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From production to intracellular signalling, the molecules controlling inflammatory
cell migration present a significant opportunity for the therapy of

ELSEVIER

common chronic respiratory diseases.

Leukocyte navigation mechanisms as

targets in airway diseases

David A. Medina-Tato, Malcolm L. Watson and
Stephen G. Ward

Department of Pharmacy & Pharmacology, University of Bath, Claverton Down, Bath, BA2 7AY, UK

Respiratory diseases, including asthma and chronic obstructive
pulmonary disease, are among the most significant diseases in terms of
their disabling effects and healthcare burden. A characteristic feature of
almost all respiratory diseases is the accumulation and activation of
inflammatory leukocytes in the lung or airway. Recent advances in the
understanding of the molecules and intracellular signalling events
controlling these processes are now translating to new therapeutic entities.
In this article, the process of leukocyte accumulation is summarized,
together with the preclinical and clinical evidence supporting the utility
of the individual components of this process as targets for disease therapy.

Activation and accumulation of different leukocyte populations are defining features of inflam-
matory disease. To begin addressing the possibility of targeting leukocyte movement within
chronic lung diseases, we will outline the main characteristics of each disease of interest, followed
by the differences most common animal models possess in comparison with human pathology.
Table 1 summarizes the key features of chronic inflammatory lung diseases.

Heterogeneity of airway disease and animal models

Asthma

Asthma is one of the most common chronic diseases in the world. It is estimated that ~300
million people currently have asthma and that it accounts for ~1 in every 250 deaths worldwide.
Furthermore, it is estimated that there could be an additional 100 million people with asthma by
2025 [1]. Bronchial asthma is characterized by airway eosinophilia, goblet cell hyperplasia with
mucus hypersecretion and airway hyperresponsiveness (AHR) to inhaled allergens and to non-
specific stimuli [2]. In individuals with an allergic predisposition, T cells exposed to allergen on
the surface of antigen-presenting cells (mainly dendritic cells) mature preferentially towards the
T-helper (Th) 2 subtype. By producing different chemical mediators, these cells influence the
activity of mast cells, granulocytes, B cells and local cells (epithelial, fibroblasts and airway
smooth muscle cells), causing the pathophysiological characteristics found in asthma [2]
(Figure 1).
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TABLE 1

Main characteristics of chronic inflammatory lung diseases

Disease

Major cell types involved

Defining characteristics

Associated risks and causes

Asthma

T cells (Th2>Th1)
Eosinophils

Mast cells

Airway epithelial cells

Airflow limitation is usually reversible

Airway hyperresponsiveness

Episodes of coughing, wheezing and dyspnea
Onset early in life

Allergy, rhinitis or eczema
Family history of asthma

Chronic obstructive pulmonary disease

T cells

Neutrophils
Macrophages

Airway epithelial cells

Airflow limitation is progressive and irreversible
Atypical responses to noxious particles

Main syndromes: chronic bronchitis and emphysema.
Onset in midlife

Long smoking history

Idiopathic pulmonary fibrosis

Neutrophils
Fibrocytes
Fibroblasts

Chronic fibrosing interstitial pneumonia

Limited to the lung

Dyspnea with worsening of pulmonary function
Pulmonary dysfunction is progressive and irreversible
Onset late in life

Unknown

The study of respiratory diseases in vitro is limited by the fact
that probing a certain molecular or cellular response in isolation
does not represent well the situation in the lung of the whole
animal. By contrast, in vivo modelling is able to capture some of the
complicated genetic, biochemical and environmental interactions
that combine in a disease state. However, no one model portrays
all the human characteristics of the disease; each model focuses on
certain characteristics more than others [3].

In the majority of current asthma models, mice are intraper-
itoneally injected with a sensitizing agent [like ovalbumin (OVA),

cockroach antigen or Aspergillus conidia]. Upon subsequent
exposure to the sensitizing agent in an aerosolized form, animals
develop AHR and eosinophil recruitment into their airways, which
mimics, to a certain extent, human asthma [3]. However, other
aspects of these models are very different compared with human
disease. For example, in mice, there is an absence of acute bronch-
oconstriction [3], a dramatic variation of eosinophil influx in
different strains of mice [4] and a prominent role for serotonin,
which is nonexistent in human asthma [5]. The chronic inflam-
mation of airway walls, and their remodelling processes by fibrosis
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The role of T cells in asthma. After allergen exposure, mast cells (Mast) release prostaglandins (PGDs), leukotrienes (LTs) and histamine (H), causing the acute
bronchospasm of the airway. For the chronic manifestations, the chemical mediators produced by mast cells in conjunction with T cell interaction with allergen-
exposed dendritic cells (DC) preferentially induce T cells into a Th2 subtype. These T cells secrete interleukins (IL-5, IL-4, IL-13 and IL-9), which induce B lymphocyte
immunoglobulin (Ig) E synthesis; eosinophil and basophil survival and recruitment; and mast cell maturation and activation. These cells respond by secreting
growth factors (GFs) like transforming growth factor-p (TGF-), and more interleukins. This myriad of immune mediators directly induces lung cells (epithelial cells,
fibroblasts and airway smooth muscle (ASM) cells into the asthmatic phenotype, culminating in airway remodelling and hyperresponsiveness (AHR).
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and epithelial proliferation, are notably absent [6].The most
important disadvantage of the commonly used animal asthma
models is that they involve short-term experiments; therefore,
they do not portray well most of the lesions that are characteristic
of chronic human asthma. However, the recruitment of eosino-
phils and T cells to the lungs in these models are similar to the
human disease [3].

Chronic obstructive pulmonary disease

Chronic obstructive pulmonary disease (COPD) is a major cause of
chronic morbidity and mortality worldwide. The 2002 World
Health Report listed COPD as the fifth leading cause of death in
the world, and further increases in its prevalence and mortality are
expected in the coming decades [7]. COPD is a disease associated
with an abnormal inflammatory response of the lungs to noxious
particles or gases, primarily caused by cigarette smoking. It is
characterized by progressive airflow limitation that is not fully
reversible [7]. This unified definition arises from the fact that the
term COPD includes a spectrum of diseases inducing chronic
bronchitis and emphysema, and many intermediate states that
are difficult to classify. The cell types thought to play the pre-
dominant roles in COPD are CD8" T cells, macrophages and
neutrophils, with some of their migration receptors and ligands
being reported to be increased in COPD [8,9]. Despite the fact that
macrophages accumulate in the alveoli and bronchioli of smokers
and COPD patients, and show a positive association between their
numbers and the degree of disease, their role is still debated [9].
High levels of neutrophils are also found in the airways of smokers
and patients with COPD. In animal models, neutrophil elastase is
able to reproduce many of the features of this syndrome [8].
Although neutrophils seem to be important in COPD, studies
demonstrating that neutrophil numbers are inversely related to
the severity of emphysema indicate that other cell types contribute
to the pathology of this disease [9].

Classic models of COPD include elastase instillation to the lungs
and cigarette smoke exposure. Modern models of COPD include
gene-targeting techniques applied in the context of classic models
[10]. Airway wall changes appear to be reversible (once the irritat-
ing agent is removed) and much milder in animals than in
humans, where the changes are progressive and largely irreversible
[11]. Nevertheless, in alveolar spaces, inflammatory cell recruit-
ment and airspace enlargement in response to cigarette smoke are
comparable with that observed in humans [10].

Idiopathic pulmonary fibrosis

Idiopathic pulmonary fibrosis (IPF) is characterized by progressive
breathing difficulty and worsening of pulmonary function [12].
IPF is a fatal disease, with only 30% of patients surviving 5 years
after diagnosis. Until now, there is no treatment that can modify
the natural course and usual terminal outcome of this disease. The
prevalence of this disease increases with age, with an incidence of
250 cases per 100,000 in the elderly [13]. Pathophysiologically, IPF
is caused by dysregulated tissue and vascular remodelling with
fibroproliferation and deposition of extracellular matrix. Although
the presence of eosinophils, mast cells and fibroblasts, and
increased amounts of interleukin (IL)-4 and IL-13 is reported
[12], there is no clear understanding of the mechanisms of this
disease. Recently, Phillips et al. [14] demonstrated that fibrocytes, a

circulating population of cells with leukocyte and mesenchymal
markers, could have a role in IPF, because they migrate towards
fibrotic lungs in an animal model of the disease.

IPF appears to share several clinical and experimental features
with pulmonary fibrosis induced by chemical agents. Many animal
models exist, including the instillation of fibrogenic agents, bleo-
mycin, inorganic particles fluorescein isothiocyanate (FITC), and
exposure to thoracic irradiation [15]. Although most of these
agents can replicate the major structural and biochemical abnorm-
alities of the disease, there are serious drawbacks with these
models. The insidious progress of human pulmonary fibrosis is
almost impossible to reproduce accurately. Also, removal of the
inducing agent in some models allows regression of the induced
fibrotic changes, which does not occur in human lung fibrosis.
However, bleomycin and FITC instillation do show histological
characteristics that resemble lesions in human disease [16], indicat-
ing that these disease models portray similar pathophysiological
features as IPF.

The mechanisms of leukocyte migration as
therapeutic targets

In this section, we will introduce the different steps involved in the
migration of a leukocyte to a site of inflammation, before review-
ing the recent literature on targeting adhesion molecules and
chemoattractants in the context of lung disease.

The multistep paradigm of cell migration

The ability of a cell to migrate directionally to chemical cues plays
a key role in embryonic development and in many homeostatic
processes, such as wound healing and the immune response.
Inappropriate cell migration during embryogenesis results in con-
genital defects, whereas the permanence of chemoattractant
signals, and thus the continued migration of inflammatory cells,
is a key factor of chronic inflammatory diseases like asthma, COPD
and IPF [17].

Leukocyte migration requires interaction with the endothelial
lining of blood vessels within inflamed tissue and organs. Selectins
are a family of membrane glycoproteins that have a lectin-like
domain that binds to proteins containing specific oligosaccharide
groups expressed on the endothelium and leukocytes. The selectin
family comprises E-selectin (endothelial), P-selectin (platelet and
endothelial) and L-selectin (leukocyte). Selectin binding initiates
tethering and rolling of the leukocyte on the endothelial surface
[18].

When the leukocyte is rolling on the endothelium, its receptors
engage with chemoattractants leading to increased affinity of
leukocyte integrins. This leads to leukocyte adhesion to the
endothelium through the interaction of integrins with their cog-
nate endothelial-cell adhesion molecules [18]. Integrins are het-
erodimeric proteins, consisting of an « and a B chain. Different a
and B subunits can associate, resulting in 24 members of this
family, each containing a distinct pattern of subunits, and there-
fore ligand selectivity [18]. Leukocyte adhesion is followed by a
process called transendothelial migration, which encompasses the
extravasation of the leukocyte from the blood vessel into the
inflamed tissue [17]. Finally, the leukocyte migrates towards the
source of the chemoattractant — the site of inflammation. This is
called chemotaxis. (Figure 2)
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Leukocyte chemotaxis. Tethering and Rolling. Leukocyte selectins interact with the endothelial cell surface sialylated carbohydrate moieties in mucin-like

proteins, making the leukocyte tether and then role along the endothelium. Activation and Adhesion. Leukocyte receptors bind chemoattractants secreted locally
in an inflamed tissue, activating the leukocyte. This signals a conformational change in the leukocyte integrins, increasing their affinity for the cellular adhesion
molecules of the endothelium. Transmigration. The leukocyte migrates through the vessel wall into the inflamed tissues. Chemotaxis. The leukocyte migrates

through a chemoattractant gradient, towards its source.

The different steps involved in leukocyte accumulation in the
lung present several possible therapeutic targets. Targeting any of
them could potentially diminish recruitment of inflammatory
cells to the site of injury and, ultimately, the clinical manifesta-
tions associated with these pathologies.

Targeting adhesion molecules

There has been considerable effort to exploit the importance of
adhesion in leukocyte migration in the design of new therapeutics
for inflammatory diseases. Because cellular adhesion molecule
interaction is crucial for exocytosis, cytokine production and
respiratory burst, antagonism of these molecules could be ther-
apeutically active for reasons other than inhibition of leukocyte
migration [18]. Recent reviews have focused on these molecules
within the background of inflammatory disease [19], as well as
asthma and COPD specifically [18].

Unfortunately, with a few exceptions, the outcome of clinical
trials with adhesion-molecule blockers has been variable and
largely disappointing. Since March 2005, the FDA has taken the
precautionary measure of placing a clinical hold on investigational
new drugs in the a4 integrin antagonist class being tested on
human subjects. The reason for the clinical hold had been the
uncertainty surrounding the cause of two reports of progressive
multifocal leukoencephalopathy in patients taking natalizumab

(Tysabri®), a drug targeting multiple sclerosis marketed by Biogen
and Flan Pharmaceuticals. Since then, the FDA has lifted the
clinical hold, allowing resumption of dosing in open-label exten-
sion studies in patients who received the drug in the original trials;
however, marketing of the drug for widespread use has been
delayed [20]. This has implications not only for the future of this
particular drug, but also for adhesion molecule antagonists target-
ing other inflammatory diseases, such as asthma or COPD. Never-
theless, the concept of pharmacological interference of leukocyte
adhesion remains a popular avenue for development of novel
immunosuppressants as well as anti-inflammatory drugs.

Targeting chemoattractants and their receptors in airway
disease

Chemoattractants vary greatly, from the superfamily of chemo-
kines, which are small, inducible, secreted cytokines, to lipid
chemoattractants, such as leukotriene B4, prostaglandin D, and
sphingosine-1-phosphate. Although structurally diverse, all these
chemoattractants signal through G-protein-coupled receptors
(GPCRs) [21]. These receptors are popular drug targets because
they are very accessible to small molecule drug design and/or
monoclonal antibodies, as outlined in the following sections.
The first part of this section will review chemokines and their
receptors, with lipid chemoattractants described afterwards.
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Chemokines and their receptors

Chemokines are a large family of small molecular weight proteins
that primarily function as chemoattractants to direct leukocyte
cell migration, although they also influence immune and non-
immune cell survival and effector responses [22]. Many chemo-
kines have important roles in haematopoiesis, lymphocyte
development, and promoting the organization and function of
secondary lymphoid organ in mature organisms [23]. Structurally,
chemokines are classified into four families based on a conserved
cystein motif as follows: C, CC, CXC and CX3C. Chemokines are
remarkably diverse, both in terms of individual proteins and their
production by different cells and tissues. Chemokine receptors are
classified into CR, CCR, CXCR and CX3CR families, determined by
the class of their ligand [22].

A summary of the effects of targeting studies on chemoattractant
receptors and ligands in respiratory disease models can be seen in
Table 2 and Table 3. Table 4 profiles the chemoattractant antago-
nists currently under development.

CCR2

Exaggerated macrophage migration is a prominent feature in
COPD and IPF. The CCR2 ligand CCL2 is implicated as a crucial
mediator of macrophage trafficking because CCR2~/~ mice have
defective macrophage migration [24]. CCL2 and CCR2 mRNA has
been found to be increased in patients with COPD [25]. Further-
more, patients with COPD expressed significantly higher levels of
CCL2 in induced sputum than control subjects [26].

In IPF models, CCL2 levels in bronchoalveolar (BAL) fluid peak
by day 1 and persist until day 7 after FITC administration [27].
Furthermore CCR2~/~ mice displayed fewer macrophages in their
BAL fluid, and significantly decreased lung remodelling and fibro-
sis in bleomycin and FITC animal models [27]. The same group
showed that fibrocytes are recruited to the alveolar space in
response to fibrotic injury in a CCR2-dependent manner [28].
In CCR27/~ mice, lung fibrocytes were diminished after FITC
administration, and reconstitution of the CCR2*/* status using
CCR2** bone marrow cells restored fibrocyte recruitment and
fibrotic susceptibility in these animals [29], indicating a predomi-
nant role for CCR2 in fibrocyte recruitment in IPF.

CCR3

CCR3 ligands - CCL11, CCL24 and CCL26 - induce migration of
human eosinophils. In asthmatic patients, CCL11 is increased in
the early phases of allergen-induced eosinophil recruitment,
whereas CCL24 and CCL26 are increased in the late phase of
bronchial eosinophilia (48h after allergen challenge) [30].
CCL11 is also reported as a potent chemotactic factor for T-helper
(Th) 2 cells, inducing adhesion and aggregation of these T lym-
phocytes through upregulation of adhesion molecule [31]. The
targeted disruption of the CCL11 gene in mice led to a delayed
infiltration of eosinophils to the airway in an OVA model of
asthma [32]. Because the expression of CCR3 has also been found
to be elevated in animal models of asthma [33] and in airway
smooth muscle cells from asthmatic patients [34], the targeting of

TABLE 2
Chemoattractant receptors as targets in respiratory disease animal models?®
Target receptor Disease model Research tool Targeting impact Refs
CCR2 IPF Gene disruption Diminished fibrocyte recruitment and fibrotic susceptibility [27,29]
CCR3 Asthma Gene disruption Reduced eosinophil recruitment; increased intraepithelial [35]
mast cells. No protection against disease model.
IPF Neutralizing antibodies Reduced pulmonary fibrosis, decreased [36]
eosinophilia and neutrophilia.
CCR4 Asthma Neutralizing antibodies No reduction in leukocyte recruitment. [38]
No protection against disease model.
Asthma Gene disruption No protection against disease model. [39]
Asthma Gene disruption Lower AHR, inflammation and cytokine levels 30 days [40]
post-challenge, no improvement in chronic airway remodelling
CCR8 Asthma Gene disruption Reduced pulmonary eosinophilia and Th2 responses. [51]
Asthma Gene disruption No protection against disease model. [52]
CXCR1 and CXCR2 Acute lung injury Antagonist Reduction in airway neutrophilia. [60]
CXCR4 Asthma Neutralizing antibodies Reduced lune eosinophilia and AHR. [70]
Asthma Antagonist Reduced leukocyte recruitment to the lungs and [71]
airway eosinophilia. Diminished AHR.
BLT1 Asthma Antagonist Suppression of AHR in a primate model of asthma. [76]
Asthma Gene disruption Decreased number of T cells in BAL. Effect lost after 3 [73]
challenges. No difference in recruitment of
leukocytes to the lung parenchyma.
Asthma Gene disruption Reduced AHR, goblet cell hyperplasia and IL-13 production. [77-79]
CRTH2 Asthma Gene disruption Enhanced eosinophil and macrophage recruitment [87]
to the lung. Increased levels of IL-5. No
protection against disease model.
S1PR Asthma Inverse agonist Reduced leukocyte recruitment in airways and airway [97]

inflammation. Inhibited AHR and goblet cell metaplasia.

@ Abbreviations: AHR, airway hyperresponsiveness; BAL, bronchoalveola; IL, interleukin; IPF, idiopathic pulmonary fibrosis.
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TABLE 3
Chemoattractants as targets in the context of respiratory disease animal models®
Target Chemoattractant  Disease model  Research tool Targeting impact Refs
CCL11 Asthma Gene disruption Reduced eosinophil recruitment 18h post-challenge. Similar [32]
recruitment at 48h. No protection against disease model.
IPF Gene disruption Decreased eosinophilia and neutrophilia. Reduced lung fibrosis [36]
IPF Gene overexpression Increased leukocyte recruitment. Augmentated pulmonary fibrosis  [36] =
CCL17 Asthma Neutralizing antibodies Reduced eosinophilia, infiltration of CD4" T cells, [43] E
Th2 cytokine levels and degree of AHR =
IPF Neutralizing antibodies Decreased leukocyte recruitment. Reduced pulmonary fibrosis. [46] E
CCL22 Asthma Neutralizing antibodies Reduction in leukocyte recruitment to the lungs and [44] E
airway hyper-responsiveness. No effect in leukocyte “:4‘
migration to airway lumen. g
IPF Neutralizing antibodies No protection against disease model. [46] '%
TCA-3° (CCL1) Asthma Neutralizing antibodies No protection against disease model. [52] =
CXCL9 Asthma Exogenous chemoattractant Reduced eosinophil recruitment to the airway. Reduced AHR. [65,66]
Asthma Neutralizing antibodies Increased eosinophil recruitment to the airway. Increased AHR. [65,66]
CXCL12 IPF Neutralizing antibodies Reduced fibrocyte migration to the lung. Attenuated, [14]
but not abrogated, pulmonary fibrosis.
PGD, Asthma Exogenous chemoattractant Increased eosinophil recruitment, Th2 cytokine levels and AHR. [84]

 Abbreviations: AHR, airway hyperresponsiveness; IPF, idiopathic pulmonary fibrosis.

P Murine ligand.

TABLE 4

Chemoattractant antagonists currently under development

Target Antagonist - manufacturer Development stage ClinicalTrials.gov
Identifier® or Refs
CCL11 CAT-213 - Cambridge Antibody Technology Preclinical [129]
CXCL8 Monoclonal neutralizing antibody — Abgenix Clinical trial phase Il (COPD) [59]
CCR1 and CCR3 UCB35625 - Banyu Pharm Preclinical [130]
Met-RANTES - GSK Preclinical [131]
CCR2 JNJ-27553292 - Johnson and Johnson Preclinical [132]
CCR3 SB-297006 - GSK Preclinical [133]
SB-328437 - GSK Preclinical [133]
YM-355179 - Yamanouchi Preclinical [134]
CCR4 Compound 12 - Bristol-Myers Squibb Preclinical [135]
CXCR1 and CXCR2 CXCL8(3-74)K11R/G31P - Preclinical [60]
University of Saskatchewan
Repertaxin - Dompé Clinical trial phase Il (primary graft dysfunction NCT00224406
after lung transplantation)
Reparixin - Dompé Clinical trial phase Il (delayed graft function NCT0024840
after kidney transplantation)
CXCR2 SB-656933 - GSK Preclinical [136]
CXCR4 AMDO070 - AnorMED Clinical trial phase | (HIV) NCT00063804
SPO1A - Samaritan Pharmaceuticals Clinical trial phase Il (HIV) NCT00299897
AMD3100 - AnorMED Clinical trial phase lll (stem cell transplantation NCT00248417
in multiple myeloma)
BLT1 CP-105696 - Pfizer Clinical trial phase | (healthy subjects) [137]
LY293111 - Lilly Clinical trial phase | (cancer — advanced solid tumors) NCT00006375
BIIL-284 - Boehringer Ingelheim Clinical trial phase Il (cystic fibrosis) NCT00060801
CRTH2 Ramatroban (Bay u 3405) - Bayer Clinical trial phase Il (moderate atopic asthma) NCT00311051

2 http://www.clinicaltrials.gov is a website service of the U.S. National Institutes of Health (developed by the National Library of Medicine). The identifier given is a unique code through
which clinical trials which are yet to be published can be identified.
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the CCR3 receptor appears to be more reasonable than targeting
just one of its ligands. In a model of asthma, CCR3™/~ mice
displayed significantly lower eosinophil recruitment to the lung
after allergen challenge, with the majority of the eosinophils being
arrested within the blood vessel. Unexpectedly, intraepithelial
mast cells were increased in the trachea in these knockout mice.
These mice presented no protection against an OVA model of
asthma [35], suggesting that CCR3, although central in many ways
to inflammation during an allergic response, might not be as
suitable a drug target for asthma as predicted.

In the bleomycin model of IPF, pulmonary expression of CCL11
and CCR3 (in eosinophils and neutrophils), was markedly
increased [36]. Mice that were either deficient in CCL11 or treated
with neutralizing anti-CCR3 antibodies presented reduced pul-
monary fibrosis, with decreased eosinophilia and neutrophilia.
The same study indicated that mice overexpressing CCL11 pre-
sented increased pulmonary pathology [36]. These findings sug-
gest a key role for the CCR3-CCL11 axis within the
pathophysiology of pulmonary fibrosis.

CCR4

CCR4 and its ligands have perhaps been most widely studied
within the context of asthma [33]. In asthmatics, CCR4* T cells
are recruited to the lung in response to allergen challenge [37].
Blockade of CCR4 with a specific antibody caused only minor
changes in the number of Th2 cells in the BAL fluid of allergen-
challenged guinea pigs and failed to inhibit the recruitment of
inflammatory leukocytes to the lung [38]. CCR4~/~ mice have
yielded conflicting evidence. CCR4 deletion has been shown to
have no effect on an OVA model of asthma on mice [39]. By
contrast, Schuh et al. [40] stated that at day 30 after challenge with
Aspergillus conidia, knockout mice exhibited significantly lower
total serum IgE, airway hyper-responsiveness, airway inflamma-
tion and Th2 cytokine levels compared with the wild-type con-
trols. Curiously, on days 3 and 7 after challenge, these same
knockout mice had significantly higher levels of all of these
factors. Accordingly, the chronic airway remodelling seen in this
disease model was unchanged in CCR4~/~ animals. Despite the
conflicting results obtained in knockout animal studies, CCR4
antagonists are now reportedly in clinical trials for asthma [2].
Although antagonizing CCR4 seems to be ineffective in animal
models, previous studies have shown that its ligands CCL17 and
CCL22 are increased in the airway epithelial cells of asthmatic
patients, aiding the recruitment of inflammatory cells to the air-
way [41,42]. Specific monoclonal antibodies against CCL17 in
mice attenuated an OVA model of asthma, diminished the degree
of AHR, reduced the infiltration of CD4" cells, decreased Th2
cytokine levels and eosinophil-chemotactic chemokine expres-
sion in the lung [43]. Neutralizing antibodies against CCL22 in
a rat asthma model did not affect the number of cells recruited to
the airway lumen, but did decrease the amount of cells recruited to
the lungs and, more importantly, reduced AHR [44].

With regard to COPD, Ritter et al. [45] have recently demon-
strated that the expression of CCL17 and CCL22 is increased in
cigarette-smoke-induced pulmonary inflammation models,
although CCR4 expression was unchanged [45]. It is thought that
the targets for these chemokines within this context are airway
epithelial cells that constitutively express CCR4.

Recent reports have shown an increased expression of CCL22
and CCL17, and of their receptor CCR4, in murine and rat IPF
models [46,47]. Additionally, the use of neutralizing antibodies to
CCL17, but not CCL22 led to a significant reduction in pulmonary
fibrosis [46]. In patients, there was an increased expression of
CCR4 on BAL CD4" T cells [48] and an overexpression of
CCL22 but not CCL17 [47].

CCR8

The chemokine receptor CCR8 is selectively expressed in Th2 cells
under in vitro and in vivo stimulation conditions [49], and is
therefore of crucial importance in asthma. Thymus-derived
chemotactic agent 3 (TCA-3), the mouse ligand for CCRS8, was
found to be elevated in inflamed lung tissues in a mouse model of
asthma [50]. Furthermore, CCR8" T cells are increased in human
airways upon allergen challenge, but only very low levels of CCL1
(its only known human ligand) were detectable in BAL and in
serum of asthma patients [41,42]. A recent study in two different
mouse models of asthma showed that CCR8 deficient mice have
reduced pulmonary eosinophilia and Th2 responses [51]. By con-
trast, Chung et al. [52] report that in an OVA asthma mouse model,
CCR8~/~ mice presented no differences compared to wild type
controls in the development of pulmonary eosinophilia and Th2
cytokine responses. Moreover, administration of neutralizing anti-
TCA-3 antibodies during allergen sensitization and challenge
failed to inhibit airway allergic inflammation.

CXCR1 and CXCR2

CXCR1 and CXCR2 are highly homologous but functionally
different chemokine receptors; the promiscuous CXCR2 binds
six different chemokines and CXCR1 preferentially binds to
CXCL6 and CXCLS8 with high affinity [53]. Moreover, significant
numbers of patients with COPD and children with asthma showed
CXCR1 polymorphisms [54]. CXCLS8 is an important chemotactic
and activating factor for neutrophils, one of the cell types thought
to play a predominant role in COPD. The CXCL8-induced effects
in neutrophils are predominantly mediated by CXCR1 [55].
Patients with COPD have been shown to express higher levels
of CXCLS8 than healthy subjects [56]. Furthermore, CXCR1 and
CXCR2 mRNA are increased in bronchial biopsy specimens of
COPD patients with an exacerbation of the disease [57].

The importance of CXCR2 ligands has recently been high-
lighted in COPD patients by an increased monocyte chemotaxis
to CXCL1 and CXCL7 but not toward CXCL5 or CXCL8 [58].
CXCL1 has been found in higher concentrations in induced
sputum but not in BAL fluid of COPD patients when compared
with non-smokers and healthy smokers [26]. In 2004, Mahler et al.
[59] used a monoclonal anti-CXCL8 antibody on 100 patients with
stable COPD. Although a larger proportion of patients in the
antibody group reported improvements in dyspnea compared
with the placebo group, there were no significant differences
observed for lung function, health status and adverse events
between groups. A promising compound, the CXCR1 and CXCR2
antagonist CXCL8(3-74) K11R/G31P, has shown to abrogate air-
way neutrophilia in an acute respiratory distress syndrome (ARDS)
animal model [60]. Although ARDS is very different from COPD, it
shares neutrophilia as one of its key features, suggesting that this
antagonist could prove to be useful in the context of COPD.
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CXCR3

Although asthma is generally perceived as a Th2 disease, there is
mounting evidence for involvement of mediators classically
regarded as Th1 mediators. Indeed, polymorphisms of CXCR3, a
Th1 mediator, have been associated with the risk of developing
asthma [61]. The CXCR3 chemokine receptor expression is highly
expressed on activated T cells, where it is known to have a role in
intracellular calcium mobilization and chemotaxis [62]. It has
recently been shown that CXCR3 was the most abundantly
expressed chemokine receptor on human lung mast cells within
the airway smooth muscle (ASM) of asthmatic patients. Moreover,
mast cell migration was induced by asthmatic ASM cultures pre-
dominantly through CXCR3, although blocking this receptor did
not completely inhibit chemotaxis [63]. Bronchial biopsies of ASM
from asthma patients express increased CXCL10, one of the three
known ligands for CXCR3, when compared with samples from
healthy controls [63]. This is in agreement with a previous report
of increased BAL CXCL10 after segmental allergen challenge in
asthmatics [41]. Although the CXCL10-CXCR3 axis has proven to
be important for mast cell migration in asthma, its activation does
not induce degranulation or cytokine synthesis in these cells [64].
It is interesting to note that treatment of the murine lung with
CXCL9, another ligand for CXCR3, induced dose-dependent abro-
gation of CCL11-, IL-13- and allergen-induced eosinophil recruit-
ment, whereas neutralization with antibodies of CXCL9 increased
eosinophil recruitment to the airway [65,66]. Hence, within a
single disease state, the same chemokine receptor exerts hetero-
genous functions and outcomes can differ depending on the
ligand.

In COPD, T cells in peripheral airways have increased expression
of CXCR3 when compared with non-smoking, but not healthy
smoking, controls. One of the ligands for the CXCR3 receptor,
CXCL10, is elevated in COPD airways in comparison with smoking
and non-smoking controls [67]. In a recent study, ex-smokers with
no COPD and no evidence of emphysema were compared with ex-
smokers with moderate to severe COPD and evidence of emphy-
sema. CXCR3 and its ligands, CXCL9 and CXCL10, were all found
to be upregulated in the COPD group [68].

CXCR4
The CXCL12 receptor, CXCR4, is upregulated in Th2 T lympho-
cytes [69], suggesting relevance to Th2-mediated diseases like
asthma. Neutralizing antibodies to CXCR4 reduced lung eosino-
philia and decreased AHR in an OVA model of asthma in mice [70].
More recent studies with AMD3100 (a specific CXCR4 antagonist)
examined the role of this receptor in a cockroach allergen-induced
mouse model of asthma. When AMD3100 was administered to
sensitized mice, Th1-type cytokines were increased and Th2-type
cytokines were reduced. Furthermore, this compound signifi-
cantly reduced airway hyperreactivity, peribronchial and airway
eosinophila, and the number of recruited leukocytes to the lung,
when compared with controls [71]. The pharmacokinetics and
safety of AMD3100 have been assessed in phase I clinical trials, and
it was found to be well tolerated [72]. Currently, AMD3100 is in
phase III clinical trials for stem cell transplantation for the treat-
ment of multiple myeloma (see Table 4).

In a bleomycin-induced model of IPF, murine fibrocytes
trafficked to the lung in a CXCR4-dependent manner. When

neutralizing anti-CXCL12 antibodies were administered, fibrocyte
migration to the lungs was reduced and pulmonary fibrosis was
attenuated, but not abrogated [14]. This result is in contrast to the
strong diminution observed in IPF models with CCR2-null mice.

Lipid chemoattractants and their receptors

There is growing appreciation that, during infection and inflam-
mation, lipid chemoattractants, such as sphingosine-1-phosphate
and eicosanoids, have a prominent role navigating distinct T-cell
subsets at different stages of the immune response to their
intended destinations. Well known lipid chemoattractants, like
prostaglandins and leukotrienes (formed by the cyclooxygenase
and the lipoxygensase pathways respectively), have long been
known to induce chemotaxis of leukocytes, but new light has
been shed on the importance of these mediators in the initial
stages of leukocytes accumulation in allergic pulmonary inflam-
mation [21]. Blocking these mediators would limit the subsequent
clinical manifestations associated with leukocyte recruitment.

Leukotriene B4 receptor

Leukotriene (LT) B4, was originally described as a chemoattractant
for myeloid leukocytes. Since then, the LTB4 receptor, BLT1, has
been detected on neutrophils, eosinophils, monocytes and macro-
phages. High levels of BLT1 were found in murine CD4*73 and
CD8*7* T cells that had been differentiated in vitro to effector
phenotypes. CD4" T cells that were activated in vitro under non-
polarizing (ThO), Thl-polarizing or Th2-polarizing conditions all
had increased levels of BLT1 mRNA compared with naive cells [73].
Marked induction of BLT1 expression has also been observed in
CD8" T cells that are activated in vitro. Naive CD8" T cells and CD8"
T central memory cells expressed almost no BLT1, whereas BLT1
was upregulated in CD8" T effector (Tggr) cells [74]. After finding
that mouse CD4" and CD8" effector T cells express high levels of
BLT1, LTB4 was found be a potent inducer of chemotaxis and
adhesion of these cells [73]. Effector T cell chemotactic responses
to LTB4 were comparable with responses to CXCL12, one of the
most efficacious T cell chemokines.

It has been described that the number of BLT1" T cells is
moderately increased in the airways of asymptomatic asthmatic
patients [75]. In a primate model of asthma, the LTB,4 receptor
antagonist CP-105696, suppressed AHR [76]. Subsequently, Tager
et al. [73] showed that BLT1~/~ mice exposed to one or two
challenges with OVA had a decreased number of T cells in the
BAL fluid compared with wild-type mice, highlighting the impor-
tance of this receptor in T cell recruitment to the airway. However,
following three challenges with OVA, similar numbers of cells
were present in both groups. Curiously, similar number of T cells
was present in the lung parenchyma of BLT1-deficient and wild-
type mice after one, two or three challenges. In a more recent study
by Miyahara et al. [77], CD8/~ mice, which have been shown to
develop significantly lower AHR, eosinophil inflammation and IL-
13 levels in BAL fluid in an asthma model, received either BLT1*/*
or BLT1™/~ CD8" T cells. Administration of BLT1** CD8" T cells
restored AHR, eosinophilic inflammation, IL-13 levels and Tggr
cells in the lung. Mice that received BLT1~/~ CD8" T cells were not
reconstituted. It was also shown that BLT1~/~ mice developed
significantly lower AHR to methacholine, lower goblet cell hyper-
plasia in the airways, and decreased IL-13 production both in vivo
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and in vitro [78]. As observed in the report by Tager et al., the total
number of T cells were the same in the experimental and control
groups. However, Miyahara et al. found that the numbers of IL-13-
producing antigen-specific effector CD8" or CD4" T cells that
migrated to the lung were significantly lower in the absence of
BLT1 expression. Similar results have been obtained in BLT17/~
mice using an OVA induced asthma model [79]. Although these
were promising results, it is disappointing to note that that admin-
istration of an LTB4 receptor antagonist, LY293111, to a small
group of asthmatic patients did not positively affect their response
to allergen challenge [80]. Nevertheless, the targeting of this
receptor remains an attractive option to many pharmaceutical
companies because compounds targeting the CysLT1 receptor (the
receptor for the other members of the leukotriene family, LTC,,
LTD4 and LTE,), like montelukast, pranlukast and zafirlukast, have
reached the market with sales of more than US$1 billion. The
CysLT1 receptor is not believed to be directly involved in chemo-
taxis of inflammatory cells, but rather mainly to participate in the
acute bronchoconstiction induced by different trigger factors in
asthma [81].

Chemoattractant receptor-homologous molecule
expressed in Th2 cells

Two different receptors have been identified for prostaglandin
(PG) D, - DP1 and CRTH2 (also called DP2). CRTH2 is its receptor
for migration; hence our focus lies with it. However, there is
interesting information regarding the DP1 receptor, which is
expressed in many cell types and which apparently mediates the
upregulation of the CRTH2 receptor in T cells [82]. Mice with a
null mutation of the DP1 receptor, showed reduced lung eosi-
nophilia and Th2 cytokine levels [83]. Its possible roles in
respiratory diseases are discussed extensively in recent reviews
[21,84], but its role within pulmonary pathology remains
controversial.

The arachidonic acid metabolite PGD, acts as a chemoattractant
for many different cell types through the CRTH2 receptor [85].
CRTH2 is expressed in Th2 cells, eosinophils, basophils and par-
enchymal cells of the digestive system, heart, thymus, spinal cord
and brain [21]. In T cells, this receptor is only expressed in Th2
cells, being absent both in Th1 and naive T cells. In an OVA model
of asthma, PGD,-treatment increased airway eosinophilia, Th2
cytokine production and AHR compared with control animals
[84]. Similar results were found in mice overexpressing prostaglan-
din D synthase [86]. However, it was recently shown, using the
same model of asthma, that CRTH2 ™/~ mice had enhanced eosi-
nophil and macrophage recruitment to the lung. The authors also
found IL-5 production increased in the knockout animals, which
could be an explanation for the effects seen in these mice [87]. In
1996, ramatroban (BAY-u3405), a compound thought to be a
specific thromboxane A2 receptor antagonist, attenuated AHR
in a small clinical study involving twelve adult asthmatics [88].
Since then, allergic rhinitis and asthma clinical trails have ensued
with promising results. Only until recently was the activity of this
compound as a CRTH2 receptor antagonist discovered, helping to
define the role played by CRTH2 in PGD2-mediated airway inflam-
mation [89]. Ramatroban has opened up a whole realm of possi-
bilities in the development and application of selective, second
and third generation CRTH2 antagonists.

Sphingosine 1-phosphate receptors

In 2001, it was reported that sphingosine 1-phosphate (S1P) levels
in the airways of asthmatics are higher after segmental antigen
challenge. It was also demonstrated that S1P promoted contrac-
tion, cell growth and inflammatory cytokine production by
human airway smooth muscle cells in vitro [90]. S1P is a potent
sphingolipid phosphorylated product and the natural ligand for a
family of GPCRs, called S1P receptors, of which five receptors are
known to date (designated S1P receptor type 1-5 or S1PR;_5). The
different receptors for S1P, their regulation and their expression
profile on different immune cells have been recently reviewed
[91]. Interestingly, S1P has been shown to be capable of activating
other receptors, in particular CCR3 [92]. Human eosinophils
constitutively express S1PR;, and, to a lesser extent, SIPR, and
SIPR3. After stimulation in vitro with S1P, the mRNA of all three
receptorsisupregulated —as are CCR3 and CCL5 mRNA (CCLS isa
known ligand for CCR3). An anti-CCR3 antibody reverses around
50% of S1P-induced eosinophil chemotaxis, implying that S1P
signals via CCR3 and S1PRs [92]. Another report has shown that,
in mast cells, the cross-linking of the high affinity receptor for IgE
activates sphingosine kinase, leading to the generation and secre-
tion of S1P. In turn, S1P activates its receptors on mast cells, to
mediate migration towards antigen and degranulation, demon-
strating an important role for this chemoattractant within allergic
diseases [93]. It was recently demonstrated that S1P inhibited
migration induced by platelet-derived growth factor and tumour
necrosis factor a induced CCLS5 production in cultured human
bronchial smooth muscle cells [94]. These results suggest that the
functions of S1P in allergic scenarios are complex and hetero-
genous, showing the capacity to generate migration (e.g. mast
cells) as well as to attenuate cell migration (bronchial smooth
muscle cells).

FTY720 was synthesized as part of an effort to minimize the
toxic properties of a structurally related and highly potent immu-
nosuppressive agent called myriocin [95]. Studies with FTY720 for
transplantation and autoimmunity revealed that it causes a rapid
loss of lymphocytes from the blood (lymphopenia). Curiously,
FTY720 is a substrate for kinases that phosphorylate sphingosine.
FTY720-phosphate is structurally similar to S1P and acts as a
functional antagonist for the S1PRs [96]. In an OVA model of
asthma, FTY270 suppressed the accumulation of inflammatory
cells (eosinophils, neutrophils and T cells) in the BAL fluid and
in bronchial tissue, blocked AHR to inhaled methacholine,
reduced airway inflammation and inhibited goblet-cell hyperpla-
sia [97]. Because of its potent immunosuppressive abilities, it is
difficult to assess clearly the mechanisms of action of this com-
pound in animal models of respiratory diseases and, thus, the
possible benefit of using such a wide range acting compound for
the treatment of diseases like asthma.

Targeting the signalling molecules involved in leukocyte
migration

An alternative strategy to targeting chemoattractants and their
receptors to disrupt pathogenic cellular recruitment to the airway
is to target the biochemical signals that effect cell migration. In the
last section, the signalling molecules most commonly associated
downstream of the chemoattractant-receptor interaction will be
studied, highlighting their role in inflammatory disease.

874 www.drugdiscoverytoday.com



Drug Discovery Today * Volume 11, Numbers 19/20 » October 2006

REVIEWS

For a cell to migrate to a chemoattractant source it must be
polarized, meaning that the molecular processes at the front
(leading edge) differ from those at the back (uropod) [98]. Estab-
lishing and maintaining cell polarity in response to extracellular
stimuli appears to be mediated by a set of interlinked positive-
feedback loops involving phosphatidylinositol 3-kinases (PI3Ks),
protein kinase C (PKC), Rho family GTPases, integrins, microtu-
bules and vesicular transport [98] (Figure 3). The relative contribu-
tion of the various signals depends on the cell type and the specific
stimulus. These intracellular signals result in reorganization of the
cytoskeleton and cell adhesion causing the cells to send out
pseudopodia and crawl up the chemoattractant gradient. PI3K-
dependent signalling events have previously been demonstrated
in several cell systems to contribute to several aspects of the
migratory machinery including gradient sensing, signal amplifica-
tion, actin reorganization and hence cell motility [98].

Phosphatidylinositol 3-kinases

A large body of evidence now supports the view that the temporal
and spatial regulation of the phosphoinositide lipid products of
class 1 phosphatidylinositol 3-kinases (PI3Ks) (Box 1) plays a
crucial and early role in both gradient sensing and determining
internal polarity in Dictyostelium, as well as more complex mam-
malian cells [99,100]. Chemokines, LTB, and PGD, are all known
to stimulate PI3K activation [101]. Although it is usually assumed
that the receptors for these chemoattractants are linked with the
p110y PI3K isoform, several chemokine receptors can also activate

other isoforms implicated in cell migration [99,100]. The most
conclusive lines of evidence that PI3K contributes to the leukocyte
navigation mechanisms are derived from the use of PI3K inhibitors
and studies of mice deficient in the PI3K p110vy catalytic isoform
(PI3Krvy). For example, use of PI3Ky~/~ mice has revealed that the
directional movement of cells involved in mounting an immune
response to a pathogen or foreign body (most notably neutrophils
and macrophages) is severely impaired in the absence of PI3Ky,
both in vitro and in vivo [102]. The movement of neutrophils into
sites of inflammation is central to the pathology of several disease
conditions including COPD and ARDS. Indeed, a central role for
PI3Kvy has been suggested for neutrophil recruitment and activa-
tion in a chemokine instillation model of airway inflammation, as
well as intraperitoneal LPS model of lung injury in PI3Ky~/~ mice
[103,104]. Recent evidence indicates the effectiveness of PI3Ky
inhibitors in several models of chronic inflammatory diseases,
primarily owing to inhibition of neutrophils and to CD4" T cells
migration [102]. These inhibitors also abrogate recruitment of
other leukocytes, particularly neutrophils and macrophages, in
other models of chronic inflammation [105].

PI3K activation seems to be a signalling event shared by most
chemokine receptors expressed on T cells, yet paradoxically acti-
vation of PI3K by chemokines can be a dispensable signal for
directional migration of T cells and eosinophils [99]. However,
many reports have used pharmacological tools in in vitro assays of
migration, which might not accurately reflect physiological set-
tings or events involved. Significant progress has been made in
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Establishing and maintaining cell polarity in response to extracellular stimuli. Chemokine coupling to G-protein-coupled receptor (GPCR) causes the
liberation of the By subunit from the G protein complex. The By subunit then induces the recruitment of PI3K to the cell membrane, where it comes in contact
with its membrane bound substrate, phosphatidylinositol (Pl). After a series of phosphorylation steps, phosphatidylinositol (3,4,5)-trisphosphate (PIP3) is formed.
This second messenger activates a series of downstream proteins, like protein kinase B (PKB), PIP3-dependent protein kinase (PDK), protein kinase C (PKC), guanine
nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs). The interaction of these molecules, leads to the activation of Rho GTPases, which
mediate actin polymerisation and pseudopod formation - the basic mechanisms of chemotaxis.

www.drugdiscoverytoday.com 875

=
=
>
w
o
=
[]
=
>
w
x
@
=
2
S
]
o




o)
D)
s,
D)
2
g
Py
m
=<
3
=1
m
o
m
=
m
=

REVIEWS

Drug Discovery Today * Volume 11, Numbers 19/20 ¢ October 2006

BOX 1
The class | and 1l PI3K families

The major products of class | phosphoinositide 3-kinases (PI3Ks)
are phosphatidylinositol 3,4,5-trisphosphate [PtdIns(3,4,5)Ps] and
its metabolite phosphatidylinositol 3,4-bisphosphate
[PtdIns(3,4)P-]. The levels of Ptdins(3,4)P, and PtdIns(3,4,5)P5 in
cells are usually low in resting conditions, but rise sharply after cell
stimulation. These lipids then interact with protein effectors via
lipid binding domains, such as pleckstrin and phox homology
domains. The effects of PtdIns(3,4,5)P; are counteracted by the
lipid phosphatases phosphatase and tensin homologue deleted on
chromosome 10 (PTEN) and src-homology 2-containing inositol
5'phosphatase (SHIP), which convert this lipid to PtdIns(4,5)P, and
PtdIns(3,4)P, respectively. In some leukocytes (e.g. neutrophils),
PtdIns(3,4,5)Ps is located at the leading edge of a migrating cell
responding to a chemotactic agent, through the localized action of
PI3Ks that reside at the leading edge and the positioning of PTEN
at the cell margins and rear [99,106].

Class | PI3Ks consists of two subgroups. The class IA PI3K consists of
three catalytic isoforms (p110c, p110 and p1103), which interact
with a regulatory p85 protein that mediates protein—protein
interactions. A distinct lipid kinase termed PI3Ky or (p110v) is
coupled to a p101 regulatory protein and is activated by G protein
By subunits from G-protein-coupled receptors (GPCRs).
Nevertheless, GPCRs, such as receptors for chemokines, are also
able to activate the p85-p110 heterodimeric PI3Ks. Expression of
p1108 and PI3Ky is largely (but not exclusively) restricted to
leukocytes [99,106].

The class Il PI3Ks are structurally distinct and are thought to use
only PtdIns and PtdIns(4)P as substrates. Mammalian class Il PI3Ks
predominantly include the ubiquitously expressed PI3KC2a and
PI3KC2B. Chemokine receptors and integrins stimulate class Il PI3K
activity [100].

unravelling the confusion concerning the role of PI3K in leukocyte
migration. The in vitro migration of PI3Ky~/~ CD4* and CD8" T
cells to CCL19 and CXCL12 and CCL21 is significantly decreased
compared with cells from wild-type mice. By contrast, T cell
responses were largely unaffected by PI3K p1103 catalytic isoform
deficiency [106]. Hence, in settings where T cell migration required
PI3K activation, the p110+y isoform appears to be the predominant
isoform required. This correlates with recent observations that
pl10y selective inhibitors reduce numbers of CD4" memory T
cells in animal models of systemic lupus [107]. Inhibition of
p1103, using the selective inhibitor IC87114 in a murine model
of asthma, resulted in decreased levels of Th2 cytokines, AHR and
of migration of leukocytes to the lung [108]. The ability of p1103 to
function downstream of chemokines receptors in lymphocyte
chemotactic responses is consistent with the finding that a broad
spectrum loss-of-function mutant that disrupts all class 1A cata-
lytic isoforms reduced chemotactic responses of leukemic T cells to
CXCL12 [99,100]. In short, these studies highlight that individual
lymphoid chemokine receptors have differing dependence on
PI3K-dependent signals for achieving ordered migration. Hence,
a ‘one-fits-all’ concept of targeting PI3Ky in airway diseases is
probably unwise and the involvement of different chemokines,
PI3K signalling pathways and different cell types in distinct types
of airway disease must be taken in to consideration.

The class II PI3Ks are structurally distinct members of the PI3K
family that have received relatively little attention compared with
their famous class I cousins (Box 1). Recent reports have described

an important role for class II PI3KC2B and its primary product,
phosphatidylinositol 3-phosphate, in regulating cell adhesion,
actin reorganization and migration, particularly with regard lyso-
phosphatidic-acid-dependent cell migration and wound healing
in nonimmune cell systems [109,110]. This work has important
implications for understanding of lymphocyte migration in
response to protein and lipid chemoattractants. Indeed, class II
PI3K isoforms are activated in leukemic T cell lines by several
chemokines as well as in monocytic cell lines by CCL2-CCR2'%°
although it is unclear how GPCRs couple to class II PI3Ks.

Protein kinase C

Phospholipase C (PLC) activation, calcium mobilization and acti-
vation of PKC isoforms have been proposed as regulators of
chemokine-mediated cell adhesion and migration [99,100]. How-
ever, studies with mice deficient in PLCB1 and B3 suggest that the
PLC pathway is not required for chemotaxis in neutrophils,
although the role of this pathway in T lymphocytes or monocytes
was not thoroughly investigated [102]. In this regard, PKCB1 and
PKC? associate with the microtubules in the uropod (the trailing
extension) of migrating T cells [111]. The use of antisense oligo-
nucleotides to specifically reduce PKCB expression has provided
evidence that this isoform is required for monocyte chemotaxis in
response to CCL2 [112]. In T-cell models, where CCR4-mediated
migration can occur independently of PI3K, pharmacological tools
have indicated that PKCS3 is required for chemotactic responses to
the CCR4 ligands CCL17 and CCL22 [113]. The atypical calcium
and DAG-independent { PKC isoform has been shown to be
essential for neutrophil CXCL8-mediated chemotaxis [100] as well
CXCL12-mediated migration and development of human CD34*
progenitor cells [114], where PKC{ appears to be downstream of
PI3K. It is not well understood how PKC isoforms regulate cell
motility and migration although it is likely that they regulate
changes in integrin affinity and lateral mobility [115] and/or exert
effects on actin reorganization [116] and phosphorylation of
myosin light chain [117].

Several PKC isoforms have been knocked out in mice, including
the B, 8 and ¢ isoforms. No major effects on airway disease have
been reported in these mice, possibly because of redundancy in
function between individual isoforms [118]. However, in eosino-
phils of asthmatic patients, there is an increase after allergen
exposure in the expression level of PKC{ and of its translocation
to the membrane, which relates to the kinase function [119].
Recently it was shown in an OVA model of asthma that mice
lacking PKC6 had low levels of Th2 cytokines, reduced eosinophil
migration to the airways and lung parenchyma, and lower AHR
than control animals [120]. Together, these observations indicate
that it might be prudent to examine existing PKC-isoform null
mice in closer detail with regard to airway disease and consider
gene targeting of multiple PKC isoforms.

Mitogen-activated protein kinases

Other signalling molecules, like the mitogen-activated protein
kinase (MAPK) family, have also been implicated in chemotactic
signalling mechanisms. Inhibitors of the MAPK (or extracellular
signal regulated kinase; ERK)-MAPK kinase (or MAPK/ERK kinase;
MEK) pathway were only able to partially attenuate CXCL12-
CXCR4- and CCL17-CCR4-mediated lymphocyte chemotaxis

876 www.drugdiscoverytoday.com



Drug Discovery Today * Volume 11, Numbers 19/20 » October 2006

REVIEWS

[121]. Furthermore, Ashida et al. [122] elucidated that in vitro,
CCL2-CCR2-mediated chemotaxis was inhibited by using a p38
MAPK inhibitor, but not by a MEK inhibitor. In neutrophils,
CXCL1 migratory responses have also demonstrated roles for
ERK1/2 [123], while CXCL8 have shown to require p38 and c-
Jun amino-terminal kinase (JNK) MAPK signalling but not ERK
[124]. Because CXCL1 and CXCLS8 are both ligands for CXCR1 and
CXCR2, the difference in the signalling could reflect the prefer-
ence of each chemokine for a particular receptor, and hence a
different signalling pathway downstream of each receptor.

When migrating to a site of infection in the presence of multiple
chemoattractants, leukocytes must prioritize favouring end-target
chemoattractants [formyl-Met-Leu-Phe (fMLP) and CS5a] over
intermediary tissue derived chemoattractants (CXCL8 and
LTBy). An interesting in vitro study highlighted PI3K versus p38
MAPK signalling in migrating neutrophils when comparing che-
mokine stimulation with fMLP [125]. This study revealed that
neutrophils predominantly migrated toward fMLP and CS5a via
p38 MAPK whereas IL-8 and LTB4-mediated migration was PI3K
dependent. When neutrophils were faced with competing gradi-
ents of end target and intermediary chemoattractants, PI3K acti-
vation was significantly reduced and the cells migrated towards
end target chemoattractants.

Within the context of animal models, a p38 inhibitor, SB239063,
markedly reduced antigen-induced airway eosinophilia in mice and
guinea pigs [126]. Furthermore, inhalation of p38 antisense oligo-
nucleotidesin a mouse asthma model caused a significant reduction
in lung tissue eosinophilia, as well as decreases in Th2 cytokine
levels, AHR and airway mucus hypersecretion [127]. Meanwhile, in
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allergen-sensitized rats, the JNK inhibitor SP600125 attenuated
bronchial infiltration with eosinophils and T lymphocytes, as well
as ASM proliferation [128].

Concluding Remarks

Predicting the outcome of targeting specific components in the
process of leukocyte navigation presents a significant therapeutic
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