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Abstract

Asthma is the most common chronic inflammatory disorder of the airways among children. It is a complex clinical disease characterized by
airway obstruction, airway inflammation and airway hyperresponsiveness to a variety of stimuli. The development of allergic asthma exists
of three phases, namely the induction phase, the early-phase asthmatic reaction (EAR) and the late-phase asthmatic reaction (LAR). Each
phase is characterized by the production and interplay of various cell-derived mediators. In the induction phase, T helper cytokines are impor-
tant in the development of asthma. Most important mediators in the EAR are preformed mediators, newly synthesized lipid mediators and
cytokines that are produced by mast cells. During the LAR, inflammatory molecules are produced by various cell types, such as eosinophils,
neutrophils, T cells, macrophages, dendritic cells, and structural cells. Chronical inflammation leads to structural changes of the airway archi-
tecture. In this review, the most important mediators involved in the induction phase, the early-phase and late-phase asthmatic reaction are
discussed.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction 2005. The exact cause of asthma remains uncertain. Several
factors will influence the disease, for example genetic factors

The prevalence of asthma in children has dramatically (e.g. a history of asthma in the family, atopy), environmental
increased in the last decades all over the world [1]. Accord- factors (e.g. air pollution, occupational exposure, viral infec-
ing to the World Health Organization (WHO), 300 million  tions, allergen exposure) and life style factors (e.g. smoking
people suffer from asthma and 255,000 died of asthma in  habits, food). In susceptible individuals, asthma causes recur-
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rent episodes of wheezing, breathlessness, chest tightness and
cough [2]. Crucial in the development of airway inflamma-
tion in allergic asthma is the allergic cascade. Inhaled allergens
that escape the mucociliary clearance are taken up and pro-
cessed by antigen presenting cells (APCs), which are distributed
throughout the respiratory tract, from the nasal mucosa to the
lung pleura. These APCs then migrate to the draining lymph
nodes where the processed allergen is presented to allergen-
specific T and B cells [3]. Interactions between those cells
elicit responses that are characterized and influenced by secreted
cytokines and the presence or absence of cell-bound costimu-
latory molecules. Activation of T helper (Th) cells by APCs
leads to the production of cytokines that regulate the iso-
type switch of B cells in their production of immunoglobulin
(Ig) E [4]. Once synthesized, IgE antibodies circulate in the
blood before binding to the high-affinity IgE receptor FceRI
that is present on mast cells in tissue or on peripheral blood
basophils. After re-exposure, allergens cross-link to mast cell-
bound specific IgE, thus causing the activation of membrane
and cytosolic pathways, which subsequently trigger the release
of preformed mediators, such as histamine, the synthesis of
prostaglandins (PGs) and leukotrienes (LTs), and the transcrip-
tion of cytokines by mast cells [5]. These mediators cause the
so-called early-phase asthmatic reaction (EAR), which is char-
acterized by constriction of airway smooth muscle (ASM) cells,
vascular leakage, mucus production, enhanced airway hyper-
responsiveness (AHR) and recruitment of inflammatory cells
[6]. This EAR is immediate, lasting 30-60 min and 4-6 h later
followed by the late-phase asthmatic reaction (LAR) [7]. The
late-phase is characterized by excessive inflammation of the
airways, resulting in structural changes, including airway wall
thickening, subepithelial fibrosis, goblet cell hyperplasia, myofi-
broblast hyperplasia, ASM cell hyperplasia and hypertrophy,
and epithelial hypertrophy [8,9]. This is collectively known as
airway remodeling.

Table 1

Research has focused on mechanisms of airway inflamma-
tion, regulation of these processes, and translation of these events
into altered lung function. The use of animal models, in vitro
tests, human allergen challenge studies, and biopsy and lavage
studies that generate human samples for ex vivo analysis, contin-
ues to expand our understanding of the role of various mediators,
inflammatory molecules, and cellular and physiologic changes
associated with allergic disorders [10]. Recent research focuses
specifically on early markers for respiratory diseases using
preferably non-invasive techniques such as exhaled breath con-
densate (EBC).

Molecular changes that occur in asthmatic lungs will be
focussed on in this review. Special attention will be paid to
cytokines and chemokines that are involved in asthma against
the background of molecules that play an important role in nor-
mal lung physiology. A summary of the mediators discussed can
be found in Table 1. These mediators offer the possibility to be
used as diagnostic biomarkers. Potential markers measured in
EBC are summarized in Table 2.

2. Induction of the allergic reaction

During the induction phase, allergens enter the airways, are
processed by APCs, and are brought to the lymph nodes. Here,
they are presented to T and B cells. Activation of Th cells
leads to the production of various cytokines, such as interleukin
(IL)-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12, IL-13, IL-18,
interferon (IFN)-y, tumor necrosis factor (TNF)-«, TNF- and
granulocyte macrophage colony stimulating factor (GM-CSF).
Of these, IL-4, IL-5, IL-9 and IL-13 are the most important in
the development of asthma [11]. IL-4 and IL-13 play a role in
isotope switching to IgE production. Together with IL-9, they
are also important in mast cell development, mucus overproduc-
tion and AHR. IL-5 is the most important cytokine in eosinophil
accumulation. In studies with EBC, sputum, bronchoalveolar

Summary of mediators released by the various cell types that are involved in the early and late asthmatic reaction. Abbreviations are explained throughout the text

Cell source Released mediators

Induction phase

T cells Cytokines (IL-4, IL-5, IL-9, IL-13)

Early asthmatic reaction
Mast cells

Histamine; proteases (tryptase, chymase, carboxypeptidase); proteoglycans (heparin, chondroitin sulphate E);

prostaglandins (PGD2); leukotrienes (LTC4); cytokines (TNF-a, IL-3, IL-4, IL-5, IL-6, IL-8, IL-16, GM-CSF);

chemokines (CCL2, CCL3, CCL11)
Basophils

Late asthmatic reaction

Histamine; leukotrienes (cys-LTs: LTC4, LTD4, LTE4); cytokines (IL-4, IL-13)

MBP; ECP; EDN; EP; leukotrienes (cys-LTs: LTC4, LTD4, LTE4); cytokines (IL-1, IL-2, IL-3, IL-4, IL-5, IL-6, IL-10,

Leukotrienes (LTA4, LTB4); PAF; TXA2; cytokines (IL-13, IL-6, TNF-a, TGF-B); chemokine (CXCL38); proteases

(elastase, collagenase, gelatinase B); microbicidal products (lactoferrin, myeloperoxidase, lysozyme); reactive oxygen

Eosinophils

IL-11, IL-12, TNF-a, TGF-«, TGF-B, GM-CSF); chemokines (CXCL8, CCL3, CCL5)
Neutrophils

intermediates (superoxide, hydrogen peroxide); NO
T cells Cytokines (IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-13, GM-CSF); chemokines (CCL1, CCL22)
Macrophages Cytokines (IL-1, IL-6, IFN-y, TNF-a); chemokines (CXCL3Y); lipids; PAF; ROS; NO
Dendritic cells Chemokines (CCL2, CCL3, CCL4, CCL17, CCL22, CXCLS)
Endothelial cells ICAM-1, ICAM-2; PECAM-1; VCAM-1,; selectins (E-selectin, P-selectin)

Airway smooth muscle cells
Bronchial epithelial cells

Chemokines (CCLS, CCL7, CCL11, CCL13, CXCLB8); cytokines (GM-CSF, IL-6); prostaglandins (PGE2); ECM proteins
Cytokines (IL-6, GM-CSF); chemokines (CCL11, CCL17, CCL22, CXCL1, CXCL6, CXCLS8); ICAM-1
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Table 2
Overview of molecules measured in EBC both in asthma and in healthy controls
Molecule Asthma References
1L-4 4 [12-14]
IL-5 4 [190]
IL-8 4 [14]
1L-17 4 [14]
TNF-a 4 [14]
TGF-B 4 [14]
IFN-y 1 [12]
CCL3 4 [14]
CCL4 4 [14]
CCL5 4 [14]
CCL11 = [191]
1 [192]
CCL17 N [191]
CCL22 + [191,192]
PDGF 4 [13]
8-Isoprostane 4 [174-176,184,185,193]
PGE2 4 [173]
LTB4 4 [173,181,184,185]
LTD4 4 [181]
LTE4 4 [173,181]
Cys-LT 4 [174,176,193]

1: A higher concentration of the molecule is present in EBC of asthmatic patients
compared to controls; |,: the concentration of this molecule is decreased in EBC
from asthmatics; =: the molecule is present in equal amounts in the EBC of
asthmatic patients and healthy controls.

lavage (BAL) fluid, and bronchial biopsy specimens, elevated
levels of IL-4 [12-15], IL-5 [16], and IL-9 [17] were found in
asthmatic airways, compared to control subjects.

3. Early-phase asthmatic reaction
3.1. Mast cells

The most crucial cell type in the EAR are mast cells [ 18]. Mast
cells are involved in the pathophysiology of asthma through their
capacity to secrete a wide variety of mediators after activation
by allergens. Re-exposure to a previously met allergen leads to
its binding on IgE antibodies that are attached to mast cell FceRI
receptors. This causes cross-linking of FceRI receptors, where-
upon mast cells degranulate and synthesize pro-inflammatory
molecules [19,20]. Mediators produced by mast cells can be
divided into preformed mediators (e.g. histamine), newly syn-
thesized lipid mediators (e.g. PGs and LTs), and cytokines and
growth factors (e.g. TNF-a, vascular endothelial growth factor
(VEGF)) [21].

3.1.1. Preformed mediators

Preformed mediators are packaged within secretory gran-
ules in the mast cell and, on activation, are released into the
extracellular environment within minutes. Principal granule con-
stituents include histamine, proteases (tryptase, chymase, and
carboxypeptidase) and proteoglycans (heparin and chondroitin
sulphate E). Histamine exerts effects on smooth muscle cells
(contraction), endothelial cells, venule permeability, nerve end-
ings, and mucus secretion [21]. The function of tryptase in vivo
is unknown, but in vitro it can cleave complement C3 and C3a,

activate fibroblasts, promote accumulation of inflammatory cells
[21] and potentiate histamine-induced smooth muscle contrac-
tion [22]. Tryptase is used as a marker of mast cell degranulation.
Increased concentrations of this protease have been found in
BAL fluid in asthma patients [23]. Chymase has a procollagen
proteinase activity and is probably directly toxic to the airway
cells [24]. It can possibly also lead to mucus secretion. Other
mast cell proteases likely contribute to activation of protein
cascades and inflict local tissue damage [25].

3.1.2. Lipid mediators

Lipid mediators include PGs and LTs, inflammatory metabo-
lites derived from the peroxidation of arachidonic acid. Some
of these, such as PGD2 and LTC4, may be newly produced
after mast cell activation. These molecules have various effects
in the asthmatic airway, e.g. recruitment of inflammatory cells,
bronchoconstriction and mucus secretion. These molecules are
discussed in more detail later in this review.

3.1.3. Cytokines

Mast cells play a role in more persistent or chronic
inflammatory responses through the release of multifunctional
cytokines. TNF-a is a major cytokine produced by mast cells;
it upregulates endothelial and epithelial adhesion molecules,
increases AHR, and has antitumor effects. In an asthma
model in mice, TNF-a contributes significantly to allergic
inflammation and AHR, possibly by enhancing lymphocyte
recruitment and T helper 2 (Th2) cytokine production [26].
Higher TNF-a concentrations were found in EBC from
asthmatics compared to healthy controls [14]. Other cytokines
produced by mast cells include IL-4, which is associated with
Th2 cell differentiation and IgE synthesis, IL-3, GM-CSF,
and IL-5, which are critical for eosinophil development and
survival, and IL-6, CXC-chemokine ligand (CXCL) 8 (IL-8),
and IL-16. Mast cells also secrete the profibrogenic cytokines
tumor growth factor (TGF)-3 and basic fibroblast growth factor
(bFGF) 2 [27]. Moreover, they produce chemokines, such as
CC-chemokine ligand (CCL) 3 (macrophage inflammatory
protein (MIP)-1a) [28], which has the ability to stimulate
histamine release from mast cells and basophils [29], and
CCL2 (monocyte chemotactic protein (MCP)-1), and CCL11
(eotaxin-1), which are involved in leukocyte attraction during
inflammation. Increased levels of CCL2 and CCL3 have been
reported in BAL fluid of asthmatics [30-32]. This connects
mast cell degranulation with the LAR in asthma.

3.2. Basophils

Beside mast cells, basophils also express the IgE receptor
FceRI and degranulate after re-exposure to allergen. Mediators,
such as CC-chemokines (CCL11, CCL24 (eotaxin-2), CCL26
(eotaxin-3), CCL7 (MCP-3), CCL13 (MCP-4) and CCL5 (reg-
ulated upon activation, normal T-cell expressed, and secreted,
RANTES)), formylmethionine-leucine-phenylalanine, IL-3,
IL-5, GM-CSF, and histamine-releasing factor, potentiate FceRI
effects [28], leading to basophil mediator release. In addition to
stimulating release of histamine and LTC4, CCL11 and CCL24
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are also chemoattractant for basophils [33]. Complement C3a
and C5a activate basophils through specific receptors. CXCL8
can induce a respiratory burst with the release of histamine
and cysteinyl LTs (cys-LTs) [34] from human basophils, with
enhanced release after IL-3, IL-5, or GM-CSF pretreatment
[35,36]. Basophils produce a spectrum of mediators, including
histamine, eicosanoids, LTs, IL-4, and IL-13 [37,38]. They
are a dominant and rapid source of IL-4 in human systems
[39] and express a variety of cytokine receptors (IL-3 receptor
(IL-3R), IL-5R, and GM-CSFR), CC-chemokine receptors
(CCR2 and CCR3), complement receptors (CD11b, CDllc,
CD35, and CD88), Ig Fc-receptors (FceRI and FcyRII), and
chemoattractant receptor homologous molecule expressed on
Th2 cells (CRTH2, a high affinity receptor for PGD2) [28,40].
The cytokines released are most important in the later phase of
asthma.

4. Late-phase asthmatic reaction

The late-phase of the asthmatic reaction is characterized by
excessive inflammation of the airways resulting in structural
changes induced by various mediators derived from inflamma-
tory cells, like eosinophils, neutrophils, T cells, macrophages,
dendritic cells (DCs), endothelial cells, airway smooth muscle
cells (ASM) and bronchial epithelial cells (BECs) [8]. The role
of several chemokines is thereby firmly established [41—43].

4.1. Eosinophils

Eosinophils are the central effector cells in ongoing airway
inflammation. They can be primed by a number of factors,
including IL-3, IL-5, GM-CSF, CC-chemokines (CCL2, CCL3,
CCL5, CCL7, CCL8 (MCP-2), CCL11, CCL13), and platelet
activating factor (PAF), resulting in inflammatory mediator
release [28,44], such as major basic protein (MBP), eosinophil
cationic protein (ECP), eosinophil-derived neurotoxin (EDN),
and eosinophil peroxidase (EP) [7,25]. Together, this quartet
can inflict substantial damage to airway endothelial cells, extra-
cellular matrix (ECM), and neurons: exposure of nerve endings
to airway lumina may account for AHR, ASM cell contraction
and increased vascular permeability on subsequent exposures
to specific antigens or generalized irritants, ultimately leading
to the recruitment of more eosinophils and Th2 cells to the air-
ways [45]. Eosinophil mediator secretion in asthma has been
confirmed by BAL fluid analysis, which shows increased con-
centrations of granule-derived basic proteins [23]. ECP release
is higher in sputum obtained from untreated asthma compared
to treated asthma patients [46]. ECP is presently the most
widely used clinical marker of eosinophil activity in asthma.
The mechanism of action of ECP is due to its cytotoxic capac-
ity to create pores in cell membranes. It has been shown to
have cytotoxic effects against bacteria, parasites, viruses and
respiratory epithelial cells. ECP also stimulates mucus produc-
tion in airways and histamine release by basophils and mast
cells in vitro [47,48]. Eosinophils are also a major source of
cys-LTs, particularly LTC4 as a potent pro-inflammatory medi-
ator, bronchoconstrictor, and inducer of glandular secretion.

Several cytokines are released by eosinophils, including some
that are stimulatory to eosinophil proliferation and enhance
their adhesion to endothelium, such as IL-1, IL-2, IL-3, IL-
4, IL-5, IL-6, CXCLS, IL-10, IL-11, IL-12, GM-CSF, CCL3
and CCLS5, TNF-a, TGF-3, TGF-a. Hence, they may promote
eosinophil recruitment and activation through autocrine mech-
anisms. Eosinophils contribute to airway remodeling, possibly
through the elaboration of TGF-{3, and to mucus production and
hyperreactivity [49,50].

Eosinophils involved in the inflammatory response produce
large amounts of free radicals, such as superoxide and per-
oxynitrite [51]. They also express an array of cell-surface
molecules, including cytokine receptors (IL-3R, IL-5R, and
GM-CSFR), chemokine receptors (CCR1 and CCR3), FcyRII
(CD32), FcaRI (secretory IgA), complement receptors (C3aR,
CDS88, and CD35), and adhesion molecules (very late anti-
gen 4 and o437 integrin). Eosinophil expression of FceRI is
minimal and is of unclear functional significance [28]. Once
established, the repetitive cycle of tissue damage and inflam-
matory cell recruitment becomes chronic. Even in the absence
of sustained allergen, the chronic inflammation persists [51].
Eosinophil level in sputum is associated with the degree of
chronic airway obstruction [52].

4.2. Neutrophils

Beside eosinophils, neutrophils also have an important role in
the LAR. They can produce a wide range of products, including
lipids (LTA4, LTB4, PAF, thromboxane (TX) A2), cytokines
(IL-1B, IL-6, TNF-a, TGF-B, CXCLS), proteases (elastase,
collagenase, matrix metalloproteinase (MMP) 9), microbici-
dal products (lactoferrin, myeloperoxidase, lysozyme), reactive
oxygen intermediates (superoxide, hydrogen peroxide, OH™)
and nitric oxide (NO). Neutrophil products can cause air-
way narrowing, increased mucus secretion and increased ASM
responsiveness [53]. Elastase in particular has an extensive range
of actions. It breaks down not only elastin, but also collagen-
3, promotes the formation of collagen-4, proteolyses surfactant
proteins and activates MMPs. On the epithelium, elastase
enhances mucus secretion and reduces ciliary beat frequency.
Elastase may also release CXCLS8 and possibly other cytokines
from the airway epithelium. Elastase damages the endothelium
by increasing its permeability and promoting apoptosis, and it
activates mast cells and eosinophils [54]. Although CXCLS is
produced by a large number of cells, the neutrophil is the main
airway lumenal cell containing CXCLS, suggesting autocrine
secretion of CXCLS in persistent asthma [53]. Levels of CXCLS8
have been observed to be increased in non-eosinophilic asthma
and correlate with neutrophil numbers. EBC and BAL concen-
trations of CXCLS are higher in asthmatics compared to controls
[14]. Presence of neutrophils and the neutrophil chemoattractant
CXCLS are associated with severe asthma [53,55].

4.3. T cells

T cells, especially Th2 lymphocytes, are important during
the whole allergic cascade. However, a co-operative interaction
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between Th2 and Th1 cytokines is involved in the pathogenesis
of asthma. Th2 cells secrete cytokines, such as IL-3, IL-4, IL-
5, IL-6, IL-9, IL-10, IL-13 and GM-CSF, which exert a whole
range of inflammatory effects. During the induction phase, Th2
cytokines are responsible for the production of IgE. In later
stages of asthma, these cytokines are responsible for the ongo-
ing inflammation. Th1 cells secrete cytokines, such as IFN-v,
IL-2, IL-12, IL-18, TNF-a, and TNF-f. Several studies show
elevated levels of pro-inflammatory cytokines in EBC and BAL
of asthmatic patients [12,14,16].

Also chemokine production is different in Thl and Th2
lymphocytes. Thl cells produce CCLS, and Th2 cells produce
CCL1 (I-309) and CCL22 (macrophage-derived chemokine
(MDCQ)) [56]. Certain chemokines like CCL1, CCL2, CCL11,
CCL17 (thymus and activation-regulated chemokine (TARC))
and CCL22 get preferentially produced in the presence of Th2
cytokines, but also enhance and induce Th2 cytokine produc-
tion by T cells [56]. CCL11, CCL17 and CCL22, which are
Th2 cell-specific chemokines, further amplify the recruitment
of CD4* Th2 cells, thereby generating a self-sustaining pro-
inflammatory loop [29,41,43,57]. In addition, Th1 cells express
CCRS5 and CXCR3 after activation and differentiation, whereas
Th2 cells express CCR3, CCR4, CCR8 and CXCR4 [58]. Acti-
vated Th2 effector T cells express the costimulatory molecules,
such as OX40 (CD134), inducible T cell costimulator (ICOS),
CD28, and CD30 and the non-costimulatory molecule CD40L
[59]. Regulated T cells (Treg) have the capacity to suppress Th2
responses to allergen. This process may be defective in those
who develop allergic sensitization [60].

4.4. Macrophages

Macrophages play a dual role in allergic responses and
inflammation in the airways. On the one hand, macrophages
are recruited to the airways of allergic subjects following aller-
gen challenge [61]. They secrete cytokines and chemokines,
including IL-1, IFN-y, TNF-q, IL-6, CCL2, CCL3, and CXCL8
[62,63], what results in the recruitment and activation of other
inflammatory cells [64]. IL-6 is involved in macrophage differ-
entiation [65]. Their ability to secrete bioactive lipids, PAFs,
reactive oxygen species (ROS), NO and nitrates affects vas-
cular smooth muscle tone and bronchial epithelial cells, and
possibly bronchial smooth muscle tone [62]. On the other
hand, macrophages are important immunoregulators by induc-
ing a state of reversible T cell non-responsiveness during local
antigenic stimulation, which subsequently affects the allergic
response [66]. They may also inhibit allergic inflammation
through the secretion of various inhibitory mediators, including
PGE2 and IL-10. The secretion of these inhibitory mediators
may be impaired in patients with asthma [23].

4.5. Dendritic cells

Dendritic cells are involved in both allergen presentation and
the late-phase of the asthmatic cascade. Increased numbers of
DCs in asthmatic airways could be an important factor in the per-
sistence of chronic T cell-mediated allergic inflammation. Once

allergen-specific Th2 cells are drawn into the lung, repeated
allergen presentation by lung DCs may drive the persistent stim-
ulation of allergen-specific memory Th2 cells. This repeated
Th2 stimulation would be expected to exacerbate acute asthma
episodes and to perpetuate the state of chronic inflammation
that contributes to the remodeling and AHR that characterize
chronic asthma [67]. Depending on the stimulus, human DCs
are able to produce CCL2, CCL3, CCL4 (MIP-1p3), CCL17,
CCL22 and CXCLS [68]. Interestingly, production of CCR4
ligands (CCL17, CCL22) by myeloid DCs suggests that these
cells are capable of selective recruitment of Th2 cells and/or
CD4" CD25* regulatory T cells at sites of inflammation [69]. In
asthmatic patients, increased numbers of airway DCs expressing
the high affinity IgE receptor FceRI were observed [70].

4.6. Endothelial cells

Endothelial cells can express several adhesion molecules of
the immunoglobulin superfamily, such as intercellular adhesion
molecules (ICAM)-1 and -2, platelet endothelial cell adhesion
molecule-1 (PECAM)-1, vascular adhesion molecule (VCAM)-
1 and the selectin superfamily (E-selectin, P-selectin), which
leads to the recruitment of more inflammatory cells to the site
of inflammation. Corresponding ligands on leukocytes include
more than a dozen integrins and L-selectin. Expression of most
of the endothelial adhesion molecules is upregulated by certain
cytokines, including TNF-a, IFN-y, IL-1, IL-4 and IL-13, which
are released during the acute phase, suggesting that endothe-
lial changes enhance late-phase leukocyte infiltration of airway
tissue, which is characteristic of allergic reactions [71-75].
In spite of extensive data about the existence of endothelial
cell/leukocyte adhesion molecule pairs, the extent to which their
expression has an impact on the course of asthma awaits confir-
mation. Currently, expression of VCAM-1 and ICAM-1 appears
to be upregulated in persons with allergic inflammation after
allergen challenge [76—78]. The affinity of VCAM-1 for very late
activation antigen (VLA)-4, which is an integrin on eosinophils,
basophils and lymphocytes, provides a theoretic mechanism
explaining eosinophil influx in the late-phase response and an
increase in basophils that might be responsible for a late-phase
histamine release.

4.7. Airway smooth muscle cells

Human ASM cells are involved in the pathogenesis of asthma,
because these cells contribute to AHR and airway obstruc-
tion. Several chemokines are produced by human ASM cells
in vitro upon stimulation with cytokines (IL-4, IL-13, IL-1j3,
TNF-a, TGF-B and PAF), including CCL5, CCL7, CCL11,
CCL13 and CXCLS8 [79-89]. For instance, a marked increase
in CCL11 immunoreactivity in ASM was seen in an immuno-
logical study of the airways from patients with asthma [79,90].
These chemokines are involved in the recruitment of inflamma-
tory cells into the lung and promote the upregulation of adhesion
molecules on the cell surface. Furthermore, GM-CSEF, which is
an important stimulator of maturation, activation and survival
of several inflammatory cells, is produced by ASM cells when
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stimulated by a combination of IL-13 and TNF-« [88,91,92].
Bradykinin can increase IL-6, CXCL8 and PGE2 release [93].
IL-6is a pleiotropic cytokine that has both pro-inflammatory and
anti-inflammatory properties in asthma [87,94-98]. Besides the
release of inducible factors, ASM cells can generate extracellu-
lar matrix (ECM) proteins in patients with asthma. A selective
profile of matrix proteins has the potential to cause cell prolifer-
ation and contribute to airway remodeling [99]. The regulation
of ASM cell growth in vitro is controlled by growth-promoting
(e.g. platelet-derived growth factor (PDGF), bFGF and throm-
bin) and growth-inhibitory (e.g. IL-4) substances [100]. IL-13
enhances proliferation and contraction of ASM [101-103].
ASM cells in culture obtained from asthmatic patients grow at
twice the rate of those from non-asthmatic control individuals
[90].

4.8. Epithelial cells

Bronchial epithelial cells play an active role in allergic
inflammation by the secretion of pro-inflammatory mediators.
CCL22 and CCL17 are strongly upregulated on airway epithe-
lial cells, and CCL17 is increased in BAL fluid and sputum
following allergen challenge in asthmatics [104,105]. CCL17
is also upregulated in the bronchial epithelium from asthmatic
subjects compared with non-diseased subjects [106]. Epithe-
lial cells express CCL11 while its receptor, CCR3, is highly
expressed on eosinophils among others. Moreover, expression
of both molecules is increased in asthmatics [107]. Besides
chemokines, BECs from atopic asthmatics produce higher lev-
els of cytokines, such as GM-CSF, IL-6 or CXCLS, and express
more ICAM-1 (CD54), compared to non-asthmatics [108]. Free
CXCLS is present in the sera and bronchial tissue of subjects
with severe atopic asthma, but not in samples from normal
subjects or patients with mild atopic asthma, suggesting that
CXCL8 may be a marker of severe asthma [35]. [L-17 induces
the release of CXCL1 (growth-regulated oncogene (GRO-w)),
CXCL6 (granulocyte chemotactic protein (GCP-2)) and CXCL8
from human BECs [109].

5. Airway remodeling

Ongoing inflammation may result in structural remodeling:
wall thickening, subepithelial fibrosis, metaplasia, hypertrophy
and hyperplasia of airway cells, cartilage breakdown, and angio-
genesis [90,110,111]. Progress is being made in understanding
the mechanisms of remodeling in which many asthma-related
molecules are potently involved. Below, the most prominent
mediators of airway remodeling are summarized.

5.1. Matrix metalloproteinases

Connective tissue cells produce and secrete an array of macro-
molecules forming a complex network filling the extracellular
space of the submucosa, called the ECM. ECM macromolecules
are secreted locally and include fibrous proteins (collagen,
elastin) and structural or adhesive proteins (fibronectin and
laminin) embedded in a hydrated polysaccharide gel contain-

ing glycosaminoglycans. The ECM is a dynamic structure, and
an equilibrium between synthesis and degradation of ECM
components is required for the maintenance of its homeosta-
sis. Although many proteases can cleave ECM molecules,
Zn**-dependent MMPs and their inhibitors (tissue inhibitor
of metalloproteinases (TIMPs)), and the serum inhibitor o2-
macroglobulin are likely to be the normal physiologically
relevant mediators of ECM degradation. They are mainly syn-
thesized by connective tissue cells (especially fibroblasts),
granulocytes, monocyte-derived macrophages, and structural
cells. MMPs are thought to play a central role in develop-
ment, morphogenesis, reproduction, and tissue resorption and
remodeling [112]. The balance between MMPs and TIMPs is
critical in tissue repair and remodeling, and its homeostasis plays
an important role in the breakdown and deposition of ECM
in the airway wall [113]. At least three subclasses of MMPs
have been identified: collagenases, gelatinases and stromelysins.
Especially MMP-3 (stromelysin-1), MMP-8 (interstitial col-
lagenase), MMP-2 (72kDa gelatinase) and MMP-9 (92kDa
gelatinase) are related to the pathogenesis of tissue remodel-
ing and airway obstruction [113-115]. MMP-8 may initiate the
cleavage of the triple helix of native collagen types I, II, III, VII
and X, and MMP-9 may cleave native types IV and V collagens,
and to a lesser extent fibronectin, laminin, entactin, plasminogen
and insoluble elastin. Thus, MMP-9 has specific affinity for the
subepithelial basal lamina, a specialized nonfibrillar connective
tissue structure consisting of collagen type IV, laminin, entactin
and fibronectin, that anchors epithelial cells to parenchy-
mal surfaces. Inflammatory cells involved in asthma, such as
macrophages, lymphocytes, mast cells, BECs and eosinophils,
are able to express MMP-9. MMP-8 was previously considered
to be derived only from degranulating neutrophils at the site of
inflammation, but recent studies have provided evidence that cer-
tain non-polymorphonuclear lineage cells, such as human BECs,
chondrocytes, synovial fibroblast, endothelial cells, and plasma
cells can also express MMP-8 protein and mRNA. MMP-8
also proteolytically inactivates serine proteinase inhibitors a1-
antitrypsin and al-antichymotrypsin, and a general proteinase
inhibitor a2-macroglobulin [114-116]. MMPs are implicated
in airway remodeling not only by matrix reorganization (ECM
degradation), but also by alteration of angiogenesis [99] and
smooth muscle hyperplasia processes [117]. Furthermore, they
are involved in airway inflammation through their influence on
inflammatory cell migration through the ECM, basement mem-
brane and endothelial layer [116,118]. MMP-9 levels are signif-
icantly higher in the sputum and BAL fluid of asthmatic patients
compared with control subjects. Levels of TIMP-1 are initially
similar to those found in healthy control subjects, but increase
gradually with ongoing disease [113,114,116,118-122]. One of
the major cell types implicated in the production of TIMP is
the alveolar macrophage, which produces more TIMP-1 both
at protein and mRNA levels in asthmatic patients than alveo-
lar macrophages from either non-asthmatic or steroid-treated
asthmatic subjects [48,123]. TIMP-1 inhibits MMPs such as
MMP-1, MMP-2, MMP-3 and MMP-9, all of which can degrade
the ECM. TIMP-1 is synthesized and secreted by many connec-
tive tissue cells that also produce MMPs, including fibroblasts,
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inflammatory cells, and endothelial cells [118,123]. Inflamma-
tory mediators, cytokines and growth factors can modulate the
production of both TIMPs and MMPs. TIMP-1 expression is
upregulated by IL-6, whereas MMPs are modulated by IL-13
and TNF-a, and increased levels of these cytokines have been
detected in BAL fluid of asthmatic individuals after allergen
challenge [123]. IL-10 downregulates macrophage expression
of MMPs, including MMP-1 and MMP-9, while upregulat-
ing tissue inhibitors of metalloproteinases, specifically TIMP-1
[124,125]. IL-11 also induces the synthesis of TIMP-1 [35].

5.2. Cytokines

Tumor growth factor (TGF-B) is the most potent and widely
studied profibrotic cytokine, because it is detected in exagger-
ated quantities in asthmatic BAL fluid and EBC before and after
antigen challenge [14,126]. Moreover, TGF-3 correlates with
fibroblast number and disease severity [127-129]. TGF-f3 can be
generated by many cells, such as macrophages, epithelial cells,
fibroblasts, platelets, and eosinophils, and stimulates fibroblasts
to produce and secrete many proteins of the ECM, like colla-
gens I, II, IV and V, fibronectin, tenascin, elastin and biglycan.
Furthermore, TGF-3 downregulates the synthesis of MMPs and
gene expression of decorin, a proteoglycan that regulates TGF-3
activity, while upregulating the synthesis of MMPs and the syn-
thesis of TIMPs [104,127,129—-131]. In addition, TGF-B is an
immunomodulatory cytokine and a potent chemoattractant for
several cell types, including monocytes, fibroblasts, and mast
cells. Due to its action in promoting growth and repair, TGF-3
is thought to play an important role at sites of wound healing
and tissue remodeling [104,131].

Besides TGF-f3, other cytokines play an important role in
the remodeling process. In in vitro and animal models, 1L-4
and IL-13 have shown similar fibrotic properties mediated
by the stimulation of TGF- production by airway epithelial
cells and lung macrophages [122,132-135]. Activation of lung
fibroblasts is associated with an increased deposition of collagen
and fibronectin, causing the thickening of the basal membrane
and the appearance of diffuse subepithelial fibrosis [132]. IL-4
and IL-13, together with IL-5 and IL-9, also lead to goblet cell
metaplasia in animal models [136] and IL-9 induces mucus gene
expression in airway epithelial cells [137]. IL-11 is produced
by various cell types, such as fibroblasts, osteoblasts, stromal,
endothelial and epithelial cells and is found to be increasingly
expressed in the airways of patients with severe asthma but not
in those of mild asthmatic patients or healthy control subjects.
Overexpression of IL-11 within the lungs results in sube-
pithelial fibrosis and promotes the accumulation of myocytes
and myofibroblasts [111,138]. IL-17 is produced by T cells
and eosinophils, and induces bronchial fibroblasts to increase
their expression of several mediators, such as IL-6, GM-CSF,
CXCLS, PGE2, which might contribute to the amplification,
regulation, and/or perpetuation of local airway inflammation
and remodeling [139]. A recently discovered cytokine, IL-25,
triggers epithelial cell hyperplasia, cytokine production and
AHR, increases mucus secretion, promotes the expression of
Th2 genes such as IL-4, IL-5, IL-13 and CCL11, and produces

lung eosinophilia in experimental animal models of asthma
following intranasal administration [140]. Various mediators,
such as histamine, mast cell tryptase, fibronectin, TGF-f3, IL-13,
PDGF, bFGF, epidermal growth factor (EGF) and insulin-like
growth factor (IGF)-1 and -3 have been implicated in smooth
muscle cell proliferation [117,135,141]. GM-CSF and EGF
are also found in exaggerated quantities in airway biopsies
from patients with asthma, and the overexpression of GM-CSF
causes pulmonary inflammation with eosinophilia and fibrosis.
In limited investigations, however, neither GM-CSF, nor EGF
has been demonstrated to correlate with parameters of airway
fibrosis, raising the possibility that these mediators are involved
in acute, but not chronic airway responses [129].

5.3. Chemokines

Several CC-chemokines responsible for initiating and main-
taining airway allergic inflammation in asthma may also
contribute to the pathogenesis of airway remodeling [142,143].
Among them, CCL2 is increased in asthma [144] and is a
well-established profibrogenic mediator in vitro and in vivo
by inducing TGF-{ release and collagen deposition from lung
fibroblasts [145,146], and by recruiting Th2 cells in the lung
[147]. Other CC-chemokines, such as CCL7 and CCL22 also
contribute to the development of pulmonary fibrosis [148,149].

5.4. Endothelin-1

Endothelin (ET)-1 may be involved in airway remodeling: it
is mitogenic for ASM cells [150] and fibroblasts [151], and also
stimulates collagen synthesis by the latter cells. There are a num-
ber of potential sources of ET-1 within the airways, including
BECs, vascular endothelial cells, macrophages and mast cells
[151]. Increased levels of ET-1 were found in BAL fluid from
asthmatics [126] and immunoreactivity for ET-1 is raised in the
epithelium of asthmatic subjects [152].

5.5. Vascular endothelial growth factor

Vascular endothelial growth factor (VEGF) may contribute
to the pathophysiology of asthma in several ways. First, there
is increasing evidence to support a role for VEGF, a major
regulator of angiogenesis and enhancer of vascular permeability
[153], as a mediator of structural changes in the airway wall of
asthmatics. Greater expression of VEGF, angiogenin and bFGF
leading to angiogenesis [154], may explain the increased airway
vascularity observed in asthma [155,156]. In vitro studies sug-
gest that VEGF expression can induce fibrosis associated with
neovascularization [157]. Second, the ability to induce vascular
permeability can induce extravasation of plasma proteins and
subsequent tissue edema. VEGF may also indirectly recruit
inflammatory leukocytes by inducing expression of CXCLS8
and ICAM-1, and by enhancing transendothelial migration.
Finally, other biological effects of VEGF are likely to be
important in the pathological changes associated with airway
remodeling, such as the ability to induce expression of MMPs
in both endothelial cells and vascular ASM cells, and the ability
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to induce expression of connective tissue growth factor and
collagen [141]. Macrophages, eosinophils and CD34* cells
are the major source of VEGF [154], although in vitro studies
suggest that lung fibroblasts derived from subjects with asthma
also secrete VEGF in response to TGF-. The expression
of VEGEF is upregulated in the bronchial mucosa of mild to
moderate asthmatic patients, compared with that of control
subjects, and is related to the number of vessels and mast cells,
as well as to the basement membrane thickness [141].

5.6. Lipid mediators

5.6.1. Prostaglandin D2

Prostaglandins appear to have several effects on the airways,
including bronchoconstriction, plasma exudation, sensitization
of nerve endings, and effects on inflammatory cells [35]. PGD2
elicits biological responses by activating the D-prostanoid
receptor DP and the CRTH2 receptor, which are linked to
different signaling pathways. PGD2 transmits pro-inflammatory
stimuli to various immune cells by its specific receptor CRTH2
on T cells, basophils, and eosinophils. The role of DP is complex
and depends of the type of inflammation and the nature of
the target cell [158]. PGD2 is a key mediator in inflammatory
diseases in which it is likely to have a dual role, both promoting
and inhibiting inflammatory processes depending on the
animal species, the organ and the inflammatory stimulus [158].
Recently, evidence for a pro-inflammatory role of PGD?2 in the
airways has been provided: overproduction of PGD2 in mice
results in enhanced pulmonary inflammation following allergen
challenge [159], and inhalation of aerosolized PGD2 enhances
eosinophilic and lymphocytic airway inflammation in mice
upon allergen exposure [160]. Furthermore, PGD2 is involved
in the recruitment of inflammatory cells because it stimulates the
chemotaxis of Th2 cells, eosinophils, neutrophils and basophils
in vitro and in vivo [161-165]. Also, the observation that
PGD2 enhances LTC4 synthesis by eosinophils during allergic
inflammation in vivo underscores a pro-inflammatory role of
PGD2 [166]. PGD2 and PGF2« cause bronchoconstriction
in asthmatic patients, but not in healthy subjects [35]. Higher
levels of PGD2 have been detected in asthmatic patients in
BAL fluid upon allergen challenge [158].

5.6.2. Prostaglandin E2

Prostaglandin E2 is also an important PG produced in
inflammatory processes [167]. It is the most important bron-
choprotective metabolite yet identified in the airways [22]. The
effects of PGE2 on target cells may be complex, depending
on the numbers and activity of their individual E-prostanoid
receptors [167]. Inhaled PGE2 causes bronchodilation in nor-
mal subjects [168], but may cause constriction in patients
with asthma because of activation of reflex cholinergic bron-
choconstriction [169,170]. Another study shows that inhalation
of PGE2 ameliorates the abnormal airway physiology and
inflammation that characterize asthma [167]. PGE2 inhibits the
release of mediators from mast cells, monocytes, neutrophils
and eosinophils [171,172]. PGE2 and PGI2 are vasodilators
and therefore should theoretically increase leakage in asthmatic

airways [35]. PGE2 was measured in EBC [173,174], but no
difference was found between asthmatic patients and controls.

5.6.3. 8-Isoprostane

Isoprostanes are inflammatory metabolites derived from
arachidonic acid. They are specific for lipid peroxidation and
are related to oxidative stress [175]. 8-Isoprostane has impor-
tant biological effects on airway and pulmonary vascular smooth
muscles, epithelium, endothelium and sensory nerves. It plays
a role in non-specific smooth muscle hyperresponsiveness,
bronchoconstriction and edema [176]. The concentration of
8-isoprostane is increased in EBC of patients with asthma
[174,175].

5.6.4. Cysteinyl leukotrienes

There is substantial evidence that cys-LTs (LTC4, LTD4
and LTE4) play an important role in asthma. Cys-LTs mediate
several steps in airway inflammation, including inflammatory
cell recruitment, vascular leakage and possibly also airway
remodeling. They decrease mucociliary clearance and are potent
mediators of bronchoconstriction, plasma exudation and mucus
secretion. There is a growing body of evidence that they may also
increase eosinophilic inflammation. Cys-LTs are very potent
contractile agents for human bronchi in vitro, being approxi-
mately a thousand times more potent than histamine [21,35]. The
ability of cys-LTs to act as potent bronchoconstricting agents
has also been demonstrated in vivo, both in normal subjects
and in patients with asthma [172]. Inhaled LTD4 also increases
the maximal airway narrowing [177], and LTE4 induces AHR
to inhaled histamine, an effect that may persist for several
days [178,179]. LTC4 increases collagenase expression by lung
fibroblasts [111]. Cys-LTs potently elicit increased vascular
permeability in airways, leading to airway edema [21,180].
They increase mucus secretion both directly via effects on
goblet cells and submucosal gland cells [172], and indirectly
via the activation of airway nerves, leading to reflex secre-
tion from submucosal glands [172]. Asthmatic patients have
higher cys-LTs concentrations in their EBC than healthy subjects
[173,174,176,181].

5.6.5. Leukotriene B4

Leukotriene B4 is a potent neutrophil chemoattractant that
enhances neutrophil-endothelial interactions and stimulates neu-
trophil activation. This leads to degranulation and the release
of mediators, enzymes and superoxides. It has weak effects
on smooth muscle, but may contribute to airway narrowing
by producing local edema and by increasing mucus secretion
[182,183]. LTB4 levels are higher in asthma compared to con-
trols [173,181,184,185].

5.7. ADAM33

Besides the pathologic and physiologic aspects of asthma, the
remodeling process may potentially be influenced by genetic
determinants. Genome screening has led to identification of
genes or cluster of genes relevant to asthma and atopy [186].
In an expression microarray study using tissue obtained from
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bronchial biopsies of healthy control subjects and subjects with
allergic asthma, 79 genes were found to show significant differ-
ences in expression in asthmatic compared to control subjects
[187]. A disintegrin and metalloproteinase (ADAM) 33 has been
afocus of interest in the last few years. ADAM33 has been linked
to asthma in a study of 460 white families [188]. Abnormal activ-
ity of this gene can lead to altered airway function, inflammation,
and remodeling. Alterations in ADAM33 activity may underlie
abnormalities in the function of ASM cells and fibroblasts linked
to airway remodeling and AHR [189].

6. Conclusion

All processes that occur in the asthmatic lung are mediated by
a broad network of various molecules. In this review, mediators
secreted by the different cell types that play a role in the allergic
cascade are discussed. Moreover, the effects of the most impor-
tant mediators of airway remodeling are summarized. However,
further research is still needed for a better understanding of the
complex interactions between molecules and cells involved in
the processes leading to asthma.
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