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Introduction

Paul Ehrlich was the first to observe a blood cell with a

unique affinity for acidic dyes. He presented his discovery

of the staining properties of eosinophils to the Berlin

Physiological Society on January 17, 1879 [1]. The affinity

for acid dyes has since been explained by the high content

of cationic proteins within the cytoplasmic granules of the

cell [1]. Although a long time has passed since eosinophils

were discovered and much effort has been invested in

studying them, their roles and functions are still not settled,

and remain less clear than is the case, for example, for their

relative in the myeloid series of differentiation, the

neutrophil. Although associated with diseases such as

parasitic infestation and asthma, depletion of eosinophils in

these conditions does not necessarily have clear-cut effects

on the course of the diseases [2,3]. Nor is a role for

eosinophils clear in protection against cancer [4,5].

Since the cytoplasmic granules of eosinophils and their

contents are such distinctive features of this cell, it is likely

that many of its functions can be explained by the study of

the granules and their release. The purpose of this review is

to discuss the granule populations of eosinophils and

mechanisms involved in their mobilization.

Terminology with respect to eosinophil granule popu-
lations

The terminology used for the different populations of

eosinophil granules is not settled. The following terminol-

ogy (Fig. 1) will be used in this review:

(a) Primary granules: the core-less, Charcot-Leyden

crystal (CLC) protein-containing granules of immature

and mature eosinophils. In some of the literature the term

`primary granules' is applied to the immature core-less

granules of eosinophil promyelocytes, that later become the

core-containing specific granules of mature eosinophils.

(b) Specific granules: the core-containing granules that

are present in mature eosinophils. In eosinophil progenitors

these are core-less and, in this review, will be referred to as

`immature specific granules'. In some of the literature,

specific granules are referred to as `secondary granules'.

(c) Small-type granules: a population of granules

characterized by arylsulphatase activity as detected by

cytochemistry and electronmicroscopy.

(d) Secretory vesicles: small dumbbell-shaped structures

on a cross-section, characterized by their albumin content.

In some literature they are referred to as `microgranules' or

`tubulovesicular structures'.

Transcriptional regulation of the genes for eosinophil
granule proteins

Eosinophils originate from pluripotent stem cells in the

bone marrow and the synthesis of granule proteins starts at

the transition from eosinophilic myeloblast to promyelo-

cyte [6]. Specific growth factors, especially interleukin

(IL)-5, turn on distinct classes of genes, resulting in the

characteristic phenotype of eosinophils [7]. DNA-binding

proteins, e.g. transcription factors that coordinate the

accessibility of RNA polymerase II to the promoter region

of the gene, regulate transcription of the genes. Functional

promoter regions of several proteins characteristic of

eosinophils have been identified and their transcriptional

regulation has been studied to varying extents.

At least five proteins are characteristic of the eosino-

philic phenotype and are present in large quantities in the

cell. These are major basic protein (MBP), eosinophil

peroxidase (EPO), eosinophil cationic protein (ECP),

eosinophil-derived neurotoxin (EDN), and Charcot-Leyden

crystal (CLC) protein.
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The gene encoding MBP is located on chromosome 11. It

has two different promoters [8], generating two different

transcripts of 1.0 and 1.6 kilo base pairs, respectively. The

rationale for two promoter regions and the generation of

two transcripts is not known. In leukaemic cell line HL60

cells the 1.0 transcript is the dominating one.

The EPO gene is located on chromosome 17, forming a

cluster with genes for other peroxidases such as lactoper-

oxidase and myeloperoxidase [9]. The EPO gene consists

of 12 exons and 11 introns [10]. 1.5 kilobase pairs of

sequence upstream of the transcriptional start site and

consensus binding sites for a number of positively and

negatively acting elements in the promoter have been

demonstrated [11].

The genes coding for the ribonucleases ECP and EDN

are located on chromosome 14 [12] and belong to a family

of primate ribonucleases [13]. Both genes consist of two

exons and a single intron. The second exon contains the

open reading frame. The intron is important for the

transcriptional activity of these genes [14] and a consensus

binding site for a transcription factor belonging to the

NFAT-1 family seems to be of particular importance [15].

In addition, a consensus binding site for PU.1, a member of

the ets family of genes, is present in the intron, and seems

important for the transcriptional activity of the EDN gene

[16].

The gene encoding CLC protein is located on chromo-

some 19 [12]. The CLC protein promoter sequence contains

two consensus GATA binding sites, a purine-rich sequence

that presents potential binding sites for PU.1 as well as

sequences described in other myeloid-specific promoters

[17].

Although characteristic of eosinophils, several of the

cationic proteins are expressed in other tissues as well. The

protein that hitherto is believed to be the most lineage-

specific for eosinophils is EPO. Relatively low amounts of

EDN are present in basophils [18] and low amounts of both

EDN and ECP in neutrophils [19,20]. There are large

quantities of MBP in the placenta [21] and in basophils

[18]. CLC protein is present in basophils but not in mast

cells [22]. Recently, an MBP homologue, expressed in

eosinophils, was described [23]. The amount present in

eosinophils is not yet known.

Eosinophil progenitors

Eosinophil promyelocytes are rich in synthetic machinery

such as endoplasmic reticulum and Golgi [24]. Staining of

these cells for peroxidase shows reaction product within all

cisternae of the rough endoplasmic reticulum, including

transitional elements, and the perinuclear cisternae, the

Golgi complex, and smooth vesicles at the periphery of the

Golgi complex, as well as in granules [24]. Patch-clamp

capacitance studies quantitating the size of granules that are

incorporated into the plasma membrane upon degranulation

have been performed on cord blood-derived eosinophils.

These show that individual granules differ in size by

multiples of unit vesicles, suggesting that the specific

granules of eosinophils are formed by fusion of smaller unit

vesicles [25]. Eosinophil promyelocytes contain abundant,

large, round, core-less granules (Fig. 2a). The vast majority

of these are immature specific granules holding cationic

proteins, including MBP, the ribonucleases ECP and EDN,

and EPO [26]. In a cross-section, a few primary granules,

holding CLC protein, are also visible [27]. During

maturation through the myelocyte and metamyelocyte

stages of differentiation, the ER and Golgi gradually

decrease, while most of the granules condense and become

core-containing specific granules [24] (Fig. 2b).

Mature eosinophils contain secretory vesicles, which are

not present in early bone marrow progenitors. These start to

appear at terminal stages of differentiation, at the

Fig. 1. Schematic drawing of the granule

populations in a resting mature eosinophil.

Primary granules are present at 1±3

granules per cross-section, specific

granules at around 30 per cross-section,

small-type granules at 2±8 per cross-

section, and secretory vesicles at more

than 160 per cross-section. Other

compartments obviously also exist,

transporting newly synthesized proteins or

involved in the release of preformed

proteins.
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myelocyte or metamyelocyte stage [28] and in a study of

cord blood-derived eosinophils, their appearance coincided

with a decrease in plasma membrane area, suggesting that

the secretory vesicles are endocytic in origin [25].

Charcot-Leyden crystal protein

CLC protein is the sole component of the typical pyramidal,

hexagonal crystals seen at sites involved in allergic

inflammation (Fig. 3) [29]. It is a characteristic, although

not unique, constituent of eosinophils, constituting 7±10% of

the total protein content [30]. According to its genomic

organization, it belongs to a family of galactose-binding

lectins-galectins and is also named galectin-10 [31,32]. CLC

protein possesses weak lysophospholipase activity but does

not share homology with other characterized lysopho-

spholipases [33]. Recently, the carbohydrate-binding proper-

ties of this protein were investigated and CLC protein did not

show any affinity for b-galactosides and was found to bind

mannose in a manner different from that of other related

galectins [32].

CLC protein has no known cleaved or uncleaved signal

peptide to direct it into the endoplasmic reticulum for

further processing in the Golgi and sorting into a granular

compartment during its biosynthesis [33]. Despite this, it is

to be found in a subpopulation of granules; the primary

granules (Fig. 3b) [34]. However, the main portion of CLC

protein is probably extragranular, being localized to the

cytoplasm and the euchromatin of the nucleus (Fig. 3a)

[27]. In support of this, no lysophospholipase was found in

the granule fraction, but in the membrane fraction upon

subcellular fractionation [35]. Since it makes up such a

large proportion of the total protein in the cell, it is also

unlikely that the few primary granules can hold the entire

cellular content of CLC protein. The dual localization (i.e.

both intra- and extragranular) is most likely primary, but an

alternative explanation may be that redistribution from the

primary granules occurs after cellular activation. A possible

explanation for the presence of CLC protein in both

granules and cytoplasm/nucleus is an inefficient routing

into the secretory pathway. Such inefficient routing has

been demonstrated for other proteins, such as plasminogen

activator inhibitor II [36].

In any case, CLC protein is enigmatic with respect to

processing and sorting in the cell. Granule-bound CLC

protein may be subjected to regulated release, while

extragranular CLC protein may be subjected to non-

classical release. The lysophospholipase activity of CLC

protein may explain its extragranular localization. Acti-

vated eosinophils have a high production of lipid-derived

proinflammatory agents, and derivatives from their synth-

esis may be harmful to the cell unless they are inactivated

by a lysophospholipase. Intracellular CLC protein may

Fig. 2. (a) Electron micrograph showing an eosinophil promye-

locyte of the bone marrow. Numerous immature specific granules,

without crystalloid cores, are seen within the cytoplasm (arrow).

The presence of ECP within the granules is seen as scattered black

dots within the granules, the result of immunogold staining. From

reference [26] with permission. (b) Core-containing specific

granules in a mature eosinophil (arrows). The presence of MBP

in the crystalloid core is shown by immunogold staining. This

population of granules also contain ECP, EPO, EDN and several

preformed cytokines.
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therefore have a protective role. However, at present, the

role(s) for this protein that is present in such abundance in

human eosinophils is definitely not clear.

Sequential expression of eosinophil granule proteins?

There is accumulating evidence that, in neutrophils, the

different subpopulations of granules are formed as a

consequence of sequential gene expression of the granule

proteins [37], i.e. `sorting by timing'. This results in a much

greater heterogeneity of neutrophil granules than was

previously postulated [38]. The importance of this may

be to keep proteins with different functions separated, thus

preventing interactions such as degradation, premature

activation, or inactivation during storage. It can also allow

sequential release of different proteins.

Could this hypothesis also apply to eosinophils? CLC

protein is present in the primary granules of eosinophils [34]

while the cationic proteins MBP, ECP, EDN, and EPO are

present in the crystalloid-containing specific granules [39].

Investigation of possible sequential gene expression of the

proteins characteristic of eosinophils has been performed in

CD341 cells isolated from peripheral blood and induced to

differentiate towards the eosinophil lineage [40]. Early

expression was seen in the case of CLC protein and could be

detected by RT-PCR after a few days. Some overlap in the

synthesis is suggested by the finding of EPO in some

primary granules and CLC protein in some specific granules,

as detected by immunoelectron microscopy [27]. Taken

together, this could indicate that CLC protein is synthesized

before the cationic proteins, explaining the presence of CLC

protein in a distinct granular compartment.

Specific granules

Most granule proteins are synthesized at the promyelocytic

stage of differentiation [24]. In these cells, large, round

core-less granules holding MBP, ECP, and EPO are present

[26]. It is likely that these granules undergo condensation

and later become the crystalloid-containing specific

granules of mature eosinophils. In support of this, the

precursor form of MBP (proMBP) is present in the large,

round core-less granules, but immunoreactivity for this

proform gradually decreases while the MBP-containing

core appears during apparent condensation of the granules

[41]. In the mature specific granules, MBP makes up the

crystalloid core and the other proteins are present in the

surrounding matrix of the granules (Fig. 2b) [39]. The

specific granules also contain several preformed cytokines

(Table 1). In vitro maturation of cord blood-derived

CD341 progenitors suggest that eosinophils express and

store cytokines simultaneously with the cationic granule

proteins during maturation [42]. The access to preformed

cytokines in addition to de novo synthesis can be an

advantage at sites of inflammation, since preformed

cytokines are immediately available at larger quantities.

Interestingly, despite the fact that a plethora of cytokines

with diverse biological effects are stored in the same

Fig. 3. (a) CLC protein distribution in a

mature eosinophil, as detected by

immunogold technique. The protein is

present within the cytoplasm and the

euchromatin (e) of the nucleus. The

heterochromatin (h) and the specific

granules (arrows) do not contain any

CLC-protein. (b) In this electron

micrograph, double-staining for the

membrane-anchored tetraspanine CD63

and CLC-protein has been performed

using immunogold technique. A primary

granule is seen in the bottom right-hand

corner, holding CLC protein (closed

arrow). CD63 is present in the membrane

of specific granules (open arrows). CLC

protein is also present in the cytoplasm.

(c) Charcot-Leyden crystals with their

typical bipyramidal, hexagonal shape seen

within the cytoplasm of a tissue-residing

macrophage. The CLC protein detected by

immunogold technique, is visualized as

gold particles shattered over the surface of

the crystals.
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compartment (e.g. specific granules), selective release may

occur after cellular stimulation [43].

Lysosome integral membrane protein (LIMP)-1 (CD63)

is the only known membrane-anchored protein of specific

granules [27]. It is a member of the transmembrane 4

superfamily (also called tetraspanins), that has been shown

to form complexes with integrin receptors, and may

participate in cell migration, respiratory burst and degra-

nulation [44].

It should be emphasized that the four cationic proteins

probably constitute a major part of the content of the

specific granules. Many other proteins have been detected

in various amounts, but their biological relevance should be

evaluated with regard to their affinity for and effects on

their targets (Table 2).

Small-type granules

In the mid-seventies, Parmley and Spicer described a

population of small-type granules containing arylsulphatase

activity (Fig. 4a) [45]. Arylsulphatase B (AsB), a lysoso-

mal hydrolase that can degrade glycosaminoglycans (e.g.

dermatan-sulphate and chondroitin-4-sulphate), has been

considered a specific marker for this population of

Table 1. Cytokines, chemokines, and growth factors expressed

by eosinophils. The cases where preformed protein have been

detected in granules are indicated

Cytokine/chemokine Presence in granules Reference

IL-1a 55

IL-2 SG 129

IL-3 130

IL-4 SG 131

IL-5 SG 132

IL-6 SG 133, 134

IL-8 135

IL-10 136

IL-12 137

IL-16 138

GM-CSF SG 130, 139

TNF-a SG 140

TGF-a SG, V 52, 128

TGF-b1 129

PDGF-b 141

VEGF 142

MCP-1 143

MIP-1a 140

RANTES SG, V 138, 144

Eotaxin SG 145

Table 2. Granule proteins of human eosinophils

Protein Localization Comment Reference

Major Basic Protein (MBP) SG 39

MBP homologue n.d. 23

Eosinophil Cationic Protein (ECP) SG ribonuclease 39

Eosinophil-Derived Neurotoxin (EDN) SG ribonuclease 146

Eosinophil Peroxidase (EPO) SG 39

Charcot Leyden Crystal (CILC)-protein PG, nucleus, cytoplasm weak lysophospholipase, 34, 27

carbohydrate-binding properties

Lysophospholipase (pancreatic type) SG 147

Acid phosphatase SG 49

Arylsulphatase B SG, STG 45, 48

Phospholipase A2 (secretory) SG antibacterial 148

Bactericidal/Permeability-Increasing

Protein (BPI)

SG LPS-binding, antibacterial 149

NAMLAA SG antibacterial 150

Cytochrome b558 SV part of NADPH-oxidase 52

FAD SG 151

Catalase SG 152

Urokinase SG 153

CD63 SG tetraspanin 27

CR3 SV b2-integrin 51

Proteoglycan SG 154, 155

Alpha-1 antitrypsin SG 156

Primary granules (PG), specific granules (SG), vesicles (V), not determined (n.d.).
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granules. On a cross-section of a cell, 6±8 of these granules

are visible, and their number increases in eosinophils at

sites of activation and possible degranulation [45]. How-

ever, these small-type granules may be derived from the

specific granules and several lines of evidence suggest such

a relationship. AsB is an associating-dissociating enzyme;

at high pH it has low enzymatic activity whereas at low pH

it has high enzymatic activity [46] (Fig. 4b); therefore AsB

may be present in a latent form in the specific granules. In

addition, upon subcellular fractionation, the fraction

containing specific granules was a rich source of AsB

[47] and using immunogold technique, AsB immunoreac-

tivity was detectable in specific granules [48] (Fig. 4c).

Therefore, it can be hypothesized that small-type granules

represent an activated compartment, containing enzymati-

cally active AsB, whereas in specific granules, AsB is

present in an enzymatically inactive form. Specific and

small-type granules may be related and AsB is not an

exclusive marker for the release of content from small-type

granules.

Another protein that is present in an enzymatically

inactive form in the specific granules is acid phosphatase.

Enzymatic activity can be seen after cellular activation

[49].

Secretory vesicles

Eosinophils also have a large number of secretory vesicles

in their cytoplasm [50,51] (Fig. 5a). On a cross-section of a

cell, 150±180 of these vesicles are visible. They contain

membrane-bound cytochrome b558 (phox-22) and CD11b;

the alpha-chain of the heterodimeric complement-receptor

3 (CR3) has also been localized to this population of

organelles [52]. What is more, they contain albumin,

indicating that they are endocytic in origin. However, in

neutrophils, secretory vesicles are not part of a continuous

pinocytosis and once mobilized they are not reformed [38].

The secretory vesicles of eosinophils may represent a

compartment-holding membrane-bound receptors and other

proteins that can be rapidly mobilized after cellular

activation.

Fig. 4. (a) Electron micrograph showing small-type granules

exhibiting arylsulphatase activity (appears in black; arrows), while

specific granules lack such activity (pale, core-containing; open

arrows). From reference [45] with permission. (b) Arylsulphatase

B is an associating/dissociating enzyme. Enzymatically active

tetramers are formed at low pH, while the enzyme subunits

dissociate at higher pH and the enzymatic activity disappears. (c)

Electron micrograph showing the presence of immunoreactive

arylsulphatase B in specific granules as visualized by antibodies to

AsB, detected by protein A attached to colloidal gold (arrows).

From reference [48] with permission.
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Additional compartments

Eosinophils also contain multilaminar bodies (MLBs)

(Fig. 5b) [53]. In B cells, this structure has been shown

to represent a late endocytic multilaminar structure with

lysosomal characteristics, transporting major histocompat-

ibility complex class II (MHC-II) molecules to the cell

surface [54]. In eosinophils, MLBs contain transforming

growth factor (TGF)-a [53]. Eosinophils can express MHC-

II after activation [55], but the possible association between

MHC-II and MLB has not been studied in eosinophils. In

addition, TGF-a has been detected in a vesicular compart-

ment of the cytoplasm. In double-labelling experiments,

this latter compartment did not show the presence of CD63,

a marker for lysosomes, nor with albumin of secretory

vesicles [53]. Therefore, one may speculate upon the

presence of other vesicular compartments, for example,

participating in the constitutive release of de novo

synthesized proteins.

Degranulation

Research in recent years has shown that eosinophils enter,

and are transported in the bloodstream in a resting state,

and become activated after encountering activated endothe-

lium at sites of inflammation [56]. A small fraction of

eosinophils seem to have a higher state of activation

already in the bloodstream [57]. During some conditions,

for example the idiopathic hypereosinophilic syndrome

(HES), an increased activation of blood eosinophils is seen

[58]. Many earlier studies of eosinophil functions were

performed using resting cells, isolated from peripheral

blood. However, after stimulation with cytokines in vitro,

eosinophils are activated and become, for example,

efficient phagocytes [59], and can increase their release

of granule proteins [60].

The release of proteins can be constitutive, where newly

synthesized proteins are continuously released. Constitutive

release is possible in eosinophils, for example the cytokines

and chemokines expressed by tissue eosinophils (Table 1).

Regulated release (degranulation) in response to specific

stimuli takes place for the preformed granule proteins that

are stored in the specific granules. Degranulation can take

place into a phagosome/phagolysosome, containing an

internalized microbe, within the cytoplasm of the cell

(Fig. 6). The presence of ECP and EPO within phagosomes

of eosinophils, indicates that specific granules fuse with

phagosomes [61] (Fig. 6b). The cell can also release its

granules onto a non-phagocytosable surface, such as a

multicellular parasite, a form of release often referred to as

`frustrated phagocytosis' (Fig. 7).

In recent years, non-classical ways for eosinophil

degranulation have been suggested.

These include so-called piecemeal degranulation [62]

and cytolytic degranulation (e.g. necrosis) [63]. Evidence

for piecemeal degranulation in eosinophils is based on

observations of morphological alterations of granules and a

change in distribution of granule proteins in activated

eosinophils. In piecemeal degranulation, vesicles contain-

ing granule proteins seem to bud off from the specific

granules [62]. Possibly, the small-type granules, which

increase in number upon cellular activation and contain

AsB that is also present in the specific granules, may be

part of the same phenomenon [45]. The selective release of

the CC chemokine RANTES after cellular stimulation with

interferon-g has also been attributed to piecemeal degra-

nulation [43].

Cytolytic degranulation is a term applied to the free

granules seen in association with necrotic eosinophils.

This phenomenon seems to be present in atopic dermatitis

[63] and allergic inflammation of the upper airways of

humans [64]. Eosinophil necrosis is also apparent after

IgG-induced activation in vitro [65]. Whether cytolytic

degranulation is a regulated process or a result of

eosinophils succumbing due to environmental factors is

not known.

Fig. 5. (a) Secretory vesicles, sometimes

referred to as microgranules, are small

dumbbell-shaped structures abundantly

present in the cytoplasm of eosinophils.

They contain albumin, whose presence is

indicated by immunogold staining in this

electron micrograph (arrows).

Bar � 500 nm. (b) A multilaminar body

in the cytoplasm of an eosinophil.

Immunogold detection of TGF-a is seen

(arrows). Bar � 500 nm.
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Receptors and ligands

Specific receptors on the surface of eosinophils can

recognize the target, via, for example, immunoglobulins

and complement products that are bound to the surface of

the target. Cross-linking of the receptors through binding to

immobilized ligand can induce strong signals for phago-

cytosis [59] and degranulation [66] in vitro. It is reasonable

to believe that immobilized ligands help direct eosinophil

degranulation towards the target. The receptors that so far

are best recognized for their ability to induce degranulation

will be discussed here.

Complement Receptor 3

The immobilized complement fragment iC3b, albumin, factor

X, and fibrinogen all bind to CR3 (also called CD11b/CD18,

am/b2, or Mac-1), which is present on the surface of

eosinophils. Activation and cross-linking of this receptor

induces a strong signal for degranulation in eosinophils [67].

Cellular activation can increase the affinity of CR3 for

its ligand. This has been elegantly illustrated: eosinophils

isolated from the peripheral blood of healthy donors only

bind serum-treated zymosan to a low extent; however,

stimulation of eosinophils with cytokines such as GM-CSF,

IL-3, IL-5 [59], TNF-a [61], or platelet-activating factor

(PAF) [68] causes a rapid increase in eosinophil binding

and phagocytosis of serum-treated zymosan.

Apart from external stimuli, eosinophils themselves can,

upon encounter with a serum-opsonized target, bind via

CR3, which elicits production of PAF. This can increase

the activation of the cell itself, and adjacent cells, via auto-

and paracrine loops, and enhance degranulation [69,70].

The importance of CR3 in eosinophil degranulation is

also illustrated by the fact that cross-linking of CR3 by

antibodies results in degranulation [71].

Monoclonal antibodies against CR3 inhibit IgG-induced

eosinophil degranulation [72], and it has been suggested

that Fc-receptors for IgG and CR3 are physically associated

with each other [73].

Fig. 6. (a) Eosinophil and neutrophil, showing extensive uptake of serum-treated zymosan (STZ) into phagosomes/phagolysosomes. (b)

This picture shows degranulation into a zymosan-containing phagosome (phagolysosome). Specific granules (g) appear to fuse with and

release their contents into the phagosome containing STZ (arrowheads). EPO is detected within the phagosome by immunogold and is

seen as small dots (n � nucleus).
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Receptors for IgA

Immobilized IgA, especially secretory IgA (sIgA) induces

strong signals for degranulation in eosinophils via FcaR

[74]. Also, the isolated secretory component of sIgA

induces degranulation in eosinophils [75], but not in

neutrophils [76]. This further points to a role for

eosinophils in host defence at mucosal barriers, where

sIgA is present in high concentrations.

Receptors for IgG

Immobilized IgG is a strong inducer of eosinophil

degranulation and eosinophils have a high density of the

low-affinity Fc-receptor for IgG (FcgRII, CD32) on their

surface [77].

The binding of complexed IgG by eosinophils increases

after stimulation of the cells by granulocyte-macrophage

colony stimulating factor (GM-CSF) and IL-5 [78] and

these cytokines also enhance IgG-induced degranulation

[60].

A minor population of resting eosinophils has surface

expression of the high affinity Fc-receptor for IgG (CD16,

FcgRI) and upon stimulation by chemoattractants, a rapid,

but transient surface expression of this receptor can be

induced from an intracellular pool [79]. Distinctive roles

for this receptor in eosinophil degranulation have not been

investigated.

Receptors for IgE

Both eosinophilia and high levels of IgE are typical

components of allergic inflammation. Therefore, it seems

reasonable that eosinophils should have the capacity to

interact with IgE. An interesting observation was that

selective release of EDN occurred after stimulation of

eosinophils with complexed IgE [80]. However, the

importance of IgE in eosinophil immunobiology has been

a matter of controversy [77]. The presence of high-affinity

receptors for IgE (Fc1RI), has been reported in patients

with the idiopathic hypereosinophilic syndrome [81]. Also,

other IgE-binding structures, such as the low-affinity

receptors for IgE (CD23, Fc1RII) and Mac-2/1BL have

been reported to be present on eosinophils [82]. Recently,

intracellular expression and release of the alpha-chain of

Fc1RI was reported in eosinophils, but little or no Fc1RI or

CD23 could be detected on the cell surface of eosinophils

from normal donors or patients with severe eosinophilia

Fig. 7. Eosinophil encounter with serum-treated Sephadex bead

(S) representing a semiphysiological parasite model. (a) The cells

first appear round, but upon binding by CR3, the cells become

flattened due to interactions with the cytoskeleton (b and c).

Degranulation occurs onto the surface of the non-phagocytosable

object and granule proteins typical of eosinophils can be detected

in the surrounding medium after this `frustrated phagocytosis'.

From reference [65] with permission.
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[77,83]. Nor did eosinophils respond with detectable

degranulation upon challenge with human IgE or anti-

human IgE [77].

Other receptors for complement and immunoglobulins

Eosinophils possess receptors for the complement fragment

C1q and C5a and they enhance IgG- or iC3b-induced

degranulation, but does not by themselves cause significant

release of specific granule content [79,84,85]. A receptor

for the soluble complement fragment C3a is present on the

surface of eosinophils [86] and causes granule release in

cells that have been pretreated with cytochalasin B,

resulting in disruption of the cytoskeleton [87].

On the basis of binding experiments, no significant

amounts of receptors for IgM or IgD seem to be present on

eosinophils [88].

Tetraspanins

Eosinophils isolated from peripheral blood express the

tetraspanins CD9, CD37, CD53 (MRC OX44), CD63

(LIMP-1) and CD81 (TAPA-1) [44]. Eosinophil degranula-

tion can be induced by cross-linking of CD9 by antibodies

[89]. The release was abolished by pretreatment of the

eosinophils with monoclonal antibodies against CD18,

suggesting that b2 integrins are involved in the response

[89].

Soluble secretagogues

Many soluble stimulatory substances, such as PMA, IL-3,

IL-5, GM-CSF, C5a, PAF, eotaxin, and fMLP, seem to

have weak or no direct effects with respect to release of the

contents of the specific granules from cells in suspension;

rather, they enhance the release in response to immobilized

immunoglobulins and complement (e.g. iC3b) [60,90].

Soluble stimuli may mobilize receptors to the cell surface

(e.g. CR3) [91], and their affinity for the ligand may

increase [59,68,78]. The increase in CR3 on the cell surface

after stimulation, suggests that the secretory vesicles can be

mobilized and their membrane integrated into the cell

membrane. The contribution of CR3-mediated adhesion to

eosinophil degranulation in vitro is difficult to determine,

since also cells `in suspension' may aggregate (homotypic

aggregation) via CR3 [92], or adhere to the walls of a tube,

possibly due to binding via CR3 to albumin coating the

tube [93].

Interaction of eosinophil granules with the cell mem-
brane in regulated exocytosis

Using patch-clamp technique, eosinophils have been found

to be capable of degranulation early during maturation,

probably while the granules are only starting to form, at the

transition from promyelocyte to myelocyte [25].

Studies on horse eosinophils, using GTP g S and patch-

clamp technique, have revealed three distinct fusion

processes during eosinophil degranulation [94]. At low-

grade stimulation, there seems to be release of single

granules through fusion with the cell membrane, and

formation of pores in the plasma membrane [95]. At higher

doses of GTP g S, granules fuse inside the cell, forming

large compound granules which then fuse with the cell

membrane (compound exocytosis) or granules fuse with a

single granules that has formed a pore in the membrane

(cumulative exocytosis) [95]. In support of these findings,

activated eosinophils both in vivo and in vitro often show

large vacuoles and pore formation [96,97]. The currently

suggested routes for release of the contents of specific

granules are shown in Fig. 8.

Proteins in the membrane of intracellular granules and

vesicles interact with membrane-bound proteins in the cell

membrane during exocytosis. The interaction between

membrane-bound SNARE (soluble N-ethylmaleimide sen-

sitive factor attachment receptor) proteins in cell secretion

has been an area of extensive research in recent years [98].

However, little is known about the roles of these proteins in

constitutive release and regulated exocytosis in eosinophils.

Syntaxin-3 A (t-SNARE) is present in guinea-pig eosino-

phils [99].

Cytotoxic mechanisms

MBP and ECP may be the cause of damage to lipid bilayers,

such as plasma membranes of target cells [100,101]. This

may be due to their cationic nature. In the case of ECP, the

formation of transmembrane pores and thereby damage to a

target cell has been shown [100]. Both ECP and EDN, in

particular the latter, possess ribonuclease activity [102]

which may be important for anti-microbial activity. How-

ever, the bactericidal effect of ECP does not seem to be

dependent on ribonuclease activity [103]. On the other hand,

activity against the double-stranded RNA-virus respiratory

syncytial virus (RSV) has been shown for both ECP and

EDN, suggesting that the ribonuclease activity of these

proteins can be important for host-defence functions in some

contexts, e.g. infection by RNA viruses [104,105].

ECP and, in particular, EPO most likely participates in

the formation of toxic compounds from halides and

products from the NADPH oxidase system of eosinophils

[106,107].

Possible targets for the cytotoxic effects

Eosinophilia of blood and tissue is classically associated
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with parasitic and especially invasive helminthic infections,

such as filariosis and bilharziosis [108]. The cytotoxicity of

eosinophil granule proteins against several nematodes and

trematodes in their larval stage has been shown [109±113].

Increased levels of eosinophils in peripheral blood are

not typical for either bacterial or viral infection. However,

antibacterial activity has been demonstrated for isolated

ECP, MBP [114], and EPO [115]. Therefore, eosinophils

may fulfil antibacterial host-defence functions in tissues

where they accumulate in larger numbers than are present

in the circulation [116].

Infection of the airways by respiratory syncytial virus

(RSV) induces airway inflammation involving eosinophils

[117]. RSV is an enveloped double-stranded RNA virus

and both ECP and EDN have antiviral effect against RSV

in vitro [104,105].

Roles for eosinophils in host defence against neoplasia

have been suggested and are supported by the finding that

EPO is toxic to mammalian tumour cells [118]. The

presence of eosinophils in colonic carcinoma is considered

a favourable prognostic factor but it is not clear whether

eosinophils are cytotoxic to cancer cells [4,5,119,120].

Other effects of released granule proteins

MBP is by far the best studied eosinophil granule protein

for diverse biological effects, through the work of Gleich

and coworkers. Apart from being toxic to parasites and

tumour cells, MBP is toxic to a variety of host cells,

including splenic, intestinal, and endothelial cells, and

airway epithelium [121]. MBP has a deleterious effect on

mammalian ciliary activity [122]. MBP, and to a lesser

extent EPO, also function as endogenous allosteric

inhibitors of agonist binding to the M2 muscarinic receptor

[123]. Released EPO induces mast cell secretion [124].

Also, the plethora of preformed cytokines and chemokines

present in eosinophil granules and expressed by mature

eosinophils may have proinflammatory effects after release

at sites of inflammation (Table 1). Taken together, several

of the constituents of eosinophil granules may be of

importance in explaining the bronchoconstriction, oedema,

and tissue damage seen during allergic inflammation, for

example in asthma.

Feared complications of long-standing severe eosinophi-

lia are endomyocardial fibrosis and thromboembolic events

[1,125]. Eosinophils can induce DNA synthesis in fibro-

blasts [126], and release of the growth factors TGF-a and

TGF-b1 may be of importance for the connective tissue

remodelling seen in conjunction with eosinophilia

[127,128]. Released cationic proteins may be of importance

in the development of thrombosis in diseases such as HES,

but the exact mechanisms are not yet clear.

Thus, the clearest role for the released granule proteins

of eosinophils so far seems to be in the body's defence

against helminthic infestation. They may also have

unfavourable roles in diseases such as asthma.
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