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INTRODUCTION 

The History of Apoptosis 
It seems in a way appropriate that this thesis is written in the early spring of 
2003, since the Nobel price of 2002, presented in Stockholm in December, 
was given to the three talented scientists, Sydney Brenner, Robert Horvitz 
and John Sulston whom described the phenomenon of programmed cell 
death in the 1970s, describing it to be a natural part of the embryonic 
development of every multicellular organism. They were the first to map the 
whole process, from cell stages and morphology to the genes involved. 
However, the very first description of the characteristics of apoptosis was 
first written more than a century ago by Carl Vogt in 1842. Brenner, Horvitz 
and Sulston coined the term programmed cell death based on research on 
nematodes (parasitic worms), but the first to coin the term apoptosis were 
Kerr, Wyllie and Currie in 1972. The word Apoptosis is ancient Greek for 
the falling of leaves or petals from the trees or flowers. Hippocrates of Kos 
(460-377 BC) used apoptosis to describe decay, referring to the ”falling off 
of the bones” [1-3]. 

Programmed cell death 
Apoptosis is the process in which cells are dying, or preparing to die and to 
be taken up by another cell to give room for a new cell in its place. It is as 
crucial for life as mitosis, the process of cell-reproduction by dividing. 
Throughout life cells are continuously formed and old cells die in a constant 
turnover to keep the tissues vital and the organism healthy. A dying cell, 
however, is a potential inflammatory threat to the surrounding tissue and 
therefore it is crucial that the cells are disposed of in a controlled manner. 
There are several ways in which a cell can die, but in a simplified model two 
main pathways can be distinguished, the accidental cell death, also called 
necrosis, and the programmed cell death, or apoptosis. Programmed cell 
death can occur in many different ways, some of which will be discussed 
here. This thesis will mainly focus on the apoptotic pathways known for the 
human system, but there are differences between species as well. The 
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accidental cell death or necrosis will induce an inflammatory response from 
the immune system because of exposure of cell contents that trigger the 
inflammatory response and production of pro-inflammatory substances. 
Necrosis occurs as a result of cell damage when a chemical or physical agent 
has damaged the cell membrane or disturbed the energy balance, depriving 
the cell of possibilities to go into apoptosis in that apoptosis requires energy. 
In apoptosis, the cell is kept intact: not exposing inflammatory agents to the 
surrounding cells and the cell is shut off in a controlled and efficient way, 
making it easy for a phagocytising cell to engulf it. Looking at the close 
homology of apoptosis-inducing genes and proteins between species, it is 
apparent that apoptosis is a general function that is preserved through 
evolution. 

Through the process of apoptosis the body can avoid tissue damage and 
inflammation that otherwise are a consequence of cell death. When a cell is 
given an apoptosis signal, a cascade of processes starts within the cell behind 
the intact cell membrane. It is this intact plasma membrane that is the key to 
how the cell is able to preserve its, often toxic, cell content within the plasma 
membrane until another cell can engulf it. In the process the chromatin 
(DNA) is degraded into fragments of certain sizes by DNases.  

Adhesion is necessary for survival-- the same molecules that control the 
cell location also regulate the survival [4]. Cells that find themselves in the 
wrong location will therefore disappear and will not become a threat to the 
organism. During embryonic development, apoptosis is an essential function. 
Cells that lack the right adhesion molecules and die contribute to normal 
morphogenesis and organic development. The development of organs, 
fingers, limbs, etc., is dependent on apoptosis to evolve in the right way. If 
certain cells are not deleted in embryonic life, the foetus will be deformed.  
In an adult, thousands of cells die every day, only to be replaced by others. 
Only very few tissues have a limited replacement of cells. The rate of 
replacement is dependent on growth hormones and cytokines. As a person 
ages, the growth hormone levels decrease and the cell replacement slows 
down. A malfunction in the apoptotic function can lead to a number of 
disorders. Hyperplasia and tumour formation may be the result when the 
apoptotic pathway is inhibited and survival of abnormal cells is promoted. 
Unregulated excessive apoptosis may be the cause of degenerative disorders 
and autoimmune disorders that are characterised by unregulated loss of 
normal or protective cells, i.e. multiple sclerosis, Sjögren syndrome, type-1 
diabetes mellitus and Hashimoto thyroiditis [2].  

Recent studies have shown that the engulfment of apoptotic cells is not 
merely non-inflammatory, but actively anti-inflammatory. As a consequence 
of the engulfment, anti-inflammatory cytokines, TGF-β, IL-10 and 
prostaglandin E2 (PGE2) are released [4;5] and pro-inflammatory cytokines, 
TNFα, IL-1and IL-13 are down regulated.  
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Morphological characteristics of apoptosis 
The main differences between apoptosis and necrosis (accidental cell death) 
are illustrated in the schematic sketch below. 

Figure 1. The key morphological differences between apoptosis and necrosis. In 
apoptosis, as illustrated in the upper part of the sketch, the cell loses volume through 
loss of ions and water through Ca2+- and K+-dependent ion channels. The nucleus 
loses its lobular structure and the chromatin condenses. This is seen as a loss of the 
normal chromatin structure and the nucleus appears smooth and crystalline in 
structure. The intact cell membrane starts blebbing, eventually forming apoptotic 
bodies, which are budded fragments of the cell. The apoptotic bodies or the whole 
cell is phagocytised by a neighbouring cell, e.g., a macrophage. The phagocytosis of 
an apoptotic cell leads to the release of anti-inflammatory cytokines from the 
phagocytising cell. In necrosis, the cell swells and the membrane loses its integrity. 
The chromatin may be clumped, but is not fragmented and the organelles are often 
swollen. Finally, cell lysis occurs, which inflicts an inflammatory response. 

One of the earliest visual signs of apoptosis, as seen in a light microscope, 
is the condensation of the nucleus. The normally structured appearance of 
the nucleus is replaced by a smooth, shiny surface in a nucleus that is 
starting to round up, losing its lobular structure.  

Necrosis 

Apoptosis 
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Figure 2.A morphological investigation of an apoptotic eosinophil shows a typical 
rounded up (pycnotic) nucleus and loss of chromatin structure. The chromatin has a 
smooth, almost crystalline appearance. The cell is smaller, having lost a substantial 
volume of salt and water through ion channels. The granules are intact, but 
translocated to the periphery of the cell lying in close contact with the cell 
membrane.  In contrast to viable cells, there are no signs of activation in the form of 
vacuole-formation in the cell membrane (see Figure 4).  

DNA fragmentation  
There is probably more than one type of DNase responsible for the 
fragmentation during apoptosis (and they vary between species), but one 
mentioned in the human system is a Ca2+/Mg2+ dependent endonuclease. 
Because of the structure and configuration of DNA, the genome is cleaved at 
certain sites, leaving fragments of approximately 300kb [6]. These fragments 
are further fragmented to the size of 50kb and then further to yet smaller 
fragments. The fragmentation of DNA is still used as one of the 
confirmations of apoptosis and can be demonstrated by several specific dyes 
that uniquely bind to the 3'-OH ends of the fragments, which labels the 
apoptotic cells. Electrophoresis of the fragmented DNA demonstrates the 
DNA ladder that is typical for apoptosis (Figure 3). 

A      B     C      D      E 
Figure 3 

DNA ladder from cultured 
eosinophils.  

A=Molecular Weight 
Markers  

B=Fresh eosinophils  

C=Eos. cultured for 48 h  

D&E=Eos. in population B, 
after 48 h of culture. 
Obtained by cell sorting.  n=2
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Phosphatidylserine exposure 
Phagocytes clearly discriminate between viable and apoptotic cells. The 
recognition is made through early surface changes involving the 
phospholipid asymmetry in the membrane. In viable cells an 
aminophospholipid translocase, which is believed to be a 120 kDa Mg2+ 
dependent ATPase [4], upholds the phospholipid asymmetry by transporting 
any phosphatidylserine (PS) or phosphatidylethanolamine that may have 
reached the outer leaflet back to the inner leaflet of the plasma membrane. 
This is an active process that requires energy and is inhibited when the cell is 
initiated for apoptosis. To speed up the exposure of PS on the surface in the 
initiation phase of apoptosis, there is also an activation of a lipid non-
specific membrane phospholipid scrambling activity. Phospholipids are then 
moved bidirectionally across the membrane to be exposed on the outer 
leaflet at a high concentration [7]. The exact nature of the proteins involved 
in the scrambling activity is as yet not fully known, but they seem to involve 
protein kinase Cδ (PKCδ) and may be regulated by intracellular Ca2+ -levels. 

However, not only apoptotic cells lose their phospholipid asymmetry. 
Activated cells may lose their asymmetry temporarily when the scramblase 
is activated. However, because there is no corresponding down-regulation of 
aminophospholipid translocase activity, the few phospholipids that are 
transported to the surface are quickly re-instituted to the inner leaflet by the 
translocase [4]. In apoptotic cells the shift is permanent.   

As the apoptotic process evolves, membrane phospholipids are oxidised 
and thus no longer function as a substrate for the translocase but also become 
a recognition ligand for macrophages [8;9] by scavenger receptors. The 
exposure of PS and its binding to the PS receptor on the phagocyte induces 
the release of anti-inflammatory cytokines as mentioned above. 

Recognition by phagocytic cells and disposal of cellular corpses 
In healthy organisms the early exposure of “eat-me” signals triggers 
immediate recognition, and phagocyting cells (i.e. macrophages, dendritic 
cells, fibroblasts, endothelial cells and epithelial cells) swiftly engulf the 
dying cells before apoptotic characteristics are visible [10]. There are most 
probably a large number of recognition receptors for mediating recognition 
and uptake of apoptotic cells, and it is likely that they differ between species 
and cell types. Only in the last few years have a number of recognition 
receptors been identified: scavenger receptors, lectins, the PS receptor, 
CD14 (the lipopolysaccharide receptor) and integrins. It has been shown that 
complement factors play a crucial role for mediating the uptake, especially 
C1q and C4 [4;10]. It is probable that phagocytes use more than one 
receptor-based recognition mechanism [10] and it is even possible that the 
co-operation of several independent receptors may be required for the uptake 
[10;11].  
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Genetics and regulating factors 

Bcl-2 Family proteins 
The apoptotic process is regulated by a number of genes, and to some extent 
the genes involved vary in regard to the initiation signal. The Bcl-2 family is 
a large family of proteins that regulates apoptosis. The family consists of 
both pro- and anti-apoptotic proteins. Bcl-2 itself is an inhibitor of apoptosis 
that is constitutively expressed. Over-expression of Bcl-2 can give rise to 
certain forms of cancer [12]. Bcl-xL has the same anti-apoptotic function as 
Bcl-2. Bax, Bak and Bad are other members of the Bcl-2 family. Bax 
induces apoptosis and it is the relation between Bcl-2 and Bax that 
determines the fate of the cell, rather than each protein by itself. Integrins 
have the power to influence the Bcl-2/Bax ratio. Integrin mediated signals, 
i.e. through binding to adhesion molecules, up-regulate the expression of 
Bcl-2 in endothelial cells and hence inhibit apoptosis [12], whereas Bax is 
up-regulated when there is an absence of integrin mediated signals. Bak and 
Bad have the same pro-apoptotic functions as Bax [13]. 

Growth factors as well as integrins are important for the balance of 
survival/apoptosis. When a cell adheres, growth factors are produced and the 
growth factors are important for survival: without them, the cell will 
eventually go under. 

Figure 4 Schematic illustration of the balance between pro- and
members of the Bcl-2 family. The anti-apoptotic Bcl-2 is consti
and is up-regulated by adhesion via integrin-binding or through 
Apoptosis signals inhibit Bcl-2, allowing Bax to be transcripted

DN

Apoptosis signal 

 Bax

 
Bcl-22

Nucleus
 

Adhesion or
Activation 

n 
Mitochondrio
 anti-apoptotic 
tutively expressed 
activation signals. 
.  

A damage 

Bax

Apoptosis 
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p53 gene expression 
If radiation or chemical agents damage the cell DNA, the p53 gene will be 
expressed. Apoptosis that is mediated by p53 is very important in 
suppression of transformation that otherwise can lead to hyperplasia and 
cancer. p53 induces transcription of the Bax gene and p21, a cyclin/cyclin-
dependent kinase (CDK)-inhibitor and inhibition of Bcl-2. If the genome is 
severely damaged, p53 can induce apoptosis through non-transcriptional 
mechanisms as well [12]. 

Caspases 
A group of cysteine endoproteases has been found to induce many of the 
proteolytic events observed during apoptosis. These cysteinyl aspartate-
specific proteases have been called the caspase family for its common 
specific recognition site. These proteases are similar to the interleukin-1β 
converting enzyme (ICE). ICE is homologous to the Ced-3 protease in 
Caenorhabditis elegans that is necessary to induce programmed cell death. 
Because of the similarity to Ced-3 and its special recognition of an Asp at 
the binding site, ICE was renamed caspase-1 [14]. Caspase-1 was known to 
be responsible for the cleavage of the inactive precursor of cytokine IL-1β to 
the active pro-inflammatory cytokine. The family has since expanded to 
include 14 members thus far.  

Caspase-8 and -10 are initiator caspases in death-receptor mediated 
apoptosis, whereas caspase-9 is the main caspase in mitochondria dependent 
apoptosis [15]. Activation of caspases -8, -9 or -10 leads in turn to activation 
of downstream caspases -3, -6 and -7. Caspase 12 participates in 
endoplasmic reticulum (ER)-mediated apoptosis. Accumulation of excessive 
proteins or disruption of calcium homeostasis in the ER can cause apoptosis 
[15]. 

Death receptors 
The common initiation signal for a cell to go into apoptosis comes from the 
binding of a death receptor at the cell surface. Death receptors are a group of 
tumour necrosis factor receptors (TNFR) containing characteristic cysteine-
rich repeats in the extracellular domains [16]. This family of receptors has 
the ability to specifically trigger apoptosis via an intracellular domain called 
the death domain (DD). Members of this family thus far include CD95 
(APO-1/Fas), TNF-R1, DR3 (TRAMP/wsl-1/APO-3/LARD/AIR) and DR4 
(TRAIL-R1/APO-2). Binding of the death receptor couples the DD to the 
apoptosis-inducing machinery inside the cell. There are a number of 
signalling molecules that have a DD that directly binds to these receptors: 
FADD/MORT1, TRADD, RIP, RAIDD/CRADD and MADD.  The death 
receptor ligands have conserved structures called death effector domains 
(DED) that bind with high affinity to the DD. The DD can bind either to 
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another DD or a DED through electrostatic binding (DD-DD) or via 
hydrophobic parts binding through homotypic interactions (DD-DED). No 
phosphorylation or other biochemical modification is necessary [15]. 

The signalling process of death receptor activation 
Fas ligand binding and oligomerisation of Fas-receptor, binding to adaptor 
protein FADD, caspase-8 and caspase-10 complete the formation of the 
death-inducing signalling complex (DISC). The formation of DISC results in 
cytochrome C release from the intermembrane space of mitochondria into 
the cytosol. This release induces caspase-9 and the formation of apoptosome 
together with Apaf-1, cytochrome C and caspase-9. Activation of caspase-8, 
-9 or –10 leads to the formation of downstream effector caspases, including 
caspase-3, caspase-6 and caspase-7. Disruption or disturbance of 
mitochondrion by DNA damage or inhibition of DNA repair induces 
caspase-independent apoptosis through the release of a flavoprotein called 
apoptosis inducing factor (AIF), which induces chromatin condensation. 

Figure 5 Schematic illustration of death receptor and mitochondrion dependent 
apoptosis.  

FADD

casp10casp8

casp3

casp7

casp6

cyto C

casp9

Effector caspases 

Initiator caspases Mitochondrion 

Apoptosis 

Fas-L 
Fas 

DNA damage 

AIF 
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The Eosinophil Granulocyte 
In 1879, a German physician and scientist named Paul Ehrlish studied white 
blood cells (leucocytes) in smears of blood and observed that some 
leucocytes contained intercytoplasmic granules that eagerly bound acidic 
dyes such as eosin [17;18]. It gave the cell a beautiful reddish-pink glow and 
made it easily recognizable among other cells under the microscope. The 
new cell was called eosinophil granulocyte [19]. Soon it became known that 
eosinophils were involved in helminthic disease, certain cutaneous and 
malignant diseases as well as allergy and asthma. Exactly what role the 
eosinophil is playing in the different diseases is still today a topic for debate.   

In the mid and late 1970s, it was observed that the proteins in the 
eosinophil granules were toxic to helminthic parasitic larvae [20;21]. This 
led to the widely held view that the evolutionary role for eosinophils is in 
host defence against parasites. Recent data indicate that the role of the 
eosinophil might be pluripotent rather than specific and that the absence of 
eosinophils does not affect the course of the parasitic infection [22].  

Morphology and functions 
Eosinophils are terminal cells that are derived from stem cells in the bone 
marrow. They are approximately 8µm in diameter and have a typically 
bilobed nucleus though three lobes are not uncommon. (Figure 5) Inside the 
cell the cytoplasm is filled with membrane-enclosed granules of different 
types and sizes. One kind is the specific granule that contains a crystalline 
core surrounded by a less electron dense matrix. The core consists mainly of 
major basic protein (MBP) and the matrix of eosinophil cationic protein 
(ECP), eosinophil peroxidase (EPO) and eosinophil protein X or eosinophil 
derived neurotoxin (ECP/EDN) [23]. Another kind of granule is the primary 
granule, which is larger than the specific granule and lacks the crystalline 
core. The content is mainly made up of Charcot-Leyden crystal protein 
(CLC protein) [24;25]. In the cytoplasm electron dense spheres of 
approximately 0.5-2µm can be observed. These are lipid bodies: non-
membrane bound clusters of esterified arachidonic acid, cyclooxygenase and 
5-lipoxygenase. These are the production sites for prostaglandins and 
leukotrienes. The number of lipid bodies increases in activated eosinophils 
[26]. 
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Figure 5 Micrograph showing viable peripheral blood eosinophils with 
characteristic bilobed nucleus with structured chromatin and a plethora of primary 
and secondary granules, as well as lipid bodies. Pinocytic activity at the membrane 
level indicates activation of the cell. 

Release of granule proteins 
One of the major functions of eosinophils is to release or secrete their 
granule contents in response to specific stimuli. The proteins are mainly 
basic and are therefore very toxic to an intruder (e.g., bacteria or a parasite). 
The basic proteins destroy the intruder by forming holes in their outer 
shelters. EPX, and to some extent ECP, are also strong RNAses and have the 
ability to degrade the RNA of the intruding organism. Because the 
eosinophil is so powerful in the defence against hostile intruders, it is not 
difficult to understand that the same defence system can cause severe 
damage to the body itself. Eosinophils release their granule contents in 
different ways. In piece-meal degranulation the contents of the granules are 
gradually packed into smaller vesicles and transported to the surface, leaving 
the granules empty [27]. Other forms of granule protein release are 
exocytosis and cytolysis. Exocytosis can occur through secretory granules or 
as groups of granules, referred to as compound exocytosis. The granule (or 
fused sac of several granules) approaches the cellular membrane and fuses 
with it, discarding the content to the outside [28]. In cytolysis the plasma 
membrane is disrupted, resulting in the escape of whole granules to the 
extracellular space. The results of cytolysis can be seen in biopsies from 
nasal polyps and asthmatic lung tissue [29;30]. The release process is 
induced through the binding of CD11b/CD18, Fcγ-receptor II (CD32) or 
FcαR [31;32]. 

Oxidative Metabolism and Lipid Mediators 
The eosinophils have the capacity to secrete a number of potent mediators 
apart from the basic granule proteins. The eosinophil produces oxygen 
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radicals through a process called the oxidative burst. The radicals formed 
(i.e. superoxide anion and hydrogen peroxide) are very potent bactericidals. 
Eosinophils also generate an array of lipid mediators, including substantial 
amounts of platelet-activating factor (PAF), leukotriene C4 (LTC4) and to 
some extent leukotriene B4, 15-HETE, prostaglandin E1 and E2 (PGE1and 2) 
and thromboxane B2. These compounds are newly synthesised and 
membrane-derived [31;33]. 

Oxygen radicals may give rise to oxidative stress in mammalian cells. 
The reactive oxygen species (ROS) are able to inflict DNA damage and the 
cell reacts by either repair of the damage or dies. Oxidative stress may 
trigger both apoptosis and necrosis. High levels of oxidative stress activate 
poly (ADP-ribose) polymerase 1 (PARP-1), a protein involved in both DNA 
repair and gene transcription. PARP-1 consumes high amounts of NAD+, 
which, in turn, leads to a massive depletion of ATP. Unchecked depletion of 
ATP results in necrosis. Under moderate oxidative stress conditions, PARP-
1 is initially activated but active caspases soon cleave and inactivate it. This, 
in turn, leads to conservation of ATP levels and further activation of effector 
caspases, which results in apoptosis. Moderate oxidative stress triggers 
activation of caspases, but high ROS concentrations inactivates the caspase 
pathway in that caspases are sensitive to oxidation [34]. 

Adhesion 
Adhesion is a fundamental function for activation of eosinophils and a 
prerequisite for the migration of eosinophils out in the tissues where they 
accumulate at inflammatory foci. Eosinophils possess the ability to adhere to 
different structures and molecules, an ability that is necessary when they 
migrate through different structures. Cell adhesion molecules both respond 
to cell signalling events and transduce signals into the cell. These cell 
adhesion molecules are generally made up of three classes of proteins: the 
cell adhesion receptors, the extracellular matrix (ECM) proteins and the 
cytoplasmic plaque/peripheral membrane proteins. The cell adhesion 
receptors are usually transmembrane glycoproteins. They mediate 
interactions at the extracellular surface and are important in cell-cell or cell-
ECM recognition. They include integrin, cadherin, immunoglobulin, selectin 
and proteoglycan molecules. ECM proteins are large glycoproteins (e.g., the 
collagens, fibronectins and laminins). They assemble into complex 
macromolecular structures that, in turn, can bind to adhesion receptors on 
cellular surfaces. Cytoplasmic plaque proteins serve to connect adhesion 
receptor systems to the cytoskeleton and to transduce signals from the 
adhesion receptors at the cell surface [35]. 

Specific adhesion molecules on eosinophils include the β2-integrins, the 
β1-integrins and the β7-integrin α4β7, but also the immunoglobulin-like 
PECAM, L-selectin and ligands for P-selectin and E-selectin. To reach the 
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tissue, eosinophils must migrate through the blood vessel endothelium. This 
involves adhesion molecules, including ICAM-1 and VCAM-1, and 
cytokines, including TNF-α, PAF, IL-5 and eotaxin. Complement 
anaphylatoxins C3a and C5a play a crucial role to eosinophil rolling and 
transmigration through the endothelium. C3a selectively influences rolling 
eosinophils to adhere at sites of inflammation. C5a is an activator of 
integrin-dependent adhesion and an effective chemo-attractant for both 
eosinophils and neutrophils in vivo [36]. 

Eosinophil apoptosis 
Compared with other cell types, eosinophil apoptosis has rendered little 
scientific interest in the past. As mentioned previously, most research on 
apoptosis has been limited to the inside of the apoptotic cell, assuming that 
the apoptotic process makes the cell inert, unable to affect its environment 
unless left unnoticed for a prolonged time and allowed to go into secondary 
necrosis. Only lately have the granulocytes come into focus and in the past 
few years the number of articles on especially neutrophil apoptosis has 
increased dramatically. The apoptotic pathways in neutrophils and 
eosinophils have both similarities and differences. In eosinophils Bcl-xL is 
predominantly expressed, and not Bcl-2. Despite that eosinophils have very 
few mitochondria, several studies have shown that apoptosis is mediated 
through the few mitochondria that exist in the cell. Cytochrome C is released 
from the mitochondria into the cytosol, promoting the cleavage of pro-
caspases to active caspases [37-40]. This process is initiated by a 
translocation of Bax into the mitochondria, resulting in the cytochrome C 
release. Another study, however, has shown that granulocyte apoptosis is 
mediated through caspase activation in a mitochondria-independent manner 
[41]. It is possible that the role of mitochondria differs between neutrophils 
and eosinophils [40] as there are other differences between the granulocyte 
subtypes [42] regarding expression and function of Bcl-2 and caspase family 
members [43]. 

In a vital eosinophil the granules are spread evenly in the cytoplasm. In 
an apoptotic eosinophil the granules are re-arranged and are found closer to 
the plasma membrane, some even in direct contact with it. This is probably 
due to a disrupted cytoskeleton [44-46]. 

Eosinophil pro- and anti-apoptotic cytokines 
IL-5 and GM-CSF are the most important and specific survival enhancing 
cytokines of eosinophils. Eosinophils have the capacity to release both these 
cytokines to some degree. IL-3 is also an anti-apoptotic cytokine for 
eosinophils though less potent than IL-5 and GM-CSF. Whereas IL-5 is 
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specific to eosinophils, GM-CSF and IL-3 are not. They also stimulate the 
survival and growth of other granulocytes and macrophages. They share a 
common β-subunit, which is closely associated with the tyrosine kinase Lyn. 
The only cytokine known today to decrease eosinophil survival is TGF-β, 
and under some circumstances, TNF-α [47;48]. TGF-β may antagonise the 
anti-apoptotic effect of IL-5. In addition, it inhibits eosinophil degranulation 
and cytokine production [49]. The mechanism for this inhibitory effect is 
unknown. 

The importance of phosphorylation 
The survival enhancing effect of certain cytokines (e.g., IL-5 and GM-CSF 
on eosinophils) requires the activation of the tyrosine kinase genes Lyn and 
Syk. Granulocyte apoptosis is regulated by tyrosine phosphorylation. 
Tyrosine kinases are involved in anti-apoptotic regulation. Suppression of 
tyrosine phosphorylation results in apoptosis and phosphorylation of tyrosine 
leads to stimulation and survival [50]. Phosphorylation is also important for 
the regulation of the Bcl-2 family proteins in the nucleus. The Bcl-xL 
associated protein BAD is phosphorylated to enable homodimerisation of 
Bcl-xL, thereby exerting its anti-apoptotic effect [49]. 

Eosinophil roles in health and disease 
The eosinophil is first and foremost a tissue cell that is thought to be 
involved in a number of different processes, from defence against parasites, 
viruses and bacteria to tissue repair and cancer [31;51-55]. It is also regarded 
as an important cell in such inflammatory diseases, as allergy and asthma, 
gastro-intestinal diseases, atopic dermatitis and eczema [5;56-59]. The 
teleological role for the eosinophil is probably to protect our body from 
harm, but through its potency it has the ability to inflict harm as well. In 
industrialised countries the threat of parasites is no longer crucial. However, 
the same cells that developed for protection are now the cause of disease, 
directly or indirectly. For example, the eosinophil contributes to the tissue 
re-modelling in wound healing, but given the wrong circumstances, the 
eosinophil could give rise to the development of fibrosis. There are studies 
that indicate that our modern, parasite-free society is what causes allergy in 
small children [60-62]. Their eosinophils and immune system start to react to 
the wrong agents. 

Parasite infections 
Eosinophils readily and firmly adhere to opsonised worms or larvae. They 
release their granule content onto the parasite and this results in damaged 
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synctial integument of the larvae, leading to detachment of the integument 
and exposure of the underlying muscle layers [19]. The integument damage 
is believed to be mediated by the cationic proteins that are released, 
including EPO, MBP, ECP and EPX. The proteins inflict damage through 
their basic charge and by its inhibition of polyanions like heparin [20;63] 
rather than by their ribonuclease activity. 

In vivo parasites become coated with specific IgG, IgA and IgE antibodies 
and are recognised through Fc receptor binding, in combination with 
complement components C3b and C3bi through complement receptor (CR) 1 
and 3 [64]. 

 These will opsonise the parasite larvae for the eosinophils and the larvae 
become surrounded by eosinophils that cover them in granule proteins [65]. 
However, adult worms seem to be resistant to eosinophil-mediated damage 
[31]. Lately, the involvement of eosinophils in parasitic host defence has 
been debated. It has been shown that schistosoma-infected mice treated with 
anti-IL-5 antibody abolishing the eosinophilia did not alter the disease 
process [22;66]. It should, however, be emphasised that the development of 
host defence against parasites involves complex cascades of events where 
the eosinophil is but one participant. It is also noteworthy that parasites are 
ingenious in their ability to adapt to a host system and to manipulate the 
immune system of the host to favour their own causes. 

Asthma and allergy 
During an allergic reaction, large numbers of eosinophils migrate from the 
blood to the tissue (e.g., the lungs in asthmatic patients). It is also well 
known that high amounts of eosinophils can be found in bronchoalveolar 
lavage fluid (BAL) and high concentrations of eosinophil granule proteins, 
including MBP and ECP, can be measured in BAL. Allergic reactions have a 
typical Th2 profile, including production of IL-3, IL-5 and GM-CSF. These 
cytokines selectively recruit eosinophils from the blood and enhance 
eosinophil survival in the tissue. The role of eosinophils in allergy is 
currently debated, but there is evidence indicating that eosinophils have a 
tissue-damaging role, being largely responsible for the destruction of the 
respiratory epithelium typically seen in biopsies from lungs of asthmatic 
patients [63;67;68]. 

Apart from the cytotoxic granule proteins, the oxygen metabolites also 
damage the airway epithelium. One of the most efficient treatments of 
asthma today is locally administered corticosteroids that dramatically reduce 
the number of eosinophils in the tissue. The biochemical mechanism is not 
known, but one probable explanation is the reduction of the Th2 production 
of cytokines, resulting in a reduced migration of eosinophils from the blood 
and reduced production in the bone marrow [31;69-71]. 
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The exact role of the eosinophil in allergic inflammation is not clear. 
There is substantial evidence for eosinophil-mediated tissue damage, and for 
a long time it was thought that abolition of eosinophils in the lung tissue 
would reduce or even completely diminish the late phase response and 
chronic inflammation. However, the first clinical trials with anti-IL-5 
treatment evidenced no reduction in hyperresponsiveness, although the 
eosinophils had completely vanished from the tissue [72-74]. 

Eosinophils and cancer 
Many types of human cancer are associated with extensive eosinophilia.  
Both haematologic and non-haematologic tumours have shown eosinophil 
infiltration in the area directly around the tumour, as well as evidence of 
eosinophil degranulation around or within the tumour [75].  In Hodgkin’s 
disease the degree of infiltrating eosinophils in the tumour area has been 
used to estimate the prognosis of the disease and hence to optimise the 
treatment [76]. A higher degree of eosinophil infiltration was correlated with 
a less favourable clinical outcome. However, in other cancer forms (e.g., 
colon cancer, renal cancer and small-cell lung cancer) a higher degree of 
infiltrating eosinophils seems to be correlated to a more positive outcome 
[77;78], illustrating that the eosinophil role in cancer is yet to be determined. 

Tissue repair and fibrosis 
One of the beneficial roles discussed for eosinophils is its involvement in 
wound healing. Several studies have shown eosinophils are present at the 
edges of an open wound and a relationship between the degree of eosinophil 
infiltration and healing [54;79;80]. However, there is contradictory evidence 
showing that eosinophils might have an inhibiting role on the healing 
process [81], where an anti-IL-5 antibody abolished the eosinophil 
infiltration resulting in increased healing in an animal model. Eosinophil 
granules contain many cytokines, including TGF-α and TGF-β1, but also 
collagenolytic enzymes, such as MMP-9 or 92 kDa collagenase IV and 
MMP-3 or stromelysin, which are believed to play a role in the interaction 
with fibroblasts and have an effect on the remodelling process [80;82]. 
Several diseases demonstrating hypereosinophilia also demonstrate fibrosis, 
i.e. endomyocardial fibrosis in hypereosinophilic syndrome (HES) or 
parasitic infections [83] and pulmonary fibrosis in patients with high 
numbers of eosinophils in BAL fluid [84]. 

The remodelling ability of eosinophils is proposed to be the background 
mechanism to eosinophil involvement in development of fibrosis [82]. 
Several mechanisms may be operative, including ECP through stimulation of 
proteoglycan and hyaluronan synthesis in human fibroblasts and the 
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inhibition of proteoglycan degradation within fibroblasts, leading to an 
accumulation of proteoglycans within fibroblasts. It has been suggested that 
there are different variants of ECP and that these variants may have different 
and seemingly opposing effects [82]. Therefore, the result could be 
purposeful fibrotic process in one case and excessive fibrosis leading to 
disease in another. 
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AIM 

The overall aim is to investigate whether and how the apoptotic eosinophil 
affects its environment. Specific aims of each study include: 

I Develop and evaluate a flow cytometric method to measure apoptosis 

II Study the influence of apoptosis on eosinophil pro-inflammatory/tissue 
damaging principles. The release of the granule proteins ECP and 
EPX was chosen as one of the major principles 

III Study the influence of apoptosis on eosinophil accumulation and 
interaction with tissue elements. Adhesion to endothelial cell 
adhesion receptors and to laminin was chosen as an essential part 
of this function 

IV Study the possible interaction of apoptotic eosinophils with cells in the 
immune system. The cell surface expression of receptors 
expressed by activated T-and B-cells was investigated 

V Study the influence of allergic inflammation on eosinophil apoptosis 
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METHODS 

Isolation of eosinophils (Studies I-IV) 
Peripheral blood was obtained from healthy individuals or allergic patients. 
The mononuclear leukocytes were subsequently removed by separation 
using Percoll-gradient centrifugation [85]. The erythrocytes were then lysed 
by ice-cold, sterile water and cell debris removed by washing. The 
granulocytes were counted and incubated with anti-CD16 MACS-particles 
(Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) for 1 h [85]. These 
magnetic beads bind to the CD16-receptors of the neutrophils, and when 
added to a column in a magnetic field, the neutrophils will remain in the 
column while the eosinophils are eluted from the column. After washing and 
collection of the eosinophils, the cell suspension contained 99% pure 
eosinophils. 

Culture of the purified eosinophils (Studies I-IV) 
The eosinophils were cultured in a medium consisting of RPMI-1640 
medium (Life Technologies, Paisley, Scotland), 20% FCS, L-glutamine (2 
mmol/L) (Biochrom KG, Berlin, Germany), penicillin (100 IU/ml) and 
streptomycin (100 µg/ml) (Biochrom KG). Cell culture was performed in 
96-well tissue culture plates in 5% CO2 at 37°C for up to 3 days. The 
recovery of cells from the tissue culture plates was >98% through the whole 
culture period. 

Culture with sodium azide (study I) 
The eosinophils were isolated in the same way as described above. Sodium 
azide at a concentration of 2 g /L was added to the culture medium and the 
eosinophils were cultured for 24 h. 
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Culture in the presence of IL-2 
Isolated eosinophils were cultured in the presence of IL-2 (R&D Systems, 
Inc., Minneapolis, MN, USA) at a concentration of 10 –11 mol/L.  When the 
cells were harvested from culture and before examination, the cytokine was 
washed away with PBS 0.5% BSA. 

Culture in laminin-coated plates 
Tissue culture plates were coated with 100µl of a mix of laminins (Sigma 
Chemical Company) at a concentration of 100µg/ml in a coating buffer (20 
mmol/L NaH2PO4, 150 mmol/L NaCl, pH 8.0) and incubated over night in 
5% CO2 at 37°C. After incubation, the coating buffer was removed before 
cell culture. Isolated eosinophils at a concentration of 1×106 cells/mL were 
cultured in culture medium (see above) in the coated plates for up to 72 h. 

Isolation of Annexin V positive cells using the 
Apoptotic Cell Isolation Kit (Studies I-IV) 
The “Apoptotic Cell Isolation Kit”  (Miltenyi Biotec GmbH, Bergisch 
Gladbach, Germany) was used to separate eosinophils expressing 
phosphatidyl serine on their cell surface (binding to Annexin V) from those 
not expressing phosphatidyl serine on the surface. Cells were harvested from 
culture and resuspended in Annexin V Binding Buffer. Annexin V coupled 
magnetic particles were added (20 µl per ≤10x106 cells). The cells were 
incubated with the particles at 4°C for 15 min, washed in Annexin V 
Binding Buffer and applied to a selection column. An adequate volume of 
Annexin V Binding Buffer was used to rinse the column when the cell 
suspension had passed through. The negative fraction of cells not binding to 
Annexin V was eluted from the column. The positive fraction was collected 
by removing the column from the magnetic field and flushing out the 
positive cells. 

Staining with FDA and PI (Studies I-IV) 
The cells were incubated with fluorescein-di-acetate (FDA) (0.17 mg/litre) 
(Sigma Chemical Company) and propidium iodide (PI) (5 mg/litre) 
(Orpegen Pharma, Heidelberg, Germany) in PBS with 2% NBS for 30 min at 
4ºC. The cells were also stained with PI after ethanol treatment. The 
eosinophils were treated with 70% ethanol (100 µl /300 000 cells) for 10 min 
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at 4°C [86]. The cells were then washed twice in PBS and stained with PI (5 
mg/L) (Sigma Chemical Company) at room temperature for 15 min. After 
incubation, the cells were diluted in PBS with 2% NBS to give a final 
volume of 300 µl prior to analysis. 

Staining with anti-CD95 (Study I) 
Cell surface staining of CD95 was performed with the anti-CD95 IgM 
MoAb clone CH-11 (0.17 mg/litre) (Immunotech S.A., Marseilles, France). 
CH-11 was unconjugated and secondarily stained using FITC-conjugated F 
(ab′)2 fragments of rabbit anti-mouse immunoglobulins (DAKO A/S).  
Incubation with the MoAb was performed for 30 min at 4ºC.  After 
incubation, the cells were washed twice and then analysed by flow 
cytometry. 

Staining with Annexin V 
PS staining of apoptotic cells was performed with FITC-labelled Annexin V 
(Pharmingen, San Diego, CA, USA) in Annexin V binding buffer containing 
high Ca2+-concentrations (buffer stock solution was obtained from the 
manufacturer) in accordance to the manufacturer. 

Staining of surface receptors 
Study II: anti-CD25 (Coulter Corporation, Miami, USA), anti-CD28 
(Dakopatts A/S, Glostrup, Denmark), anti-CD40 (Pharmingen, Becton-
Dickinson), anti-CD86 (Dakopatts) and anti-CD122 (Coulter Corporation, 
Miami, USA). 

Study III: anti-CD11b, (Immunotech, Marseille, France) anti-CD18, 
(Dakopatts A/S, Glostrup, Denmark), anti-CD29 (Dakopatts), anti-CD49d 
(Immunotech) and anti-CD47 (Serotec, Oxford, UK). 

Study IV: anti-CD11b (Immunotech, Marseille, France), anti-CD18 
(Dakopatts A/S, Glostrup, Denmark), anti-CD29 (Dakopatts), anti-CD49d 
(Immunotech), CD49f (Serotec, Oxford, UK) and anti-CD44 (Immunotech). 

All antibodies were used at optimally titrated concentrations. An 
irrelevant control antibody, X927, was used as negative control (Dakopatts). 
The cells were incubated in PBS with 0.5% BSA for 30 min at 4°C. After 
wash with PBS, the cells were diluted in PBS with 0.5% BSA and kept on 
ice until analysis. 
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Flow cytometry (Studies I-IV) 
The flow cytometer used was a Coulter EPICS-XL (Coulter Company Inc., 
Miami, FL, USA).  Instrument calibration was performed daily according to 
the recommendation of the manufacturer. An average of 10 000 cells from 
each sample was counted in the flow cytometer. 

The FS-SSC histogram was used to divide the cells into separate 
populations, differing in size and granulation. Gates were set on the 
populations and the staining of the cells in the gates and of all cells was 
measured as mean fluorescence intensity (MFI), peak position of 
fluorescence intensity, or relative number of positive cells (%), depending on 
the agent. 

Generally, both the red [47] and the green background fluorescence of the 
cells increased with time in culture. Control antibodies for IgG and IgM 
(Dakopatts, Glostrup, Denmark) were also included to establish the level of 
non-specific binding. The background fluorescence, representing non-
specific binding and the non-specific increase of fluorescence during culture 
was subtracted from the values of mean fluorescence intensity and peak 
position. 

Cell sorting by flow cytometry (Study I) 
Eosinophils cultured for 48 h were sorted using a FACStarPLUS (Becton 
Dickinson Immunocytometry Systems, San José, CA, USA) equipped with a 
SEM (Sort Enhancement Module) to allow sorting using non-rectangular 
windows. Cells were illuminated with an Inova 90 argon-ion laser 
(Coherent, Palo Alto, CA, USA) tuned to 488 nm and operating at 200 mW. 
Sorting was performed in normal-R-mode with three drops deflected/cell. 
Two sort windows, identifying cells in populations A and B, were set using a 
dot-plot of FSC vs. SSC. The software used was Cellquest version 1.2.2 
(Becton Dickinson). Sorted cells were collected in polypropylene tubes. 

Examination by light microscopy (Study I) 
Parallel to the flow cytometer analyses, cytospin preparations were made to 
evaluate the proportion of normal, apoptotic and necrotic cells. The cytospin 
preparations were stained with May-Grünewald and Giemsa solutions. 
Eosinophils in the early and late stages of apoptosis were also identified 
[87]. A cell with a round nucleus, no longer lobulated, and without 
chromatin structure was considered in the early apoptotic stage. A cell that 
was condensed, small and had nuclear fragments among the closely packed 
granules was considered in the late apoptotic stage. 
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Examination by electron microscopy (Studies I and 
III) 
Fresh and cultured eosinophils were fixed for 6 h in 2%(w/v) glutaraldehyde 
in a 0.1 mol/litre sodium cacodylate buffer supplemented with 0.1 mol/litre 
sucrose, followed by 1.5 hours post-fixation in 1% (w/v) osmium tetroxide 
dissolved in the same cacodylate buffer. After dehydration, the specimens 
were embedded in an epoxy resin (Agar 100, Agar Scientific, Stansted UK). 
Ultrathin sections were prepared with an LKB Ultrotome No. V (LKB 
Products AB, Bromma, Sweden) equipped with a diamond knife. The 
sections were placed on copper grids covered with a film of polyvinyl formal 
plastic (Formvar, Agar Scientific) and contrasted with uranyl acetate and 
lead citrate. Electron micrographs were taken with a Jeol 100 C electron 
microscope (Japan Electronics Laboratory Co., Tokyo, Japan) [88]. 

Analysis of DNA fragmentation by agarose gel 
electrophoresis (Study I) 
DNA from cultured cells, fresh cells and from cultured cells that had been 
sorted by a cell sorter was used for the analysis. Cellular DNA was extracted 
by QIAAmp Blood Kit (QIAGEN GmbH, Hilden, Germany). 
Electrophoresis was performed on a 2.5% agarose gel (Sigma Chemical 
Company) containing 0.2 µg/ml ethidium bromide (Sigma Chemical 
Company). 

Density gradient centrifugation (Study I) 
Eosinophils were isolated and cultured for 3 days as described above. After 
culture, the cells were applied to a density gradient consisting of six 
concentrations of Percoll. The Percoll concentrations used were 90%, 80%, 
75%, 70%, 65% and 60%. After centrifugation, the different fractions were 
carefully divided into tubes, one for each fraction. The cells were then 
washed thoroughly with PBS-2%NBS to remove the Percoll. 

Release of granule proteins 
The release assays were performed according to the method of Winqvist et 
al. [89], with some minor modifications, as described here in detail. A 
volume of 150µl purified eosinophils at a concentration of 0.5 ×106 in HBSS 
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buffer was stimulated by two stimuli-- PMA (at a final concentration of 10-8 

M) and 300µl serum-opsonised Sephadex particles (83.3 mg/mL) for 20 min 
at 37°C. The reaction was stopped by the addition of ice-cold HBSS to the 
tubes and then transferring the samples to ice. After centrifugation, the 
supernatant was collected from the tubes and transferred to another tube. An 
equal amount of 0.5% (w/v) CTAB solution was added and the samples were 
frozen at -20°C until further analysis was performed. A negative control 
experiment was performed using only HBSS buffer as stimulus. To measure 
the whole cell content of granule proteins an extract of cells was made by 
adding 0.5% CTAB solution to 300µl cell suspension and allowing the 
sample to incubate at room temperature for 1 h, thereafter spinning the tube 
and removing the supernatant to a new tube and freezing the extract at -
20°C. From this whole cell extract, a standard curve of serial dilutions was 
made and the percentage released protein could be calculated. 

ECP and EPX assay 
The cellular content and released ECP were measured by a specific FEIA 
while the cellular content and released EPX were measured through a 
specific RIA (Pharmacia Diagnostic, Uppsala, Sweden). [90] 

Adhesion to endothelial cell adhesion receptors 
The ability of eosinophils to adhere to the endothelial adhesion receptors E-
selectin, VCAM-1 and ICAM-1 was measured by an adhesion assay as 
previously described [91]. Transfected fibroblast cell lines (BHK) expressing 
the adhesion receptors were used. Eosinophils, fresh, cultured living or 
apoptotic, 100µL at a concentration of 105/mL in assay buffer containing 
NaCl (140 mmol/L), KCl (5 mmol/L), MgCl2 (1mmol/L), CaCl2 (1 mmol/L), 
MnCl2 (0.1 mmol/L), glucose (5.6 mmol/L), human serum albumin (HSA) 
(30mg/L) and HEPES (10mmol/L), pH7.4, were added to a monolayer of 
fibroblasts in 96-well tissue culture-treated plates. The eosinophils were 
allowed to adhere for 1 h after which the non-adherent cells were washed 
away. The relative number of adherent cells was assayed by measuring the 
amount of eosinophil peroxidase (EPO) in the wells [68;92]. A volume of 
100µl substrate containing o-Phenylenediamine (1 mmol/L), H2O2  (1 
mmol/L), 0.1% Triton X-100 and 55 mmol/L Tris(hydroxymethyl)-
aminomethane (pH 8.0) was added to the wells and incubated for 30 min at 
room temperature. The reaction was stopped by the addition of 50µl H2SO4 
(4 mol/L) and the absorbance was read at 490nm. 
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Adhesion to laminin and albumin 
High protein binding plates were coated with 100µL of a mix of laminins 
(Sigma Chemical Company) at a concentration of 100µg/mL in a coating 
buffer (20 mmol/L NaH2PO4, 150 mmol/L NaCl, pH 8.0) and incubated over 
night in 5% CO2 at 37°C [93]. For comparison, plates were also coated with 
HSA (1%). The wells were washed twice with assay buffer and then 
incubated with an albumin-containing buffer (1% BSA) for at least 30 min to 
eliminate background adhesion. After albumin incubation, the wells were 
washed again before the cells were added. 100µL of eosinophil suspension at 
a concentration of 105/mL was added to the wells and the cells were allowed 
to incubate in 5% CO2 at 37°C for 60 and 90 min. After incubation and 
washing, the amount of adherent cells was measured by the use of a 
peroxidase substrate: TMB (tetra-methyl-benzidine, Zymed Laboratories 
Inc. CA, USA), according to the manufacturer. 

Induced sputum 
The more viscous parts of the sputum were collected. Smears were made 
from every sample and were allowed to air-dry. Sputum was frozen in -20°C 
directly after collection. Before analysis, the sputum was treated with a 
mucolytic agent (SputolysinTM, CalbioChem, La Jolla, USA) and 0.5% 
CTAB-solution. ECP levels were analysed by a specific FEIA. 

Statistics 
Study I: The results are expressed as mean and standard deviation (SD) or 
standard error of the mean (SEM). Statistical evaluations were made by the 
Mann-Whitney U-test using CSS Statistica (Statsoft Inc. Tulsa, OK, USA). 

Studies II-IV: The results are expressed as median and interquartile 
ranges or total range. The Mann-Whitney U test, Wilcoxon matched pair test 
and the Spearman rank correlation coefficient were used to analyse the data. 
The statistical calculations were done by use of the software Statistica 
(StatSoft. Inc., Tulsa, OK, USA). 
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REFERENCE CONTROLS AND PATIENTS 

Reference Controls (Studies I-IV) 
Normal healthy volunteer donors were used as blood donors for Studies I-
IV. In Study II and in the previously unpublished part, blood from healthy 
donors was used as reference material to the blood from allergic patients. 
This reference group consisted of 10 (three men and seven women) healthy, 
non-atopic hospital employees with a mean age of 38 years (range 27 – 59 
years). They had no allergic symptoms and a negative skin prick test to birch 
pollen. 

Patients (Study II) 
Birch pollen-atopic patients, (11 men and 10 women), with a mean age of 40 
years (range 20 – 72 years), were also included in the study during the birch 
pollen season. All patients showed a positive skin prick test, Solupprick SQ 
Birch (ALK-Abelló, Hørsholm, Denmark) to birch pollen and had symptoms 
of rhinoconjunctivitis during the birch pollen season. None of the patients 
were smokers and no one was undergoing specific immunotherapy. During 
the pollen season, they were allowed to use inhaled β2-agonists and 
antihistamines, but not inhaled or oral steroid medication. 

Pollen Season Study design 
The study was performed out of season and during two birch pollen seasons 
in the springs of 1998 and 2000. Data were mainly collected during 2000 but 
are partially combined with data from the season of 1998. Both these seasons 
had very high birch pollen counts and samples were collected when the 
pollen counts had reached high levels and continuously collected the 
following weeks. 
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The studies were approved by the ethical committee of the medical 
faculty of Uppsala University. 

Bronchial challenge with inhaled birch pollen 
extract 
Patients and healthy controls were allowed to inhale increasing amounts of 
birch pollen extract (BetV1 extract, ALK-Abelló, Hørsholm, Denmark) 
administrated as an aerosol. FEV1 was measured after every inhaled dose 
and the challenge was interrupted when FEV1 was lower than 80% of the 
predicted value, or if the individual experienced any difficulties. If 
troublesome symptoms appeared, patients were treated with inhaled 
Ventoline. 

Induction of sputum 
Sputum was collected after induction by inhalation of hyperosmolaric 
solution, administered as an aerosol according to a previously described 
method [94-96]. Five mL 3% NaCl solution was inhaled for 15 min until 
sputum was induced and the individual was able to produce sputum for 
collection. FEV1 was measured before and after sputum induction to ensure 
patient safety. 



RESULTS 

Presence of apoptotic cells with degraded DNA 
measured by flow cytometry (Study I) 

Forward and side scatter pattern 
A FS-SSC histogram obtained from the flow cytometric analyses of fresh 
eosinophils and eosinophils cultured for 1, 2, and 3 days are shown in Figure 
1. Based on the FS-SSC pattern, the cultured eosinophils could be divided 
into two separate populations, which are subsequently referred to as A and 
B. The fresh cells were found in population A. Population B, which appeared 
after one day of culture, showed a lower forward scatter (359.7 ± 19.2, mean 
± SEM) compared with population A (572.6 ± 16.1, p<0.001) and also a 
somewhat higher side scatter (380.7 ± 26.3) with population A (274.4 ± 
38.5; p<0.001). During culture, the proportion of cells in population A 
diminished, whereas the proportion of cells in population B increased 
(Figure 1). 
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Figure 1. Flow cytometric histograms of eosinophils showing the difference in FS-
SSC that results in the formation of two populations after culture. The lower panel 
illustrates the PI staining pattern of the cells in population B (enclosed by the red 
gate). This PI pattern is unique to apoptotic cells and indicates the presence of 
degraded DNA. 

Examination by electron microscopy: 
Ultrastructural analysis confirmed the light microscopic findings of 
apoptotic eosinophils after culture. Fresh eosinophils showed well-
documented lobulated nuclei in cytoplasm filled with characteristic granules. 
Characteristic apoptotic features with condensed chromatin in rounded up 
nuclei in otherwise preserved cytoplasmic organelles and intact membranes, 
including the plasma membrane were seen after culture. Furthermore, the 
cultured eosinophils showed no sign of plasma membrane-like activity, i.e. 
pinocytosis. 

Analysis of DNA fragmentation by agarose gel electrophoresis: 
The appearance of DNA fragmentation in eosinophils during culture was 
also investigated by electrophoretic separation of DNA of different sizes. 
Fresh eosinophils contained DNA of one single high molecular size, whereas 
eosinophils cultured for 48 h contained both high molecular size DNA and 
fragmented DNA. Eosinophils in population B, cultured for 48 h and 
obtained by cell sorting, showed mostly fragmented DNA. 

PI staining in population B during culture.

 Forward and side scatter of eosinophils during culture.

0 h      24 h       48 h            72 h 

PI Log PI Log PI Log PI Log 
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Use of other techniques to further confirm apoptosis 
Staining with anti-CD95 (anti-Fas) demonstrated a significant staining of the 
eosinophils in population B, which increased after 2 days in culture. The 
cells were sorted using a FACS-Scan cell sorter and by Annexin V-coated 
magnetic beads to permit separate analyses of PI-staining pattern and light 
microscopic examination of the cells in population B. 

This study suggests that it is possible to discriminate between apoptotic 
and living eosinophils using the FS-SSC pattern and the PI-staining pattern 
obtained by flow cytometry. 

Functions of Apoptotic Eosinophils (Studies II-IV) 

Adhesion to E-selectin, VCAM-1 and ICAM-1 (Study IV) 
To investigate adhesion ability eosinophil adhesion to E-selectin, VCAM-1 
and ICAM-1 was assayed. The adhesion of eosinophils to the BHK cell line, 
not expressing any adhesion molecules of human origin, showed a similar 
level of adhesion of fresh and cultured (both living and apoptotic) cells 
throughout the experiment (Figure 2, background). The adhesion to E-
selectin, VCAM-1 and ICAM-1 was increased after culture in the living 
population (p<0.05), but remained at the same level as in the fresh 
population in the apoptotic cells. After 72 h of culture, adhesion of the 
apoptotic cells was significantly lower as compared with the living cells 
(p<0.05, Figure 2a). 

In general, the apoptotic cells did not exhibit any specific adhesion to E-
selectin, VCAM-1 or ICAM-1. 
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Figure 2: Adhesion to cell lines transfected with E-selectin (A), VCAM-1 (B) and 
ICAM-1 (C) by fresh, cultured living and apoptotic cells (n=6). Results shown as 
median and 75th quartile. Significant differences between apoptotic and living cells 
are indicated by  ¤ p<0.05. Significant differences between fresh and cultured cells 
are indicated by * p<0.05 
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Adhesion to laminin (Study IV) 
The adhesion to laminin after 48 h in culture was increased to a greater 
degree in apoptotic cells as compared with the adhesion to albumin that was 
used as a control protein (p<0.05) (Figure 3). After 48 h in culture, adhesion 
of apoptotic eosinophils to laminin was significantly higher than that of 
living eosinophils (p<0.05). The adhesion to albumin was similar in living 
and apoptotic cells, regardless of time in culture or time of the adhesion 
incubation. 

Apoptotic eosinophils demonstrate a specific adhesion to laminin during 
early apoptosis. 

Figure 3: Adhesion to laminin- and albumin-coated wells by fresh, cultured living 
and apoptotic cells (n=6). Adhesion was measured after 60 min incubation. Results 
shown as median and 75th quartile. Significant differences between living and 
apoptotic eosinophils are indicated by * p<0.05 

Survival in laminin-coated plates (Study IV) 
No significant change in survival was noted in the eosinophils cultured in 
laminin-coated plates (n=6) when compared with eosinophils cultured in 
plates coated with the components of ordinary culture medium. 

Release of ECP (Study III) 
The assay measures the ability of eosinophils to release granule proteins 

spontaneously and in response to different stimuli. Stimulation with 
opsonised Sephadex particles (Figure 4a) or PMA (Figure 4b) induced a 
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significantly higher release from apoptotic cells as compared with living 
cells cultured for 48 h (p<0.05) or as compared with fresh eosinophils 
(p<0.01). The release from apoptotic cells stimulated with opsonised 
particles or PMA was significantly higher (p<0.05 and p<0.01, respectively) 
than the spontaneous release. 

Figure 4:  Release of ECP stimulated by serum-opsonised Sephadex particles (A) 
and PMA 10-8 mol/l (B). Results are shown as median and 75th quartile of nine and 
six experiments, respectively. Results from the Friedman repeated measures 
ANOVA are shown for both stimulated and spontaneous release. 

Release of EPX (Study III) 
Stimulation with opsonised Sephadex particles (Figure 5a) or PMA (Figure 
5b) induced a significantly higher release from apoptotic cells in comparison 
with living cells cultured for 72 h (p<0.05) or in comparison with fresh 
eosinophils (p<0.05). As in the case of ECP, the release from apoptotic cells 
stimulated with opsonised particles or PMA was significantly higher (p<0.05 
and p<0.01, respectively) in comparison with the spontaneous release. 
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Figure 5:  Release of EPX stimulated by serum-opsonised Sephadex particles (A) 
and PMA 10-8 mol/l (B). Results are shown as median and 75th quartile of nine and 
six experiments, respectively. Results from the Friedman repeated measures 
ANOVA are shown for both stimulated and spontaneous release. 

Release of ECP and EPX from apoptotic eosinophils is enhanced when 
compared with the release from fresh and cultured living eosinophils, both in 
regard to stimulation with serum opsonised Sephadex particles and PMA. 

Examination by electron microscopy (Study III) 
 Ultrastructural analysis demonstrated fresh eosinophils with characteristic 
lobulated nuclei with chromatin structure and granules with typical 
crystalline core (Figure 6a). The granules are evenly placed over the cell. 
Living eosinophils after 48 h in culture showed the same characteristics as 
the fresh eosinophils (Figure 6b). After 48 h in culture, apoptotic eosinophils 
with characteristic features (i.e. condensed chromatin in rounded-up nuclei 
in otherwise preserved cytoplasmic organelles and intact membranes, 
including the plasma membrane) could be seen alongside the living 
eosinophils (Figure 6c). The granules were localised to the periphery of the 
cell in apoptotic eosinophils, lying in association with the plasma membrane. 
In some places granules could be observed fusing with the plasma membrane 
(Figure 6d). 
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Figure 6: A. Micrograph showing representative fresh eosinophils with lobulated 
nuclei, characteristic granules, lipid bodies and active cell surface. B. Living 
eosinophil after 48 h in culture showing the same characteristics as the fresh 
eosinophils. C. Representative cultured eosinophils with typical ultrastructural 
features of apoptosis. Note rounded-up nuclei with condensed chromatin, normal 
morphology of cytoplasmic organelles and cell membranes. No cytoplasmic activity 
was seen. Note further the peripheral placement of the granules and their proximity 
to the cell membrane. D. Granule in close proximity, fusing with the cell membrane. 

Original magnification of A, B and C ×1800, D ×28000 

Release of ECP during culture (Study III) 
Measurement of ECP in the medium of cultured eosinophils evidenced an 
increase in the concentration of ECP with the time in culture: 44.7 µg/L after 
24 h, 1136.4 µg/L after 48 h and 3931µg/L after 72 h of culture. At 24 h, the 
cells contained less ECP than the fresh isolated eosinophils. After 48 h in 
culture, the content in the living cells was further markedly decreased. The 
same phenomenon was observed in the content of EPX in living and 
apoptotic eosinophils during culture (Table I). The total concentrations of 
ECP and EPX in the medium and cells after culture for 48 h were only 
slightly lower than the cell content of fresh cells. At 72 h, the amount EPX in 
the medium was in the same region as the fresh cell content, whereas the 
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ECP in the medium was 1.6 times higher than the cellular content of fresh 
cells. 

Living eosinophils in culture release a considerable amount of their 
content of granule proteins, whereas apoptotic eosinophils show a minimal 
degree of release. 
Table I. Cellular and extracellular ECP and EPX content of eosinophils in culture 

Time in 
culture 

Cell content 
µg/106cells 

Medium 
content 

µg/106cells 

Total 
µg/106cells 

 ECP EPX ECP EPX ECP EPX 

0 h 2.52 0.98 - - 2.52 0.98 

24 h 1.78 - 0.05 0.08 1.82 - 

48 h 
1.2 

(apoptotic)  

0.30 (living) 

0.73 
(apoptotic)  

0.21 (living) 
1.14 0.29 1.88 0.76 

72 h ND ND 3.93 0.63 >3.93 >0.63 

Data presented as median, n=5 for ECP and n=2 for EPX. Data on cellular content at 
48 and 72 h are presented as cellular content in living eosinophils/apoptotic 
eosinophils. At 48 h, the proportion of living/apoptotic cells is approximately 50%. 

Cell surface expression of β2-integrins (Studies III and IV) 
CD11b decreased from an expression on all fresh cells to a low level after 72 
h (p<0.05) (Table II). The apoptotic population showed a low level of 
expression. The expression of CD18 was similar to that of CD11b (Figure 
7a). 

Cell surface expression of β1-integrins (Studies III and IV) 
On living cells, CD29 was expressed to 80%, an expression that went 
unchanged after 48 h in culture and decreased after 72 h in culture (Table II). 
The apoptotic cells showed an expression of 10%.  The expression of 
CD49d, the VLA-4 α-chain, corresponded well to that of CD29. In contrast, 
(Figure 7b) half of the population of fresh cells expressed CD49f, and the 
expression on the living cells was 29% and decreased with time in culture. In 
contrast, apoptotic eosinophils increased their expression from 26% after 24 
h to 60% after 48 h and 75% after 72 h. 
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 Figure 7: Cell surface expression of the β2-integrin β-chain, CD18 and the α6-chain 
CD49f of β1-integrins on fresh, cultured living and apoptotic eosinophils. Results are 
shown as median, 25th and 75th quartile. Significant differences between fresh and 
cultured cells are indicated by * p<0.05 and ** p≤0.01. Significant differences 
between apoptotic and living cells are indicated by  ¤ p<0.05 

Cell surface expression of CD44 and CD66b 
The hyaluronate receptor CD44 decreased in expression after 48 and 72 h in 
the living population (p<0.05). In the apoptotic population the expression 
after culture was very low, both at 48 and 72 h (p<0.05) (Table II). 
The Sialyl-Lewis X-associated receptor CD66b was expressed by all fresh 
eosinophils but decreased rapidly in both living and apoptotic cells after 
culture (p<0.05). 

Cell surface expression of CD9 
To investigate whether the up-regulation of surface markers was a general 
phenomenon, the expression of CD9, a commonly used eosinophil marker, 
was examined before and after culture. All the fresh isolated eosinophils 
expressed CD9 and after 48 h in culture the majority of the viable cells still 
expressed CD9. After 72 h of culture, 70% of the viable cells showed an 
expression of CD9. The apoptotic eosinophils, however, had lost the 
expression of CD9, showing only ≤2% throughout the time in culture. 
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Table II. Relative number of cells (%) 

Data presented as median and interquartile range (n=6; n=9 for CD49d). 
* Denotes p<0.05 as compared with fresh eosinophils. 

Eosinophil expression of Fc receptors  
The expression of different Fc receptors on fresh and cultured eosinophils 
was measured regarding the altered functions of release though no direct 
method was used to measure the involvement of Fc receptors in the context 
of release. Fcγ receptor I, CD64 showed a low expression on fresh cells, but 
after culture the expression decreased to very low levels. Fcγ receptor II, 
CD32 was expressed on all fresh cells, but decreased after culture to a level 
of around 10% in the living population. The apoptotic cells had a very low 
expression of CD32.  Fcγ receptor III was expressed to a very low extent on 
the fresh and cultured cells. 

However, the low affinity Fcε receptor, CD23, expression showed a 
significant increase over time in apoptotic cells measured as proportion of 
positive cells (p<0.05) and MFI (p<0.01). Living cells, fresh or cultured, 
showed no increase in CD23 expression. Results are presented in Table III. 

Receptor Fresh 
Eosinophils Living Eosinophils Apoptotic 

Eosinophils 
 0 h 48 h 72 h 48 h 72 h 

CD11b 99.6 
99.5-99.8 

74.4 
46.1-90.7 

17.5 * 
5.4-23.6 

6.2 * 
5.3-11.8 

4.5 * 
4.3-5.2 

CD44 94.4 
87.6-96.7 

60.4 * 
39.4-75.2 

19.7 * 
4.7-31.3 

1.6 * 
1.3-2.2 

1.5 * 
1.1-1.8 

CD29 83 
71.5-89.4 

79.6 
67.9-82.6 

16.5 * 
4.8-30.2 

8.8 * 
7.5-13.2 

3.2 * 
2.1-4.4 

CD47 98.6 
99.5-99.8 

66.4* 
20.1-93.9 

3.1* 
2.7-5.4 

3.6* 
2.6-4.9 

1.9* 
1.3-3.3 

CD49d 91.8 
88.3-94.8 

29.8 
2.7-46.6 

2.5 * 
1.5-5.1 

13.5 * 
10.0-18.3 

4.7 * 
3.2-14.1 

CD66b 99.0  
97.4-99.4 

75.4 * 
20.1-85.9 

5.85 * 
0.6-46.8 

3.2 * 
2.5-3.5 

1.7 * 
1.0-2.7 
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Table III. Expression of Fc receptors on eosinophils measured as relative number of 
positive cells (%) 

 Fresh 
Eosinophils Living Eosinophils Apoptotic Eosinophils

 0h 48 h 72 h 48 h 72 h 
FcγRIII 
CD16 

3.2 
2.6-5.6 

2.5 
2.4-2.7 

1.7 
1.0-2.0 

1.4 
1.3-2.1 

1.1 
0.9-1.4 

FcγRII 
CD32 

93.8 
90.8-97.2 

9.8* 
3.0-84.9 

6.4** 
1.5-13.1 

2.6** 
1.5-4.4 

1.6** 
1.0-3.7 

FcγRI 
CD64 

4.2 
2.6-5.6 

1.8 
1.4-1.9 

1.2* 
1.0-1.6 

1.9 
1.4-2.4 

1.9 
1.2-3.1 

FcεR 
CD23 

2.2 
1.9-8.8 

2.2 
1.6-3.0 

3.5 
1.4-6.3 

20.2* 
8.2-41.7 

11.4 
3.2-36.3 

Data presented as median and interquartile range (n=6 for CD16 and CD64, n=9 for 
CD32 and n=11 for CD23). 
* Denotes p<0.05 and ** denotes p<0.01 as compared with fresh eosinophils. 

Expression of T- and B-cell specific antigens 
(Study II) 

Cell surface expression of the IL-2 receptor α- and β-chains 
Fresh eosinophils showed no significant expression of CD25 or CD122. 
After 48 h in culture, the amount of both CD25 and CD122 expressing cells 
was significantly up-regulated among apoptotic eosinophils as compared 
with fresh and viable cultured eosinophils (p<0.01) (Figure 8). No 
significant increase was seen in the cultured living cells as compared with 
fresh cells. When comparing the MFI, the intensity of the CD25 and CD122 
cell surface expression on apoptotic eosinophils after 48 and 72 h in culture 
was significantly higher than that on fresh eosinophils. 

However, when comparing apoptotic eosinophils from the two groups of 
individuals, apoptotic eosinophils from the birch pollen-allergic patients 
demonstrated a significantly higher cell surface expression of CD25 [4.0 
(2.0-6.0) versus 1.8 (1.1-2.8), p<0.05] than apoptotic eosinophils from the 
non-allergic group when measured as MFI after 48 h in culture. This result 
indicates an increased number of CD25 molecules per cell on the apoptotic 
eosinophils from allergic persons. 
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Figure 8. Expression of CD25, the IL-2 receptor α-chain (n=38) and CD122, the IL-
2 receptor β-chain (n=22), on living (closed circles) and apoptotic (open circles) 
eosinophils during culture. Results are presented as median and quartile ranges. 
Significant differences between the expression on apoptotic and living eosinophils 
are given by  *** (p<0.001). 

Culture of eosinophils in the presence of IL-2 
To investigate some of the possible consequences of the expression of IL-2 
receptor α- and β-chain on apoptotic eosinophils, eosinophils were cultured 
in the presence of IL-2. The results indicated that culture of eosinophils in 
the presence of IL-2 at a concentration of 10 –11 mol/L affected neither the 
viability of the cells nor the expression of CD25 or CD122. 

Cell surface expression of CD28, CD86 and CD40. 
Fresh eosinophils showed no significant expression of CD28, CD86 or 
CD40, (Figure 9, Table IV). A significant proportion of the apoptotic 
eosinophils (p<0.001) showed expression of CD28 and CD86 on the cell 
surface after 48 and 72 h in culture, but no significant expression of CD40 
(not shown). When measured as MFI, the intensities of the cell surface 
expression of CD28 and CD86 on apoptotic eosinophils were increased as 
compared with fresh eosinophils. The intensity of CD28 expression on 
apoptotic eosinophils from allergic patients during the birch pollen season 
was significantly higher than that of healthy individuals after 48 h in culture 
[2.1 (1.6-2.9) versus 1.03 (0.4-1.4) (p<0.01)]. The viable cultured 
eosinophils revealed no expression of CD28, CD86 or CD40. 
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Figure 9. Expression of CD28, the B7-ligand (n=21) and CD86, the B7-2 (n=21), on 
living (closed circles) and apoptotic (open circles) eosinophils during culture.  
Results are presented as median and quartile ranges. Significant differences between 
the expression on apoptotic and living eosinophils are given by *** (p<0.001). 

Table IV. Cell surface expression of eosinophils measured as MFI 

Antigen 
0 h 

freshly 
isolated cells

48 h 
apoptotic 

cells 
48 h 

p-value
72 h 

apoptotic 
cells 

72 h 
p-value 

CD25 
n=38 

0.022 
(0.003-0.05) 

3.0 
(2.4-5.1) <0.01 3.7 

(2.7-5.3) <0.01 

CD122 
n=22 

0.006 
(0.002-0.012) 

1.5 
(0.8-2.1) <0.05 2.1# 

(1.6-3.2) <0.05 

CD28 
n=21 

0.002 
(0.000-0.005) 

1.6 
(1.0-2.3) <0.05 1.5 

(1.4-2.1) <0.05 

CD86 
n=21 

0.005 
(0.003-0.008) 

0.5 
(0.45-1.7) <0.05 0.82 

(0.58-0.60) ns 

CD40 
n=27 

0.002 
(0.000-0.005) 

0.11 
(0.015-0.18) ns 0.13 

(0.07-0.19) ns 

Results are presented as median and interquartile ranges and show the expression 
after subtraction of background fluorescence. Statistical evaluations of the 
comparison of the expression after 48 and 72 h with the basal expression on fresh 
eosinophils are shown. 
#Significant increase as compared with the expression after 48 h (p<0.05). 
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Prolonged eosinophil survival in response to 
inhaled birch pollen challenge in healthy 
individuals (unpublished results) 

Viability of cultured eosinophils before and during season 
The median viability after culture in RPMI with 20% FCS of eosinophils 
from healthy individuals out of season was around 50% after 48 h; after 72 h 
in culture, the viability decreased to approximately 25%. This finding is 
consistent with earlier results using the same conditions [97].  Cultured 
eosinophils obtained from both healthy individuals and birch pollen-allergic 
patients during the birch pollen season showed a significantly lower viability 
(p<0.01) after 48 and 72 h in culture than eosinophils out of season. No 
significant difference was seen in the survival of eosinophils obtained from 
healthy individuals or allergic patients during season (Figure 10). 

Viability of cultured eosinophils after challenge 
The median viability after culture under the same conditions as above of 
eosinophils isolated after birch pollen challenge was 83% (range 13-89) in 
the healthy control group after 48 h and decreased only slightly to 75% (9-
91) after 72 h. This was in sharp contrast to 35% (24-86) in the patient group 
after 48 h and 17% (5-78) after 72 h. 

Eosinophil survival in healthy persons
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Figure 10. Eosinophil survival out of pollen season, after pollen challenge and 
during pollen season. No significant difference was observed between survival out 
of and during season, but the survival after pollen challenge was significantly 
increased (p<0.05). 
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ECP in induced sputum 
Out of season, 18 h after birch pollen challenge and during season, sputum 
was induced and collected from both patients and healthy controls. The total 
amount of ECP in sputum was similar in patients and healthy controls at all 
occasions. The patients showed an increased blood eosinophil count after 
allergen challenge and during season compared with out of season (Table 
V). 
Table V. ECP in induced sputum and blood eosinophil counts in healthy individuals 
and birch pollen allergic patients. 

 Healthy s n=6 Patients n=8 
Total sputum ECP µg/mL   
Baseline 162 (85-232) 126 (68-216) 
After challenge 129 (97-151) 491 (114-6230) 
During season 88 (82-117) 285 (122-1328) 
Blood eosinophils ×106/L   
Baseline 85 (60-120) 125 (80-210) 
After challenge 130 (120-170) 260 (205-311)** 
During season 145 (80-170) 355 (250-410)** 
Data presented as median and interquartile range. ** Denotes p≤0.01 as compared 
with baseline. 

During allergen challenge all healthy individuals received the maximum 
dose without a significant decrease in FEV1 or experiencing any allergic 
symptoms. All patients experienced symptoms and not all them received the 
maximum dose. FEV1 before challenge was 3.8 L (2.7-4.8) and decreased to 
2.4 L (1.8-4.1) (p<0.01) after pollen challenge in the patient group. In the 
reference group the FEV1 was 3.3 L (3.0-4.1) before challenge and 3.4 L 
(3.0-4.1) after challenge. 
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GENERAL DISCUSSION 

Apoptotic cells have hitherto not been recognized as having any functional 
abilities. Our results show that apoptotic eosinophils have a unique 
expression pattern during apoptosis regarding adhesion, release and 
possibilities of communication with other cell types. These specific 
apoptosis features add a new dimension to the apoptosis pathway and the 
regulation of the immune system. Apoptosis is perhaps no longer merely a 
internal process of the cell to dispose of an aged cell system without 
inducing an inflammatory response and flag “eat-me” signals at the surface 
to initialise phagocytosis. Completely new combinations of functions and 
signals arise when the eosinophil goes into apoptosis, perhaps making 
apoptosis as important in a regulatory context as is living for eosinophils. 

Apoptotic eosinophils up-regulate functional laminin receptors and show 
an increased adhesion to laminin, although the apoptosis is not delayed 
because of the presence of laminin. The up-regulation of this receptor hence 
seems to be aimed outward for adhesion to the basal membrane or as a signal 
for other surrounding cells through as yet undiscovered mechanisms. The 
decreased adhesion of apoptotic cells to E-selectin, VCAM-1 and ICAM-1 
strengthens the evidence that the up-regulation of CD49f is specific and 
purposeful and that systems not needed for the apoptotic process or 
signalling are eliminated.  

Furthermore, apoptotic eosinophils express the IL-2 receptor α- and β-
chains and the co-stimulatory molecules CD28 and CD86, but not the CD40 
receptor. Again, the apoptotic eosinophils express a novel set of receptors, as 
compared with resting, living eosinophils. The addition of IL-2 to the culture 
medium did not alter the expression of receptors or the survival. CD28, also 
known as the B7 ligand, is usually seen on T-cells and CD86, or B7-2, is 
seen on B-cells and antigen presenting cells (APC). It has important 
functions in the antigen presenting process and in building up the 
immunological synapse [98;99]. Normal, fresh or cultured viable eosinophils 
from healthy blood donors do not express these antigens, but an 
investigation of eosinophils from patients with pronounced eosinophilia 
demonstrated a varying expression (up to 60% positive cells) of CD28 and 
CD86 on fresh eosinophils [100]. Another study showed that culture of 
eosinophils in the presence of IL-3 induced the expression of CD86 [101]. 
Eosinophils stimulated by IL-3, IL-5 and GM-CSF were shown to present, 
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but not process, antigens [101;102]. Ligation of CD28 led to the production 
of IL-2 and IFNγ from the eosinophils [100]. CD40 and its binding to the 
CD40 ligand is an important step in the antigen presenting process. Our 
findings showed that neither living nor apoptotic eosinophils express CD40. 
Hence, the expression of CD28 and CD86 is not part of a general turn 
towards antigen presentation, but seems to be specific (although apoptotic 
eosinophils may possess antigen-presenting capacities). The expression of 
the IL-2 receptor chain α (CD25) has been observed on eosinophils from 
hypereosinophilic patients and patients with eosinophilia caused by graft 
versus host disease, eosinophils cultured in the presence of IL-3 and GM-
CSF or patients receiving IL-2 treatment [103-108]. This observation shows 
that eosinophils have the ability to express CD25, CD28 and CD86 under 
certain circumstances. The mechanism behind this expression in apoptotic 
eosinophils could be novo-synthesis of the receptors on the surface or the 
presence of an intercellular pool of these antigens and an activation of a 
mechanism that transports the receptors to the surface upon initiation of 
apoptosis. The former explanation is less probable in that one of the first 
steps in apoptosis is terminating the metabolism and protein synthesis. 

One interpretation of the increased CD25 and CD28 expression on 
apoptotic eosinophils from patients compared with healthy individuals 
would be that the number of receptors per cell is doubled. This finding 
suggests that eosinophils from the allergic patients during the pollen season 
are more responsive to the mechanism, probably cytokine, inducing the 
expression of CD25 and CD28. The fact that the proportion of apoptotic 
eosinophils and the relative amount of cells expressing CD25 and CD28 (as 
well as CD122 and CD86) are related indicates that the same mechanism is 
operative both in case of induction of apoptosis and in the expression of new 
receptor types. 

The obvious question is whether the binding to the IL-2 receptor α- and 
β-chains or CD28 and CD86 induces any signalling in the eosinophils or 
whether just the expression of this combination of receptors could provoke 
any response in the surrounding cells. Recent investigations suggest that the 
expression of the co-stimulatory molecules CD28 and CD86 (B7-2) on T- 
and B-cells, respectively, is preferentially connected to the Th2 response 
[109-111]. The expression of CD28 and CD86 on apoptotic eosinophils 
might therefore be linked to the well-known Th2 response of T-cells in 
allergy. On the other hand, the expression of CD25 is the characteristic of 
the subset of T-cells known as regulatory T-cells that are involved in the 
mechanism underlying tolerance to allergen [98;99]; these regulatory T-cells 
release TGFβ and IL-10 and suppress the formation of Th1 and Th2 cells. 

We hypothesise that the apoptotic eosinophil, by means of the expression 
of IL-2 receptor α- and β-chains and the co-stimulatory molecules CD28 and 
CD86, as well as CD49f, is intimately involved in the regulation of 
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inflammatory responses in the tissue. This is because the surface expression 
mediates no intracellular signalling that affects the lifespan of the cell. 

Furthermore, apoptotic eosinophils are responsive to certain stimuli and 
actively release their granule proteins to an increased extent to the 
extracellular environment. In contrast to fresh or cultured living eosinophils, 
the apoptotic eosinophils released considerable amounts of ECP and EPX in 
response to PMA. In other studies [112;113] the fungal metabolite 
cytochalasin B has been used to enhance release induced by PMA by 
disruption of the cytoskeleton of the cell, allowing the granules to come in 
close contact with the cell membrane [44-46]. It is therefore noteworthy that 
our ultra structural investigations of apoptotic eosinophils clearly showed 
that the granules were mainly located in close proximity to the cell 
membrane, suggesting translocation of the granules as part of the apoptotic 
process. Based on our results, we hypothesise that the cytoskeleton of 
eosinophils is disrupted during the apoptotic process, which results in an 
increased propensity to release granule proteins in response to appropriate 
stimuli. 

During culture, the eosinophils continuously released ECP and EPX to the 
medium. This phenomenon was most pronounced in the living cells, with a 
loss of about 90% of the granule proteins after 48 h, whereas the apoptotic 
cells had about 50% of the content of the fresh population of eosinophils. 
Our interpretation of these findings is that the reduction in the content of the 
apoptotic cells is due to the release from living cells before apoptosis and 
that once the cells go into apoptosis, they release very small amounts. Thus, 
apoptotic eosinophils seem to better preserve the granule proteins within the 
cells. This phenomenon is probably important and consistent with the 
perception of apoptosis of inflammatory cells as an anti-inflammatory 
principle [114]. 

Adhesion is necessary for the cell to be able to release [115]. The 
increased basal adhesion because of the synthetic environment in the culture 
(tissue culture-treated plates) probably induces a release from the living 
cells. The release might be triggered by signals from adhesion receptors, i.e. 
CR3 (CD11b/CD18), mediating the adhesion to albumin [116] and VLA-4 
(C29/CD49d), mediating the adhesion to fibronectin [117], both abundant in 
culture media and coating the plate surface. The receptors are down-
regulated on apoptotic cells, and thus no release from these cells is induced. 

We conclude that apoptotic eosinophils preserve their granule proteins 
intracellularly and respond to various stimuli with enhanced extracellular 
release. The former phenomenon is a protective principle that prevents the 
unrestricted release of the toxic granule proteins ECP and EPX, whereas the 
latter phenomenon is potentially harmful in situations where the eradication 
of apoptotic eosinophils is compromised. The enhanced release may be a 
consequence of cytoskeleton re-arrangement and translocation of granules to 



46 

the plasma membrane. Specific stimuli in vivo corresponding to the artificial 
stimulation of Sephadex particles and PMA may be ECM structures-that 
have a changed conformation because of inflammation and a changed 
cytokine production or toxic compounds of microbe or chemical origin 
released into the tissue. Our findings point to unexpected consequences of 
apoptotic eosinophils. 

A common conception is that eosinophil apoptosis is delayed in tissues 
affected by allergic inflammation [31;118;119]. The delayed apoptosis is 
suggested to be caused by the local production of survival-enhancing 
cytokines, mainly GM-CSF and IL-5. The variation in the inborn apoptotic 
rate of eosinophils not affected by any cytokines has been investigated in 
several studies. Increased survival of eosinophils from patients with atopic 
dermatitis, inhalant allergy and asthma has been demonstrated [120-122]. 
Those patients have had exacerbations or been challenged. The present study 
showed that the survival of eosinophils from healthy persons during the 
birch pollen season decreased significantly in comparison with the survival 
of eosinophils out of season. The eosinophils from allergic patients had the 
same level of survival during the birch pollen season as the eosinophils from 
healthy controls and hence a significantly decreased survival compared with 
eosinophils from healthy persons out of season. It should be kept in mind 
that the birch pollen counts during the pollen seasons in question were very 
high, which might have had previously undetected consequences. 

The diminished viability might be a consequence of the production of 
survival inhibiting cytokines induced by the interaction between pollen and 
epithelial cells. The only cytokine known today to decrease eosinophil 
survival is TGF-β, and under some circumstances TNF-α [47;48]. An 
alternative mechanism could be that the inhalation of pollen by an unknown 
secondary mechanism induces a reduction of the autocrine production of IL-
5 and GM-CSF from the eosinophils in culture. Analysis of the autocrine 
production from cultured eosinophils of cytokines affecting their survival 
would be the task of further research. 

To further illustrate the complexity of eosinophil apoptosis, our 
previously unpublished data show that the survival in eosinophils from 
healthy individuals after birch pollen challenge is significantly increased. 
This increase was not seen in the patient group. A plausible explanation to 
the increase would be that the inhalation of such high doses of pollen, as the 
maximum dose given during a pollen challenge, primes the eosinophils in 
the blood. The priming would possibly result in an increased autocrine 
production of cytokines, alas, leading to delayed apoptosis. Many of the 
patients, however, received the maximum dose of allergen during challenge 
and none had less than the second highest dose. All patients experienced an 
allergic reaction to the challenge but none of the healthy controls had an 
allergic reaction. One of the explanations to this unexpected finding could be 
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that the patients have a modified respiratory epithelium and that the priming 
effect is decreased; however, the patients mainly suffered from rhinitis and 
therefore their respiratory epithelium should not be as damaged as in 
asthmatic patients [123;124]. Another explanation of the different response 
could be the specific IgE and possibly increased number of mast cells 
present in the lung tissue of the patients but not the healthy controls. 

The amount of ECP in induced sputum collected in the study was low in 
healthy individuals and did not reflect the priming of eosinophils in the 
blood. It is therefore possible that this priming only exists in the blood and 
that the primed eosinophils never reach the lung in healthy individuals. 
Although the blood eosinophils respond to the challenge, there is no increase 
in eosinophil numbers in healthy individuals as is noted seen in patients 
(Table V). 

The survival was thus higher in eosinophils from healthy controls than in 
eosinophils from birch pollen allergic patients, indicating the release of anti-
apoptotic cytokines in response to the challenge in healthy controls but not 
in allergic patients. 

Future investigation 
To further investigate the influence of apoptotic eosinophils on the 
surrounding cells, several studies are suggested. The apoptotic eosinophil 
influence on T-, B- and APC-cells should be invested by examining whether 
there are more surface receptors specific for these cell types that are 
expressed on apoptotic eosinophils.  The interaction between apoptotic 
eosinophils and T-cells could be measured as cytokine production and 
proliferation, and the APC process could be measured as receptor expression 
and externalisation of antigen by the eosinophils and on B-cells and APC in 
response to exposure to apoptotic eosinophils. Whether the expression of 
CD49f is a way to be opsonised for phagocytosis of apoptotic eosinophils or 
whether it has other functions should be investigated by looking at the 
phagocytosis process and to investigate if phagocytes express ligands for 
VLA-6. 

Does the translocation of granules in apoptotic cells have an effect in 
vivo? Investigations should be carried out on the effect of granule-
degradation in phagocytes and on the possible release in response to 
extracellular stimuli at sites with pronounced eosinophil apoptosis and 
decreased phagocytosis is suggested. 

The survival in eosinophils from healthy controls after challenge is 
another worthy field of investigation. The next step would be to measure 
cytokine levels in serum or plasma to further map the priming effect in the 
blood system. In addition, the cytokine production during culture in 
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eosinophils taken from healthy controls after challenge could be measured. 
Biopsies of lung tissue taken from healthy controls after challenge would 
provide an excellent opportunity to investigate the local cytokine production 
from epithelial cells and mast cells, mapping the infiltration of inflammatory 
cells and to investigate how allergens are processed in a healthy lung. 
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CONCLUSIONS 

Apoptotic eosinophils have a unique surface receptor expression and 
functions that indicates: 

•  Possible abilities to communicate with T- B-cells as well as antigen-
presenting cells via IL-2R chains α and β and co-stimulatory molecules 
CD28 and CD86 

•  Binding to laminin or unknown functions of the VLA-6 receptor, possibly 
in the concept of phagocytosis of the apoptotic cell, via a novel 
expression of CD49f, the α-chain of VLA-6 

•  Translocation of the granules to the periphery of the cell probably through 
a disruption of the cytoskeleton. This translocation makes the granules 
easily accessible and the apoptotic eosinophil can release considerable 
amounts of granule proteins in response to specific stimuli 

•  Decreased culture induced release as compared to living eosinophils 

•  The survival of eosinophils in response to an allergen challenge is 
increased in healthy controls, but not in allergic patients 
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