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Summary

Background Varying release of eosinophil granule proteins depending on the stimulus and

environmental factors has previously been reported.

Objective To investigate the degranulation from adherent eosinophils by using mixed

granulocytes.

Methods Granulocytes isolated by Percoll gradient centrifugation were incubated on

plates coated with plasma and tissue ®bronectin, ®brinogen or human serum albumin (HSA)

and stimulated with Mn2�, phorbol-myristate-acetate (PMA), formyl-methionyl-leucyl-

phenylalanine (f-MLP) and combinations thereof, respectively. The release of eosinophil

cationic protein (ECP) was measured by radioimmunoassay.

Results Unstimulated eosinophils incubated in wells coated with plasma and tissue

®bronectin, ®brinogen or HSA did not release any ECP. Furthermore, Mn2� (5 mmol/L)

did not induce release of ECP despite the fact that adhesion of eosinophils to these four

proteins was induced. PMA stimulated a dose-dependent release of ECP. Contemporaneous

stimulation of eosinophils with PMA and Mn2� induced a dramatically increased release of

ECP regardless of which protein the eosinophils were adhering to. A small but signi®cant

release of ECP was found when eosinophils incubated on plates coated with ®brinogen and

HSA were stimulated by f-MLP. Contemporaneous stimulation of eosinophils with f-MLP

and Mn2� did not induce any synergistic effect on the release of ECP. On the contrary,

Mn2� inhibited the release of ECP induced by f-MLP from eosinophils. Serum-opsonized

Sephadex particles stimulated a potent increase of the release of ECP up to 12%±14% in the

presence of plasma ®bronectin and, in particular, ®brinogen. The kinetics of eosinophil

adhesion and degranulation showed that the cellular adhesion preceded the degranulation

response and that the degranulation patterns depend on the stimuli and environment.

Conclusion The present study indicated that cellular adhesion plays an important role in

the regulation of eosinophil degranulation, but that adhesion and degranulation can be

induced separately.
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Introduction

The eosinophil granulocyte is a potent in¯ammatory cell

that is considered to play an important role in allergic

in¯ammation [1]. Deposition of eosinophil granule proteins

and concomitant tissue damage have been documented, i.e.

increased concentrations of eosinophil cationic protein

(ECP) in samples of serum, sputum and bronchoalveolar

¯uid of patients with bronchial asthma [2]. Although both

the release of ECP from eosinophils and, to a lesser extent,

the release of myeloperoxidase (MPO) from neutrophils was

increased in bronchial asthma, the number of eosinophils
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were signi®cantly increased, whereas the number of neutro-

phils was normal [3]. In addition, the function of these two

types of granulocytes are regulated by different mechanism

[4], for instance, the functions of these granulocytes can be

speci®cally regulated by the adhesion molecules VLA-4 and

CD18, of which the former receptor is only expressed on

eosinophils and the latter expressed on both cells.

Previous investigations have shown that cellular adhesion

affects eosinophil degranulation. Eosinophil degranulation

induced by granulocyte-macrophage colony-stimulating

factor (GM-CSF) or platelet-activating factor (PAF) was

inhibited in stirred suspension of eosinophils and almost

completely inhibited by anti-CD18 [5]. Integrin receptors

are the most important adhesion molecules in leucocytes.

It has been reported that adherence of neutrophils via b2

integrins acts as a costimulus with cytokines for induction

of the respiratory burst [6]. Taken together, it is clear that

integrins can act as true signalling receptors in a variety of

cell types [7]. On the other hand, the substance to which the

cells adhere via b2 and b1 integrins might also affect the

degranulation of cells. Previous studies have demonstrated

that extracellular matrix proteins attenuated activation and

degranulation of stimulated eosinophils [8].

From the results described above it is evident that the

degranulation process can be affected by adhesion. The aim

of the present study was to establish and compare the effect

of contemporaneous stimulation of release of ECP by soluble

and particulate stimuli during eosinophil adhesion to tissue

and plasma ®bronectin, ®brinogen and albumin. Granulo-

cytes were isolated from the peripheral blood of normal,

nonallergic subjects and degranulation was induced by

phorbol-myristate-acetate (PMA), formyl-methionyl-leucyl-

phenylalanine (f-MLP) and serum-opsonized Sephadex G-15

particles, and eosinophil release of ECP was examined. The

stimuli were chosen to represent different mechanisms of

stimulation; PMA activating intracellular protein kinase C

(PKC), f-MLP, which binds to its cell surface receptor and

activates via a G-protein-dependent pathway, and serum-

opsonized Sephadex particles, which mainly activates via

binding of C3b to the complement receptor 3 (CR3-CD11b/

CD18). Manganese ions were used to study the effect of

speci®c integrin activation [9±11]. Furthermore, the eosino-

phil release response was compared with eosinophil adhesion

response.

Materials and Methods

Material

Human plasma ®bronectin, human tissue ®bronectin, ®bri-

nogen and human serum albumin (HSA) were purchased

from Sigma Chemical Co (St Louis, Mo, USA). HSA was

96±99% albumin and the remainder was mostly globulins.

The monoclonal antibody (mAb) used in this study was anti-

CD9-FITC (DAKO, A/S, Glostrup, Denmark). Sephadex

G-15 was obtained from Pharmacia Biotech (Uppsala,

Sweden). Propidium iodide (PI) was purchased from

Orpegen Pharma (Heidelberg, Germany).

Preparation of protein-coated wells

Ninety-six well, ¯at-bottom, nontissue culture-treated, high

protein binding plates (Greiner Labortechnik, Germany) were

coated with plasma and tissue ®bronectin, HSA and ®brino-

gen, 100 mL, diluted in coating buffer (20 mmol NaH2PO4/L,

150 mmol NaCl/L, pH 8.0) at concentrations of 25 mg/mL

(®brinogen) or 50 mg/mL (the other three proteins) overnight

at 37 8C, in a 5% CO2 incubator. The wells were washed

twice with 200 mL of the assay buffer containing, NaCl

(140 mmol/L), KCl (5 mmol/L), MgCl2 (1 mmol/L), CaCl2
(1 mmol/L), glucose (5.6 mmol/L), HSA (30 mg/L) and

HEPES (10 mmol/L), with a pH of 7.4, and with 1% HSA

(w/v). A further washing was carried out with 200 mL of the

same buffer with and without Mn2� (5 mmol/L) just before

use.

Isolation of granulocytes and eosinophils

Granulocytes were isolated from peripheral blood of non-

allergic, normal volunteers by Percoll gradient centri-

fugation as previously described [12]. The purity of the

granulocytes was > 99% and 6 6 3 (SD) % were eosino-

phils. The puri®ed granulocytes were washed twice with the

assay buffer plus 1% (w/v) HSA and subsequently sus-

pended in the same buffer. The cell concentration was

adjusted to 1 ´ 109/L.

For some of the experiments, isolation of eosinophils was

performed according to the procedure described by Hansel

et al. [13]. In short, granulocytes were isolated according to

the procedure described above. The granulocytes were then

incubated for 1 hour at 4 8C with magnetic beads coated with

anti-CD16 (Miltenyi Biotech, Bergish Gladbach, Germany).

Eosinophils and neutrophils were thereafter separated on a

steel matrix column. The neutrophils with anti-CD16 beads

attached stayed in the column, whereas eosinophils were

eluted from the column. The purity of the isolated eosinophils

was $ 99%.

Degranulation of eosinophils during adhesion

to proteins

In brief, puri®ed granulocytes or eosinophils were incubated

with PMA (1 ´ 10ÿ9 mmol/L), f-MLP (1 ´ 10ÿ7 mmol/L)

and Mn2� (5 mmol/L) in protein-coated wells. The suspen-

sions of granulocytes or puri®ed eosinophils, 100 mL at

1 ´ 109 cells/L or at the concentration of eosinophils, which
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was equal to that in the normal population of granulocytes,

in the assay buffer plus 1% HSA were added in triplicate to

the wells and incubated for varying periods of time up to

90 min, in a humidi®ed incubator at 37 8C and 5% CO2. The

supernatants were aspirated and centrifuged at 600 g for

10 min at room temperature. The supernatants were then

collected carefully and mixed with an equal volume of

N-cetyl-N,N,N,-trimethyl-ammonium bromide (CTAB)-

solution (0.5% (w/v) CTAB, 0.15 mol NaCl/L). The ECP

concentration of the supernatants were analysed by a double

antibody competition radioimmunoassay as described earlier

(Pharmacia & Upjohn Diagnostics AB, Uppsala, Sweden)

[14]. Total intracellular ECP contents extracted from gran-

ulocytes solubilized with CTAB detergent solution were

measured in parallel. Results from the degranulation experi-

ments were expressed in percentage of the total amount

(100%) of ECP in the respective population of eosinophils.

In the PMA stimulation experiments, granulocytes were

pre-incubated with PMA for 15 min in a water bath at 37 8C
before the cells were added to protein-coated wells. In the

f-MLP and Mn2� stimulation experiments, granulocyte

suspensions with f-MLP were added to the protein-coated

wells immediately.

Serum-opsonized Sephadex G-15 particles were prepared

as described previously [3]. One volume of washed serum-

opsonized Sephadex particles was mixed with two volumes

of granulocytes with or without Mn2� (5 mmol/L). The ®nal

cell concentration was 1 ´ 109 cells/L and the ®nal concen-

tration of serum-opsonized Sephadex particles was 27.8 g/L.

One hundred ml samples of this mixture of cells and particles

were added to the protein-coated wells and incubated for 30,

60 and 90 min. In some experiments cell suspensions, with

or without Mn2�, were added to coated wells and kept on ice

for 15 min before the particles were added. The incubation

was performed for 30 min at 37 8C in a 5% CO2 atmosphere.

The ®nal concentrations of cells, particles and Mn2� were

the same as mentioned above.

Adhesion assay

Eosinophil adhesion was determined by measuring the ECP

content of adherent cells by radioimmunoassay (RIA)

(Pharmacia & Upjohn Diagnostics AB) as previously

described [12]. Brie¯y, after the speci®ed time of incuba-

tion, the supernatants were collected and stored for the

degranulation assay. The wells were gently washed three

times with warm (room temperature) assay buffer to remove

nonadherent cells. The adherent cells were solubilized by

the addition of 100 mL CTAB detergent solution. The ECP

content in the extracts was measured by RIA and the relative

number of adherent eosinophils (%) was calculated from a

standard curve made of the total amount of ECP extracted

from the cells initially added, as described above.

Effect of anti-CD18 and anti-CD49d on eosinophil

adhesion and release of ECP

The inhibitory effect of mouse monoclonal antibodies against

CD18 (clone L 130, Becton Dickinson, San Jose, CA, USA)

and CD49d (clone HP2/1, Immunotech, Marseilles, France)

was tested by co-incubation of granulocytes (1 ´ 109/L)

stimulated by PMA (1 ´ 10ÿ9 mol/L) and Mn2� (5 mmol/L)

with the antibodies, at the ®nal concentration of 10mg/mL, in

plasma ®bronectin- and ®brinogen-coated wells. After 90 min

of incubation samples for the determination of eosinophil

release of ECP and eosinophil adhesion were obtained and

processed as described above.

Measurement of cell death by propidium iodide and

trypan blue uptake

Granulocytes (1 ´ 109 cells/L in the assay buffer plus 1%

HSA) with different stimuli (Mn2� particles, PMA�Mn2�

or f-MLP�Mn2�) or without stimuli were added into wells

coated with plasma ®bronectin and ®brinogen in quadrupli-

cate. After 90 min of incubation in an incubator at 37 8C and

5% CO2, the plates was put on ice and 10 mL of optimally-

titrated mAb CD9 and 7 mL propidium iodide (0.83 mg/L)

were added to each well and incubated for 30 min and then

the unadherent cells were transferred to tubes. After two ®nal

washings of the wells with the assay buffer, the samples

were centrifuged and the supernatants removed. The adher-

ent cells were detached by adding 100 mL EDTA solution

(10 mmol/L, pH 7.4) to each well and incubated for 20 min

at room temperature. After collecting these cells, they were

resuspended in the assay buffer at a concentration of 1 ´
109 cells/L and analysed in an EPICS XL ¯ow cytometer

(Coulter Corporation, Miami, FL, USA). Eosinophils were

separated from the neutrophils by the use of FITC-labelled

anti-CD9 [15]. The relative amount of eosinophils stained

with PI was measured.

To the wells with cells stimulated by serum-opsonized

Sephadex G-15 particles, 500 mL EDTA solution was added

to the tubes with cells and particles and incubated for

20 min at room temperature. The supernatant was collected

by shaking the tube and then leaving it for 1±2 min. Owing

to this treatment the particles sedimented, whereas the cells

remained in the supernatant. The particles were washed

twice more with EDTA-solution to detach the cells from the

particles. The relative number of eosinophils stained with PI

was measured as above.

For the trypan blue exclusion experiments, 50 mL granu-

locytes suspension with Mn2�, PMA�Mn2� or f-MLP�

Mn2� were added to plasma ®bronectin- and ®brinogen-

coated wells and incubated for 90 min at 37 8C with 5% CO2

in a humidi®ed atmosphere. The supernatants were carefully

aspirated. Fifty ml trypan blue solution was added to each
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well followed by incubation for 5 min at room temperature.

The trypan blue solution was gently aspirated and 100 mL of

PBS added to each well. The relative number of cells stained

with trypan blue were evaluated in a blind fashion with an

inverted microscope.

Statistical analysis

Data were analysed using the paired student's t-test by the

use of CSS Statistica (Statsoft Inc, Tulsa, OK).

Results

Establishment of the optimal concentration of PMA and

manganese ions

To examine eosinophil degranulation during adhesion to

surfaces coated with extracellular matrix proteins, the opti-

mal concentrations of PMA and Mn2� were established.

Cells were added to protein-coated wells and incubated for

1 h after pre-incubation for 15 min at 37 8C in a water bath.

PMA induced a dose-dependent release of ECP regardless

of whether eosinophils adhered to plasma ®bronectin or

®brinogen. At the concentration of 1 ´ 10ÿ8 mol/L PMA, a

signi®cant release of ECP from eosinophils adhering to both

plasma ®bronectin and ®brinogen was observed (Fig. 1a,b,

P < 0.005, respectively). The release of ECP induced by

PMA plus Mn2� reached a plateau at the concentrations

of 1 ´ 10ÿ9 mol/L PMA and 5 mmol/L Mn2� in presence of

plasma ®bronectin and ®brinogen (P< 0.05, respectively).

No signi®cant release of ECP was detected when eosinophil

adhesion to plasma ®bronectin or ®brinogen was induced by

Mn2� at the concentrations from 0.5 to 15 mmol/L.

Time course of the effect of PMA and Mn2� on the

degranulation of eosinophils

According to above experiments, the concentrations of

1 ´ 10ÿ9 mol/L PMA and 5 mmol/L Mn2� were chosen to

investigate the time-dependent release of ECP when eosi-

nophils adhered to plasma and tissue ®bronectin, ®brinogen

and HSA, respectively. As shown in Fig. 2a±d, unstimu-

lated eosinophils did not release any ECP, regardless of

whether the cells were incubated in wells coated with

®bronectin, ®brinogen or HSA. In addition, Mn2� did not

induce any release of ECP in the presence of these four

proteins either. PMA stimulated a weak but signi®cant

release of ECP from eosinophils adhering to HSA and to

®brinogen (P < 0.01 at the incubation time of 90 min,

Fig. 2c,d) compared with unstimulated eosinophils, but

not from eosinophils adhering to plasma and tissue ®bro-

nectin. Furthermore, there was no difference in the levels of

ECP release from eosinophils adhering to HSA and ®brinogen

compared with those adhering to ®bronectin, plasma and

tissue form, respectively. PMA in combination with Mn2�

potently enhanced the release of ECP from eosinophils adher-

ing to the four proteins (P < 0.05±0.005) compared with

PMA alone. This release of ECP was time dependent and

the response appeared earlier than that induced by PMA

alone, though no signi®cant difference in the levels of release

of ECP were found in response to the four different proteins.

Time course of the effect of f MLP and Mn2� on

degranulation of eosinophils

To further assess the mechanism of release of ECP in¯u-

enced by adhesion, we investigated the effect of f-MLP on

the release of ECP when eosinophils were incubated in

wells coated with plasma and tissue ®bronectin, ®brinogen

and HSA, respectively. The concentration of 1 ´ 10ÿ7 mol/L

of f-MLP was found to be optimal (results not shown). As

shown in Fig. 3(a,b) f-MLP stimulated a weak and insigni-

®cant release of ECP from eosinophils in the presence of

plasma and tissue ®bronectin. On the other hand, a time-

dependent small, but signi®cantly increased, release of ECP

was found (P< 0.05, at the incubation time of 75 min,

Fig. 3c,d, respectively) when eosinophils in the presence

of ®brinogen and HSA were stimulated by f-MLP as com-

pared with unstimulated eosinophils. Fibrinogen and HSA

supported a higher release of ECP induced by f-MLP at the

incubation time of 75 min than plasma and tissue ®bro-

nectin (P< 0.05, respectively). F-MLP in combination with

Mn2� had no synergistic effect on the release of ECP in the

presence of the four proteins. On the contrary, this combi-

nation inhibited the release of ECP to the background level

(P < 0.05, for ®brinogen and HSA).

Time course of the effect of serum-opsonized Sephadex

particles and Mn2� on degranulation of eosinophils

Serum-opsonized Sephadex particles have previously been

used to induce granulocyte degranulation in cell suspen-

sions. The effect of washed serum-opsonized Sephadex

particles on the degranulation of eosinophils in the wells

coated with plasma ®bronectin and ®brinogen was tested.

As shown in Fig. 4(a,b), a potent increase of the release of

ECP up to 12±14% in response to the washed serum-

opsonized Sephadex particles was found in the presence

of plasma ®bronectin and ®brinogen. At the incubation time

of 30±60 min, ®brinogen supported a higher level of release

of ECP than plasma ®bronectin (P < 0.005±0.05). The com-

bination of washed serum-opsonized Sephadex particles and

Mn2� decreased the release of ECP in the presence of

plasma ®bronectin (P < 0.05) and ®brinogen (P < 0.001) at
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Fig. 1. Dose response of eosinophil release

of ECP induced by PMA and Mn2�. The

granulocytes with different stimuli were

added into the wells coated by plasma

®bronectin (a) and ®brinogen (b) and

incubated for 1 hour at 37 8C. Data

represent the mean 6 SEM of four

experiments.



the incubation time of 30 min, when compared with the

release of ECP induced by particles alone. At incubation

times above 30 min the release of ECP showed the same

levels with particles plus Mn2� and with particles alone.

There was no difference in the levels of the release of

ECP from eosinophils adhering to plasma ®bronectin and

®brinogen induced by the particles plus Mn2�.

Release of ECP from isolated eosinophils

The release of ECP from isolated eosinophils was compared

with that of eosinophils in the normal granulocyte population,

used in the experiments described above, in parallel experi-

ments using cells from the same donor (Table 1). Both after

15 and 90 min incubation, puri®ed eosinophils stimulated by

serum-opsonized particles in the presence of Mn2� showed a

greater release of ECP (P< 0.05) than eosinophils in the

normal population of granulocytes in the presence of ®bro-

nectin or ®brinogen. Isolated eosinophils stimulated by

f-MLP in the presence of ®bronectin showed a slightly higher

release of ECP than eosinophils in the normal population of

granulocytes. All the other stimuli, however, induced the

same degree of ECP release of isolated eosinophils and

eosinophils in the normal population of granulocytes.

The relationship between adhesion and degranulation

of eosinophils

Figure 5a,b and Fig. 6a,b shows the results of simulta-

neous measurements of adhesion and degranulation after
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stimulation of cells by different stimuli. Mn2� enhanced

the adhesion of eosinophils to ®brinogen and particularly to

tissue ®bronectin (Fig. 5a,b), but no signi®cant release of

ECP was determined up to 90 min of incubation. However,

PMA in combination with Mn2� stimulated an increment

of both adhesion and release of ECP regardless of the type

of protein coating, where adhesion clearly preceded the

release. The same pattern was seen when eosinophils

adhered to HSA and plasma ®bronectin induced by

Mn2� or PMA plus Mn2� (data not shown). An insigni®-

cant stimulation of the adhesion of eosinophils to both

plasma ®bronectin and ®brinogen was induced by f-MLP,

meanwhile a small but signi®cantly higher release of ECP

was found in the presence of ®brinogen than in the presence

of plasma ®bronectin (Fig. 6a,b). Moreover, f-MLP plus

Mn2� enhanced the adhesion of eosinophils to both plasma

®bronectin and ®brinogen, but not the release of ECP.

Figure 4(a,b) show a background adhesion to plasma ®bro-

nectin and ®brinogen of unstimulated eosinophils of less

than 10%. After stimulation of cells by serum-opsonized

Sephadex particles, with or without Mn2�, almost no

eosinophils adhered to these two proteins. During these
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Table 1a Comparison of the release of ECP from isolated eosinophils and eosinophils in the granulocyte population. Cells incubated in

wells coated with plasma ®bronectin

Release of ECP (%)

Eosinophils in granulocyte Eosinophils in granulocyte

population Isolated eosinophils population Isolated eosinophils

Incubation time 15 min 15 min 90 min 90 min

Stimuli

PMA 0.98 6 0.50 1.76 6 0.44 4.99 6 2.78 3.32 6 0.28

f-MLP 0.70 6 0.35 1.81 6 0.29* 6.59 6 2.54 5.14 6 0.58

Particles 2.58 6 0.47 5.91 6 2.13 8.79 6 0.53 8.67 6 0.92

PMA�Mn2� 0.89 6 0.45 1.30 6 0.26 5.91 6 0.89 7.49 6 0.58

f-MLP�Mn2� 0.74 6 0.37 1.57 6 0.16 5.61 6 0.98 4.68 6 0.59

Particles�Mn2� 1.56 6 0.06 4.34 6 0.33* 9.19 6 1.04 11.94 6 1.43*

Table 1b Comparison of the release of ECP from isolated eosinophils and eosinophils in the granulocyte population. Cells incubated in

wells coated with ®brinogen

Release of ECP (%)

Eosinophils in granulocyte Eosinophils in granulocyte

population Isolated eosinophils population Isolated eosinophils

Incubation time 15 min 15 min 90 min 90 min

Stimuli

PMA 0.97 6 0.50 2.12 6 0.02 5.23 6 2.25 6.06 6 0.93

f-MLP 1.12 6 0.59 2.40 6 0.46 5.81 6 2.1 9.32 6 0.97

Particles 2.56 6 0.47 5.44 6 1.78 8.40 6 0.46 10.40 6 1.42

PMA�Mn2� 0.90 6 0.45 2.00 6 0.45 8.03 6 0.53 8.14 6 0.73

f-MLP�Mn2� 0.72 6 0.36 2.38 6 0.32 4.47 6 2.19 5.55 6 0.29

Particles�Mn2� 1.65 6 0.13 4.54 6 0.63* 9.48 6 1.65 13.14 6 1.99*

Release of ECP from isolated eosinophils and eosinophils in the granulocyte population was measured in parallel experiments using cells

from the same donor. The number of isolated eosinophils was adjusted to the same number as that present in the granulocyte population.

The results represent mean 6 SEM of three experiments. Statistically signi®cant differences between isolated eosinophils and eosinophils in

the granulocyte population are indicated, *P < 0.05.
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Fig. 3. The time course of the release of ECP induced by f-MLP and f-MLP in combination with Mn2� during eosinophil adhesion to

plasma ®bronectin (a) and tissue ®bronectin (b), ®brinogen (c) and HSA (d). Data represent the mean 6 SEM of four experiments.

Signi®cantly different results compared with that obtained in buffer only are represented by *(P < 0.05).

Table 2. The relationship between eosinophil activation and cell death

PI-positive eosinophils (%) Trypan blue-positive granulocytes (%)

Buffer Particles Mn2� PMA� Mn2� f-MLP�Mn2� Buffer Mn2� PMA� Mn2� f-MLP� Mn2�

Fibronectin

2.1 6 0.4 32.6 6 2.9** 11.8 6 0.8* 28.5 6 2.8** 12.3 6 2.6* 4.0 6 2.0 5.9 6 0.9 13.4 6 2.4** 6.4 6 0.8

Fibrinogen

2.7 6 0.7 34.7 6 4.2** 15.6 6 3.4* 31.6 6 8.8** 15.9 6 3.1* 4.2 6 1.5 8.0 6 0.8 19.2 6 6.2* 7.5 6 1.2

The results shown are the means 6 SEM of six experiments. The concentration of Mn2� was 5 mmol/L, of PMA 1 ´ 10ÿ9 mol/L, and of

f-MLP 1 ´ 10ÿ7 mol/L. The relative number of PI-positive eosinophils was measured by the use of ¯ow cytometry and eosinophils were

identi®ed as CD9 positive granulocytes. Statistically signi®cant differences between stimulated cells and cells in buffer are indicated by

*P< 0.05 and **P < 0.01.



conditions a signi®cant level of release of ECP was induced,

as mentioned before.

The effect of anti-CD18 and anti-CD49d on eosinophil

adhesion and release of ECP

The presence of anti-CD18, but not of anti-CD49d, signi®-

cantly inhibited the release of ECP induced by PMA

and Mn2� from granulocytes adhering to ®bronectin and

®brinogen (Fig. 7a). Comparison of the effect of anti-CD18

and CD49d on adhesion showed that both CD18 and

CD49d inhibited eosinophil adhesion to ®bronectin (Fig. 7b)

whereas only CD18 inhibited the adhesion of eosinophils to

®brinogen.

Relationship between degranulation and cell death

in eosinophils

The connection between the release of ECP and cell death

was investigated. Granulocytes were incubated in the plasma

®bronectin- and ®brinogen-coated wells for 90 min. The

cells were then stained with propidium iodide or trypan blue

indicating dead cells. The results are summarized in Table 2.

Overall, the relative amounts of dead eosinophils were
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G-15 particles combined with or without Mn2� and Mn2� alone on

the release of ECP and eosinophil adhesion in the presence of
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Fig. 5. The relationship between adhesion and degranulation of

eosinophils induced by PMA in combination with Mn2� or Mn2�

alone from granulocytes adhering to ®brinogen and tissue ®bro-

nectin. Data represent the mean 6 SEM of four to six experiments.



signi®cantly increased in response to serum-opsonized

Sephadex particles and PMA in combination with Mn2�,

compared with unstimulated cells. Mn2� alone and f-MLP

plus Mn2� stimulated a small but signi®cant cell death of

eosinophils compared with unstimulated cells. However, no

difference in the levels of dead cells was found in response

to plasma ®bronectin and ®brinogen alone.

The trypan blue exclusion experiments, even though

they indicated a lower proportion of dead cells induced by

PMA plus Mn2�, f-MLP plus Mn2� or Mn2� alone, than in

the PI experiments, showed a similar patter of the cell death.

In the trypan blue experiments it is, however, impossible to

discriminate between eosinophils and neutrophils.

Discussion

The members of the integrin family of adhesion receptors

have been reported to possess the intrinsic capability to

trigger activation of selective eosinophil functions [16]. Our

®ndings agree with the knowledge obtained from previous

studies showing that adhesion molecules are not simply

involved in cell±cell or cell±matrix interaction but may also

modulate selective cell functions [7]. Manganese ions (0.5±

15 mmol/L), which are known to activate integrins, did

not induce any ECP release regardless of which protein

the cells adhered to. PMA (1 ´ 10ÿ9 mol/L) on the other

hand stimulated a weak and late release of ECP from

adherent eosinophils. The release of ECP induced by

f-MLP from eosinophils in the presence of these four pro-

teins demonstrated a similar pattern as that of eosinophils

stimulated by PMA. A synergistic effect of PMA plus

Mn2� on the release of ECP from eosinophils during adhe-

sion to these four proteins was found, whereas an inhibitory

effect on the release of ECP induced by f-MLP plus Mn2�

was shown in the presence of the same proteins. The serum-

opsonized Sephadex particles stimulated a potent release of

ECP from eosinophils in the presence of plasma ®bronectin,

and particularly, of ®brinogen. Contemporaneous stimula-

tion of eosinophils with these particles and Mn2� initially

induced a decrease of the release of ECP compared with that

induced by particles alone. A release of 4±15% of the total

eosinophil content of ECP is under the present experimental

conditions equal to 30±100 mg/l, which are physiologically

measurable concentrations. The actual concentrations reached

in vivo are however, strictly dependent on the number of

accumulated eosinophils.

In the present study Mn2� was used to separately activate

the integrin receptors on the eosinophils and thereby induce

adhesion. Induction of adhesion via b1 and b2 integrins by

Mn2� did not induced any release of ECP. These ®ndings

clearly demonstrate that cellular adhesion and degranulation

can be separately regulated.

PMA is assumed to exert its action by a direct activation

of protein kinase C [17]. Activation by PMA was found to

induce a dose-dependent eosinophil degranulation indepen-

dent of whether the eosinophils were adhering to ®bronec-

tin, ®brinogen or albumin. These results suggest that PMA

removes the in¯uence of extracellular matrix proteins on

eosinophil degranulation, which has been demonstrated to

attenuate activation and degranulation of eosinophils stimu-

lated by PAF [5]. Our ®ndings are also consistent with

previous a report showing that PMA removes the environ-

mental restrictions on the eosinophil respiratory burst

[18]. The amplifying effect of Mn2�-induced adhesion on

PMA-stimulated release of ECP suggests that the signal

transduction induced by integrin activation by Mn2� and

the activation of PKC by PMA synergistically promote
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the degranulation of eosinophils. The signal transduction

induced by integrin activation is not fully clari®ed but has

been shown to involve phosphorylation of the b2 subunit

and in a later step also activation of PKC [19±21]. Phorbol

esters are also reported to induce phosphorylation of the b2

subunit of integrins [21]. Further studies using antibodies to

the common b2 chain and to the a4 chain of VLA-4 demon-

strated that the release induced by PMA and Mn2� in com-

bination was dependent on b2 integrins. This has previously

been demonstrated in the case of eosinophils adherent to

albumin stimulated by PMA [22]. Eosinophil adhesion to

®bronectin was as expected inhibited by anti-CD49d [23]

but also by anti-CD18. The latter effect could possibly be

explained by the newly discovered adb2 integrin [24],

which was lately described to function as an alternative

ligand for VCAM-1, and which in analogy with VLA-4

might also function as a ligand to ®bronectin [25].

In the present study, f-MLP stimulated a low but sig-

ni®cant release of ECP from eosinophils incubated in wells

coated with ®brinogen and HSA but not from those in wells

coated with ®bronectin of either form. In a previous study it

was demonstrated that chemoattractants can differentially

regulate the avidity of b1 and b2 integrins in eosinophils.

F-MLP induced a transient activation and then rapid deacti-

vation of the avidity of VLA-4 but a prolonged activation

of Mac-1 avidity [26]. Since previous investigations have

demonstrated that eosinophils adhere to ®bronectin via b1

and b4 integrins, to ®brinogen via b1 and b2 integrins and to

HSA via b2 integrins [23,26±30], the difference in f-MLP-

induced release could thus be explained by a differential

effect on b1 and b2 integrins. Another previous study also

demonstrated that adhesion to laminin and ®bronectin inhi-

bited eosinophil degranulation induced by PAF [8]. Our

results also showed that an increased adhesion to ®bronectin
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and ®brinogen induced by Mn2� suppressed f-MLP-induced

eosinophil degranulation.

Serum-opsonized Sephadex particles mainly activate

eosinophils via the interaction between particle-bound

C3bi and the b2 integrin, CD11b/CD18, and FcgRII

(CD32), on the eosinophils [31±33]. Although the concen-

tration of Sephadex particles in the present experiments was

only one fourth of that used in previous experiments, in the

absence of proteins, similar levels of release of ECP were

obtained. These results indicate that the association between

eosinophils and ®bronectin, and ®brinogen, respectively,

affected the cells even though they did not adhere ®rmly.

The release of ECP was signi®cantly higher in the presence

of ®brinogen than of ®bronectin, which indicates that

priming via b2 integrins is stronger than through b1 integrins.

The fact that activation by Mn2� initially inhibited the release

of ECP in the presence of ®bronectin could be caused by the

attenuation of release induced by adhesion to b1 integrins

described in a previous publication [8].

The C3b-coated Sephadex particles almost completely

inhibited the adhesion to ®brinogen and ®bronectin, irre-

spective of whether Mn2� was present or not, indicating a

competition between the activation pathways of particle

bound C3b and surface bound ®brinogen/®bronectin. The

competition between the activation of b2 integrins via C3b

and the activation of b2 integrins by ®brinogen, and the

activation of b1 integrins by ®bronectin, respectively, was

equally potent. One of the mechanisms behind the result of

this competition could be sterical hindrance in such a way

that the particles prevent the association between eosino-

phils and ®brinogen/®bronectin. Another mechanism could

be that C3b particles are a stronger and more rapid stimulus

than ®brinogen/®bronectin. It is thus evident that adhesion

via b1 and b2 integrins could regulate C3b-induced release

of ECP from eosinophils.

Release induced by serum-opsonized Sephadex particles

and PMA in combination with Mn2� was shown to be

associated with a considerable degree of cell death. This

is in agreement with a previous publication showing that

eosinophil degranulation stimulated by protein-coated

beads was accompanied by cell death [34]. The degree of

cell death measured in the present investigation was, how-

ever, not directly correlated to the degree of release. Sig-

ni®cantly higher levels of release of ECP was induced by the

particles than by PMA plus Mn2�, whereas the amounts of

dead cells were similar, thus indicating that the extent of cell

death is dependent on the stimulus. Furthermore, stimula-

tion of eosinophil adhesion to plasma ®bronectin and ®bri-

nogen by Mn2� also increased the degree of cell death, but

to a lower extent, whereas no considerable release of ECP

was measured. The question whether cell death was associ-

ated with release due to apoptosis or necrosis is at present

under investigation.

The results of the present investigation were obtained

using the normally occurring granulocyte population con-

taining approximately 5% eosinophils and 95% neutrophils.

Comparison of the results obtained with isolated eosinophils

and eosinophils in the granulocyte population, exposed to

the same stimuli, in general demonstrated the same pattern

of responses. The slightly but signi®cantly higher release of

ECP from isolated eosinophils induced by serum-opsonized

particles could either indicate that neutrophils interfere with

the function of eosinophils or that the eosinophils have been

activated by the isolation procedure.

In conclusion this study indicated that cellular adhesion

plays an important role in the regulation of eosinophil

degranulation, but that adhesion and degranulation can be

induced separately. Eosinophil adhesion preceded the release

of ECP and there was no correlation between the levels of

adhesion and release. A complex relationship between adhe-

sion and C3b-induced degranulation was shown. A reversible

association between eosinophils and ®brinogen/®bronectin-

stimulated eosinophil C3b-particle induced degranulation,

whereas a strong competition between b1 and b2 integrin-

induced adhesion and C3b particle-induced degranulation

was shown. On the other hand b1 and b2 integrin activation

potentiated the release induced by PMA.
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