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ABSTRACT
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The accumulation of eosinophil granulocytes (EOS) at sites of inflammation is a
common feature of asthma, allergic rhinitis and inflammatory bowel disease. The aim
of the present investigation was to study the mechanisms involved in this
accumulation.
Bronchoalveolar lavage (BAL) fluid obtained from patients with birch-pollen allergy
during the season exhibited increased eosinophil chemotactic activity compared with
pre-season BAL fluid from the same patients. We identified IL-5, IL-8 and RANTES
as the main eosinophil chemotactic agents in the BAL fluid. Only EOS from allergic
donors responded to IL-8. IL-2 inhibited albumin-stimulated eosinophil migration
towards buffer or chemoattractants. EOS from allergic subjects were less sensitive to
this inhibition than EOS from normal subjects, and in vitro priming of the EOS with
IL-5 prevented the inhibitory effect of IL-2. We therefore hypothesise that IL-2 acts
as an autocrine regulator of EOS migration, and that this inhibitory effect may be
down-regulated in allergy, resulting in increased migration of EOS towards
chemotactic factors. The stimulation of eosinophil migration by albumin is mediated
by PI3 kinase. Decreased expression of CD49d and CD49f caused by albumin may
decrease the adhesiveness of the EOS, which in turn may facilitate migration. We
found higher chemotactic activity in perfusion fluids from patients with ulcerative
colitis than from control patients. The chemotactic activity correlated with the
concentrations of eosinophil granule proteins in the perfusion fluids. IL-5 and TNF-α
were identified as two of the chemotactic agents in the perfusion fluid that were
inhibited by steroid treatment. Agents with  steroid-insensitive chemotactic activity
remain to be identified.
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ABBREVIATIONS

Ig Immunoglobulin
PAF Platelet activating factor
LT Leukotriene
TNF Tumour necrosis factor
IL Interleukin
GM-CSF Granulocyte macrophage-colony stimulating factor
Th T helper
ECP Eosinophil cationic protein
EPO Eosinophil peroxidase
EPX/EDN Eosinophil protein x / eosinophil derived neurotoxin
HES Hypereosinophilic syndrome
CLC Charcot Leyden crystal
IFN Interferon gamma
RANTES Regulated on activation, normal T-cell-expressed, and secreted
MCP Monocyte chemotactic protein
MIP Macrophage inflammatory protein
VCAM Vascular cell adhesion molecule
ICAM Intercellular adhesion molecule
VLA Very late antigen
JAK Janus family of tyrosine kinases
STAT Signal transducers and activators of transcription
IP3 Inositol 1,4,5-triphosphate
PKC Protein kinase C
GTP Guanosine triphosphate
BAL Bronchoalveolar
BHR Bronchial hyperresponsiveness
HSA Human serum albumin
RIA Radioimmunoassay
LIF Leukaemia inhibitory factor
FS Forward scatter
SS Side scatter
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INTRODUCTION
The eosinophil granulocyte was discovered by Paul Erlich in 1879 [1],
and its involvement in the defence against parasites was soon recognised.
Not until almost 100 years later did investigators begin to consider the
eosinophil as a cell playing an active role in inflammatory processes in
the body. The central role of eosinophils in the pathogenesis of asthma
and allergic rhinitis is now established [2-5], and there is increasing
evidence of the involvement of these cells in inflammatory bowel disease
[6;7].
The accumulation of eosinophils at sites of inflammation is one of the
hallmarks of these diseases, and the studies presented in this thesis
focused on the highly regulated and complex process of eosinophil
recruitment. The general introduction will include a brief discussion of
the mechanisms involved in mucosal inflammation, particularly in
bronchial asthma and ulcerative colitis. It will also deal with the
eosinophil, with a short description of its general features, membrane
receptors and migratory functions.

Basic mechanisms of allergic inflammation
Allergic inflammation is initiated by IgE-related mechanisms and is
characterized by infiltration of inflammatory cells into the target organ
[8;9]. The initial allergic reaction mediated by IgE is the sensitisation
phase, in which specific IgE directed against a particular antigen is
formed in genetically predisposed individuals. The effector phase may
occur years later, and is triggered by exposure to antigen. This
inflammatory reaction may consist of an immediate and a late-phase
reaction [9;10]. The immediate reaction is induced by mast cells, which
release mediators in response to cross-linking of surface-bond IgE by
antigen. The mediators, such as histamine and leukotrienes, cause an
increase in vascular permeability, oedema and muscle contraction, a
process that lasts a few hours and does not cause tissue destruction. In
some cases a late-phase reaction takes place 4 to 24 hours after the
immediate response. The late phase is characterized by tissue infiltration
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by inflammatory cells, predominantly T lymphocytes and eosinophils
[11;12]. The interaction of these cells with resident cells such as mast
cells, macrophages, epithelial cells and endothelial cells generates a
cascade of events that contributes to chronic inflammation and tissue
destruction [13;14]. Mediators involved in the inflammatory reactions are
histamine, platelet activating factor (PAF), prostaglandins, cysteinyl
leukotrienes (LTC4, LTD4 and LTE4), toxic oxygen radicals, and
cytokines[15;16].  Macrophages are able to produce a variety of
proinflammatory cytokines, e.g. tumour necrosis factor (TNF),
interleukin (IL)-1β, IL-2, IL-6 and granulocyte macrophage-colony
stimulating factor (GM-CSF) [17]. Endothelial and epithelial cells
stimulated by cytokines express increased numbers of adhesion molecules
important for the accumulation of inflammatory cells. They are also able
to produce proinflammatory mediators. Hence, these cells not only are
targets for tissue destruction, but also take an active part in the
inflammatory process [18-20]. The T lymphocytes, especially T helper
(Th)-2 type cells, have a prominent role in allergic responses, producing
cytokines such as IL-3, IL-4, IL-5 and GM-CSF. IL-4 enhances synthesis
of IgE by antigen-stimulated B lymphocytes, and also favours production
of Th2-type cytokines. IL-3, IL-5 and GM-CSF promote eosinophil
accumulation in the tissue [21-24].
The role of eosinophil granulocytes in the inflammatory reaction is
associated with the release of many different mediators, which will be
discussed later in this chapter. Briefly, toxic proteins, oxygen radicals and
lipid mediators as well as an array of proinflammatory cytokines are
produced and released by activated eosinophils [25].

Bronchial asthma
Chronic mucosal inflammation plays an important role in the
pathogenesis of asthma, which is a disease characterized by reversible
airway obstruction and hyperresponsiveness to external and endogenous
stimuli [5;9]. Histopathological findings include massive infiltration by
activated lymphocytes and eosinophils in and around the bronchial
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epithelium, dilatation of blood vessels, loss of surface lining epithelium,
collagen deposition beneath the basement membrane of the epithelium,
mucosal oedema, and hypertrophy of both submucosal glands and
bronchial smooth muscle [5]. Activation of T lymphocytes and
subsequent eosinophil recruitment and secretion may contribute to
epithelial cell damage and possibly also to bronchial hyper-
responsiveness in asthma. The presence of eosinophils and their products
in the airways has been found to be positively correlated to the disease
severity and the development of airway hyper-reactivity [25;26].

Ulcerative colitis
Ulcerative colitis is an inflammatory disease, the aetiology of which has
not yet been established. The inflammation is manifested as oedema,
congestion, spontaneous bleeding, and erosions of the colorectal mucosa.
Infiltration of the mucosa by activated lymphocytes, macrophages,
neutrophils and eosinophils is a characteristic feature of the inflammatory
condition, reminiscent of allergy. Furthermore, the inflammation in
ulcerative colitis is recurrent and paroxysmal, another similarity to
inflammatory diseases with an allergic component, such as bronchial
asthma [6;27]. An association has actually been suggested between
allergy and ulcerative colitis on the basis of the finding of a higher
prevalence of allergic symptoms in patients with the latter disease than in
control subjects [28]. The neutrophil infiltration is, however, more
pronounced in ulcerative colitis than in allergy, where eosinophil
infiltration predominates. The involvement of neutrophils in the
pathogenesis of ulcerative colitis has been studied extensively [29-32],
but there is also increasing interest in the role of eosinophils in this
disease. Morphological studies have provided evidence of eosinophil
activation in inflammatory bowel disease [33;34], and increased release
of eosinophil cationic protein (ECP), eosinophil peroxidase (EPO) and
eosinophil protein X / eosinophil derived neurotoxin (EPX/EDN) has
been found in ulcerative colitis [35].
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The eosinophil granulocyte
The eosinophil granulocyte is a white blood cell whose main function is
actually to kill invading parasites. In the absence of parasites, however,
activated eosinophils may cause tissue destruction and inflammation
[36;37]. Indeed, a number of inflammatory diseases are associated with
eosinophilia, for example asthma, allergic rhinitis, atopic skin diseases,
idiopathic hypereosinophilic syndrome (HES) and inflammatory bowel
disease [6;38].
The eosinophils are produced in the bone marrow, where they develop
from primitive stem cells, which divide and differentiate until they
acquire the typical features of eosinophils, namely a bilobed nucleus and
distinct granules of varying sizes [39]. The mature eosinophils enter the
blood stream, where they remain for about 25 hours before migrating into
the tissue [40]. In the circulation, they constitute 1-3 % of all white blood
cells, but the eosinophils are primarily tissue cells, and there are
approximately 500 times as many eosinophils in tissues as in the blood
[37].
Activated eosinophils are able to phagocytose particles, such as bacteria,
but their main killing mechanism is the release of toxic granule proteins
and production of oxygen free radicals [39]. There are five major
eosinophil granule proteins, namely ECP, MBP, EPX/EDN, EPO and the
Charcot-Leyden crystal (CLC) protein. MBP and CLC protein are also
found in basophils, whereas ECP, EPO and EPX/EDN are specific for
eosinopils. All of these proteins are able to kill both mammalian cells and
non-mammalian cells with varying efficiency. Eosinophils also produce
cytokines and mediators such as leukotriene C4 (LTC4) and PAF [3].

Cytokines and eosinophil function
Cytokines are low-molecular-weight glycoproteins that stimulate or
inhibit the differentiation, proliferation or function of immune cells. Each
cytokine has multiple functions, many of which are carried out by more
than one cytokine [16;21]. This redundancy of the system means that the
net effect of the cytokines is dependent on the balance of cytokine
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expression. Cytokines may also interact both synergistically and
antagonistically [16].
Cytokines can be divided into:

•  interleukins
•  colony-stimulating factors
•  chemokines
•  interferons (IFNs) and
•  tumour necrosis factors

Interleukins and GM-CSF
Among the interleukins, IL-4 and IL-5 are derived from a subset of T-
helper cells called Th2, which have been implicated in the pathogenesis
of asthma and allergy. IL-4 induces IgE production and IL-5 has a crucial
role in the proliferation, differentiation, survival and activation of
eosinophils. Another subset of T-helper cells, Th1, produce IL-2 and
IFN-γ, but not IL-4 or IL-5. The Th1 cytokines are involved in
macrophage activation and cytotoxicity, and are thus active in the defence
against bacterial infections. Both subsets produce IL-3 and GM-CSF [22-
24]. IL-3 and GM-CSF stimulate the development of eosinophils as well
as of other leucocytes, whereas IL-5 acts specifically on eosinophils [41].

Chemokines
The chemokines constitute a superfamily of chemoattractant cytokines.
They have been categorised on the basis of whether the first two cysteines
are adjacent to each other or separated by an amino acid. The two most
important subgroups are the CXC (α-chemokines) and the CC (β-
chemokines). The only one of the CXC chemokines that has been
associated with eosinophil function is IL-8 [42;43]. In contrast, a number
of CC chemokines have been found to be related to eosinophils:
•  RANTES (regulated on activation, normal T-cell-expressed, and

secreted)
•  Eotaxin
•  Eotaxin-2
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•  Monocyte chemotactic protein (MCP)-1 and-3
•  Macrophage inflammatory protein (MIP)-1α
These chemokines stimulate the migration of eosinophils, basophils, T
cells and/or monocytes, but not of neutrophils [44;45].

Interferons
IFNs are produced during viral or bacterial infection; IFN-α mainly by
leucocytes, IFN-β by fibroblasts and IFN-γ by T cells. IFN-γ plays a
critical role in the immune response and is one of the Th1-specific
cytokines that promote Th1 responses and inhibit Th2 responses. IFN-γ
also stimulates macrophages to produce other proinflammatory cytokines
[45].

Tumour necrosis factors
TNFs are endotoxin-induced serum factors that are able to cause necrosis
of tumours. TNF-α is produced by monocytes / macrophages, and TNF-β
by T cells [45]. TNF-α increases the ability of eosinophils to kill parasites
[46] and has also been shown to stimulate eosinophil migration [47] and
to up-regulate the expression of vascular cell adhesion molecule
(VCAM)-1, which is important for eosinophil recruitment to sites of
inflammation [16].
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Eosinophil cell surface receptors
Eosinophils express a variety of receptors on their external plasma
membranes, including receptors involved in adhesion. They also express
receptors for cytokines, complement and immunoglobulins [48].

Adhesion molecules
Adhesion of leucocytes to the blood vessel endothelium by means of
adhesion molecules is a prerequisite for the accumulation of these cells in
the tissue. Receptors involved in eosinophil adhesion can be divided into
selectins, integrins and immunoglubulin-like structures [49].
The selectin family consists of L-selectin (CD62L), P-selectin (CD62P)
and E-selectin (CD62E). They mediate "rolling", i.e. the initial and
reversible contact between eosinophils and the endothelial cells of the
blood vessel [48]. Selectins are characterised by a Ca2+-dependent lectin
domain which is able to bind to glycoproteins that contain the
carbohydrate structure sialyl Lewis X. L-selectin is constitutively
expressed on eosinophils and is shed upon activation during eosinophil
recruitment, which may explain the reversible nature of the binding. L-
selectin interacts with MAdCAM-1, CD13 and with the other selectins. P-
and E-selectins are expressed on activated endothelial cells. The main
ligand for P-selectin is CD162 (P-selectin glycoprotein ligand-1 or
PSGL-1), and E-selectin binds to sialyl Lewis X on the eosinophil [48].
During rolling the eosinophils become activated and the expression of
integrins is up-regulated. These adhesion molecules enable the
eosinophils to bind firmly to extracellular matrix components or to the
immunoglobulin-like structures on other cells [48]. They also mediate
intracellular signalling [50]. Integrins are composed of α and β subunits.
They are subdivided according to the β chain, which are linked to
different α chains. Eosinophils express the β1 integrins α4β1

(CD49d/CD29), a heterodimer called very late antigen (VLA)-4, and α6β1

(VLA-6), enabling them to interact with the extracellular matrix proteins
laminin, fibronectin and fibrinogen. VLA-4 also binds to VCAM-1 and
mediates selective eosinophil recruitment [48;50;51]. The common β
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chain of the β2 integrins is CD18. Among the β2 integrins, eosinophils
express αLβ2 (CD11a/CD18), αMβ2  (CD11b/CD18), αXβ2 (CD11c/CD18)
and αDβ2. Their counterstructures are intercellular adhesion molecule
(ICAM)-1, -2 and -3 as well as VCAM-1, fibrinogen and the complement
fragment C3bi [48].
Immunoglobulin-like structures involved in adhesion have been observed
on eosinophils. For example ICAM-1 has been found to be upregulated
on eosinophils from asthmatic subjects or in vitro by stimulation with
TNF-α together with IL-3, IL-5 or GM-CSF [52]. Eosinophils also
express ICAM-3 and PECAM (CD31).

Table I. Eosinophil adhesion molecules and their ligands.
Eosinophil receptor Ligand

Selectins L-selectin MAdCAM-1, CD34

Integrins VLA-4 (CD49d/CD29) VCAM-1, fibronectin
VLA-6 (CD49f/CD29) Laminin
CD11a/CD18 ICAM-1,-2,-3
CD11b/CD18 ICAM-1, fibrinogen,

C3bi
CD11c/CD18 Fibrinogen, C3bi
α4β7 MAdCAM-1, VCAM-

1, fibronectin

Immunoglobulin-like ICAM-1/-3, PECAM PECAM-1, Αvβ3

Carbohydrate PSGL-1 P-selectin
Sialyl Lewis X E-selectin

Others CD44 hyaluronate



15

Cytokine receptors
Most cytokine receptors consist of two or more subunits, one of which is
ligand-specific. The other subunits are associated with signal generation
and transduction. Several cytokine receptors use a common signal
transducer, which may explain the redundancy of the cytokine functions.
With few exceptions (e.g. the IL-8 receptor), cytokine receptors do not
contain intrinsic tyrosine kinases. Instead, dimerisation of the receptor
components results in activation of cytoplasmic protein tyrosine kinases,
so-called JAKs (Janus family of tyrosine kinases), which in turn activate
members of the STAT family (signal transducers and activators of
transcription) or induce the Ras-mitogen-activated protein kinase cascade
[21;45;53]. Cytokine receptors expressed on human eosinophils are listed
in Table II. IL-3, IL-5 and GM-CSF share a common β chain and have
their own cytokine-specific α chains. The IL-5 receptor is fairly specific,
since it is only expressed on eosinophils and basophils, while receptors
for IL-3 and GM-CSF are present on many haematopoietic cells [54]. The
receptor for IL-2 consists of three subunits (α, β and γ), of which the α
chain (CD25) has been detected on eosinophils [55;56]. The γ chain that
is a common subunit shared by the receptors for IL-2, IL-4 and IL-7 is
also expressed on eosinophils [57]. The chemokine receptors are named
CCR or CXCR, according to what kind of chemokines they bind. At
present, five CXC receptors and eight CC receptors are known [58].
Among the CXC receptors, the receptor for IL-8 (CXCR-2) has been
found on activated eosinophils [59]. CCR-1 and CCR-3 are expressed on
eosinophils, basophils and activated lymphocytes. CCR-1 is also present
on macrophages. Chemokines binding to CCR-1 include MIP-1α,
RANTES and MCP-3. CCR-3 is the principal receptor for eotaxin and
eotaxin-2, and also binds RANTES and MCP-2, -3 and -4 [58;60].
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Table II: cytokine receptors (R) on human eosinophils
IL-2R α (CD25) and γ chains

IL-3R α chain
IL-5R α chain             + common β chain
GM-CSFR α chain

IL-4R α and γ chains
IL-9R
IL-13R
IFN-γR
TNF-αR
CXCR-2 (on activated eosinophils)
CCR-1
CCR-3
TGF-β

Other cell surface receptors
Eosinophils express receptors for chemoattractants such as PAF
leukotriene (LT) B4, D4 and E4, complement factors C5a and C3a and f-
Met-Leu-Phe [48]. Among the immunoglobulin receptors, eosinophils
express Fc receptors for IgG (CD32), IgA (CD89) and IgE (CD23). These
receptors are involved in processes such as degranulation, respiratory
burst activation and phagocytosis [61]. Furthermore, eosinophils express
apoptosis-inducing structures such as CD95 (fas) and CD69, signalling
structures with different functions and cell surface enzymes. The
description of all these surface molecules is beyond the scope of this
introduction, but they are excellently reviewed elsewhere [48].
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Eosinophil recruitment
The recruitment of eosinophils to inflamed tissue is a multi-stage process
that can be divided into the following events:
1. Priming of the eosinophils in the circulation
2. Rolling along the endothelial cells
3. Firm adhesion to the endothelium
4. Trans-endothelial diapedesis
5. Chemotaxis into the inflammatory site

Eosinophil priming
Peripheral blood eosinophils of normal, healthy subjects are relatively
refractory to activation. However, they can change into an activation-
sensitive, or primed, phenotype after interaction with certain cytokines.
Eosinophils from patients with allergy and asthma exhibit increased
migratory responses [62;63], adhesiveness [64] and degranulation [65]
compared with eosinophils from normal subjects. The priming is likely to
be caused by IL-3, IL-5 and GM-CSF in the peripheral blood. These
cytokines have been detected in the blood of allergic subjects [66;67], and
priming has been mimicked in vitro by use of recombinant IL-3, IL-5 and
GM-CSF, resulting in increased migratory responses to chemoattractants
[68;69] and increased degranulation [70]. Priming of eosinophils can also
induce responses to factors such as IL-8, which have no effect on
unprimed eosinophils [69]. One mechanism underlying this change in
responsiveness may be the induction of receptors on the cell surface [59].
Another function of IL-3, IL-5 and GM-CSF is to prolong the survival of
eosinophils by postponing apoptosis [71]. This may contribute to the
increased numbers of eosinophils in the tissue.

Eosinophil rolling and adhesion
Rolling, the initial contact of circulating eosinophils with the blood vessel
wall prior to extravasation, is mediated by selectins. The reversible
adhesion between the selectins and their ligands makes the eosinophils
move slowly along the vascular endothelium. The expression of E-and P-
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selectins on the endothelial cells can be up-regulated by IL-1 and TNF-α,
while L-selectin is constantly expressed on the eosinophils [72;73]. The
slow movement along the endothelium helps the eosinophils to adhere
firmly by interaction of integrins and their ligands. Rolling is also
believed to activate the integrin receptors on the eosinophils, which
results in high-affinity binding to their ligands [72]. The molecules that
are most important for firm adhesion of eosinophils to the endothelial
cells are CD11b/CD18 and VLA-4 on the eosinophils, and their ligands
ICAM-1 and VCAM-1 on the endothelial cells. Expression of adhesion
molecules is stimulated by cytokines. For example, IL-1 and TNF-α
induce ICAM-1 and VCAM-1 expression on endothelial cells. Some
cytokines are selective inducers for certain adhesion molecules, such as
IL-4 for VCAM-1 and IFN-γ for ICAM-1 [74]. Increased expression of
ICAM-1 and VCAM-1 has been found in biopsy samples both from
patients with allergic asthma [74] and from patients with inflammatory
bowel disease [75]. Thus, the adhesion of eosinophils to endothelial cells
in inflammatory diseases is promoted by activation both of the
endothelial cells and of the eosinophils.

Eosinophil diapedesis and chemotaxis
Eosinophils from the blood of normal individuals can adhere to IL-1- or
TNF-α -activated endothelial cells, but they are unable to migrate through
this layer. In contrast, eosinophils from allergic or asthmatic individuals
do not only adhere to the endothelial cells, but also pass spontaneously
through the cell layer. This capacity to transmigrate can be induced by
pretreatment of eosinophils from normal individuals with IL-3, IL-5 or
GM-CSF [76]. Thus, priming of the eosinophils is a prerequisite for
diapedesis. The expression of VCAM-1 and ICAM-1 on the endothelial
cell is also necessary for eosinophil transmigration.
Eosinophils then migrate into the tissue in response to chemotactic factors
produced locally at the inflammatory site [27;77-82]. This migration is a
movement directed towards chemoattractant gradients, and is
characterised by adhesion/de-adhesion to extracellular matrix proteins. In
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response to a chemoattractant, the concentration of cytoplasmic Ca2+ rises
and the cell undergoes polarisation. A flat extension of the cytoplasm,
called a lamellipod, is formed at the front of the moving cell, and a tail
called uropod is formed at the rear. The nucleus is located closer to the
rear than to the front [83;84]. In polarised locomoting cells there is
always a calcium gradient with higher Ca2+ in the tail than in the front.
When cells turn, the intracellular Ca2+ concentration rises transiently and
then falls most rapidly in the new direction of locomotion. These Ca2+

signals arise from internal Ca2+ stores released in response to inositol
1,4,5-triphosphate (IP3). Diacylglycerol (DAG), which is co-produced
with IP3, has an inhibitory effect on Ca2+ signals, probably through
protein kinase C (PKC). The eosinophil moves by extending the
lamellipod that adheres to the substrate, and constricting the uropod while
de-adhering from the substrate [83-85]. The actin system comprises the
motor of the cell, and actin polymerisation and depolymerisation provide
the cell with contractile forces. These forces are probably induced by
phosphorylated myosin II interacting with actin filaments [86]. Many
signal transduction mechanisms, e.g. calcium transients, pH changes,
protein phosphorylation reactions, phospholipid turnover, lipoxygenase
activity, GTP-binding proteins, and others, have been proposed as
mediators of these events [83].
Cell migration may be divided into chemotaxis and chemokinesis.
Chemotaxis is a directed movement towards a gradient of
chemoattractant. Chemokinesis, on the other hand, is an undirected, or
random, movement that represents cell activation and subsequent
movement without the need of a chemotactic gradient [87]. Chemotaxis
and chemokinesis can be differentiated by means of a chequerbord
analysis [88].
At the time of the start of this study, several factors had been suggested as
being chemotactic for eosinophils. PAF, complement factor C5a, LTB4

and f-Met-Leu-Phe were some of the first-identified eosinophil
chemoattractants [89]. All of these mediators, however, act on both
eosinophils and neutrophils. Recently, PAF and C5a have been found to
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be important for the transmigration of eosinophils across epithelial cells
[90]. When the present study began, increasing interest had already been
paid to the chemotactic properties of cytokines. IL-3, IL-5 and GM-CSF
had been recognised as activators of eosinophil function, including
migration [89;91]. Chemokines such as RANTES [92] and IL-8 [93] had
also been found to be eosinophil chemoattractants, although at the time of
those observations human eotaxin had not yet been discovered. IL-2 had
also been claimed to induce eosinophil migration [55], an opinion that
will be challenged in this thesis.
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 AIMS OF THE PRESENT INVESTIGATION

The overall aim of this investigation was to study mechanisms involved
in the attraction of eosinophil granulocytes to sites of inflammation. The
specific aims were:

•  to identify the eosinophil chemotactic agents in broncho-alveolar
lavage (BAL) fluid obtained from pollen-allergic patients during
the birch-pollen season;

•  to compare eosinophils from normal and allergic individuals
regarding the responsiveness to these chemotactic agents;

•  to study interactions between different proinflammatory cytokines;

•  to investigate the effect of interleukin-2 on eosinophil migration;

•  to analyse intestinal perfusion fluid from patients with ulcerative
colitis regarding eosinophil chemotactic activity;

•  to identify mechanisms by which human serum albumin stimulates
eosinophil migration.
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PATIENTS AND REFERENCE SUBJECTS

Papers I and II

Patients (for BAL-fluid studies):
Eight birch pollen-allergic patients, four men and four women, with a
mean age of 29 years (range 21-37), participated in these studies. Two
patients were occasional smokers. The diagnosis of allergy was based on
a history of rhino-conjunctivitis and wheezing during the birch-pollen
season, a positive skin prick test and RAST. All patients exhibited
increased bronchial hyper-reactivity (BHR), within the �asthmatic range�,
as measured by means of histamine sensitivity at the time of admission to
the study. BHR was further increased during the pollen season. The
patients underwent BAL twice; before the birch-pollen season (in
February and March 1988) and during the birch-pollen season (in May
1988).

Blood donors:
Only healthy, non-allergic donors were included in study I. In study II,
blood from either normal healthy donors or from donors with presumably
in vivo primed eosinophils was used. The normal group consisted of eight
men and five women, mean age 37 years (range 24 to 61). The "primed",
or allergic group comprised four men and 12 women, mean age 39 years
(range 25 to 76). Blood from two pollen-allergic blood donors was
obtained during the birch-pollen season. Five of the allergic subjects were
at the beginning of a hyposensitization treatment and were receiving
allergen injections, and the remaining nine had perennial allergy with
rhino-conjunctivitis, asthma or atopic eczema. None of the asthmatic
subjects were recieving inhaled corticosteroids at doses higher than 800
µg Budesonide daily.
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Paper III

Blood donors:
Blood from either normal healthy donors or from allergic donors was
used. The normal group consisted of ten men and eight women, mean age
36 years (range 22 to 62 years). The allergic group comprised four men
and 17 women, mean age 33 years (range 21 to 50). Blood from nine
pollen-allergic individuals was obtained during the birch-pollen season.
Six of the allergic patients were at the beginning of a hyposensitization
treatment and were receiving allergen injections, and the remaining six
had perennial allergy with rhinoconjunctivitis, asthma or atopic eczema.
None of the asthmatic patients were receiving inhaled corticosteroids at
doses higher than 800 µg Budesonide daily.

Paper IV

Patients (for studies on perfusion fluid):
Eleven patients with ulcerative colitis, six women and five men, mean
age 45 years (range 30-69), participated in the study. Six of the patients
had proctitis and five had distal colitis. The clinical disease activity was
mild to intermediate, with diarrhoea in most cases but with blood in the
stools less frequently. All patients had endoscopically active disease, with
a score of 3-4 according to the Binder system [94]. Nine patients received
no treatment for at least eight weeks prior to inclusion in the study and
two patients were receiving a stable oral mesalazine preparation. One
patient was taking atenolol 50 mg once a day for arterial hypertension.
Intestinal perfusion fluid was collected on three occasions from all
patients; first before starting treatment with steroid enema (Pred-
Clysma ) (day 0), secondly on the 7th day of treatment, and thirdly on the
28th day of treatment.
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Reference subjects:
Seven patients without a history of or current inflammatory bowel
disease, five women and two men, mean age 57 years (range 45-71), were
included in the study as controls. They underwent total colonoscopy for
investigation of gastrointestinal bleeding or for follow-up after
polypectomy.

Blood donors:
Only blood from normal, healthy donors was used in this study.

Paper V

Blood donors:
Only blood from normal, healthy donors was used in this study.
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METHODS

Isolation of granulocytes (BAL experiments in studies I and II)
Heparinised blood was obtained from normal or allergic donors.
Granulocytes were isolated by dextran sedimentation [95]. Remaining
erythrocytes were lysed, and the granulocytes were washed with
physiological saline. The granulocytes were diluted to a concentration of

1.5 x 109/L in Gey's solution with human serum albumin (HSA; 1g/L).

Purification of eosinophils
Eosinophils were isolated using an immunomagnetic bead technique as
previously described [96]. Briefly, 80 ml of heparinised blood was
obtained from normal, healthy blood donors or allergic donors, and
granulocytes were isolated by Percoll (1.082 g/ml) gradient
centrifugation. Red blood cells were removed by hypotonic lysis, and
eosinophils were subsequently isolated using a method based on the fact
that eosinophils, in contrast to neutrophils, lack the cell surface antigen
CD16. As a result, highly purified eosinophils can be isolated by
removing neutrophils bound to immunomagnetic beads coated with anti-
CD16. The eosinophil purity was 99 ± 1%, and their viability 99 ± 1%, as
determined by staining with Trypan Blue.

Cell counting and quantitation
Total blood cell counts were made with a Technicon H1 cell counter
(Tournai, Belgium) (papers I-III) or a Coulter STKS (Coulter Electronics,
Hialeah, FL, USA) (papers IV-V). Cells stained with Türks dye were
counted under a light microscope. Differential counts were obtained by
use of a cytospin preparation (Cytospin, Shandon Southern Instruments,
Sewickley, USA). The cells were stained with May Grünewald and
Giemsa stain and examined under a light microscope.
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Chemotaxis assay
Eosinophil chemotaxis was measured by a modification of the Boyden
chamber technique [97], using a 48-well microchemotaxis chamber
(Neuro Probe, Cabin John, MD, USA). Chemotaxins or Gey's solution
(28 µl) was added to the lower compartments. A nitrocellulose filter
(Millipore Corporation, Bedford, MA, USA) with a pore size of 5µm was
placed between the upper and lower compartment. The cell suspensions,
50 µl per well, were added to each upper well. All tests were performed
in duplicate. The incubation time was 60 min and the temperature 37°C.
Migration was assayed according to the leading front technique [88].
Eosinophils in granulocyte mixture were identified by staining with
Chromotrope 2R [98].

Adherence assay (paper III)
The adherence of eosinophil granulocytes to E-selectin and ICAM-1 was
measured by a recently described method [99] utilising cell lines of
hamster kidney fibroblasts that selectively express E-selectin and ICAM-
1. As a reference the adhesion to the hamster fibroblasts without any
transfected adhesion molecules was also measured, and referred to as
basal adhesion.

Priming of eosinophils with IL-5
To mimic the primed state of eosinophils from allergic and asthmatic
donors, normal eosinophils were preincubated with IL-5.
In study II, purified eosinophils diluted in Gey's solution with human

serum albumin (1g/L) to a concentration of 1 x 109/L were incubated
with recombinant human IL-5 at different concentrations for 12 min at
room temperature and the cell suspensions were transferred to chambers
for measurement of migration.
In study III, purified eosinophils were incubated for 30 min at 37ûC with
IL-5 (10-10M) or Gey�s solution before incubation of the cells with IL-2
(10-11M) and subsequent migration assay.
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Intestinal perfusion technique (paper IV)
Subjects were prepared as for endoscopy: that is, they drank 2 to 4 litres
(until a clear fluid stool was passed) of a non-irritative isotonic fluid with
an osmotic effect (Laxabon�, Tika Läkemedel Ltd, Lund, Sweden).
Meperidine (25-50 mg) and/or diazepam (5-10 mg) was given
intravenously as premedication, to those who so desired. The perfusion
technique has been described in detail elsewhere [100]. In the present
study the perfusion tube was modified and only a rectal segment was used
for perfusion. Channels in the wall of the tube were used either to inflate
the balloons with air, to perfuse and drain the rectal segment, or to
administer a dye marker at the tip of the tube for detection of any leakage
into the rectal segment from the sigmoid colon. The open main channel of
the tube allowed passage of gas and fluids from the intestine above to the
tube during perfusion. The perfusion tube, with the endoscope acting as a
guide, was introduced into the rectum to the predetermined position,
whereafter the balloons were inflated with air and the endoscope was
withdrawn. In the control group, the perfusion segment was attached to a
colonoscope and the rectal perfusion was performed before the rest of the
colon was examined. The segment was first filled with 60 mL (estimated
volume of the segment) of a buffer (120 mM NaCl, 5.4 mM KCL, 2 mM
Na2HPO4, 10 mM glucose, 35 mM mannitol and 1g/L polyethylene
glycol (Mw 4 kD), pH 8.16-8.50 and osmolality 273 mosm/L) at 37°C
and then perfused with the same buffer at a rate of 3 ml per min. After a
rinsing period the perfusion fluid was collected for 20 min by gravity
drainage. Ten millilitres of aprotinin (10, 000 KIU/mL) was added to
every litre of perfusion buffer to inhibit proteolytic activity.

Radioimmunoassay (RIA) of ECP, EPX and EPO (paper IV):
The concentrations of ECP and EPX in the perfusion fluids were assayed
by means of a specific RIA (Pharmacia & Upjohn Diagnostics AB,
Uppsala, Sweden). EPO was measured with an EPO CAP FEIA prototype
(Pharmacia & Upjohn). The inter- and intra-assay coefficients of
variation were < 10 % for all tests.
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Flow cytometric analysis (paper V)
Flow cytometric analyses were performed on an EPICS-XL (Coulter
Company Inc., Miami, Fla., USA). The instrument was calibrated daily in
accordance with the recommendations of the manufacturer. A gate was
set on the eosinophil population in the forward scatter-side scatter (FS-
SS) histogram and the mean FS and the staining of the cells by FITC-
conjugated antibodies, measured as mean fluorescence intensity (MFI),
was evaluated. The control antibody was used to set the background
fluorescence level. An average of 10, 000 eosinophils in each tube were
analysed.

Statistical evaluation
Paired non-parametric statistics were used to evaluate the statistical
significance of differences in chemotactic activity, forward scatter and
receptor expression. Correlation coefficients were obtained by Pearson
product-moment correlation (paper II) or the Spearman rank correlation
test (paper IV). The level of statistical significance adopted was p<0.05.
All calculations were performed on a personal computer by means of the
statistical software Statistica (Statsoft, USA).
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RESULTS

Eosinophil chemotactic activity in BAL fluid from pollen-allergic
patients during the birch-pollen season (papers I and II)
BAL fluid from pollen-allergic patients was collected before and during
the birch-pollen season, and its chemotactic activity was analysed using
purified eosinophils from normal, healthy (paper I) or allergic (paper II)
donors.
Neutralising mouse anti-human monoclonal antibodies to IL-2, IL-5, IL-8
and RANTES, and neutralising goat anti-human antibodies to leukaemia
inhibitory factor (LIF) were added to the BAL fluid. In some cases,
mouse and goat preimmune sera were used as a control antibody in
addition to anti-LIF.
The eosinophil chemotactic activity of the individual BAL fluids was
significantly higher during the birch-pollen season than before the season
(p<0.002). Anti-IL-5 and anti-RANTES inhibited the chemotactic activity
of the BAL fluid both when eosinophils from normal donors and those
from allergic donors were used (anti-IL-5: p<0.0001 and p<0.05,
respectively; RANTES: p<0.0001 and p<0.05). In addition, anti-IL-8
inhibited the migration of eosinophils from allergic donors towards the
BAL fluid (p<0.05) (Fig.1).
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Eosinophil chemotactic activity of recombinant IL-5, IL-8 and
RANTES (paper II)
RANTES was chemotactic for eosinophils both from normal and allergic
donors in a dose-dependent manner (p<0.01). Preincubation of the cells
with IL-5 (10-10-10-8 M) induced chemokinetic migration and also had an
additive effect on that of RANTES (p<0.05). Only eosinophils from
symptomatic allergic donors responded to IL-8, and IL-5 was not
sufficient to prime eosinophils from normal donors to an IL-8 response.
We also tested the effect of eotaxin, and found that it was a potent
chemoattractant, but only at concentrations of at least 10-7 M.
In an attempt to reconstruct the activity of the BAL fluid, we mixed IL-5,
IL-8 and RANTES, all in sub-optimal concentrations, together in Gey�s
buffer. The eosinophil chemotactic activity was comparable to that in the
BAL fluid (on average 160% of buffer migration). Antibodies were added
to the mixture, and as in the BAL fluid, anti-IL-5 and anti-RANTES
inhibited the migration of both types of eosinophils, while anti-IL-8 only
inhibited that of eosinophils from allergic donors.
Eosinophils from different individuals show varying levels of basal
migration towards buffer, probably depending on what activating factors
they have been exposed to in the circulation. We found a negative
correlation between the level of basal migration and the response to IL-5,
indicating that in vivo-activated eosinophils had already been exposed to
IL-5 in the blood. On the other hand, there was a positive correlation
between the level of basal migration and the response to RANTES. This
is in accordance with our finding that IL-5 and RANTES acted
synergistically. It also shows that the eosinophils had not been exposed to
RANTES in the circulation, and that the production of RANTES is likely
to occur locally at the inflammatory site.

Conclusions from studies I and II:
Our results suggest that although other factors may influence eosinophil
migration, IL-8 and RANTES are important for the chemotactic attraction
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of these cells to the allergic lung. IL-5 seems to be an essential factor in
the cytokine network involved in eosinophil accumulation.

The effect of anti-IL-2 on eosinophil migration towards a mixture of
cytokines (paper III)
Anti-IL-2 was one of the antibodies tested in the experiments with BAL
fluid (papers I and II), where it did not have any significant effects on the
eosinophil chemotactic activity. In contrast, when added to the mixture of
cytokines described above (paper II), anti-IL-2 enhanced the migration of
eosinophils towards the mixture. This effect was significant for
eosinophils from normal donors (p=0.04). A similar, though not
significant, relationship was found in the allergic group.

Effects of recombinant IL-2 on eosinophil migration (paper III)
The migration of eosinophils towards IL-2 at different concentrations was
slower than that towards buffer. The inhibition was significant at IL-2
concentrations of 10-11 to10-8 M for eosinophils from normal donors, and
at concentrations of 10-10 to10-9 M for eosinophils from allergic donors.

Preincubation of eosinophils with IL-2 (10-11 mol/L) significantly

0

10

20

30

40

50

60

70

80

90

p=0.030
p=0.028

p=0.027p=0.028

EOS +
IL-2 

Migration towards Gey's bufferMigration towards RANTES 10-7M

EOS +
IL-2 +
control ab

EOS +
IL-2 +
anti-IL-2

EOS +
IL-2 +
control ab

EOS +
IL-2 +
anti-IL-2 

EOS +
IL-2

EOS EOS 

Fig 2. The effect of IL-2 on eosinophil (EOS) migration towards
RANTES or buffer. Neutralisation of the effect with anti-IL-2.

 

 

 

M
ig

ra
tio

n 
(µ

m
/h

)



32

inhibited their migration towards buffer or RANTES. Preincubation of
IL-2 with anti-IL-2 completely abolished this inhibition, while the mouse
IgG1 isotype control had no effect (Fig. 2).
The effect of IL-2 on eosinophil migration was concentration-dependent,
and the response to RANTES was significantly inhibited at IL-2
concentrations of 10-16 mol/L and higher. The inhibitory effect of IL-2 on
migration towards buffer was more pronounced for eosinophils from the
normal than from the allergic donors (p=0.028).
 A negative correlation was found between the chemotactic response of
normal eosinophils to RANTES (10-7M) and the inhibitory effect of IL-2
on migration towards buffer (r= -0.82, p=0.021, n=7 ). Thus, cells with a
high response to RANTES were less inhibited by IL-2.
Preincubation with IL-2 also inhibited the migration towards PAF
(p=0.007), IL-8 (p=0.010) and eotaxin (p=0.011). The chemotactic
response to the optimal concentrations of PAF, IL-8 and eotaxin was not,
however, completely inhibited by IL-2. Human serum albumin augments
the basal level of eosinophil migration, and the response varies depending
on what the eosinophils have been exposed to in vivo [101].
Preincubation of eosinophils from normal individuals with IL-2 inhibited
their migration down to the level of random migration in the absence of
HSA. Furthermore, albumin-stimulated migration was inhibited almost to
the same degree when the cells migrated towards IL-2. Thus, IL-2
inhibits the albumin-stimulated migration of the eosinophils and thereby
their response to chemoattractants.
Priming, in vitro, with IL-5 prevented the inhibitory effect of IL-2 on
eosinophil migration.

Effect of IL-2 on eosinophil adhesion (paper III)

The presence of IL-2, at molar concentrations of between 10-12 and 10-8,
during eosinophil adhesion to E-selectin and ICAM-1 did not induce any
alterations in eosinophil adhesion. Furthermore, IL-2 did not influence
the basal adhesion of eosinophils.
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Conclusion:
The results indicate that IL-2 acts as an autocrine regulator of eosinophil
migration, and that this inhibitory effect may be down-regulated in
allergy, leading to increased migration of eosinophils towards
chemotactic factors.

Eosinophil chemotactic activity in intestinal perfusion fluid from
patients with ulcerative colitis (paper IV)
Perfusion fluid was collected from patients with ulcerative colitis before
commencement of treatment with a steroid enema (Pred-Clysma ) (day
0), and after 7 and 28 days of treatment. Neutralising mouse anti-human
monoclonal antibodies to IL-5, IL-8, RANTES, eotaxin, GM-CSF, MCP-
3, TNF-α, and a mouse IgG1 isotype control (all from R&D systems,
Europé, Ltd.) were added to the perfusion fluids before transferring them
to the microchemotaxis chamber.
The eosinophil chemotactic activity was higher in perfusion fluids from
patients with ulcerative colitis than in those from control patients
(p=0.004) (Fig. 3).
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There was no significant difference in chemotactic activity between
perfusion fluids obtained before treatment (day 0) and those obtained
after 7 or 28 days of treatment with a steroid enema, although the activity
in some of the individual perfusion fluids diminished during treatment.
The chemotactic activity of the perfusion fluids obtained before treatment
was inhibited by anti-IL-5 (p=0.005) and anti-TNF-α (p=0.017)
compared to that of the corresponding IgG1-isotype control. Neutralising
antibodies were also added to pools of perfusion fluids collected during
treatment (day 7 and day 28, respectively). None of the antibodies had
any significant effect on the activity of the perfusion fluids obtained
during treatment.

Correlation between eosinophil markers and chemotactic activity in
the perfusion fluids (paper IV)
There was a positive correlation between the eosinophil chemotactic
activity and the levels of ECP (r = 0.65, p = 0.03) and EPO (r = 0.65, p =
0.03) in perfusion fluids on day 28. A similar relationship, though
weaker, was found between the chemotactic activity and both ECP (r =
0.34, p= 0.049) and EPO (r= 0.34, p = 0.05) when results were included
from all periods (day 0, day 7 and day 28).

Conclusion:
In ulcerative colitis, eosinophils are attracted to the intestinal mucosa by
chemotactic factors, of which IL-5 and TNF-α may be the most
prominent steroid-sensitive ones. The steroid-insensitive chemotactic
activities remain unidentified.

Effect of inhibitors of signal transduction on albumin-stimulated
eosinophil migration (paper V)
The finding that IL-2 inhibited the HSA-stimulated eosinophil migration
(paper III) raised questions about the mechanisms involved in the
stimulation of eosinophils by albumin, and in the counteraction of this
effect by IL-2.
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Purified eosinophils diluted in Gey's solution were incubated with
inhibitors of different molecules involved in signal transduction before
addition of HSA (1g/L) or Gey's solution. Migration assay was then
performed. To investigate the effect of IL-2 after blocking of different
signal transduction pathways, eosinophils were incubated with IL-2 (10-11

mol/L) after the previously described incubation with inhibitors in the
presence of albumin. The albumin-stimulated but not the basal migration
was inhibited by Wortmannin, an inhibitor of PI3-kinase, at
concentrations of 10-8 mol/L (p=0.049) and 10-7 mol/L (p=0.012).
Another, more specific inhibitor of PI3-kinase, LY-29 40 02, had a similar
effect. The albumin-stimulated, but not the basal, migration was inhibited
by LY-29 40 02 at concentrations of 10-7 mol/L (p=0.046), 10-6 mol/L
(p=0.022) and 10-5 mol/L (p=0.005). The PKC inhibitor RO-31-8220 had
no effect on either the albumin-stimulated or the basal migration. IL-2
inhibited albumin-stimulated migration (38 ± 1.1 µm/h versus 20 ± 2.0
µm/h) (p=0.005). IL-2 had no significant effect when added to the cells
after incubation with Wortmannin or LY- 29 40 02. The inhibitory effect
of IL-2 persisted after incubation with RO-31-8220.

The effects of albumin and IL-2 on forward scatter (paper V)
Eosinophils were incubated with or without albumin (1g/L) or albumin
together with IL-2 (10-11 mol/L) prior to flow-cytometric analysis.
Forward scatter, which reflects cell size and activation, was increased by
albumin (p=0.02). Incubation with IL-2 and albumin induced a further
increase in forward scatter (p=0.02). The eosinophils from two blood
donors divided into two populations differing in forward scatter after
stimulation with albumin: one population (A) with increased forward
scatter, and one population (B) with unchanged forward scatter (Fig. 4).
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Fig 4. Distribution of eosinophils into two populations
after stimulation with albumin

                              Buffer                                           Albumin

FS=forward scatter. SS= side scatter

Dose-response relationships between albumin concentration, forward
scatter and chemokinetic response (paper V)
The concentration of albumin used throughout this study (1g/L) is the one
normally used in our migration assay. However, two dose-response
experiments with albumin were performed regarding forward scatter and
chemokinesis. The chemokinetic response to albumin diminished in
relation to decreasing concentrations of albumin, and the chemokinetic
effect vanished at an albumin concentration of 0.01 g/L. The forward
scatter, on the other hand, reached a peak at 0.1 g/L albumin, and then
decreased with higher and lower concentrations (Table I).
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Table 1. Effect of different concentrations of human serum albumin
(HSA) on migration and forward scatter. Two experiments with
different blood donors.

Experiment No
1

Experiment No
2

HSA conc.
(g/L)

Migration
(µm/h)

Forward
scatter

Migration
(µm/h)

Forward
scatter

1 48 510.7 63 599.4
0.5 45 529.8 42 613.3
0.1 28 530.2 31 625.7
0.01 27 526.4 25 605.4
0.001 24 508.0 24 595.3
0 23 491.3 23 573.5

Effect of albumin and IL-2 on the expression of adhesion molecules
on the eosinophil cell surface (paper V)
Purified eosinophils were incubated with or without albumin (1g/L) and
IL-2 (10-11 mol/L) and then fixed with paraformaldehyde. Cell surface
receptors were stained by FITC-conjugated monoclonal antibody (mAb)
against CD11b, CD18, CD49d, CD49f and CD66b, and the cells were
analysed by flow cytometry. Isotype-matched mouse mAb served as
background control. The expression of CD49d and CD49f diminished
after incubation with albumin (p=0.02 and p= 0.02 respectively).
Albumin did not significantly affect the expression of CD11b, CD18 or
CD66b. IL-2 did not significantly change the expression of any of the
adhesion molecules tested.
According to the distribution of eosinophils into the populations
mentioned above in two of the blood donors, the eosinophils from all the
donors were divided into two equal populations, A and B, as described
above, and the expression of adhesion molecules was analysed separately
in the two populations.
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The eosinophils in population A exhibited higher expression of CD11b,
CD18, CD49d and CD66b than those in population B. In contrast, the
eosinophils in population A showed a lower expression of CD49f than
those in population B.

Conclusion:
The stimulation of eosinophil migration by HSA was mediated by PI3

kinase, whereas PKC did not seem to be involved. The increase in
forward scatter caused both by albumin and by albumin plus IL-2
indicates activation of the cells, though not directly associated with
increased migration. Decreased expression of CD49d and CD49f by
albumin may diminish the adhesiveness of the cells, which in turn may
facilitate migration.
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GENERAL DISCUSSION

The eosinophil granulocyte is a pro-inflammatory, tissue-damaging cell,
and one of the features of allergic inflammation is extensive infiltration of
the inflammatory site with eosinophils. The eosinophils are accompanied
by T cells, but the moderate numbers of neutrophils indicate that selective
recruitment mechanisms are operative [25]. The presence of enhanced
levels of IL-5 in sera of allergic-asthmatic patients gives rise to selective
eosinophil growth and differentiation, resulting in eosinophilia
[102;103;103]. Selective priming of eosinophils in the circulation and
specific adhesion molecules, such as VLA-4 [104], may also result in
eosinophil but not neutrophil recruitment, even if some of the
chemotactic activities produced during inflammation are able to attract
both types of granulocytes. In addition, a number of chemotactic factors
have been defined as eosinophil specific, e.g. RANTES, eotaxin and
MCP-3.

Recent studies on eosinophil recruitment have mainly been focused on
eotaxin, but our results indicate that the recruitment of eosinophils is
carried out not by one single factor but by many different factors acting in
concert. The fact that anti-IL-5, anti-RANTES and anti-IL-8 were all able
to inhibit the chemotactic activity in BAL fluid from pollen-allergic
subjects (papers I and II) suggests that these cytokines depend on each
other for their function. Our experiments with recombinant cytokines in
the same study showed interaction between IL-5 and RANTES, and to a
certain extent, IL-8. The presence of IL-5 was essential, especially for
unprimed eosinophils. In vivo-primed eosinophils were not as dependent
on IL-5 as the normal, unprimed eosinophils, and a combination of
RANTES and IL-8 was potently chemoattractant even in the absence of
IL-5. In study II we also found that the basal, unstimulated migration of
eosinophils, which reflects their level of in vivo activation, determined
their response to different cytokines. The more the eosinophils were
activated in vivo, the less they responded to IL-5, indicating that the cells
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activated in vivo had been exposed to IL-5 in the circulation. The
correlation between in vivo activation and the response to RANTES was
the reverse, in accordance with our finding that IL-5 enhanced the
migration towards RANTES. It also shows that the in vivo-activated
eosinophils had not been exposed to RANTES in the circulation, and that
RANTES probably is produced locally, at the inflammatory site. IL-8 is a
CXC chemokine, which is chemotactic to neutrophils as well as to in
vivo-primed eosinophils [43].
In our experiments, only eosinophils from symptomatic allergic subjects
responded to IL-8, and we were unable to prime the eosinophils for an IL-
8 response with IL-5 in vitro. A longer incubation time with IL-5 may be
necessary to achieve priming for IL-8 [105]. Another possibility is that
other factors in addition to IL-5 are necessary for eosinophil priming.
This is supported by the observation in a previous study that IL-5 alone
was not able to prime eosinophils from normal donors for a response to
PAF to as great an extent as was seen in eosinophils from eosinophilic
subjects [106]. In a study on oxidative metabolism of in vivo-primed
eosinophils from allergic subjects, further priming with IL-5 was found to
possible. It was concluded that IL-5 alone is not responsible for the in
vivo priming of eosinophils [107]. IL-3 and GM-CSF may have additive
effects to that of IL-5 in the priming, and TNF-α has been shown to prime
eosinophils for PAF [108].

However, apart from the priming abilities of IL-5, the presence of this
cytokine appears essential for the response of eosinophils to low
concentrations of chemoattractants. We found that RANTES and eotaxin
were both potent eosinophil chemoattractants at concentrations of 10-7

mol/L. However, concentrations of that magnitude are unlikely to occur
in vivo [79], and the eosinophils may require IL-5 for a response to the
physiological concentrations of chemoattractants, even if these are
increased after allergen challenge.
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Interleukin-2 and eosinophil migration
Eosinophils are known to produce a variety of pro-inflammatory
cytokines that contribute to the activation of T cells and epithelial cells,
and that also have autocrine effects [3]. IL-2 is one of the cytokines that
have been shown to be synthesised and released by eosinophils
[109;110]. We found that anti-IL-2 enhanced the migration of eosinophils
towards chemoattractants in a system where no IL-2 was added (paper
III), indicating that IL-2 was present in the cell suspension, exerting an
inhibitory effect on the migration. This notion was strengthened by our
subsequent experiments with recombinant IL-2, where this cytokine
inhibited both the basal migration stimulated by albumin, and the
chemotaxis towards RANTES, PAF, eotaxin and IL-8. The albumin-
stimulated eosinophil migration was examined more closely in study V,
and will be discussed below. In the majority of our experiments we
observed that eosinophils from allergic donors were less sensitive to IL-2
than normal eosinophils. We also showed that priming of eosinophils
with IL-5 in vitro made the cells completely insensitive to IL-2, which
may explain the lower sensitivity of eosinophils from allergic donors to
IL-2. Thus, IL-5 may contribute to eosinophil accumulation not only by
acting as a chemokinetic and chemotactic factor, but also by eliminating
the inhibitory effect of IL-2 on eosinophil migration. Furthermore, we
found a relationship between the chemotactic response and the sensitivity
to inhibition by IL-2, indicating that the eosinophils with a high
chemotactic response to RANTES were less sensitive to IL-2. As
mentioned above, exposure of eosinophils to IL-5 in the circulation leads
to an increased ability to migrate towards RANTES. In addition to the
lower sensitivity to IL-2 of eosinophils from allergic patients, a lower
endogenous release of IL-2 might partly explain the less pronounced
effect of anti-IL-2 on the migration of eosinophils from allergic
individuals. We hypothesise that IL-2 normally acts as a regulatory factor
on eosinophil migration, whereas in allergy this inhibitory effect is
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abolished by IL-5 priming, allowing increased migration of eosinophils
towards chemotactic factors.

Albumin-stimulated eosinophil migration
Albumin is necessary for eosinophil migration towards low-molecular
weight chemotactic factors, such as cytokines, in the Boyden-chamber
assay [111;112]. The inhibitory effect of IL-2 on the migration of
eosinophils towards chemotactic factors may therefore depend entirely on
inhibition of albumin stimulation of the cell. The mechanisms underlying
the dependence on albumin in the Boyden chamber system are obscure. It
has been speculated that albumin does nothing but provide the
eosinophils with a favourable physico-chemical environment [113], or
that albumin diminishes the adhesiveness of the cells and hence prevents
them from sticking to the filter. In study V we showed that albumin is
actively involved in eosinophil function by inducing intracellular
signalling. Albumin stimulates eosinophil chemokinesis through a PI3

kinase-dependent pathway. This stimulation may also trigger the response
of eosinophils to chemotactic factors. In our experiments with inhibitors
of PI3 kinase, the effect of IL-2 in this system could not be evaluated
because of the inhibitory action of both the PI3 kinase inhibitors and IL-2
on eosinophil migration. A possible way to study the impact of IL-2 on
the albumin-induced signalling would be to do experiments with protein
tyrosine phosphorylations. In such an assay, blocking of albumin-induced
protein tyrosine phosphorylation by IL-2 would confirm our speculation
that IL-2 interferes with albumin signalling through PI3 kinase-dependent
pathways. The only indication of this so far is the fact that IL-5 induces
PI3 kinase activity [114], and that IL-5 counteracts the inhibitory effect of
IL-2 (paper III). One of the mechanisms by which albumin stimulates
eosinophil migration seems to be by down-regulation of adhesion
molecules, such as CD49d and CD49f (paper V). These molecules are
able to bind to extracellular matrix proteins, and lower adhesiveness may
facilitate eosinophil migration through the tissue. This is in agreement
with the observation that antibody blocking of CD49d increased the
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chemokinetic migration of eosinophils stimulated by IL-5 [115].
However, this mechanism of albumin stimulation is probably not the
target for IL-2, since no changes in the expression of adhesion molecules
were detected after incubation of the cells with IL-2. Nor did IL-2 affect
the adhesiveness of eosinophils to E-selectin or ICAM-1 (paper III).
Albumin also caused an increase in forward scatter, which may be
interpreted as a sign of activation of the cells. Thus, albumin seems to
have active influence on eosinophil functions in several ways. This is
important to keep in mind, since albumin is commonly used in eosinophil
migration assays, and has so far been regarded as an inert protein with no
capacity to activate cells. Our finding that albumin generates intracellular
signalling may give reason to question earlier results on signal
transduction and migration of eosinophils.

Eosinophil accumulation in ulcerative colitis
The mucosal inflammation in ulcerative colitis shares many features with
allergic inflammation. One major difference, however, is the mucosal
infiltration by neutrophils in addition to eosinophils. We also found
differences in the chemotactic activities between BAL fluid from allergic
asthmatic subjects and perfusion fluid from patients with ulcerative colitis
(paper IV). While the activity in the BAL fluid could be completely
blocked by antibodies to cytokines, an important part of the activity in the
perfusion fluid remained even after addition of combinations of different
anti-cytokines. This persistent, and so far unidentified, activity also
proved to be insensitive to in vivo steroid treatment. In contrast, the
cytokine-mediated activity was inhibited by treatment of the patients with
steroid enema. As in the asthmatic lung, IL-5 was found to be an
important cytokine involved in the attraction of eosinophils to the
intestinal mucosa in ulcerative colitis. RANTES, eotaxin, MCP-3 and
GM-CSF seem to be of minor importance in this system, though they are
not entirely without influence, since antibodies to these cytokines
inhibited the activity of 18-23 % of the individual perfusion fluids. In
addition, in vivo-primed eosinophils respond more readily to RANTES,
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IL-8 [69] and eotaxin [116], and the effect of these chemokines may not
be evident until primed cells are tested. Hence, it would be of interest to
study eosinophils from patients with active ulcerative colitis in this
system.
The expression of TNF-α is strongly enhanced in ulcerative colitis [117],
and biological therapies based on antibodies against TNF-α have been
found to improve the course of the disease [118]. In this study, anti-TNF-
α inhibited the chemotactic activity in the perfusion fluid obtained before
steroid treatment, and we conclude that IL-5 and TNF-α are together
responsible for the major part of the cytokine-mediated chemotactic
activity in ulcerative colitis. The importance of the eosinophil
chemotactic activity in the perfusion fluid is suggested by the findings of
positive correlations between this activity and the levels of ECP and EPO
in the perfusion fluids, indicating that the chemotactic activity was
accompanied by activated eosinophils.
We therefore conclude that the eosinophil chemotactic activity in the
perfusion fluids has biological relevance and plays an important role in
the recruitment of eosinophils to the intestinal mucosa. IL-5 and TNF-α
were identified as two putative components of this chemotactic activity,
even though the molecular nature of other important chemoattractants
remains to be identified.
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SUMMARY

•  IL-5, RANTES and IL-8 were found to be the main chemotactic
factors in BAL fluid from pollen-allergic patients during the birch-
pollen season.

•  Only eosinophils from symptomatic allergic subjects responded to IL-
8, and in vitro incubation with IL-5 did not prime eosinophils from
normal subjects for an IL-8 response. IL-5 enhanced eosinophil
migration towards RANTES, and may be necessary for the response
of eosinophils to physiological concentrations of chemoattractants.
Our results also indicate that different chemotactic cytokines act in
concert and may be dependent on one another for their actions.

•  IL-2 inhibited albumin-stimulated eosinophil migration, and probably
acts as an autocrine regulator of eosinophil migration under normal
conditions. Eosinophils from allergic subjects were less sensitive to
IL-2 than those from normal subjects, and we found that in vitro
priming with IL-5 prevented the inhibitory effect of IL-2 on
eosinophil migration.

•  In ulcerative colitis, eosinophils are attracted to the intestinal mucosa
by chemotactic factors that are not present in the intestine of normal
subjects. IL-5 and TNF-α were shown to be two of the most important
steroid-sensitive chemotactic factors in perfusion fluid from patients
with ulcerative colitis. Agents with chemotactic activity that cannot be
eliminated by steroid treatment remain to be identified.

•  Human serum albumin stimulates eosinophil migration through a PI3

kinase-dependent pathway. One mechanism by which albumin
facilitates eosinophil migration may be down-regulation of adhesion
molecules, such as CD49d and CD49f, on the eosinophil surface.
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