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ABSTRACT
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In this thesis the oxidative metabolism by blood eosinophils from birch pollen allergic
subjects was studied and compared to that by eosinophils from healthy controls, during and
out of the pollen season. The effects and mechanisms of in vitro IL-5 priming on blood
eosinophils were investigated and compared to the effects of in vivo priming during pollen
exposure.

The main findings of this work were that the oxidative metabolism by blood eosinophils
taken from pollen allergic subjects is reduced during the pollen season. The eosinophils taken
from asymptomatic allergics have a reduced capacity to produce oxygen free radicals as
compared to non-allergic controls. The oxidative metabolism by blood eosinophils from
allergic subjects is primed in vivo during the pollen season, as compared to the healthy
controls and as compared to out of season. IL-5 primed the oxidative metabolism by
eosinophils from allergic subjects in a similar way as eosinophils from healthy controls, both
during and out of pollen exposure. The total and tyrosine phosphorylation patterns obtained
were identical in eosinophils from allergic subjects and non-allergic controls during the pollen
season. Spontaneous phosphorylation was the same in both groups and different from that
after IL-5 priming. The oxidative metabolism of blood eosinophils is composed of different
stages. The initial stage, measured as the t½rises of the CL curves, is an indication of the state
of priming of the cell, while the end stage, measured as the peaks of the CL curves, is an
estimate of the total radical production by the cells. IL-5 priming affected these two stages
differently and the two stages are regulated by different signal transduction pathways and IL-5
priming causes a by-passing of MEK.

In conclusion, in this thesis it is shown that blood eosinophils from allergic subjects are
primed in vivo during exposure to their allergen. This in vivo priming leads on one hand to a
reduced oxidative metabolism during the pollen season, but also to a faster onset of radical
production as a response to certain stimuli. Our data do not provide any evidence of IL-5
involvement in the in vivo priming of blood eosinophils from allergic patients during pollen
exposure.
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ABBREVIATIONS

CD Cluster Of Differentiation
CGD Chronic Granulomatous Disease
CL Chemiluminescence
CPM Counts Per Minute
CR Complement Receptor
ECP Eosinophil Cationic Protein
EPO Eosinophil Peroxidase
ERK Extracellular Regulated Kinase
GDI GDP Dissociation Inhibitor
GM-CSF Granulocyte-Macrophage Colony Stimulating Factor
Grb2 Growth Factor Receptor Bound Protein
H2O Hydrogen Peroxide
HMP Hexose Monophosphate
Ig Immunoglobulin
IL Interleukin
JAK Janus Kinase
kDa kilo Dalton
MACS Magnetic Cell Separating System
MAPK Mitogen Activated Protein Kinase
MBP Major Basic Protein
MEK MAPK / ERK kinase
MPO Myeloperoxidase
MW Molecular Weight
NADPH Nicotinamide Adenine Dinucleotide Phosphate
NO Nitric Oxide
O2- Superoxide Anion
OD Optical Density
PAF Platelet Activating Factor
phox phagocyte oxidase
PI3K Phosphatidylinositol-3-Kinase
PkB Protein Kinase B
PkC Protein Kinase C
PMA Phorbol Myristate Acetate
PMN Polymorphonuclear Neutrophils
Rac small GTP-binding protein
RANTES Regulated upon Activation Normal T cell Expressed and

Secreted
Ras small GTP-binding protein
RLU Relative Light Units
Shc Src Homologous and Collagen Homologous Protein
SHPTP Src Homology Protein Tyrosine Phosphatase
SOD Superoxide Dismutase
Sos Son Of Sevenless
STAT Signal Transducers and Activators of Transcription
STZ Serum Treated Zymosan
TH2 T Helper Cells
VAS Visual Analogue Scale
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INTRODUCTION

Our every day environment contains a great variety of infectious microbes, such
as viruses, bacteria, fungi and parasites. These can cause diseases if they are able
to enter our bodies, and if they are allowed to multiply unchecked they can even
kill their host. However, and fortunately for us, most infections in normal
individuals are rather short lived and leave little permanent damage. This is
thanks to our immune system, which combats and takes care of the infectious
intruders. A first line of defence against infection is made up by the innate
immune response, involving the professional phagocytic cells; monocytes,
macrophages, neutrophils and eosinophils. The phagocytes bind to the hostile
intruder, internalise it and finally destroy it. While doing this, the phagocytes
generate great amounts of toxic oxygen free radicals, which can cause severe
tissue damage if they are secreted uncontrolled into the immediate environment.
In this thesis the production of oxygen free radicals by the eosinophil
granulocyte taken from allergic subjects was studied and compared to the
production by cells from non-allergic individuals, to investigate whether it was
altered as a consequence of the exposure to their allergen. The effects and
mechanisms of in vitro IL-5 priming on the oxidative metabolism were studied
and compared to the effects of in vivo priming caused by allergen exposure
during the pollen season.
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THE EOSINOPHIL GRANULOCYTE

General background
In 1879, while the German physician Paul Ehrlich stained smears of human
peripheral blood cells with aniline dyes, he discovered a leukocyte, which
eagerly bound acidic dyes. He named this beautiful cell the eosinophil because
of the high affinity for eosin of the leukocyte granule proteins (1). In the
peripheral blood of healthy persons the eosinophil constitutes only 1- 4 %, i.e.
< 440 x 106 / L, of the total amount of leukocytes. Tissues have been estimated
to contain 100 to 300 times as many eosinophils, suggesting that the eosinophil
is to be regarded predominantly as a tissue cell (2). The eosinophil granulocyte
is an inflammatory cell, participating in the body's natural defence against
invading parasites (3).

The life of the eosinophil
Eosinophils originate from a pluripotent stem cell in the bone marrow, where
they mature and differentiate, passing morphologic stages such as promyelocyte,
myelocyte, band cell to become a mature eosinophil (4). The commitment of the
progenitors to the eosinophil/basophil lineages is induced and controlled by the
hemopoietic cytokines IL-3, IL-5 and GM-CSF (5;6), and out of these only IL-5
acts as a specific eosinophilopoietin on a late-stage progenitor (7;8). The
differentiation of the eosinophil in the bone marrow takes approximately 5 days,
whereupon the mature and non-dividing eosinophil is released into the
circulation, where it persists for 3 to 26 hours before migrating into the tissues.
The half-life of the tissue eosinophil could be from several days up to weeks
(2;9). The life of the eosinophil ends, as with all living things, with cell death.
This cell death is thought to occur in a controlled or programmed manner by a
mechanism known as apoptosis (10). However, the life of the eosinophil could
be prolonged, that is apoptosis be prevented, by the action of different cytokines,
such as IL-3, IL-5 and GM-CSF (11).

The looks and contents of the eosinophil
Mature eosinophils have a diameter of approximately 8 µm, a bi-lobed nucleus
and distinctive cytoplasmic granules (12). Three types of granules are present in
eosinophils: primary granules, secondary or specific granules and small
granules (1).

The primary granules contain the Charcot-Leyden crystal protein, which
constitutes up to 10 % of the total protein content of the eosinophil, and is made
up of a lysophospholipase in a crystallized form (13;14).

The specific granules are the visual characteristic structures of the eosinophil,
since they contain the highly basic proteins, stained reddish with acid dyes such
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as eosin. Major basic protein (MBP) is localized in the core of the specific
granule (15), while eosinophil cationic protein (ECP), eosinophil peroxidase
(EPO) and eosinophil-derived neurotoxin (EDN) are localized at the matrix
(16;17).

The small granules contain acid phosphatase (18), arylsulphatase B (18),
catalase (19), elastase (20), Cytochrome b558 (21) and also ECP (16).

Other cytoplasmic components are the lipid bodies, containing cyclooxygenase
(22), lipoxygenases (23;24), leukotriene C4 synthase (25), esterase (26) and
EPO (27).

Various cytokines (IL-1α, IL-2, IL-3, IL-4, IL-5, IL-6, Il-10, IL-12, IL-16 and
GM-CSF), chemokines (Eotaxin, IL-8 and RANTES) and growth factors (TGF-
α and TGF-β) are produced by the eosinophil and stored in the specific granules
or small secretory vesicles (28-30).

On the surface of the eosinophil several classes of membrane proteins and
receptors are expressed, e.g. immunoglobulin Fc receptors for immunoglobulin
A (31), E (32) and G (33), adhesion molecules e.g. CD11b/CD18 (34), VLA-4
(35) and L-selectin (36), chemokine receptors for e.g. RANTES (37), cytokine
receptors for e.g. IL-3, IL-5 and GM-CSF (38) and receptors for complement
CR1 and CR3 (39).

The functions of the eosinophil
The eosinophil is attracted to the site of inflammation, drawn in, and
subsequently activated, leading to the release of mediators, by various proteins,
e.g. the T cell-derived cytokines IL-3, IL-5 and GM-CSF (40;41) and
chemokines RANTES and IL-8 (42;43).

The toxicity of the eosinophil can be either oxygen independent, through the
secretion of the different granule proteins, ECP, EPX or EPO, or oxygen
dependent via the oxidative metabolism and the thereby formed oxygen free
radicals or via the interaction of both granule protein (EPO) and oxygen free
radical (H2O2)(2).

Being a professional phagocyte, like the neutrophil, monocyte and macrophage,
the eosinophil is capable of phagocytosis and intracellular killing of micro-
organisms, although not as effectively as the neutrophil (44;45).
While the neutrophil engulfs the intruder in a vacuole and destroys it by means
of the different granule proteins and oxygen free radicals (46), the eosinophil is
more of a secreting cell, releasing granule proteins and oxygen metabolites onto
targets in the extra-cellular space (47).
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One important function of the eosinophil is the destruction of invading parasites
in the body by secretion of the mediators. Nevertheless, in the absence of
parasites, the eosinophil can still accumulate and be activated in tissues by other
stimuli, and in that case the secretion of highly toxic mediators leads to the
destruction of the surrounding tissue instead, e.g. the destruction of respiratory
epithelium by eosinophil granule proteins in asthmatic individuals (48).

THE OXIDATIVE METABOLISM

Historical background
Baldrige and Gerard first described the respiratory burst as early as 1933, as they
observed that phagocytes increased their oxygen consumption during the
process of phagocytosis (49). This increase of oxygen consumption was at that
time believed to originate from the mitochondrial respiration, providing energy
for the phagocytic process, but then in 1959, Sbarra and Karnovsky demonstated
that the increase in oxygen uptake was insensitive to inhibitors of mitochondrial
respiration (50). The function of the respiratory burst did not become evident
until 1966, when Selveraj and Sbarra found that oxygen is important for the
efficient killing of bacteria by phagocytosing cells (51). The importance of the
antibacterial function of microbial oxidants became evident with the discovery
of Chronic Granulomatous Disease (CGD) by Holmes et al (52), a condition
characterized by the inability of phagocytic leukocytes to generate reactive
oxygen metabolites needed for the killing of phagocytosed microorganisms,
making the patients predisposed to repeated and severe bacterial and fungal
infections, because of their impaired defence system (53). In 1973 it was shown
for the first time that activated phagocytes produce superoxide anion (O2

-), a
potent bactericidal agent (54).

The reactions of the oxidative metabolism
A free radical can be defined as a species containing one or more unpaired
electron(s), i.e. an electron that is alone in an orbital. Free radicals try to fill the
orbital, either by donating electrons to other species (oxidation) or by accepting
electrons from other species (reduction), and are therefore very unstable and
reactive compounds (55).

The increased oxygen consumption is coupled to an increased glucose
metabolism through the hexose monophosphate shunt, providing the cells with
NADPH, the pyridine nucleotide that acts as the electron donor during the
reactions of the respiratory burst (56). The reactions of the oxidative metabolism
are reviewed in (57).
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Superoxide anion is formed when NADPH donates two electrons to molecular
oxygen:

2 O2 + NADPH � 2 O2
- + NADP+ + H+ (1)

Superoxide can be dismutated, i.e. two molecules interact whereby one is
oxidized and the other is reduced, occurring either spontaneously in a reaction at
low pH, or catalysed by the enzyme superoxide dismutase (SOD), to give
oxygen and hydrogen peroxide (H2O2):

 2 O2
-  + 2H+ � H2O2 + O2 (2)

                   SOD

SOD acts as an antioxidant, protecting the cells against the toxic actions of their
own produced superoxide anion. Three isoforms of SOD exist, which vary in
their metal component bound to it (cupper-zinc SOD, manganese SOD, iron
SOD) and in their distribution in cells (55).
Another antioxidant is catalase, transforming H2O2 into water and oxygen (58):

2 H2O2 � 2 H2O + O2 (3)
       catalase

Human blood eosinophils have been shown to produce both O2
- and H2O2 after

activation (59;60).

The reactivity of these primary products of the respiratory burst is relatively
low, allowing them to be further metabolised into more toxic compounds, such
as the hydroxyl radical (OH.), which also has been shown to be produced by the
eosinophil (61).
OH. could be formed either by an iron dependent Fenton reaction:

H2O2 + Fe2+ � OH. + OH- + Fe3+ (4)

Or by a Haber-Weiss reaction:

H2O2 + O2
- 
� OH. + OH- + O2 (5)

                     Fe

One of the biological damages caused by OH. is lipid peroxidation of the fatty
acid side chains of membrane phospholipids, leading to disruption and reduced
fluidity of the cell membrane (55).
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In the presence of peroxidase (MPO or EPO), H2O2 can oxidase halides, e.g. I-,
Br- or Cl-, to hypochlorous acid and chloramines:

H2O2 + Cl- � HOCl + OH- (6)
                 EPO

R-NH2 + HOCl � R-NHCl + H2O (7)

In eosinophils, the halides shown to be most efficient in the EPO- H2O2-halide
system are iodide and bromide (57). Hypochlorous acid is very reactive, being
able to oxidize many biological molecules, and can by itself also be bactericidal
(55). Chloramines are less reactive than HOCL itself, but they are still able to
chlorinate or oxidize biological molecules (62).
In addition, the production of singlet oxygen, a reaction catalysed by bromide
and EPO, by eosinophils has been shown. However, the importance of singlet
oxygen in eosinophil toxicity is still uncertain (63).
Another biological function of O2

- is its interaction with the nitric oxide
pathway. Nitric oxide (NO) is synthesized from the amino acid L-arginine, by
the action of the enzyme nitric oxide synthase (NOS), subsequently reacting
with superoxide anion to form peroxynitrite anion and further the generation of
hydroxyl radical (OH.) and nitrite (NO2

-) and nitrate (NO3
-).

L-arg � NO.  � .ONOO � OH.  + NO2
- + NO3

- (8)
       NOS       O2

-

Nitric oxide has been shown to act as a vasodilator (55), while the compounds
downstream cause tissue injury, e.g. airway hyperresponsiveness and pulmonary
oedema (64;65).

THE NADPH OXIDASE

The NADPH oxidase is a membrane-bound enzyme complex that catalyses the
initial reactions of the oxidative metabolism. The NADPH oxidase is activated
by the translocation of cytosolic components to the membrane components upon
cell stimulation. The NADPH oxidase consists of at least 6 components; the
membrane-bound Cytochrome b558 and the cytosolic components p40-phox,
p47- phox, p67- phox, Rac and Rap 1A (Figures 1a-b).
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Cytochrome b558
Cytochrome b558 is the membrane component of the NADPH oxidase (66).
Cytochrome b558 is a heterodimeric flavohemoprotein consisting of a gp91-phox
and a p22-phox part (67;68), both transmembrane proteins (69)(70), non-
covalently associated with each other (71) and present in membranes in a molar
ratio of 1.1 (72). The gp91-phox has been shown to posses the binding sites for
FAD and NADPH (73) and to function as the NADPH-oxidase associated H+
channel (74). The heme in Cytochrome b558 is thought to be bound to either two
p22-phox molecules or to one p22-phox and one gp91-phox molecule (75;76),
making the p22-phox the terminal component of the NADPH oxidase electron
transport system (77).

p40-phox, p47-phox, p67-phox
The three phox (phox for phagocyte oxidase) proteins exist in the cytosol as a
complex and are believed to translocate as a complex to become associated with
Cytochrome b558 upon cell stimulation. In resting cells p40-phox is inserted
between p47-phox and p67-phox, but after cell stimulation a conformational
change occurs, resulting in the exclusion of p40-phox and the direct contact
between p47-phox and p67-phox (78-82). The p47-phox controls the electron
flow between flavin and the heme groups, while p67-phox regulates the transfer
of electrons from NADPH for reduction of flavin (83). p47-phox serves also as
an adaptor protein for other cytosolic components to the NADPH oxidase
complex (84). The phosphorylation of these cytosolic factors is essential for the
activation of the NADPH oxidase, leading to change in their conformation,
enabling the assembly of the NADPH oxidase complex (85-87).

Small GTP-binding proteins
Small GTP-binding proteins like p21-Rac and Rap1A are known to participate
in the activation of the NADPH oxidase in neutrophils (88). Rac is located in
resting cells in a cytosolic complex with an inhibitory protein, Rho GDP
dissociation inhibitor (GDI), which prevents nucleotide exchange on the Rac.
Upon cell activation, the Rac protein is released from RhoGDI and the Rac is
then associated with the p67-phox. The interaction between p67-phox and Rac is
essential for translocation of the cytosolic trimeric phox proteins and activation
of the NADPH oxidase (89;90). While two isoforms of Rac are described, Rac1
and Rac2, Rac2 is the isoform interacting with p67-phox in eosinophils (91).
Rap1A has been shown to associate closely with cytochrome b558 in neutrophils
and thereby regulates the activation of the NADPH oxidase (92). However, the
presence of Rap1A in eosinophils is still uncertain.

Although all professional phagocytes (monocytes, macrophages, neutrophils and
eosinophils) express the components of the NADPH oxidase, thus able to
produce oxygen free radicals, most of the characterization of this enzyme
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complex has been done on the neutrophil due to the abundance of these cells as
compared to eosinophils. Eosinophils show a similar but more potent oxidative
metabolism than neutrophils, shown as higher HMP shunt and NADPH oxidase
activity (59), and expression of greater amounts of the different NADPH oxidase
components (93;94).

Activation of the NADPH oxidase
The oxidative metabolism by blood eosinophils can be induced by various
agents, e.g. phorbol myristate acetate (PMA), platelet-activating factor (PAF),
serum-treated zymosan (STZ) or immunoglobulins (95), but also by chemokines
and cytokines, e.g. RANTES (96), TNFα (97), Eotaxin (98) and IL-5 (99).

MEASURING THE OXIDATIVE METABOLISM

The generated oxygen free radicals by phagocytes can be measured in vitro by
different techniques, e.g. the Cytochrome C reduction assay (100), flow
cytometry (101), Nitro-Blue Tetrazolium reduction assay (102),
chemiluminescence (103) or by measuring the oxygen consumption (104).

Chemiluminescence (CL)
CL means light emission and is a simple method of measuring oxygen free
radicals produced by activated cells. The radicals react with an enhancing
substrate resulting in a molecule with a higher energy level. This difference in
energy is then emitted as photons and can be measured as light by a
luminometer (105).

A + B � C* + D
C*� C + hλemit

Two different substrates can be used in the CL assay: luminol (5-amino-1,2,3,4-
tetrahydrophalazin-1,4dion), which is believed to measure H2O2 and is
dependent on cellular peroxidase, or lucigenin (10,10-dimethyl-9,9-
bicaridiniumdinitrate), which is believed to measure O2

-  derived metabolites and
is peroxidase independent (106;107).
The advantage of using CL to measure oxidative metabolism is its high
sensitivity, therefore requiring few cells for each experiment. This is an
important factor in clinical studies where the number of eosinophils purified
from each subject is very limited. Another advantage of using the CL method is
that it is convenient for studying reaction kinetics.
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THE EOSINOPHIL IN DISEASE

Increased amounts of blood and tissue eosinophils are characteristic findings in
a number of different diseases, as summarized in the table below.

Table 1: Diseases associated with blood and tissue eosinophilia

Parasitic diseases Helminth infections
Tropical eosinophilia

Dermatologic diseases Atopic dermatitis
Urticaria

Rheumatologic diseases Hypersensitivity vasculitis
Eosinophilic fascitis

Gastrointestinal diseases Inflammatory bowel disease
Eosinophilic gastroenteritis

Respiratory diseases Asthma
Allergic rhinitis
Eosinophilic pneumonia

Cancer Lung cancer
Hodgkin’s disease

Hypereosinophilic syndrome (HES)

Allergic inflammation and birch pollen exposure
Asthma is a complex disorder characterized by obstruction and
hyperresponsiveness of the airways and inflammation in the airway mucosa,
giving clinical symptoms such as coughing, wheezing, shortness of breath and
mucus production (108), while allergic rhinitis refers to an inflammation in the
nasal mucosa, causing nasal itching, sneezing, watery discharge and associated
eye symptoms (109).
The cellular mechanisms of an allergic inflammation involves the interaction of
several types of cells, such as mast cells, T lymphocytes, eosinophils and
epithelial cell and cytokines, such as IL-4, IL-5, IL-13 and GM-CSF (110).
Figure 2 shows a summary of the interactions of cells and cytokines in allergic
asthma.
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Figure 2: Summary of the basic cellular interactions in allergic asthma.

During an initial sensitisation phase, the antigen is processed by professional
antigen-presenting cells (APC), such as the macrophage (MØ), and presented to
TH2 lymphocytes. The TH2 lymphocytes produce various cytokines, such as IL-
4 and IL-13, leading to a B cell switch and subsequent production of IgE, or the
hemopoietic cytokines IL-3, IL-5 and GM-CSF leading to recruitment and
activation of eosinophils to the site of inflammation. The produced IgE is bound
mainly to the mast cell, but also to eosinophils through the high affinity IgE
receptor. During a later activation phase, the allergen binds to the IgE on the
mast cell, leading to release of preformed mast cell factors stored in secretory
granules, such as tryptase, leukotrienes and cytokines. This mast cell secretion
gives rise to airway hyperresponsiveness and recruitment and activation of more
inflammatory cells, such as eosinophils (110-112).

Example of an allergen that, during springtime in Sweden, causes unpleasant
clinical symptoms for allergic individuals, is the birch pollen. The birch pollen
season is normally rather short, about one month around May, and is therefore
suitable to be used as a research model for the effects of a time-limited in vivo
exposure of cells from allergic subjects. During previous pollen seasons
eosinophils from birch pollen allergic subjects showed altered functions, such as
adhesion (113), migration (114) and degranulation (115). Increased CL
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production by eosinophils from allergic patients during allergen exposure has
also been reported by others (116;117).

PRIMING

Priming refers to a process that leads to an increased responsiveness of the cell
to stimulation, without activating the cell. Blood eosinophils have been shown to
be primed in vivo by allergen challenge, giving rise to increased H2O2
production and prolonged eosinophil survival (118). The mechanisms leading to
the state of priming of the cells are still unclear, although the hemopoietic
cytokines IL-3, IL-5 and GM-CSF have been shown to prime the eosinophil in
vitro (119). However, whether the priming mechanisms are the same in vivo as
in vitro, involve the same “primers” such as cytokines or the same signalling
pathways, needs to be investigated further.
Several eosinophil functions are altered by cytokine priming in vitro, e.g.
migration (120;121), degranulation (122;123), the respiratory burst and tyrosine
phosphorylation (124).

PROTEIN PHOSPHORYLATION AND SIGNAL TRANSDUCTION

Intracellular signalling is dependent on protein phosphorylation and de-
phosphorylation; a balance regulated by two different kinds of enzymes, the
protein kinases and protein phosphatases. Activation of protein kinases leads to
phosphorylation of various proteins important for cellular signalling and
responses, while activation of protein phosphatases leads to termination of the
cellular response and the removal of phosphate groups on phosphorylated
proteins (125). Protein phosphorylations can be conducted by either serine /
threonine (PkC, MAPK, Raf, PkB/Akt), tyrosine (JAK) or tyrosine / threonine
(MEK) kinases, while, protein de-phosphorylation can be performed by either
tyrosine (PTP1B, SHPTP) or serine / threonine (PP1, PP2A, PP2B)
phosphatases (126).

Protein Protein
Phosphorylation

Dephosphorylation

Kinase

Phosphatase

P

Figure 3: Phosphorylation and de-phosphorylation of proteins
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Different proteins have been shown to be phosphorylated or de-phosphorylated
in human eosinophils after stimulation by soluble, e.g. PMA, or insoluble, e.g.
serum-treated zymosan, stimuli (127). Protein phosphorylation could also be
induced by cytokines, such as the hemopoietic cytokines IL-3, IL-5 and GM-
CSF, in both cell line (128) and human blood eosinophils (124).
Several eosinophil functions are regulated by intracellular phosphorylation
events, e.g. degranulation (129), apoptosis (130), migration (131), adhesion
(132) and the respiratory burst (124).

Studying signal transduction events
Signal transduction events in cells could be studied in vitro by different
approaches. Either by means of phosphorylation experiments, examining the
individual proteins being phosphorylated upon activation, or by means of
experiments using specific signal transduction inhibitors, i.e. chemical
compounds that inhibit a certain enzyme, kinase or phosphatase, in the
signalling cascade and thereby change the cellular functions (125). Various
inhibitors have been described; the table below summarizes the ones used in this
thesis.

Table 2: Signal transduction inhibitors

Inhibitor Signalling protein References

Staurosporine PkC (133)
Ro 318220 PkC (134)
Gö 6976 PkC (135)
Gö 6983 PkC (135)

Wortmannin PI3kinase (136)

PD 98059 MEK (137)
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INTERLEUKIN-5

IL-5 is a disulfide-linked homodimer glycoprotein with a molecular mass of 45
– 60 kDa (138), produced mainly by activated Th2 cells (40), but also by mast
cells (139), human epithelial cells (140) and eosinophils (141;142).
IL-5 constitutes, together with IL-3 and GM-CSF, the hemopoietic cytokine
family, by sharing a common receptor chain (143).
As mentioned before, IL-5 acts as a specific eosinophilopoietin in the bone
marrow (7;8), but has also been shown to be a selective activator of the human
blood eosinophil (99).

Increased levels of serum IL-5 have been shown in samples from patients with
allergic rhinitis (144), asthma (145;146) and other diseases related to
eosinophilia (147;148).

The IL-5 receptor
The IL-5 receptor is a dimeric receptor, consisting of a α- and a βc- chain,
without intrinsic tyrosine kinase activity. The βc chain is a transmembrane
protein with binding sites for signalling proteins, and is therefore considered to
be the signal transducer of the receptor. The βc chain is shared by all three
hemopoietic cytokines; IL-3, IL-5 and GM-CSF. The α chain of the receptor
complex is ligand specific and responsible for the high affinity binding of the
cytokine (149).

IL-5 signal transduction
After binding to its receptor, IL-5 has been shown to activate different signal
transduction mechanisms, such as the Ras – Raf – MEK – MAPK pathway
(150), the JAK – STAT 1 signalling pathway (151;152) and
phosphatidylinositol 3-kinase (PI3K)(153), through the tyrosine phosphorylation
of various intracellular proteins. Other protein kinases involved in the IL-5
signal transduction pathways are Lyn, believed to bind to the βc chain (154) and
ERK1 / ERK2 acting downstream of MEK (155). The IL-5 signal transduction
pathway has also been shown to include known adapter proteins such as Shc and
Grb2 (156).
Up to now, only one protein phosphatase is known to be involved in IL-5
signalling, the Src homology 2 phosphatase 2 (SHP2), whose activation leads to
the prolongation of eosinophil survival (157).



22

Shc
Grb2

Sosp

c-jun
NFκB

c-myc

α

PIP3
p
p

p

PIP2 p
p

p
p
PI3k

PkB

p

p

p

JAK 2

JAK 1

pLyn
pSyk

SHPTP2

IL-5

α βc

IL-5

p

p

JAK 2

p80

α βc

Nucleus

Cytosol

Transcription

Translocation

pp
STAT 1α

STAT 1α
pp

STAT 3

STAT 3

pp
STAT 5

STAT 5

p
STAT 1α

p
STAT 3

p
STAT 5

pp
STAT 1α

STAT 1α pp
STAT 3

STAT 3 pp
STAT 5

STAT 5

Ras

pRaf 1

pMEK

pMAPK

Figure 4: IL-5 signal transduction pathways



23

AIMS OF THE PRESENT INVESTIGATION

In this thesis the production of oxygen free radicals by the eosinophil
granulocyte taken from allergic subjects was studied and compared to the
production by cells from non-allergic individuals, to investigate whether it was
altered as a consequence of the exposure to their allergen. The effects and
mechanisms of in vitro IL-5 priming on the oxidative metabolism were studied
and compared to the effects of in vivo priming caused by allergen exposure
during the pollen season.

���� To study the PMA-induced oxidative metabolism by blood eosinophils and
neutrophils from birch pollen allergic patients and non-allergic individuals,
during and after exposure to their allergen. (I)

���� To study the oxidative metabolism by blood eosinophils from
asymptomatic allergics, asthmatics and non-allergic individuals, before and
during the birch pollen season, using different stimuli. (II)

���� To study the effect of IL-5 priming on the PMA-induced oxidative
metabolism by blood eosinophils from allergic patients and non-allergic
controls. (III)

���� To study the mechanisms of STZ-induced oxidative metabolism by blood
eosinophils and the effect of IL-5 priming. (IV)

���� To study the intracellular protein phosphorylations in blood eosinophils
from allergic patients and non-allergic controls and compare the effects of
pollen exposure and IL-5. (V)
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METHODS

Preparation of granulocyte suspensions and purified eosinophils
Eosinophils were isolated from peripheral venous blood, 40 – 100 ml from each
donor, using the magnetic cell separation system (MACS), as described by
Hansel et al (158).
Venous heparinized blood was diluted 1:1 in PBS before being loaded on 67 %
Percoll (density 1.085 g / ml). After centrifugation at 1000 x g for 30 min,
mononuclear cells were separated from the PMN and the erythrocytes in the cell
pellet were hypotonically lysed for 60 seconds. An aliquot of the PMN was
diluted in Gey's buffer (pH 7.4) to obtain a final concentration of 1x106/ml and
was used for the CL assay. (Paper I)
The remaining PMN were incubated for 1 h at 4° C with anti – CD16 beads and
the suspension was placed in a MACS column for the final separation.
Eosinophil purity was > 95 % in all cases. The eosinophils were suspended in
Gey's buffer to a final concentration of 1 x 106/ml shortly before use.
(Papers I-V)

Density separation of eosinophils
Venous blood was diluted 1:1 (vol:vol) with 2% dextran solution. The red cells
were left to aggregate for 30 minutes at room temperature. The leukocytes were
removed and washed twice in Gey's buffer. The few remaining erythrocytes
were removed with hypotonic hemolysis. The leukocytes were diluted in 2 ml
Gey's buffer, and then layered on top of a percoll gradient consisting of 6
different density fractions (60, 65, 70, 75, 80, 90%). The gradient was
centrifuged at 600 x g for 35 minutes at room temperature. Then the different
cell fractions were removed, washed and counted. Fractions 3, 4 and 5 were the
only fractions containing enough eosinophils worthwhile purifying further.
These fractions were separated on the MACS column. The purified eosinophils
were suspended, in Gey's buffer shortly before use, to the final concentration of
0.5 x 106 eosinophils / ml, the rest being mononuclear cells. (Papers I, III, IV)

Cell counting and quantification
Cells were stained with Türk’s dye and counted under the light microscope. Cell
viability was measured using Trypan blue exclusion. Total blood cell counts
were performed with a Technicon H1 (Tournai, Belgium) cell counter.
Differential counts were obtained using a cytocentrifuge preparation (Cytospin,
Shandon Southern Instruments, Sewickley, USA) stained with May Grünewald
and Giemsa, then examined under the light microscope. (Papers I - V)
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Methacholine challenge
A methacholine provocation test was performed, as previously described (389,
378), the methacholine being used in two-fold increasing concentrations. The
starting concentration of methacholine was 0.03 mg/ml for the first test, after
which individual starting doses were used. A 2 ml volume of each concentration
of methacholine solution was nebulised in a Pari Inhaler nebuliser (output 0.75
ml / min) and inhaled by tidal breathing for 2 minutes, at 5-minute intervals.
FEV1 was measured before, and also 2 and 4 minutes after each dose. Once the
FEV1 had fallen by 20%, the provocation was discontinued and a dose-response
curve was constructed.
The result was expressed as PC20, which is the methacholine concentration
required to decrease the FEV1 by 20%. (Paper II)

Chemiluminescence (CL) assay
100 µl cell suspension was added to a measuring tube, together with 100 µl of
either luminol or lucigenin, and pre-incubated at 37°C for 5 min in the
measuring chambers of the luminometer (Lumac Biocounter M2010,
Netherlands, Berthold LB 9505 or LB 9505 C, Germany). After that, 100 µl of
the stimuli, PMA (16 nM), STZ (4 mg/mL), IL-5 (65 ng/mL) or RANTES (265
ng/mL), was added to start the reaction. CL was recorded continuously and the
peaks of the curves, expressed as counts per minute (CPM) or relative light units
(RLU), and the t½rises, expressed as minutes (min), were registered.
In most cases lucigenin CL was used in order to measure purely oxygen
metabolite production and avoid the introduction of an additional variable, i.e.
cellular peroxidase levels.
The peaks of the curves were used as estimates of the total production of oxygen
metabolites. The times to reach half the total amount of radicals (t½rise) are an
indication of in vivo and in vitro priming effects.
In IL-5 priming experiments, purified eosinophil suspensions were pre-
incubated with IL-5 (10.5 ng/ml) at 37° C, for 30 minutes and subsequently
stimulated.
In inhibitor experiments, Staurosporine 10-7M, Ro 318220 10-6M and Gö 6983
10-6M, PD 98059 10-5M and Wortmannin 10-7M were each pre-incubated with
eosinophil suspensions for 10 minutes, at 37°C, before incubation with IL-5 and
further stimulation. (Papers I – V)

Total phosphorylation
Purified eosinophils were washed in phosphate-free buffer (NaCl 138 mM,
Hepes 10 mM, KCl 2.7 mM, MgCl2 1 mM, CaCl2 0.5 mM and glucose 7.5 mM)
and resuspended to a concentration of 1 x 106 cells / ml. [32P]Pi (1.0 mCi/ml)
was added to the cells, which were incubated for 1 h at 37°C in a final volume of
1 ml. To determine spontaneous phosphorylation, [32P]Pi-labelled cells were
incubated in phosphate-free buffer for 30 minutes at 37°C without any additions.
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Stimulation-induced phosphorylations were performed incubating aliquots of the
labelled cell suspension with PMA (16 nM), IL-5 (65 ng/ml) or STZ (4 mg/ml)
for 15 minutes at 37°C. In the case of priming, the cells were treated with IL-5
(10.5 ng/ml) for 30 minutes at 37°C before stimulation. In inhibition
experiments, cells were incubated for 10 minutes at 37°C with 10-7 M
Staurosporine, 10-5 M Gö 6976, 10-5 M Gö 6983 or 10-5 M PD 98059 before
stimulation.
Reactions were ended by addition of ice-cold PBS and thereafter centrifuged at
1300 x g for 10 minutes at 4° C. Pellets were washed with cold PBS and
samples were precipitated with trichloroacetic acid (TCA, 10 % w/v).
Suspensions were kept on ice for 30 min, and centrifuged at 13 000 x g for 5
minutes. The pellets were washed once with 10 % TCA and twice with
ethanol/ether (1:1 v/v), then analysed by SDS-PAGE (8 %) and
autoradiography. (Paper V)

Analyses of autoradiographies
Autoradiography bands were quantified using Quantity One, version 4 software
(Bio-Rad). The total optical density of each band was subtracted from the
optical density of an equal area of the background.
Phosphorylation profiles of gel lanes were obtained using Quantity One, version
4 software (Bio-Rad). Individual bands were quantified from the scanning data
and normalized using the invariable phosphorylation bands at 42 or 58 kDa as
references. (Paper V)

Subcellular fractionation
Purified eosinophils (0.5 x106 cells / ml) were incubated for 30 minutes at 37° C
with IL-5 (10.5 ng/ml) in Gey's buffer and suspended in ice-cold PBS and
subsequently centrifuged at 1300 x g for 5 minutes at 4° C. The supernatant was
removed and the pellet was suspended in 6% (w/w) sucrose containing 0.60 mM
Na3VO4 and proteinase inhibitors (Complete) and left on ice for 15 minutes. The
cells were disrupted by sonication (1 % amplitude for 25 sec, Vibra Cell
sonicator, Sonics & Materials inc, Connecticut, USA) and the sucrose
concentration was taken to 9% (w/w). Unbroken cells and nuclei were removed
by centrifugation at 3000x g for 3 minutes at 4° C. The supernatant was
centrifuged at 100 000 x g for 30 minutes at 4° C to give a membranous pellet
and a cytosolic supernatant. (Paper V)

SDS-PAGE electrophoresis and Western Blotting
Samples were suspended in sample buffer (2.5 mM Tris, 2% (w/v) SDS, 10 %
(v/v) glycerol and 10 mM dithioerythritol) and boiled for 5 minutes. The
denatured samples were run on polyacrylamide gels (4-12 %), transferred to a
nitro-cellulose or PVDF transfer membrane, and probed with either an anti-
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phosphotyrosine, anti-Rac, anti-Ras or anti-GRb2 monoclonal antibody as the
primary antibody and an alkaline phosphatase -conjugated antibody as the
secondary antibody. Developing was performed by enhanced
chemiluminescence. (Paper V)

Total birch pollen count
The Palynological Laboratory, Swedish Museum of Natural History, Stockholm,
measured the total pollen count. Recording of the pollen was undertaken with
the aid of a Burkhard 7-day recording volumetric spore trap, as described
previously (115). The pollen count is expressed as the mean number of pollen
per m3, per 2 h interval over the day. (Paper I, II, V)

Statistics
The Wilcoxon signed rank test and the Mann-Whitney U-test were used and p
values < 0.05 were considered significant. All calculations were performed on a
personal computer by means of the statistical package Statistica (Statsoft, USA).
(Paper I-V)
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PATIENT AND CONTROL GROUPS

Paper I
Thirteen patients allergic to birch pollen, 6 men and 7 women, of mean age 31
years (range 25-38 years), were studied during the birch pollen season. Nine of
these patients were also studied after season. All patients had symptoms of
rhinoconjunctivitis, and most also had symptoms of asthma, during the birch
pollen season. They were randomized into two different treatment groups; one
group received pre-seasonal immunotherapy with birch pollen extract (Alutard,
ALK, Hörsholm, Denmark) and the other group received topical nasal steroid
budesonide (Astra, Sweden) 200 µg 2 times daily, covering two weeks pre-
seasonally and the whole birch season.

The control group consisted of healthy and non-allergic blood donors,
9 (3 men and 6 women) during and 10 (2 men and 8 women) after the season.
The mean age was 34 years, with a range of 24-49 years.

Papers II, III and IV
Twenty patients with a birch pollen allergy were studied before and during the
Swedish birch pollen season. All patients had symptoms of rhinoconjunctivitis
during the birch pollen season, whilst some also exhibited symptoms of asthma.
They were randomized to two different treatment groups, one of which received
pre-seasonal immunotherapy with birch pollen extract (Alutard, ALK,
Hörsholm, Denmark) and the other, topical nasal steroid budesonide (Astra,
Sweden) 200 µg twice daily. Treatment covered two weeks prior to the birch
season, and the entire season itself.
The rhinitis group consisted of 12 patients, 6 men and 6 women, ranging in age
from 29 to 44 years with a mean age of 35. In this group 6 patients were treated
with immunotherapy and 6 patients with local steroids.
The asthmatic group contained 8 patients, 5 men and 3 women, ranging in age
from 26 - 44 years and with a mean age of 32. Of these, 4 patients were treated
with immunotherapy and 4 received local steroids.
During the pollen season, disease symptoms were illustrated on a visual
analogue scale (VAS) from 1 to 100.

The control group consisted of 10 healthy, non-allergic blood donors (4 men and
6 women) both before and during the season. The mean age was 34 years before
and 33 years during the season, ranging from 27 - 46 and 26 - 46 years
respectively.
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Paper V
Total phosphorylation experiments were performed on blood eosinophils
obtained from 5 subjects (4 men and one woman, mean age 33 years) allergic to
grass, and some also to birch pollen, during the Swedish birch and grass pollen
season of 1997. All presented symptoms of rhinoconjunctivitis on the day of
blood sampling.

The control group consisted of 4 healthy, non-allergic blood donors (3 men and
one woman, mean age 26 years).

Tyrosine phosphorylation experiments were performed on blood eosinophils
obtained from 12 subjects (4 men and 8 women, mean age 34 years) allergic to
birch pollen, during the Swedish birch pollen season 1998. All had symptoms of
rhinoconjunctivitis on the day of blood sampling. The symptoms of this group
were evaluated using a visual analogue score from 0-3, with 0 being no
symptoms and 3 being severe symptoms.

The control group consisted of 7 healthy (2 men and 5 women, mean age 41
years), non-allergic blood donors.
The controls and allergic subjects were skin prick tested for 10 common
allergens. All allergic subjects were positive to at least birch pollen.

Two of the subjects were studied during both the 1997 and 1998 pollen seasons.
None of the allergic subjects was treated with local or systemic steroids, except
for one who was treated with inhaled budesonide (400 µg bid). Four other
allergics were treated by hyposensitization to birch pollen.



RESULTS AND CONCLUSIONS

The oxidative metabolism by eosinophils and neutrophils during pollen
exposure (Paper I)

The PMNs showed significantly higher luminol CL than lucigenin CL
(p=0.002). In contrast, the eosinophils showed significantly higher lucigenin Cl
than luminol CL (p=0.002). In relative terms, the lucigenin CL by the
eosinophils was 5 - 10 fold higher than that of the PMN (p = 0.002).
The eosinophils of the birch pollen allergics produced less oxygen radicals in
response to PMA during season, compared to the control group, measured both
with luminol CL and lucigenin CL (p = 0.01 and p = 0.02 respectively). Out of
season, there was no difference (Figure 5).
Separating the eosinophils into hypodense and normodense fractions, showed a
decreased oxidative metabolism by the hypodense eosinophils.

We conclude that eosinophil granulocyte produces higher lucigenin CL than
luminol CL, also compared to the neutrophil granulocyte.
We also conclude that the eosinophils of birch pollen allergic patients have
reduced production of oxygen radicals when the patients are exposed to their
allergen, which could be due to higher amounts of hypodense eosinophils in the
blood during the season.
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The oxidative metabolism by eosinophils from allergic rhinitis,
asthmatics and non-allergics during pollen exposure (Paper II)

The allergic subjects showed reduced luminol CL when activated before the
season with PMA (p=0.040) or STZ (p=0.0055). This was not seen during
pollen exposure. STZ-activated lucigenin CL was also reduced before the season
(p=0.0027). The reduction was most evident in the group with asymptomatic
rhinitis (p=0.00088), with a significative difference between the two patient
groups before the season (p=0.005). This difference was also seen during the
pollen season (p=0.045) (Figure 6). In terms of eosinophil stimulation, IL-5 and
RANTES were equally effective in allergic and non-allergic subjects, both
before and during the pollen season.

We conclude that eosinophils from asymptomatic allergics out of season have a
reduced capacity to produce oxygen free radicals, and that this activity is
increased and normalised during exposure to the allergen during the pollen
season. This reduction could be a genetic abnormality or the consequence of
cytokine exposure, but it needs to be investigated further. The increased activity
is not likely to be due to IL-5 or RANTES, since the eosinophils had an
unaltered reactivity to these cytokines, both before and during the birch pollen
season.
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PMA-induced oxidative metabolism by eosinophils and the effects of
pollen exposure and IL-5 (Paper III)

IL-5 treatment changed the PMA-induced CL production by blood eosinophils
in two ways; it reduced the peak of the curve and it reduced the t½rise of the
curve, an estimate of the priming state of the cell (Figure 7). During the season,
the eosinophils from the allergic patients showed a reduced t½rise compared to
the non-allergic controls (p = 0.019) after stimulation with PMA (Figure 8). IL-5
reduced the total PMA CL response both in control and patient’s cells (p = 0.012
and 0.0054 resp.), whereas it primed it in terms of the t½rise of the curves, in
both groups (p = 0.012 and 0.0015 resp.). The PMA-induced CL reactions were
inhibited by PD 98059 (MEK), Staurosporine (PkC), Ro 318220 (PkC), Gö
6983 (PkC) and Wortmannin (PI3K). IL-5 priming counteracted only the MEK
inhibition significantly.

In conclusion, blood eosinophils from allergic patients are primed in vivo, as
compared to eosinophils from non-allergic controls, during a pollen season. IL-5
primes the PMA induced oxidative metabolism of human eosinophils from
healthy or allergic subjects, equally. The mechanism of IL-5 priming after PMA
stimulation of oxygen radical production is MEK independent.

0 5 10 15 20 25 30 35
0,0

5,0x106

1,0x107

1,5x107

2,0x107

2,5x107

3,0x107

3,5x107

T1/2rise Un-primedT1/2rise primed

Total IL-5 primed

Total Un-primed

 

C
PM

Time (Min)

2

3

4

5

6

7

8

9

10

11

p = 0,019 
( Including all patients )

p = 0,029

p = 0,057

AsthmaAsthma RhinitisRhinitis ControlControl

 

T 1/
2ri

se
 (M

in
)

Groups
Figure 7: Kinetic CL curves illustrating the
parameters measured. Blood eosinophils were
stimulated (�) or IL-5 treated and subsequently
stimulated (�) to produce oxygen free radicals.
The peaks of the curves, expressed as counts per
minute (CPM), were used as estimates of the
total production of oxygen metabolites by the
cells. The times to reach half the total amount of
radicals (t½rises) are expressed in minutes, and
their reduction is an indication of IL-5 priming
effects.
32

Figure 8: In vivo priming of PMA-
induced CL by blood eosinophils
from healthy controls and allergic
patients before (filled) and during
(open) the pollen season. The figure
shows the time to reach half the total
amount of radicals, expressed in
minutes. Statistical differences
between the groups were expressed
by the Mann-Whitney U-test.



The mechanisms of STZ-induced oxidative metabolism and the effects
of IL-5 (Paper IV)

IL-5 treatment increased the STZ-induced total radical production (p = 0.0079)
and reduced the t½rise (0.000018) of the CL reactions. The figure 9 shows a
representative kinetic CL curve illustrating the measured parameters. The t½rise
was PkC dependent and MEK independent, while the total radical production
was PkC, MEK and PI3kinase dependent. During the pollen season, IL-5
reduced the total STZ induced CL response in the patients' cells (p = 0.016) but
not in the control cells, whereas it primed the response to STZ of both cell
populations in terms of the t½rise (p = 0.012 and 0.00066 resp.). Hypodense
eosinophils had a tendency towards a reduced total radical production, as
compared with normodense eosinophils, while no differences in the t½rises
between these cell populations were observed.

In conclusion, STZ-induced oxidative metabolism consists of different stages.
The initial stage (t½rises of the curves) is PkC dependent and MEK independent,
while the end stage (total radical production) is PkC, MEK and PI3kinase
dependent. IL-5 shortened the initial stage, and increased the end stage. During
allergen exposure, however, the end stage was reduced by IL-5.This could be
due to increased amounts of hypodense eosinophils and/or some abnormality in
cell responses.
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Intracellular phosphorylation in eosinophils, comparing the effects of
pollen exposure and IL-5 (Paper V)

The total phosphorylation patterns obtained were identical in eosinophils from
allergics and non-allergic controls during the pollen season. Spontaneous
phosphorylation was the same in both groups and different from that obtained
after IL-5 priming. IL-5 priming increased the phosphorylation of 66-67, 80 and
93 kDa proteins, again equally in allergics and non-allergics (Figure 10). PMA
induced the phosphorylation of 50, 60 and 67 kDa proteins. STZ induced the
phosphorylation of 50 and 67 kDa proteins. IL-5 at activating concentrations
induced the phosphorylation of a 67 kDa protein (Figure 11). Using protein
kinase inhibitors, the phosphorylation of both the 50 and 60 kDa proteins was
shown to be PkC dependent and MEK independent.
IL-5 priming induced the tyrosine phosphorylation of a 20 kDa membrane
protein, while it reduced that of a 160 kDa protein present both in cytosol and
membranes.
In conclusion, eosinophils from non-allergic and allergic subjects show similar
patterns of intracellular protein phosphorylation during allergen exposure. Our
data does not provide evidence of IL-5 involvement in the in vivo priming of
blood eosinophils from allergic patients during pollen exposure.
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Figure 10: Profile of spontaneous
() and IL-5 primed (…) protein
phosphorylation in blood eosinophils
during the pollen season. The figure
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presented as optical densities (OD).
Figure 11: Phosphorylation profile of
stimulated blood eosinophils from an
allergic donor during pollen
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induced phosphorylation. The figure
shows a representative experiment,
since the phosphorylation profiles
were identical in eosinophils from
either non-allergics or allergic
subjects. Results are presented as
optical densities (OD).
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GENERAL DISCUSSION

The eosinophil granulocyte has been described as being mainly a tissue effector
cell, participating in allergic diseases such as allergic rhinitis and allergic
asthma. Various functions of eosinophils taken from an allergic subject have
been shown to be altered during the period of exposure to the allergen, as e.g.
increased adhesion (113), migration (114) and degranulation (115). In this thesis
the production of oxygen free radicals by eosinophil granulocytes taken from
allergic subjects was studied and compared with the production by cells from
non-allergic individuals, to establish whether it was altered as a consequence of
exposure to their allergen. The effects and mechanisms of in vitro IL-5 priming
on the oxidative metabolism were studied and compared with the effects of in
vivo priming caused by allergen exposure during the pollen season.

At the beginning of this work, it was shown that the PMA-induced production of
oxygen free radicals by blood eosinophils from birch pollen allergic subjects
was reduced during the pollen season, as compared to out of season and to non-
allergic control subjects. These findings were somewhat intriguing, considering
that other eosinophil functions showed an increase as a consequence of allergen
exposure and also that an increased CL production by eosinophils from allergic
patients during allergen exposure had been reported by others (116). This
difference in results could depend on the stimuli used. We used the phorbol ester
PMA, activating by binding directly to the PkC (159), while Shult et al used
serum opsonised zymosan. Zymosan (STZ) has been shown to bind mainly to
the CR 3 receptor on eosinophils (160), thus triggering different intracellular
signalling pathways. The STZ induced oxidative metabolism has indeed been
shown to be increased after cytokine priming (124).

The reduction in PMA-induced radical production by eosinophils from the
allergics could be due to increased amounts of hypodense eosinophils in their
blood, since we have shown a reduced radical production by hypodense cells as
compared to normodense cells. Density heterogeneity of human eosinophils has
been described, indicating the existence of a normodense and a hypodense
population of eosinophils (161). Increased amounts of hypodense eosinophils
have been found in the blood of asthmatic patients (162;163) and patients with
allergic rhinitis (164).
The hypodense eosinophil is characterized by reduced granulation,
vacuolisation, and expansion of their cytoplasm, all leading to a reduction in cell
density (165;166). Normodense eosinophils are believed to change into
hypodense eosinophils when activated by different allergens in vivo or treated
with IL-5 in vitro (167). Hypodense eosinophils express increased amounts of
the adhesion molecule CD44 as compared to normodense cells. Increased CD44
expression on hypodense eosinophils is also produced by in vitro treatment with
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IL-5 although to a lesser extent than in in vivo generated hypodense eosinophils,
indicating that the generation of hypodense eosinophils is regulated not only by
IL-5 priming (168).

To study the mechanisms of the oxidative metabolism by blood eosinophils
during allergen exposure further, we conducted another study during the
following birch pollen season, using different stimuli.
During that season, patients were divided into a group of asthmatic patients and
a group of asymptomatic allergics (rhinitis). The oxidative metabolism was
induced by PMA, STZ, IL-5 or RANTES.

Two patterns of eosinophil free radical production were seen. One showed a
reduction in the PMA-induced production by the eosinophils from the asthmatic
group of patients during season, in agreement with the previous study. This
could again have been caused by increased amounts of hypodense eosinophils,
but could also be the result of previous in vivo priming by some cytokine, e.g.
IL-5. The asthmatic group of patients showed clinical signs of ongoing
inflammation, measured as blood eosinophil counts and methacholine
sensitivity, both before and during the pollen season, while the rhinitis group
only showed signs of inflammation during allergen exposure. This indicates that
the eosinophils from asthmatic subjects are primed in vivo even when not
exposed to their allergen, due to a chronic inflammation. During allergen
exposure, which leads to further production of cytokines by inflammatory cells,
eosinophils might get over-stimulated leading to a de-sensitisation phenomenon.

The other pattern showed an increase in oxygen radical production by the
eosinophils from the rhinitis group of patients during the pollen season.
We were able to detect this in response to either PMA- or STZ-stimulation. This
increase could also have been caused by an in vivo priming of the eosinophils by
some cytokine, during pollen exposure. In contrast to the eosinophils from
asthmatics, these cells are not pre-primed out of season. Therefore, the radical
production is increased instead of being reduced.
The finding of a reduced capacity of the eosinophils from asymptomatic
allergics to produce oxygen free radicals, out of season, could indicate a
constitutional difference between allergics and non-allergics. Whether this is due
to an intrinsic difference in eosinophil reactivity, or is a consequence of the
effect of some cytokine produced by these patients on their eosinophils is not
known, and needs to be investigated further. The fact that the asthmatic group of
patients showed no reduction in activity out of season is probably explained by
the chronic inflammatory activity in these patients.

IL-5 and RANTES have been described to activate oxidative metabolism by
human eosinophils (134). In a comparison, IL-5 was reported to be more potent
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than RANTES. Our own results also confirm these findings. The fact that we
found no alterations in the response to these agents during the pollen season, nor
any differences when comparing cells from allergic patients and healthy
controls, indicates that the in vivo priming of eosinophils leading to increased
activity is not only due to IL-5 or RANTES.

Priming is a process that leads to an increased responsiveness of the cell to
stimulation, without activating the cell per se. Blood eosinophils have been
shown to be primed in vivo by allergen challenge (118) as well as in vitro by the
hemopoietic cytokines IL-3, IL-5 and GM-CSF (119). However, whether the
priming mechanisms are the same in vivo as in vitro, involving the same
“primers”, such as cytokines, or the same signalling pathways is unknown and
needs to be investigated further. To gain some insight into the state of priming
of eosinophils during the pollen season, the kinetics of the CL curves (t½rise)
were followed and the effects of birch pollen exposure (in vivo) and IL-5
treatment (in vitro) were compared.

During the season, the eosinophils from the allergic patients showed a reduced
t½rise compared with the non-allergic controls, i.e. they started to produce
oxygen free radicals earlier after stimulation with PMA. This reduction was
most pronounced in the eosinophils from the asthmatic group of patients,
indicating that blood eosinophils from allergic patients are primed in vivo when
exposed to their allergen. This sign of priming was not found out of pollen
season. The apparent in vivo priming of the PMA-induced radical production
could have been the result of a seasonal inflammatory process in the allergic
patients (169;170). However, the STZ induced t½rises of the CL curves showed
no differences between the groups neither before nor during the pollen season,
indicating that in vivo priming may affect differently the activation of the
process of oxygen free radical production according to the stimulus.

Having found that eosinophils obtained from allergic subjects responded earlier
to stimulation by PMA than those from controls in the absence of any in vitro
priming treatment, the question arose of whether these cells could be further
primed by the eosinophil specific cytokine IL-5.

Treatment with IL-5 before PMA or STZ stimulation resulted in the production
of oxygen radicals at an earlier time (reduced t½rises). Contrary to our
expectations, the reduction of the t½rises was the same for eosinophils from both
healthy and allergic individuals during allergen exposure, in spite of the prior
“primed” state of the allergic donor’s cells. This suggests that these eosinophils
had been primed in vivo by another cytokine/s in addition or not to IL-5. These
could be, for instance, the hemopoietic cytokines IL-3 and GM-CSF, which have
been shown to be produced, mainly by Th2 cells, during an inflammatory
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process (171), share a common receptor chain with IL-5 (172) and prime
eosinophil functions in vitro (120;123;124).

The reduced PMA-induced radical production during the pollen season indicated
an alteration in the eosinophils from allergic patients, believed to be due to
increased amounts of hypodense eosinophils in their blood. However, we
showed that normodense and hypodense eosinophils do not differ in their PMA-
or STZ-induced t½rises, indicating that the reduced radical production capacity
of hypodense eosinophils may be due to something else other than priming and,
furthermore, that a hypodense eosinophil is something else other than just a
primed eosinophil.

On the basis of our results, we hypothesized that the in vivo priming of blood
eosinophils during allergen exposure might be independent of the activity of IL-
5. In order to investigate this question further we performed studies on the
protein phosphorylation patterns of blood eosinophils taken from allergics
during the pollen season and compared these patterns with those obtained as a
result of IL-5 priming, both before and after stimulation.

Regarding spontaneous phosphorylations, the pattern was the same irrespective
of whether the blood eosinophils were taken from allergic patients undergoing
an active inflammation or from non-allergic controls. IL-5 priming changed this
pattern both in cells from allergics and non-allergic controls. The fact that the
pattern of spontaneous phosphorylation during allergen exposure was different
from that induced by IL-5 suggests again that the effects of an in vivo priming
may not be mediated by IL-5.
IL-5, PMA and STZ all induced phosphorylation of various proteins. On the
basis of their molecular weights, candidate proteins were selected through a
litterateur search. This is summarized in the following table:
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Stimuli Phosphoprotein involved Candidate protein
(kDa)

IL-5p 160 (-) βc-chain (IL-5R)
IL-5p 93 (+) STAT1
IL-5p 80 (+) STAT5

IL-5p/s, PMA, STZ 67 (+) SHPTP2
Raf-1

p67-phox
PMA 60 (+) PkB

PMA, STZ 50 (+) p47-phox
IL-5p 20 (+) Ras

Rac

Table 3: Effect of IL-5 priming and stimulation on protein phosphorylation
(-) decreased phosphorylation, (+) increased phosphorylation,
IL-5p: using a priming concentration (10.5ng/mL), IL-5s: using a stimulating concentration
(65ng/mL)

The total phosphorylation patterns after cell stimulation were the same in
eosinophils from allergic patients and in eosinophils from non-allergic controls.
No change was observed either when eosinophils were treated with IL-5 prior to
stimulation.

As with total phosphorylation, spontaneous tyrosine phosphorylation in
eosinophils was similar in non-allergics and allergics during allergen exposure.
Priming with IL-5 had a divergent effect on tyrosine phosphorylations; it
increased the phosphorylation of a 20-kDa protein, present in cell membranes,
and decreased the phosphorylation of a 160-kDa protein, present both in cell
membranes and cytosol. The effect of IL-5 was the same regardless of whether
the eosinophils had been obtained from an allergic patient or a non-allergic
subject. This indicates again that the in vivo priming of blood eosinophils during
an allergic inflammation might be due to something else other than IL-5 or in
addition to IL-5.

The eosinophils from allergic patients are primed in vivo during allergen
exposure, as shown by the reduction of the t½rises of CL curves. Since most
cellular responses are regulated and mediated by means of intracellular
phosphorylation events, why was this in vivo priming not reflected in our
phosphorylation results? One possible explanation for this could lie in the
balance between phosphorylations and de-phosphorylations. The delicate
balance between kinases and phosphatases makes the selection of the end time
point during experimentation crucial for the detection of possible changes. We
cannot exclude the possibility of some protein phosphatase/s being partially
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active during experimentation, although we have used phosphatase inhibitors to
prevent this. Another difficulty when dealing with in vivo exposure to allergen is
the variations in exposure time between individuals. This could result in their
cells being at different stages of the priming process, i.e. being more or less
primed. Additionally, any existing differences in intracellular phosphorylations
could have been modified or counteracted during cell purification. There is also
the possibility of the phosphorylation assays used not being sufficiently sensitive
to detect a weak priming signal. All these factors could, alone or together,
influence the results.

A novel finding was that different stages of the STZ or PMA induced oxidative
metabolism of blood eosinophils are affected differently by IL-5. The initial
stage, measured as the t½rises of the CL curves, is an indication of the state of
priming of the cell. The end stage, measured as the peaks of the CL curves, is an
estimate of the total radical production capacity by the cells. The signal
transduction pathways involved in these stages were investigated using different
protein kinase inhibitors. The effects of these and of IL-5 are summarized in the
following table:
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Initial Stage End Stage
(t½rise) (total)

Effect of IL-5 Effect of IL-5

PMA - -

STZ - +

Effect of inhibitors of: Effect of inhibitors of:

PkC PI3K MEK PkC PI3K MEK

PMA n.a. + + - 0 -

IL-5 / PMA n.a. + + - 0 -

STZ - n.a. 0 - - -

IL-5 / STZ - n.a. 0 - - -

Table 4: The mechanisms of PMA- and STZ-induced oxidative
metabolism by blood eosinophils.
The table summarizes the effects of IL-5 priming and different protein kinase
inhibitors on the two stages of the oxidative metabolism.
- reduction, + increase, 0 no effect, n.a. not applicable
Shaded areas indicate that the effect of an inhibitor was counteracted by IL-5.

These results indicate differences in the regulation of each of the two stages as
well as a stimulus dependence. While the PMA-induced initial stage is PI3kinase
and MEK dependent, the end stage is PkC and MEK dependent. The STZ-
induced initial stage is PkC dependent and MEK independent, while the end
stage is PkC, MEK and PI3kinase dependent. Taken together, this suggests that
the onset process is not regulated by the same signalling pathways or proteins as
those for the end process. This is not surprising, since the oxidative metabolism
is the result of a balance between regulatory on- and off-reactions on which, in
general, kinase and phosphatase activities have opposite effects (100;173).
Therefore, the difference detected in signalling pathways could be an expression
of how this balance is shifted as oxidative metabolism proceeds.



42

Interestingly, IL-5 was able to revert to a considerable extent the effects of the
MEK inhibitor PD 98059 on the PMA-induced response. Thus, the effect of IL-
5 was MEK independent, although IL-5 has been shown to result in the
activation of MEK in eosinophils (150).
IL-5 and PMA have been shown to activate ERK1 and ERK2 in eosinophils
(155). ERK1 and ERK2 are serine/threonine kinases acting downstream of
MEK(174) and believed to be involved in the activation of the NADPH oxidase
(175). PD 98059 was shown to inhibit the IL-5 induced ERK1/2 activation, but
not the PMA induced ERK1/2 activation. These results, together with ours,
suggest that while PMA activates a PkC – ERK1/2 pathway, IL-5 priming
causes a by-passing of the MEK, yet leading to activation of ERK1/2. In this
respect, activation of ERK1/2 through a PkC dependent pathway has also been
reported in neutrophils (176). Whether this by-passing of MEK involves a direct
activation of MAPK by PkC or acts via another protein kinase is uncertain and
needs to be investigated further. A scheme for this suggested signal transduction
pathway is shown in the following figure.

PI3kinase
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MAPK

STZ

PMA

IL
-5

 P
rim

in
g

O2-

?

Figure 12: Signal transduction pathways of unprimed and IL-5 primed
stimulation of the oxidative metabolism by blood eosinophils
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What is the role of oxygen free radicals in allergic diseases such as asthma and
rhinitis? First of all, it is important to remember that all studies have been
performed on peripheral blood eosinophils, leaving us without actual knowledge
about the capacity of tissue eosinophils to produce oxygen free radicals. It is
possible that the blood eosinophils during e.g. birch pollen exposure are resting,
non-activated or even immature cells that have been released from the bone
marrow or that remain in the circulation after others have migrated into tissues
as a result of the inflammatory process. These eosinophils would produce lower
amounts of oxygen free radicals. In fact, increased amounts of CD34+
hemopoietic progenitor cells have been found in the peripheral blood of atopic
subjects (177). Another possible explanation for the reduced radical production
is that, in allergy, the circulating eosinophils are kept in an inactive although
primed state by various factors, e.g. IL-5 at low concentrations, the main
concern being to attract cells to the sites of inflammation in the tissues. Once
arrived in the inflammatory tissue, the primed eosinophil is eager to react and
gets activated at once by different compounds, e.g. IL-5 at higher
concentrations, leading to the production of toxic oxygen free radicals. This is
reflected by the earlier onset of the CL curves. The apparent reduced capacity to
produce radicals could just be a consequence of the shifting of the CL curves,
resulting in an unaltered total amount of oxygen free radicals but produced from
an earlier start.
It is also important to point out that the eosinophil is the most potent producer of
oxygen free radicals as compared to the other phagocytes (178). Thus, although
the primed eosinophil may exhibit a seemingly lower capacity to produce free
radicals, this is still higher than for other cell types and enough to cause tissue
damage, especially if cells accumulate in a tissue. Indeed, a role for the
eosinophil in protein oxidation has been reported in BAL from asthmatics, and
this has been suggested to cause tissue damage (179).
The best way to address these questions would be to perform experiments on
purified tissue eosinophils, for instance from BAL fluid from asthmatic patients,
or to measure the amounts of oxygen free radicals directly in the BAL fluid.
This is however difficult to accomplish due to lack of suitable methods.

The superoxide anions generated by eosinophils could also interact with the NO
pathway, as described before, giving rise to tissue toxic nitric compounds. The
detection of increased amounts of nitric oxide in exhaled air of asthmatics (180)
together with increased eosinophil infiltrations and cytokine production in BAL
(181) suggests that this kind of interaction may be taking place in the asthmatic
lung.
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In conclusion, in this thesis it is shown that blood eosinophils from allergic
subjects are primed in vivo during exposure to their allergen. This in vivo
priming leads on one hand to a reduced oxidative metabolism during the pollen
season, but also to a faster onset of radical production as a response to certain
stimuli. Our data do not provide any evidence of IL-5 involvement in the in vivo
priming of blood eosinophils from allergic patients during pollen exposure.
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SUMMARY

� The oxidative metabolism by blood eosinophils from birch pollen allergic
patients is reduced during pollen exposure. This reduction could be due to
increased amounts of hypodense eosinophils in the blood during pollen
season.

� Blood eosinophils from asymptomatic allergic patients have a reduced
capacity to produce oxygen free radicals as compared to eosinophils from
healthy controls. This activity is increased or normalised during allergen
exposure.

� IL-5 primes equally, in vitro, the oxidative metabolism by blood
eosinophils from allergic patients or healthy controls, both during and in
the absence of allergen exposure.

� The oxidative metabolism by blood eosinophils from allergic patients is
primed in vivo as compared to that by eosinophils from healthy controls
during allergen exposure. This in vivo priming might not involve IL-5.

� The oxidative metabolism by blood eosinophils consists of an initial stage
and an end stage, each of them regulated through different signal
transduction pathways.

� Blood eosinophils from allergic patients and healthy controls show similar
patterns of intracellular protein phosphorylation during allergen exposure.
This pattern is different from that induced by IL-5.
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