils in the sputum
of LTRA-treated asthmatic subjects. In addition, the
effect of LTRAs may be the outcome of an indirect effect
on bystander immune, inflammatory, and structural cells
in the bronchial mucosa. For instance, the lower numbers
of eosinophils in sputum may occur as a result of puta-
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tive CysLT receptor–mediated effects on epithelial cells,
which in turn may influence the synthesis, storage, and
release of eosinophilotactic chemokines, including
RANTES and eotaxin.71,135 These proteins have been
shown to be present in the bronchial tissue in asthma.136,137 In addition, epithelial cell–induced eosinophil
chemotaxis also may be influenced by cytokines such as
IL-16, a potent T-cell and eosinophilotactic cytokine and
a major product of bronchial epithelial cells. IL-16 has
been shown to use CD4 receptors expressed on
eosinophils to exert its chemotactic activity,138,139 and
IL-16 expression has been shown to be a pathologic feature of human bronchial asthma.140
Little is known about the influence of LTRA treatment
on IL-5 bioactivity both locally and systemically, but
inhalation of LTD4 causes an increase of IL-5.30 This
cytokine is a critical factor in eosinophil terminal differentiation and, together with IL-3 and GM-CSF, prolongs
eosinophil survival in the tissue. Production of IL-5 by
mononuclear cells under stimulation with mite antigen was
markedly suppressed when they were exposed to the LTRA
pranlukast. The data may provide clues to the mechanism
by which LTRAs, including zafirlukast and montelukast,
can reduce airway, sputum, and blood eosinophil counts in
clinical asthma.141 Such data could provide further support
for the possibility that LTRAs may exert their influence on
eosinophilic responses by interfering with IL-5 protein synthesis and turnover in asthmatic airways.
A well-recognized function of chemotactic factors
relates to their ability to upregulate inflammatory cell
function by increasing the expression of various receptors as well as inducing and enhancing their capacity to
synthesize and release their de novo synthesized and preformed, stored mediators. Eosinophils are major secretory cells in airway inflammation, and a better understanding of the effects of LTRAs on eosinophil degranulation
and exocytosis and on eosinophil mediator secretion is
needed (Fig 4).
Among the inflammatory cells, eosinophils may be targets for various pharmacologic activities of LTRAs
through the ability of these agents to downregulate a number of extracellular and intracellular events that may be
key to the effector function of these cells. Much remains
to be studied in the pursuit of a clearer understanding of
the range of activities of these anti-inflammatory agents.
The spectrum of their anti-inflammatory effects may
range from dampening chemotactic activities that are key
to cell trafficking to and accumulation in relevant tissues
to the interruption of intracellular events regulating granule and secretory vesicle exocytosis and mediator release.

CONCLUSIONS
The sensitized reaction to an allergen includes responses from T cells, mast cells, basophils, macrophages, and
eosinophils. In the case of asthma and allergic rhinitis, the
mediators released from these cells perpetuate the asthmatic inflammatory response, and the CysLTs have
emerged as one of the important mediators.
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In human beings, the 5-LO pathway is expressed only in
myeloid cells, including mast cells, basophils, neutrophils,
eosinophils, and alveolar macrophages. Eosinophils from
asthmatic subjects produce more LTC4 than do those from
healthy control donors, and there is an overexpression of
LTC4 synthase in bronchial biopsy samples obtained from
asthmatic patients. Mast cells and basophils are primary
cells that bear a high affinity IgE receptor and, during their
key involvement in the early and late phases, CysLTs are
released. Basophils produce as much LTC4 as do mast cells
and much more than do eosinophils.
The CysLTs have the potential to cause the cardinal
symptoms of asthma: mucus hypersecretion, increased
microvascular permeability, and edema, as well as
impaired ciliary activity, inflammatory cell recruitment,
and neuronal dysfunction. They are able to induce
smooth muscle hypertrophy and hyperplasia, and their
increased production can be measured in BAL and sputum. With their selective eosinophilotactic activity, the
CysLTs can also promote transmigration of eosinophils
through endothelial barriers.
Clinical trials with LTRAs have shown them to exert
significant control over asthma symptoms and to modulate cytokine function. Consequently, these agents have
been implicated in the pathophysiology of asthma, acting
through multiple mechanisms. Basic and clinical studies
will continue to deepen our understanding of the complex inflammatory processes in asthma and related conditions. The results of such studies hold important therapeutic implications.

QUESTIONS AND DISCUSSION
Marc Peters-Golden: Qutayba, is the epithelium capable of differentiating into mesenchymal-like cells, as they
appear to do in the kidney? Could the smooth muscle
cells that appear to be pushing up into the epithelial layer
actually be the basal epithelial cells that are differentiating into smooth muscle cells instead?
Qutayba Hamid: We did not see any evidence that
epithelial cells go to something that is not a cytocuritinpositive cell or what would probably look like a smooth
muscle. Epithelial cells from asthmatic patients certainly
behave differently from normal epithelial cells in the way
that they are differentiated. I have not seen any evidence
that they differentiate into mesenchymal cells.
Stephen Holgate: There is a most remarkable organization underneath the epithelium. People talk about
leukocytes coming up through the epithelium into the
lumen as if the leukocytes are eating their way through.
As you strip off the epithelium and look down at it, you
see that it is full of channels. From electron micrographs,
we can see leukocytes and dendritic cells traffic through
these channels. These channels are highly organized, and
nothing is eating its way through. What we have shown
recently is that the attenuated fibroblasts, or whatever we
want to call them, actually extend tendrils through so that
they are in contact with the basement membrane underneath the epithelium itself. These “flat cells” extend their
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feelers up through to the epithelium and form an integrated unit, just as is seen in the developing fetal lung.
Qutayba Hamid: Not to be forgotten are the neuroendocrine cells in the lung epithelium, which can secrete a
number of growth factors. They appear to change with
age and to regulate the repair process.
Stephen Holgate: In a children’s biopsy study we did
collaboratively with colleagues in northern Siberia, there
were cells that stained like these neuroendocrine cells,
and children with asthma had many more of these. They
may be relevant to the differentiation process that you
described.
Redwan Moqbel: How does the presence or absence of
brush border in airway epithelial cells compared with gut
epithelium impinge on their functions?
Stephen Holgate: The gut is designed to shed its epithelium and the whole machinery of the crypt, and the way
the epithelium turns over is to get rid of it all the time. It
has got a fantastic turnover rate. The airway epithelium is
not designed for that. There is a fundamental difference in
the turnover rate of epithelial cells. I think that it would be
quite dangerous to extrapolate too much from the gut, even
though the lung is an outgrowth of the gut.
Qutayba Hamid: When you take stem cells from subjects with severe asthma and grow them, they differentiate into epithelial cells that do not have cilia. If you take
them from healthy individuals, the cells have a lot of
cilia. The cells from the patients with the most severe
asthma have changed their phenotype so that they cannot
produce any more cilia. It is difficult to say whether there
are any structural changes in the cell, but if there are any
changes, they are phenotypic rather than structural.
Stephen Holgate: Christopher Britling in Leicester
recently had quite a nice study showing that patients who
have asthma with variable air flow obstruction and
bronchial hyperresponsiveness had the same number of
eosinophils and mast cells in the submucosa and epithelium, but it was the smooth muscle that showed a marked
increase in the mast cell population. Is studying BAL and
mucosal specimens actually looking at the right compartment if we are interested in smooth muscle responses? Mast cells or other inflammatory cells that are in the
smooth muscle may be more important, and the mast
cells that are present in the smooth muscle are ones that
contain kinase rather than tryptase and seem to be resistant to steroids. What do you think?
Mark Liu: Cells that are on the airway surface or within the epithelium initially can respond and change the
surface permeability so that the antigen can get to the
cells that are deeper in the tissue. Whether the mechanism has to do with directly activating those deeper mast
cells that are next to smooth muscle or whether neural
phenomena or other factors are involved in the bronchoconstriction is not clear to me. We are clearly limited
in terms of what biopsy specimens tell us. In the Kepley
study of fatal asthma,64 many sections were available.
There were basophils all through the lung, in alveoli or
alveolar structures and around smooth muscle, not just
lined up along the surface of the airway.
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Redwan Moqbel: Mark, how does the fact that the IgE
receptors are expressed beyond basophils and mast cells
affect your conclusions about how these cells function?
Mark Liu: Whether IgE receptors are functionally significant or not is open to discussion. There is no question
that mast cells and basophils are the most responsive
cells to antigen and to IgE-mediated stimuli. I am not
even sure what the physiologic stimulus is for the
eosinophil, for example, or for the macrophage for that
matter. Even though the receptors are there in other cells,
I just do not know what to make of them in terms of
mediator release.
Qutayba Hamid: Why does the release of mediators
from mast cells seem to be resistant to steroids?
Mark Liu: The mast cell is not responsive to steroids
directly, but products from the mast cell and mechanisms
that the mast cell may initiate would be responsive to
steroids. If you look only at the mast cell and its mediator release, cytokine generation, and those sorts of
effects, they are not affected by treatment of steroids. But
many of the cascades are initiated by the mast cell, such
as cell recruitment, the consequences of TNF-α action on
the endothelium, histamine release, and permeability
changes. All these would be steroid responsive, because
the steroids would affect the downstream events initiated
by the mast cell.
Anthony Sampson: Redwan, do you think that the
leukotrienes released from the eosinophils act on the
CysLT1 receptors of eosinophils to control their maturation, proliferation, and migration?
Redwan Moqbel: I do not know. Eosinophils contain
lipid bodies that are a major source of many of the cysteinyl phospholipids, and eosinophils can generate their
own chemotactic factors. Whether these function in an
autocrine manner through the CysLT1 or CysLT2 receptors
is important to know but has not yet been studied.
Qutayba Hamid: Are the cells obtained in sputum
fully activated cells? Do they reflect cells that have gone
all the way through the activation processes and are capable of pouring out all the mediators?
Redwan Moqbel: Yes. Most, but not all, of the cells are
measurable, because as we section the sputum plugs, a
high percentage of the cells show activation.
Emilio Pizzichini: Can we be sure that the major
source of the degranulation products is eosinophils? For
example, we have observed neutrophilic exacerbations in
which the size of inflammation is 50 million cells/mL,
whereas the stable state is 4 million cells/mL. Could the
neutrophils be secreting the MBP and eosinophil cationic protein that is damaging the epithelium?
Redwan Moqbel: We have made observations similar
to what you have described. The MBP is stored primarily in eosinophils, and to a lesser extent basophils, whereas neutrophils have been shown to express eosinophil
cationic protein and eosinophil-derived neurotoxin. The
only other MBP-like source is found in trophoblasts during pregnancy. The MBP from eosinophils acts on neutrophils, and there is always the possibility that once
eosinophils undergo cytolysis or necrosis, the MBP may
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become sequestered in neutrophils. We use MAb BMK13 to detect the human MBP.
Qutayba Hamid: What are the half-lives of these
eosinophil products in the tissue?
Redwan Moqbel: These products have long-term
effects, and because of their cationic nature they bind
strongly to the target cells, which makes it difficult to get
rid of them. These basic proteins are extremely “sticky”
and rich in arginine. Peroxidase and MBP are the two
that are most cytotoxic. Eosinophil cationic protein and
eosinophil-derived neurotoxin have potent ribonuclease
activity and lesser cytotoxic capacity. I am not aware of
any studies on the half-lives of these proteins in the tissue, but I assume that they may be long.
REFERENCES
1.

2.
3.

4.

5.

6.
7.
8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Asano M, Toda M, Sakaguchi N, Sakaguchi S. Autoimmune disease as
a consequence of developmental abnormality of a T cell subpopulation.
J Exp Med 1996;184:387-96.
Turner H, Kinet JP. Signalling through the high-affinity IgE receptor Fc
epsilonRI. Nature 1999;402:B24-30.
Suto A, Nakajima H, Kagami SI, Suzuki K, Saito Y, Iwamoto I. Role of
CD4(+) CD25(+) regulatory T cells in T helper 2 cell-mediated allergic
inflammation in the airways. Am J Respir Crit Care Med 2001;164:680-7.
Thornton AM, Shevach EM. CD4+CD25+ immunoregulatory T cells
suppress polyclonal T cell activation in vitro by inhibiting interleukin 2
production. J Exp Med 1998;188:287-96.
Chen J, Huoam C, Plain K, He XY, Hodgkinson SJ, Hall BM. CD4(+),
CD25(+) T cells as regulators of alloimmune responses. Transplant Proc
2001;33:163-4.
Chung KF, Barnes PJ. Cytokines in asthma. Thorax 1999;54:825-57.
de Vries JE. The role of IL-13 and its receptor in allergy and inflammatory responses. J Allergy Clin Immunol 1998;102:165-9.
Louahed J, Toda M, Jen J, Hamid Q, Renauld JC, Levitt RC, et al. Interleukin-9 upregulates mucus expression in the airways. Am J Respir Cell
Mol Biol 2000;22:649-56.
Louahed J, Zhou Y, Maloy WL, Rani PU, Weiss C, Tomer Y, et al. Interleukin 9 promotes influx and local maturation of eosinophils. Blood
2001;97:1035-42.
Shimbara A, Christodoulopoulos P, Soussi-Gounni A, Olivenstein R,
Nakamura Y, Levitt RC, et al. IL-9 and its receptor in allergic and nonallergic lung disease: increased expression in asthma. J Allergy Clin
Immunol 2000;105:108-15.
Molet S, Hamid Q, Davoine F, Nutku E, Taha R, Page N, et al. IL-17 is
increased in asthmatic airways and induces human bronchial fibroblasts
to produce cytokines. J Allergy Clin Immunol 2001;108:430-8.
Einarsson O, Geba GP, Zhou Z, Landry ML, Panettieri RA Jr, Tristram
D, et al. Interleukin-11 in respiratory inflammation. Ann N Y Acad Sci
1995;762:89-100.
Minshall E, Chakir J, Laviolette M, Molet S, Zhu Z, Olivenstein R, et al.
IL-11 expression is increased in severe asthma: association with epithelial cells and eosinophils. J Allergy Clin Immunol 2000;105:232-8.
Salvi SS, Krishna MT, Sampson AP, Holgate ST. The anti-inflammatory effects of leukotriene-modifying drugs and their use in asthma. Chest
2001;119:1533-46.
Lam S, Chan H, LeRiche JC, Chan-Yeung M, Salari H. Release of
leukotrienes in patients with bronchial asthma. J Allergy Clin Immunol
1988;81:711-7.
Wenzel SE, Larsen GL, Johnston K, Voelkel NF, Westcott JY. Elevated
levels of leukotriene C4 in bronchoalveolar lavage fluid from atopic
asthmatics after endobronchial allergen challenge. Am Rev Respir Dis
1990;142:112-9.
Kikawa Y, Hosoi S, Inoue Y, Saito M, Nakai A, Shigematsu Y, et al.
Exercise-induced urinary excretion of leukotriene E4 in children with
atopic asthma. Pediatr Res 1991;29:455-9.
Creticos PS, Peters SP, Adkinson NF Jr, Naclerio RM, Hayes EC, Norman PS, et al. Peptide leukotriene release after antigen challenge in
patients sensitive to ragweed. N Engl J Med 1984;310:1626-30.

J ALLERGY CLIN IMMUNOL
JANUARY 2003

19. Shindo K, Fukumura M, Miyakawa K. Plasma levels of leukotriene E4
during clinical course of bronchial asthma and the effect of oral prednisolone. Chest 1994;105:1038-41.
20. Chu SJ, Tang LO, Watney E, Chi EY, Henderson WR Jr. In situ amplification of 5-lipoxygenase and 5-lipoxygenase–activating protein in
allergic airway inflammation and inhibition by leukotriene blockade. J
Immunol 2000;165:4640-8.
21. Cowburn AS, Sladek K, Soja J, Adamek L, Nizankowska E, Szczeklik A,
et al. Overexpression of leukotriene C4 synthase in bronchial biopsies from
patients with aspirin-intolerant asthma. J Clin Invest 1998;101:834-46.
22. Sampson AP, Cowburn AS, Sladek K, Adamek L, Nizankowska E,
Szczeklik A, et al. Profound overexpression of leukotriene C4 synthase
in bronchial biopsies from aspirin-intolerant asthmatic patients. Int Arch
Allergy Immunol 1997;113:355-7.
23. Nasser SM, Pfister R, Christie PE, Sousa AR, Barker J, Schmitz-Schumann M, et al. Inflammatory cell populations in bronchial biopsies from
aspirin- sensitive asthmatic subjects. Am J Respir Crit Care Med
1996;153:90-6.
24. Drazen JM, Austen KF. Leukotrienes and airway responses. Am Rev
Respir Dis 1987;136:985-98.
25. Piacentini GL, Kaliner MA. The potential roles of leukotrienes in
bronchial asthma. Am Rev Respir Dis 1991;143(5 Pt 2):S96-9.
26. Henderson WR Jr. The role of leukotrienes in inflammation. Ann Intern
Med 1994;121:684-97.
27. Hay DW, Torphy TJ, Undem BJ. Cysteinyl leukotrienes in asthma: old
mediators up to new tricks. Trends Pharmacol Sci 1995;16:304-9.
28. Wanner A, Salathe M, O’Riordan TG. Mucociliary clearance in the airways. Am J Respir Crit Care Med 1996;154:1868-902.
29. Ahmed T, Greenblatt DW, Birch S, Marchette B, Wanner A. Abnormal
mucociliary transport in allergic patients with antigen-induced bronchospasm: role of slow reacting substance of anaphylaxis. Am Rev
Respir Dis 1981;124:110-4.
30. Underwood DC, Osborn RR, Newsholme SJ, Torphy TJ, Hay DW. Persistent airway eosinophilia after leukotriene (LT) D4 administration in
the guinea pig: modulation by the LTD4 receptor antagonist, pranlukast,
or an interleukin-5 monoclonal antibody. Am J Respir Crit Care Med
1996;154:850-7.
31. Fonteh AN, LaPorte T, Swan D, McAlexander MA. A decrease in
remodeling accounts for the accumulation of arachidonic acid in murine
mast cells undergoing apoptosis. J Biol Chem 2001;276:1439-49.
32. O’Hickey SP, Hawksworth RJ, Fong CY, Arm JP, Spur BW, Lee TH.
Leukotrienes C4, D4, and E4 enhance histamine responsiveness in asthmatic airways. Am Rev Respir Dis 1991;144:1053-7.
33. Kurosawa M, Yodonawa S, Tsukagoshi H, Miyachi Y. Inhibition by a
novel peptide leukotriene receptor antagonist ONO-1078 of airway wall
thickening and airway hyperresponsiveness to histamine induced by
leukotriene C4 or leukotriene D4 in guinea-pigs. Clin Exp Allergy
1994;24:960-8.
34. Foresi A, Bertorelli G, Pesci A, Chetta A, Olivieri D. Inflammatory
markers in bronchoalveolar lavage and in bronchial biopsy in asthma
during remission. Chest 1990;98:528-35.
35. Dunhill MS. The pathology of asthma, with special reference to changes
in the bronchial mucosa. J Clin Pathol 1960;13:27-33.
36. Liu MC, Bleecker ER, Lichtenstein LM, Kagey-Sobotka A, Niv Y,
McLemore TL, et al. Evidence for elevated levels of histamine,
prostaglandin D2, and other bronchoconstricting prostaglandins in the airways of subjects with mild asthma. Am Rev Respir Dis 1990;142:126-32.
37. Adelroth E, Rosenhall L, Johansson SA, Linden M, Venge P. Inflammatory cells and eosinophilic activity in asthmatics investigated by
bronchoalveolar lavage: the effects of antiasthmatic treatment with
budesonide or terbutaline. Am Rev Respir Dis 1990;142:91-9.
38. Liu MC, Hubbard WC, Proud D, Stealey BA, Galli SJ, Kagey-Sobotka
A, et al. Immediate and late inflammatory responses to ragweed antigen
challenge of the peripheral airways in allergic asthmatics: cellular, mediator, and permeability changes. Am Rev Respir Dis 1991;144:51-8.
39. Gravelyn TR, Pan PM, Eschenbacher WL. Mediator release in an isolated airway segment in subjects with asthma. Am Rev Respir Dis
1988;137:641-6.
40. Wenzel SE, Fowler AA, Schwartz LB. Activation of pulmonary mast
cells by bronchoalveolar allergen challenge. In vivo release of histamine
and tryptase in atopic subjects with and without asthma. Am Rev Respir
Dis 1988;137:1002-8.

J ALLERGY CLIN IMMUNOL
VOLUME 111, NUMBER 1

41. Broide DH, Gleich GJ, Cuomo AJ, Coburn DA, Federman EC,
Schwartz LB, et al. Evidence of ongoing mast cell and eosinophil
degranulation in symptomatic asthma airway. J Allergy Clin Immunol
1991;88:637-48.
42. Rennard SI, Basset G, Lecossier D, O’Donnell KM, Pinkston P, Martin
PG, et al. Estimation of volume of epithelial lining fluid recovered by
lavage using urea as marker of dilution. J Appl Physiol 1986;60:532-8.
43. Tomioka M, Ida S, Shindoh Y, Ishihara T, Takishima T. Mast cells in
bronchoalveolar lumen of patients with bronchial asthma. Am Rev
Respir Dis 1984;129:1000-5.
44. Kirby JG, Hargreave FE, Gleich GJ, O’Byrne PM. Bronchoalveolar cell
profiles of asthmatic and nonasthmatic subjects. Am Rev Respir Dis
1987;136:379-83.
45. Casale TB, Wood D, Richerson HB, Trapp S, Metzger WJ, Zavala D, et
al. Elevated bronchoalveolar lavage fluid histamine levels in allergic
asthmatics are associated with methacholine bronchial hyperresponsiveness. J Clin Invest 1987;79:1197-203.
46. Flint KC, Leung KB, Hudspith BN, Brostoff J, Pearce FL, Johnson NM.
Bronchoalveolar mast cells in extrinsic asthma: a mechanism for the initiation of antigen specific bronchoconstriction. Br Med J (Clin Res Ed)
1985;291:923-6.
47. Wardlaw AJ, Dunnette S, Gleich GJ, Collins JV, Kay AB. Eosinophils
and mast cells in bronchoalveolar lavage in subjects with mild asthma:
relationship to bronchial hyperreactivity. Am Rev Respir Dis
1988;137:62-9.
48. Mattoli S, Mattoso VL, Soloperto M, Allegra L, Fasoli A. Cellular and
biochemical characteristics of bronchoalveolar lavage fluid in symptomatic nonallergic asthma. J Allergy Clin Immunol 1991;87:794-802.
49. Sedgwick JB, Calhoun WJ, Gleich GJ, Kita H, Abrams JS, Schwartz
LB, et al. Immediate and late airway response of allergic rhinitis
patients to segmental antigen challenge: characterization of eosinophil
and mast cell mediators. Am Rev Respir Dis 1991;144:1274-81.
50. Wenzel SE, Westcott JY, Larsen GL. Bronchoalveolar lavage fluid
mediator levels 5 minutes after allergen challenge in atopic subjects
with asthma: relationship to the development of late asthmatic responses. J Allergy Clin Immunol 1991;87:540-8.
51. Wenzel SE, Westcott JY, Smith HR, Larsen GL. Spectrum of prostanoid
release after bronchoalveolar allergen challenge in atopic asthmatics
and in control groups: an alteration in the ratio of bronchoconstrictive to
bronchoprotective mediators. Am Rev Respir Dis 1989;139:450-7.
52. Murray JJ, Tonnel AB, Brash AR, Roberts LJ 2nd, Gosset P, Workman
R, et al. Release of prostaglandin D2 into human airways during acute
antigen challenge. N Engl J Med 1986;315:800-4.
53. Crimi E, Chiaramondia M, Milanese M, Rossi GA, Brusasco V.
Increased numbers of mast cells in bronchial mucosa after the late-phase
asthmatic response to allergen. Am Rev Respir Dis 1991;144:1282-6.
54. Zehr BB, Casale TB, Wood D, Floerchinger C, Richerson HB, Hunninghake GW. Use of segmental airway lavage to obtain relevant mediators from the lungs of asthmatic and control subjects. Chest
1989;95:1059-63.
55. Van Vyve T, Chanez P, Bernard A, Bousquet J, Godard P, Lauwerijs R,
et al. Protein content in bronchoalveolar lavage fluid of patients with
asthma and control subjects. J Allergy Clin Immunol 1995;95:60-8.
56. Bradding P, Feather IH, Howarth PH, Mueller R, Roberts JA, Britten K,
et al. Interleukin 4 is localized to and released by human mast cells. J
Exp Med 1992;176:1381-6.
57. Jaffe JS, Glaum MC, Raible DG, Post TJ, Dimitry E, Govindarao D, et
al. Human lung mast cell IL-5 gene and protein expression: temporal
analysis of upregulation following IgE-mediated activation. Am J
Respir Cell Mol Biol 1995;13:665-75.
58. Jaffe JS, Raible DG, Post TJ, Wang Y, Glaum MC, Butterfield JH, et al.
Human lung mast cell activation leads to IL-13 mRNA expression and
protein release. Am J Respir Cell Mol Biol 1996;15:473-81.
59. Bradding P, Roberts JA, Britten KM, Montefort S, Djukanovic R,
Mueller R, et al. Interleukin-4, -5, and -6 and tumor necrosis factor-alpha
in normal and asthmatic airways: evidence for the human mast cell as a
source of these cytokines. Am J Respir Cell Mol Biol 1994;10:471-80.
60. Gordon JR, Burd PR, Galli SJ. Mast cells as a source of multifunctional cytokines. Immunol Today 1990;11:458-64.
61. Bradding P, Okayama Y, Howarth PH, Church MK, Holgate ST. Heterogeneity of human mast cells based on cytokine content. J Immunol
1995;155:297-307.

Hamid et al S15

62. Kimura I, Tanizaki Y, Saito K, Takahashi K, Ueda N, Sato S. Appearance of basophils in the sputum of patients with bronchial asthma. Clin
Allergy 1975;5:95-8.
63. Koshino T, Teshima S, Fukushima N, Takaishi T, Hirai K, Miyamoto Y,
et al. Identification of basophils by immunohistochemistry in the airways of post-mortem cases of fatal asthma. Clin Exp Allergy
1993;23:919-25.
64. Kepley CL, McFeeley PJ, Oliver JM, Lipscomb MF. Immunohistochemical detection of human basophils in postmortem cases of fatal
asthma. Am J Respir Crit Care Med 2001;164:1053-8.
65. Koshino T, Arai Y, Miyamoto Y, Sano Y, Itami M, Teshima S, et al. Airway basophil and mast cell density in patients with bronchial asthma:
relationship to bronchial hyperresponsiveness. J Asthma 1996;33:89-95.
66. Macfarlane AJ, Kon OM, Smith SJ, Zeibecoglou K, Khan LN, Barata
LT, et al. Basophils, eosinophils, and mast cells in atopic and nonatopic
asthma and in late-phase allergic reactions in the lung and skin. J Allergy Clin Immunol 2000;105:99-107.
67. Guo CB, Liu MC, Galli SJ, Bochner BS, Kagey-Sobotka A, Lichtenstein LM. Identification of IgE-bearing cells in the late-phase response
to antigen in the lung as basophils. Am J Respir Cell Mol Biol
1994;10:384-90.
68. Beasley R, Roche WR, Roberts JA, Holgate ST. Cellular events in the
bronchi in mild asthma and after bronchial provocation. Am Rev Respir
Dis 1989;139:806-17.
69. MacGlashan DJ, White JM, Huang SK, Ono SJ, Schroeder JT, Lichtenstein LM. Secretion of IL-4 from human basophils: the relationship
between IL-4 mRNA and protein in resting and stimulated basophils. J
Immunol 1994;152:3006-16.
70. Li H, Sim TC, Alam R. IL-13 released by and localized in human
basophils. J Immunol 1996;156:4833-8.
71. Schroeder JT, Kagey-Sobotka A, MacGlashan DW, Lichtenstein LM.
The interaction of cytokines with human basophils and mast cells. Int
Arch Allergy Immunol 1995;107:79-81.
72. Eschenbacher WL, Gravelyn TR. A technique for isolated airway segment lavage. Chest 1987;92:105-9.
73. Liu MC, Proud D, Schleimer RP, Plaut M. Human lung macrophages
enhance and inhibit lymphocyte proliferation. J Immunol
1984;132:2895-903.
74. Langhoff E, Steinman RM. Clonal expansion of human T lymphocytes
initiated by dendritic cells. J Exp Med 1989;169:315-20.
75. Melewicz FM, Kline LE, Cohen AB, Spiegelberg HL. Characterization
of Fc receptors for IgE on human alveolar macrophages. Clin Exp
Immunol 1982;49:364-70.
76. Williams J, Johnson S, Mascali JJ, Smith H, Rosenwasser LJ, Borish L.
Regulation of low affinity IgE receptor (CD23) expression on mononuclear phagocytes in normal and asthmatic subjects. J Immunol
1992;149:2823-9.
77. Tonnel AB, Joseph M, Gosset P, Fournier E, Capron A. Stimulation of
alveolar macrophages in asthmatic patients after local provocation test.
Lancet 1983;1:1406-8.
78. Fuller RW, Morris PK, Richmond R, Sykes D, Varndell IM, Kemeny
DM, et al. Immunoglobulin E–dependent stimulation of human alveolar
macrophages: significance in type 1 hypersensitivity. Clin Exp Immunol
1986;65:416-26.
79. Rankin JA. The contribution of alveolar macrophages to hyperreactive
airway disease. J Allergy Clin Immunol 1989;83:722-9.
80. Fuller RW. The role of the alveolar macrophage in asthma. Respir Med
1989;83:177-8.
81. Joseph M, Tonnel AB, Capron A, Voisin C. Enzyme release and superoxide anion production by human alveolar macrophages stimulated with
immunoglobulin E. Clin Exp Immunol 1980;40:416-22.
82. MacDermot J, Kelsey CR, Waddell KA, Richmond R, Knight RK, Cole
PJ, et al. Synthesis of leukotriene B4, and prostanoids by human alveolar macrophages: analysis by gas chromatography/mass spectrometry.
Prostaglandins 1984;27:163-79.
83. Arnoux B, Duval D, Benveniste J. Release of platelet-activating factor
(PAF-acether) from alveolar macrophages by the calcium ionophore
A23187 and phagocytosis. Eur J Clin Invest 1980;10:437-41.
84. Gosset P, Tsicopoulos A, Wallaert B, Joseph M, Capron A, Tonnel AB.
Tumor necrosis factor alpha and interleukin-6 production by human
mononuclear phagocytes from allergic asthmatics after IgE-dependent
stimulation. Am Rev Respir Dis 1992;146:768-74.

S16 Hamid et al

85. Liu MC, Proud D, Lichtenstein LM, MacGlashan DW, Schleimer RP,
Adkinson NF, et al. Human lung macrophage-derived histamine-releasing
activity is due to IgE-dependent factors. J Immunol 1986;136:2588-95.
86. MacDonald SM, Lichtenstein LM, Proud D, Plaut M, Naclerio RM,
MacGlashan DW, et al. Studies of IgE-dependent histamine releasing
factors: heterogeneity of IgE. J Immunol 1987;139:506-12.
87. MacDonald SM, Rafnar T, Langdon J, Lichtenstein LM. Molecular
identification of an IgE-dependent histamine-releasing factor. Science
1995;269:688-90.
88. Fahy JV, Fleming HE, Wong HH, Liu JT, Su JQ, Reimann J, et al. The
effect of an anti-IgE monoclonal antibody on the early- and late-phase
responses to allergen inhalation in asthmatic subjects. Am J Respir Crit
Care Med 1997;155:1828-34.
89. Boulet LP, Chapman KR, Cote J, Kalra S, Bhagat R, Swystun VA, et al.
Inhibitory effects of an anti-IgE antibody E25 on allergen-induced early
asthmatic response. Am J Respir Crit Care Med 1997;155:1835-40.
90. Roquet A, Dahlen B, Kumlin M, Ihre E, Anstren G, Binks S, et al. Combined antagonism of leukotrienes and histamine produces predominant
inhibition of allergen-induced early and late phase airway obstruction in
asthmatics. Am J Respir Crit Care Med 1997;155:1856-63.
91. Peebles RS, Permutt S, Togias A. Rapid reversibility of the allergeninduced pulmonary late-phase reaction by an intravenous beta2-agonist.
J Appl Physiol 1998;84:1500-5.
92. Kane GC, Pollice M, Kim CJ, Cohn J, Dworski RT, Murray JJ, et al. A
controlled trial of the effect of the 5-lipoxygenase inhibitor, zileuton, on
lung inflammation produced by segmental antigen challenge in human
beings. J Allergy Clin Immunol 1996;97:646-54.
93. Calhoun WJ, Lavins BJ, Minkwitz MC, Evans R, Gleich GJ, Cohn J.
Effect of zafirlukast (Accolate) on cellular mediators of inflammation:
bronchoalveolar lavage fluid findings after segmental antigen challenge.
Am J Respir Crit Care Med 1998;157:1381-9.
94. Hasday JD, Meltzer SS, Moore WC, Wisniewski P, Hebel JR, Lanni C,
et al. Anti-inflammatory effects of zileuton in a subpopulation of allergic asthmatics. Am J Respir Crit Care Med 2000;161:1229-36.
95. Dworski R, Fitzgerald GA, Oates JA, Sheller JR. Effect of oral prednisone on airway inflammatory mediators in atopic asthma. Am J Respir
Crit Care Med 1994;149:953-9.
96. Liu MC, Proud D, Lichtenstein LM, Hubbard WC, Bochner BS, Stealey
BA, et al. Effects of prednisone on the cellular responses and release of
cytokines and mediators after segmental allergen challenge of asthmatic subjects. J Allergy Clin Immunol 2001;108:29-38.
97. Schleimer RP, Sterbinsky SA, Kaiser J, Bickel CA, Klunk DA, Tomioka K, et al. IL-4 induces adherence of human eosinophils and basophils
but not neutrophils to endothelium: association with expression of
VCAM-1. J Immunol 1992;148:1086-92.
98. Bochner BS, Klunk DA, Sterbinsky SA, Coffman RL, Schleimer RP.
IL-13 selectively induces vascular cell adhesion molecule-1 expression
in human endothelial cells. J Immunol 1995;154:799-803.
99. Dzionek A, Fuchs A, Schmidt P, Cremer S, Zysk M, Miltenyi S, et al.
BDCA-2, BDCA-3, and BDCA-4: three markers for distinct subsets of
dendritic cells in human peripheral blood. J Immunol 2000;165:6037-46.
100. Laitinen LA, Laitinen A, Haahtela T, Vilkka V, Spur BW, Lee TH.
Leukotriene E4 and granulocytic infiltration into asthmatic airways.
Lancet 1993;341:989-90.
101. Gauvreau GM, Parameswaran KN, Watson RM, O’Byrne PM. Inhaled
leukotriene E(4), but not leukotriene D(4), increased airway inflammatory cells in subjects with atopic asthma. Am J Respir Crit Care Med
2001;164:1495-500.
102. Corrigan CJ, Kay AB. T cells and eosinophils in the pathogenesis of
asthma. Immunol Today 1992;13:501-7.
103. Gleich GJ, Adolphson CR. The eosinophilic leukocyte: structure and
function. Adv Immunol 1986;39:177-253.
104. Wardlaw AJ, Moqbel R, Kay AB. Eosinophils: biology and role in disease. Adv Immunol 1995;60:151-266.
105. Lopez AF, Sanderson CJ, Gamble JR, Campbell HD, Young IG, Vadas
MA. Recombinant human interleukin 5 is a selective activator of human
eosinophil function. J Exp Med 1988;167:219-24.
106. Rothenberg ME, Owen WF, Silberstein DS, Woods J, Soberman RJ,
Austen KF, et al. Human eosinophils have prolonged survival, enhanced
functional properties, and become hypodense when exposed to human
interleukin 3. J Clin Invest 1988;81:1986-92.
107. Samuelsson B, Dahlen SE, Lindgren JA, Rouzer CA, Serhan CN.

J ALLERGY CLIN IMMUNOL
JANUARY 2003

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.
120.

121.
122.

123.

124.

125.

126.
127.

128.

129.

Leukotrienes and lipoxins: structures, biosynthesis, and biological
effects. Science 1987;237:1171-6.
Weller PF, Lee CW, Foster DW, Corey EJ, Austen KF, Lewis RA. Generation and metabolism of 5-lipoxygenase pathway leukotrienes by
human eosinophils: predominant production of leukotriene C4. Proc
Natl Acad Sci U S A 1983;80:7626-30.
Aizawa T, Tamura G, Ohtsu H, Takishima T. Eosinophil and neutrophil
production of leukotriene C4 and B4: comparison of cells from asthmatic subjects and healthy donors. Ann Allergy 1990;64:287-92.
Kohi F, Miyagawa H, Agrawal DK, Bewtra AK, Townley RG. Generation of leukotriene B4 and C4 from granulocytes of normal controls,
allergic rhinitis, and asthmatic subjects. Ann Allergy 1990;65:228-32.
Rothenberg ME, Owen WF, Silberstein DS, Soberman RJ, Austen KF,
Stevens RL. Eosinophils cocultured with endothelial cells have
increased survival and functional properties. Science 1987;237:645-7.
Roubin R, Elsas PP, Fiers W, Dessein AJ. Recombinant human tumour
necrosis factor (rTNF)2 enhances leukotriene biosynthesis in neutrophils and eosinophils stimulated with the Ca2+ ionophore A23187.
Clin Exp Immunol 1987;70:484-90.
Drazen JM, O’Brien J, Sparrow D, Weiss ST, Martins MA, Israel E, et
al. Recovery of leukotriene E4 from the urine of patients with airway
obstruction. Am Rev Respir Dis 1992;146:104-8.
Lewis RA, Austen KF, Soberman RJ. Leukotrienes and other products
of the 5-lipoxygenase pathway: biochemistry and relation to pathobiology in human diseases. N Engl J Med 1990;323:645-55.
Virchow JC, Faehndrich S, Nassenstein C, Bock S, Matthys H,
Luttmann W. Effect of a specific cysteinyl leukotriene-receptor 1-antagonist (montelukast) on the transmigration of eosinophils across human
umbilical vein endothelial cells. Clin Exp Allergy 2001;31:836-44.
Coleman RA, Eglen RM, Jones RL, Narumiya S, Shimizu T, Smith WL,
et al. Prostanoid and leukotriene receptors: a progress report from the
IUPHAR working parties on classification and nomenclature. Adv
Prostaglandin Thromboxane Leukot Res 1995;23:283-5.
Labat C, Ortiz JL, Norel X, Gorenne I, Verley J, Abram TS, et al. A second cysteinyl leukotriene receptor in human lung. J Pharmacol Exp Ther
1992;263:800-5.
Heise CE, O’Dowd BF, Figueroa DJ, Sawyer N, Nguyen T, Im DS, et
al. Characterization of the human cysteinyl leukotriene 2 receptor. J Biol
Chem 2000;275:30531-6.
Busse WW. The role of leukotrienes in asthma and allergic rhinitis. Clin
Exp Allergy 1996;26:868-79.
Sorkness CA. The use of 5-lipoxygenase inhibitors and leukotriene
receptor antagonists in the treatment of chronic asthma. Pharmacotherapy 1997;17(1 Pt 2):50S-4S.
Gorenne I, Norel X, Brink C. Cysteinyl leukotriene receptors in the
human lung: what’s new? Trends Pharmacol Sci 1996;17:342-5.
Leff JA, Busse WW, Pearlman D, Bronsky EA, Kemp J, Hendeles L, et
al. Montelukast, a leukotriene-receptor antagonist, for the treatment of
mild asthma and exercise-induced bronchoconstriction. N Engl J Med
1998;339:147-52.
Noonan MJ, Chervinsky P, Brandon M, Zhang J, Kundu S, McBurney
J, et al. Montelukast, a potent leukotriene receptor antagonist, causes
dose-related improvements in chronic asthma. Montelukast Asthma
Study Group. Eur Respir J 1998;11:1232-9.
Adkins JC, Brogden RN. Zafirlukast: a review of its pharmacology and
therapeutic potential in the management of asthma. Drugs 1998;
55:121-44.
Barnes NC, de Jong B, Miyamoto T. Worldwide clinical experience with
the first marketed leukotriene receptor antagonist. Chest 1997;111(2
Suppl):52S-60S.
O’Byrne PM. Asthma treatment: antileukotriene drugs. Can Respir J
1998;5 Suppl A:64A-70A.
Leckie MJ, ten Brinke A, Khan J, Diamant Z, O’Connor BJ, Walls CM,
et al. Effects of an interleukin-5 blocking monoclonal antibody on
eosinophils, airway hyper-responsiveness, and the late asthmatic
response. Lancet 2000;356:2144-8.
Reiss TF, Chervinsky P, Dockhorn RJ, Shingo S, Seidenberg B,
Edwards TB. Montelukast, a once-daily leukotriene receptor antagonist,
in the treatment of chronic asthma: a multicenter, randomized, doubleblind trial. Montelukast Clinical Research Study Group. Arch Intern
Med 1998;158:1213-20.
Leff J, Bouler LB, Weinland DB, Hendeles L, Hargreave FE. Effect of

J ALLERGY CLIN IMMUNOL
VOLUME 111, NUMBER 1

130.

131.

132.

133.

134.

135.

montelukast (MK-0476) on airway eosinophilic inflammation in mildly
uncontrolled asthma: a randomized placebo-controlled trial [abstract].
Am J Respir Crit Care Med 1997;155:A977.
Ihaku D, Cameron L, Suzuki M, Molet S, Martin J, Hamid Q. Montelukast, a leukotriene receptor antagonist, inhibits the late airway
response to antigen, airway eosinophilia, and IL-5–expressing cells in
brown Norway rats. J Allergy Clin Immunol 1999;104:1147-54.
Denburg JA, Wood L, Gauvreau G, Sehmi R, Inman MD, O’Byrne PM.
Bone marrow contribution to eosinophilic inflammation. Mem Inst
Oswaldo Cruz 1997;92:33-5.
Nagy L, Lee TH, Goetzl EJ, Pickett WC, Kay AB. Complement receptor enhancement and chemotaxis of human neutrophils and eosinophils
by leukotrienes and other lipoxygenase products. Clin Exp Immunol
1982;47:541-7.
Payan DG, Goodman DW, Goetzl EJ. Biochemical and cellular characterization of the regulation of human leukocyte function by lipoxygenase products of arachidonic acid. In: Charkin LW, Bailey DM, editors.
The leukotrienes: chemistry and biology. New York: Academic Press;
1984. p. 231-45.
Moqbel R, Sass-Kuhn SP, Goetzl EJ, Kay AB. Enhancement of neutrophil- and eosinophil-mediated complement-dependent killing of
schistosomula of Schistosoma mansoni in vitro by leukotriene B4. Clin
Exp Immunol 1983;52:519-27.
Luster AD, Rothenberg ME. Role of the monocyte chemoattractant protein and eotaxin subfamily of chemokines in allergic inflammation. J
Leukoc Biol 1997;62:620-33.

Hamid et al S17

136. Humbert M, Ying S, Corrigan C, Menz G, Barkans J, Pfister R, et al.
Bronchial mucosal expression of the genes encoding chemokines
RANTES and MCP-3 in symptomatic atopic and nonatopic asthmatics:
relationship to the eosinophil-active cytokines interleukin (IL)-5, granulocyte macrophage-colony-stimulating factor, and IL-3. Am J Respir
Cell Mol Biol 1997;16:1-8.
137. Taha RA, Minshall EM, Miotto D, Shimbara A, Luster A, Hogg JC, et
al. Eotaxin and monocyte chemotactic protein-4 mRNA expression in
small airways of asthmatic and nonasthmatic individuals. J Allergy Clin
Immunol 1999;103:476-83.
138. Center DM, Kornfeld H, Cruikshank WW. Interleukin-16. Int J
Biochem Cell Biol 1997;29:1231-4.
139. Lim KG, Wan HC, Bozza PT, Resnick MB, Wong DT, Cruikshank WW,
et al. Human eosinophils elaborate the lymphocyte chemoattractants.
IL-16 (lymphocyte chemoattractant factor) and RANTES. J Immunol
1996;156:2566-70.
140. Laberge S, Ernst P, Ghaffar O, Cruikshank WW, Kornfeld H, Center DM,
et al. Increased expression of interleukin-16 in bronchial mucosa of subjects with atopic asthma. Am J Respir Cell Mol Biol 1997;17:193-202.
141. Tohda Y, Nakahara H, Kubo H, Haraguchi R, Fukuoka M, Nakajima S.
Effects of ONO-1078 (pranlukast) on cytokine production in peripheral
blood mononuclear cells of patients with bronchial asthma. Clin Exp
Allergy 1999;29:1532-6.

