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1 The nitric oxide synthase (NOS) inhibitor, No-nitro-L-arginine methyl ester (L-NAME), inhibits
both rat and human eosinophil chemotaxis in vitro. Here, the role of nitric oxide (NO) in human
eosinophil cell surface integrin expression and function was investigated.

2 Human peripheral blood eosinophils were treated with L-NAME (0.01 ± 1.0 mM) and their
adhesion to human ®bronectin and serum observed. Adhesion of cells to ®bronectin and serum
increased by 24.0+4.6 and 43.8+4.7%, respectively, when eosinophils were treated with 1.0 mM L-
NAME. Increased adhesion by L-NAME could be abolished when cells were co-incubated with
VLA-4- and Mac-1-speci®c monoclonal antibodies (mAbs).

3 The NO donor, sodium nitroprusside (2.5 mM), signi®cantly inhibited eosinophil adhesion to
®bronectin and serum by 34.3+4.5 and 45.2+5.6%, respectively. This inhibition was accompanied
by a 4 fold increase in the levels of intracellular cyclic GMP.

4 Flow cytometrical analysis demonstrated that L-NAME induced an increased expression of
CD11b (Mac-1) on the eosinophil cell surface of 36.3+7.4%. L-NAME had no e�ect upon CD49d
(VLA-4) expression.

5 Treatment of human eosinophils, in vitro, with H-[1,2,4] oxadiazolo quinoxalin-1-one (ODQ)
(0.1 mM), an inhibitor of soluble guanylate cyclase, also signi®cantly increased eosinophil adhesion
to ®bronectin and serum by 73.5+17.9 and 91.7+12.9%, respectively. This increase in adhesion
could also be inhibited by co-incubation with the Mac-1 and VLA-4-speci®c mAbs.

6 In conclusion, results indicate that NO, via a cyclic GMP-dependent mechanism, inhibits the
adhesion of human eosinophils to the extracellular matrix (ECM). This inhibition is accompanied by
a decrease in the expression and function of the eosinophil's adhesion molecules, in particular, the
expression of the Mac-1 integrin and the function of the VLA-4 integrin.
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Introduction

Leukocyte emigration from the blood vessel into surrounding

tissue is a major feature of in¯ammatory diseases. Migration
involves a number of steps involving adhesion molecule
interactions. Tethering and rolling of the leukocyte on the

endothelium is followed by its ®rm adhesion to the
endothelial cell layer. The adhesion is mediated largely by
the b2 integrins on the leukocyte surface before ®nal

transendothelial migration of the cells into tissue (Issekutz
& Issekutz, 1992; Alon et al., 1995). Whilst the mechanism
involved in leukocyte adhesion to the endothelium has been
well documented, it is becoming increasingly clear that a `de-

adhesion' step follows adhesion allowing cell locomotion
from one point on the endothelium to another (Sendo et al.,

1998). This locomotion is likely to be facilitated by changes

in integrin-ligand binding properties. Changes in integrin
function may be brought about in a number of ways;
activation of cells may induce a conformational change in the

integrin structure and thus a change in integrin a�nity for
ligand (inside-out signalling) (Diamond & Springer, 1994) or
divalent cations close to integrin-ligand complexes may a�ect

ligand-binding avidity. In addition, recent research has
suggested the involvement of integrin-associated glycosyl
phosphatidyl inositol (GPI)-anchored proteins (such as
urokinase-type plasminogen activator receptor, uPAR) in

integrin function (Sendo et al., 1998). The mechanism of this
adhesion/de-adhesion stage has still to be elucidated, but it is
clear that the integrins and regulation of their function play a

central role in it.
Human neutrophil chemotaxis in vitro can be inhibited by

nitric oxide (NO) synthesis blockade and there is evidence
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that NO stimulates neutrophil chemotaxis via a cyclic GMP-
dependent pathway (Belenky et al., 1993; Moilanen et al.,
1993; Wanikiat et al., 1997; Kaplan et al., 1989). Chronic

treatment of rats with the NO synthase (NOS) inhibitor No-
nitro-L-arginine methyl ester (L-NAME) (Moore et al., 1991)
inhibits stimulated eosinophil migration both in vivo and ex-
vivo (Ferreira et al., 1996; Zanardo et al., 1997) and this

e�ect is coupled to the cyclic GMP transduction pathway in
both rat (Zanardo et al., 1997) and human (Conran et al.,
1998) eosinophils. The NOS inhibitor NGMonomethyl-L-

arginine (L-NMMA) increased the expression of CD11/
CD18 on cat neutrophils (Kubes et al., 1991) and NO has a
role in enhancing VCAM-1/ICAM-1 expression on endothe-

lial cells (De Caterina et al., 1995; Niu et al., 1994; Khan et
al., 1996).
Both Mac-1 and VLA-4 are known to be important

mediators of eosinophil function, Mac-1 has a role in
degranulation and superoxide anion production in GM-
CSF-(granulocyte macrophage-colony stimulating factor) and
PAF-(platelet activating factor) induced eosinophils (Horie &

Kita, 1994). Focal adhesion kinase (FAK) is found on focal
adhesion contacts and can bind to integrins transferring
signals via src (Clark & Brugge, 1995), crosslinking of Mac-1

on eosinophils leads to intracellular signalling events such as
activation of protein tyrosine kinase leading to eosinophil
degranulation (Kato et al., 1998). Binding of eosinophil

VLA-4 with VCAM-1 promotes eosinophil cell superoxide
production (Nagata et al., 1995) and adhesion of eosinophils
to ®bronectin via VLA-4 prolongs eosinophil survival

possibly by Fas antigen signalling (Higashimoto et al.,
1996) indicating a role for integrin adhesion and signalling
in regulation of eosinophil function and death.
Since inhibition of eosinophil migration by L-NAME may

be mediated by changes in eosinophil-integrin function and
expression, we have investigated the e�ect of blocking
eosinophil NO synthesis upon human eosinophil cell surface

integrin expression and cell adhesion interactions with
extracellular matrix components.

Methods

Eosinophil isolation

Eosinophils were isolated from peripheral blood as described
by Hansel et al. (1991), with minor modi®cations. Brie¯y,

60 ml of blood collected in 3.13% (w v71) sodium citrate
from a healthy subject was diluted 1 : 1 with phosphate
bu�ered saline (PBS) and 35 ml of diluted blood overlaid

onto a 15 ml Percoll gradient (1.088 g ml71, pH 7.4,
340 mosmol Kg71 H2O). Gradients were centrifuged at
7006g for 20 min, 48C (Hermle model Z360k centrifuge,

Germany) and the red cell pellet collected. Red cells in the
granulocyte pellet were lysed with lysing bu�er (155 mM

NH4Cl, 10 mM KHCO3 0.1 M EDTA). Washed granulocytes
were incubated with anti-CD16 immunomagnetic microbeads

(Miltenyi Biotec Inc., U.S.A.) before passing on a steel-
matrix column in a magnetic ®eld (Miltenyi Biotec Inc.,
U.S.A.) and collecting CD16-negative eosinophils. Eosino-

phils were resuspended in Eagle's minimum essential
medium, pH 7.2 (MEM) (492% eosinophils, contaminating
cells were mononuclear cells).

Treatment of isolated eosinophils before performance of
assays

Cells were treated with various drugs or antibodies before
performance of adhesion assays or ¯ow cytometry. Cells
suspended in MEM/0.1% ovalbumin were incubated with the
drug and/or antibody of choice for 25 min at 378C, 5% CO2.

Cells to be used in ¯ow cytometry in conjunction with the
44H6 monoclonal antibody were also pre-incubated with
20 mg ml71 ®bronectin before monoclonal antibody incuba-

tion. Treated cells were then used immediately in the assay
desired.

Eosinophil cell adhesion assays

96-well plates were prepared by coating individual wells with

60 ml of desired ligand (20 mg ml71 ®bronectin or 10%
(v v71) human serum in PBS) overnight at 48C. Wells were
then washed twice with PBS before blocking non-coated
sites with 0.1% (w v71) BSA for 60 min at 378C. Wells were

washed twice again with PBS before allowing plates to dry.
Eosinophils were added in a volume of 50 ml of MEM/
ovalbumin (76105 cells ml71) to the coated wells of a 96-

well plate. Cells were allowed to adhere to wells for 15 min
at 378C, 5% CO2. After incubation non-adhered cells were
removed and the remaining cells were washed twice with

PBS. Fifty ml of MEM were added to each well and varying
concentrations of the original cell suspension (in MEM)
were added to empty wells to form a standard curve.

Eosinophil adhesion was calculated by measuring residual
eosinophil peroxidase (EPO) activity of adherent cells
(Nagata et al., 1995). Fifty ml of EPO substrate (1 mM

H2O2, 1 mM o-phenylenediamine and 0.1% Triton X-100 in

Tris bu�er, pH 8.0) were added to each well. After a 30 min
incubation at room temperature, 25 ml of 4 M H2SO4 were
added to each well to stop the reaction and absorbance

measured at 490 nM in a microplate reader (Multiscan MS,
Labsystems, U.S.A.). Adherence was calculated by compar-
ing absorbance of unknowns to that of the standard curve.

Extraction of cyclic GMP from eosinophil cell
suspensions

Eosinophils were isolated and resuspended to a concentra-
tion of 16107 cells ml71 in PBS. Cells were incubated with
the phosphodiesterase inhibitor, 3-isobutyl-l-methylxanthine

(2 mM, IBMX) for 30 min at room temperature before
stimulating cells, or not, with the NO donor, sodium
nitroprusside (0.01 ± 3.0 mM) for 12 min in the presence of

IBMX at 378C in a humidi®ed atmosphere. The reaction
was interrupted by the addition of cold acidi®ed absolute
ethanol to a ®nal concentration of 67% (v v71) and samples

were vigorously agitated by hand for 30 s. Cell samples were
then incubated on ice for 30 min before centrifuging at
40006g for 30 min at 48C. Supernatants were collected and
retained and the precipitates washed with 0.5 ml 67%

(v v71) acidi®ed ethanol before centrifuging again at
14,0006g for 5 min at room temperature. Supernatants
from these washed samples were collected and added to the

®rst supernatants collected and dried at 55 ± 608C under a
stream of nitrogen in a water bath and stored at 7208C
until measurement of cyclic GMP.
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Measurement of cyclic GMP

Cyclic GMP in 36106 cells was measured using a Cayman

kit (Cayman Chemical Co., Ann Arbor, MI, U.S.A.)
employing the method described by Pradelles & Grassi
(1989).

Flow cytometry

Expression of adhesion molecules on the surface of

eosinophils was detected using ¯ow cytometry. Isolated
eosinophils (50 ml, 56106 cells ml71) were incubated with a
saturating concentration of adhesion molecule monoclonal

antibody or a suitable isotype control (30 min, 48C). After
centrifugation of cells (3006g, 10 min) and removal of
supernatant, cells were incubated with FITC-conjugated

secondary antibody (30 min, 48C in dark). The cells were
then ®xed in 0.5 ml 1% paraformaldehyde (10 min 48C)
before washing twice with bu�er (PBS/0.1% BSA). Cells
(50,000) were analysed at 488 nm on a Becton-Dickinson

FACScalibur. SSC/FSC (side scatter/forward scatter) dot
plots were used to gate the eosinophil population ensuring
that only cell populations of interest were analysed.

Fluorescence intensity of each cell was compared to that of
isotype-control reacted cells.

Statistical analysis

Results are expressed as means+s.e.mean and the statistical

signi®cance between groups was determined using the Tukey
test for analysis of variance. Where appropriate Student's t-
test (unpaired) was used to compare speci®c groups.
Signi®cance was established at P50.05.

Materials

The VarioMACS system complete with columns and
microbeads was purchased from Miltenyi Biotec Inc., CA,
U.S.A. Antibodies were purchased from Serotec U.S.A.

(HP2/1, 44H6, ICRF 44 and FITC-secondary control) and
Rockland, Gilbertsville, U.S.A. (Isotype control monoclonal
antibodies). All other products were bought from Sigma Co.
U.S.A. unless otherwise stated.

Results

Time courses of eosinophil adhesion to fibronectin and
serum

The time courses of eosinophil adhesion (378C, 5% CO2) to
®bronectin (20 mg ml71)-coated plates and to serum (10%

v v71)-coated plates are illustrated in Figure 1. Fifteen
minutes was chosen as the optimal time point for examina-
tion of eosinophil adhesion.

Effect of L-NAME upon human eosinophil adhesion to
fibronectin and serum

Incubation of eosinophils with L-NAME (0.01, 0.1 and
1.0 mM) (25 min, 378C, 5% CO2) before allowing adhesion
to ®bronectin-coated plates (15 min, 378C, 5% CO2)

increased eosinophil cell adhesion from 33.5+1.4% (un-
treated) to 39.13+0.92% (n=4, P40.05), 42.2+1.2% (n=4,
P50.05) and 44.0+1.6% (n=4, P50.01), respectively.

Eosinophil cell adhesion to serum was also increased
signi®cantly from 23.3+0.8 to 29.5+1.5% (n=4, P50.01),
33.8+0.8% (n=4, P50.01) and 33.5+1.1% (n=4, P50.01)

after treatment with 0.01, 0.1 and 1.0 mM L-NAME,
respectively. Increased adhesion following treatment with
L-NAME to both ®bronectin and serum was observed after

15 min of incubation (results not shown). D-NAME
(1.0 mM) did not signi®cantly a�ect adhesion of human
eosinophils to human ®bronectin (36.2+1.0%, n=4) or
serum (23.6+1.1%, n=4).

Effect of SNP upon eosinophil adhesion to fibronectin and
serum

Pre-incubation of eosinophils with the NO donor, sodium
nitroprusside (SNP, 0.025 ± 2.5 mM, 25 min, 378C, 5% CO2),

signi®cantly inhibited cell adhesion to ®bronectin and serum
(15 min, 378C, 5% CO2) in a concentration-dependent
manner. Adhesion to ®bronectin was reduced from
35.6+2.3 to 28.5+2.1% (n=4, P50.05), 23.5+1.1% (n=4,

P50.001) and 23.4+1.6% (n=4, P50.001) after treatment
with 0.025, 0.25 and 2.5 mM SNP, respectively. Cell adhesion
to serum after treatment with SNP (0.025, 0.25 and 2.5 mM)

fell from 25.0+1.0 to 24.0+1.7% (n=4, P40.05),
16.4+1.1% (n=4, P50.01) and 13.7+1.4% (n=4,
P50.001), respectively.

Effect of SNP upon intracellular levels of cyclic GMP in
eosinophils

Treatment of eosinophils with SNP (0.01 ± 3.0 mM) signi®-
cantly increased the concentration of intracellular cyclic
GMP in a dose-dependent manner (Figure 2). SNP increased

Figure 1 Time course of eosinophil adhesion to ®bronectin
(20 mg ml71) and serum (10%, v v-1)-coated 96 well plates. 3.56104

cells were added to wells and incubated at 378C, 5% CO2. Following
incubation, non-adhered cells were removed and percentage cell
adhesion was calculated by comparing eosinophil peroxidase activity
of adherent cells to that of a standard curve. Results are expressed as
mean adhered cell percentages of total cell number+s.e. of three
independent experiments with three replicates in each. **P50.01,
***P50.001 compared to adhesion at 5 min.
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cyclic GMP levels after an incubation of 12 min (results not
shown).

Effect of VLA-4 and Mac-1-blocking monoclonal
antibodies upon eosinophil adhesion to fibronectin
and serum

Incubation of eosinophils (25 min, 378C, 5% CO2) with the
anti-VLA-4 and anti-Mac-1 monoclonal antibodies, HP2/1
and ICRF 44 respectively (at saturating concentrations of

10 mg/ml and 1 : 12 supernatant dilution, respectively) did not
signi®cantly a�ect eosinophil basal adhesion to ®bronectin
(29.7+5.9, 29.2+3.1%, respectively, compared to control cell

adhesion, 30.4+1.6%). Similar results were obtained when
cells were incubated with both HP2/1 and ICRF 44 together
(30.9+3.0%) and a non-speci®c control monoclonal antibody

(29.5+2.1%).
Pre-incubation of eosinophils with either HP2/1

(10 mg ml71) or ICRF 44 (1 : 12 dilution) as well as L-NAME
(25 min, 378C, 5% CO2) abolished the increase in adhesion to

®bronectin seen when cells were pre-incubated with L-NAME
alone (Figure 3a). A non-speci®c control monoclonal anti-
body (10 mg ml71) had no e�ect on the adhesion of L-NAME

treated cells to ®bronectin.
Incubation of eosinophils (25 min, 378C, 5% CO2) with the

anti-VLA-4 and anti-Mac-1 monoclonal antibodies, HP2/1

and ICRF 44, respectively (at saturating concentrations of
10 mg ml71 and 1 : 12 supernatant dilution, respectively) did
not signi®cantly a�ect basal eosinophil adhesion to serum

(15.1+1.5, 18.4+1.7% respectively, compared to control cell
adhesion, 19.0+1.0%). Similar results were obtained when
cells were incubated with both HP2/1 and ICRF 44 together
(14.0+1.8%) and a non-speci®c control monoclonal antibody

(15.8+1.3%).
Co-incubation of L-NAME (1.0 mM)-treated cells with

HP2/1 (10 mg ml71) or ICRF 44 (1 : 12 dilution) (25 min,

378C, 5% CO2) inhibited the increase in eosinophil adhesion
to serum seen when eosinophils were treated with L-NAME
alone (Figure 3b). A non-speci®c monoclonal antibody

(10 mg ml71) had no e�ect on the adhesion of L-NAME
treated cells to serum.

Effect of ODQ upon eosinophil cell adhesion to
fibronectin and serum

Incubation of eosinophils with ODQ signi®cantly increased

human eosinophil adhesion to ®bronectin and serum.
Adhesion to ®bronectin increased from 29.5+2.2 to
40.5+4.6% (n=5, P40.05), 51.2+5.3% (n=5, P50.01)

and 38.0+3.7% (n=5, P40.05) following treatment with
0.01, 0.10 and 0.25 mM ODQ, respectively (25 min, 378C, 5%
CO2), DMSO (5 mg ml71), the vehicle in which ODQ was

diluted, did not signi®cantly increase adhesion (33.9+2.1%).
Adhesion to serum increased from 23.5+2.5 to 39.9+3.0%

(n=5, P50.01), 45.1+3.0% (n=5, P50.001) and
43.7+4.3% (n=5, P50.001) respectively, after the same

treatment. DMSO (5 mg ml71) did not signi®cantly increase
cell adhesion (29.2+2.8%).
The augmentation in adhesion to ®bronectin seen when

eosinophils were treated with ODQ (0.10 mM) was abolished
upon co-incubation with HP2/1 and ICRF 44 (Figure 4a).
The increased adhesion to serum seen when eosinophils were

treated with ODQ (0.01 mM) was inhibited by co-incubation

with ICRF 44 and with HP2/1 (although the di�erence in
results for HP2/1 did not reach signi®cance). See Figure 4b.

Figure 2 E�ect of SNP upon intracellular cyclic GMP levels in
eosinophils. Eosinophils (16107 cells ml71) were incubated with
IBMX (2 mM) for 30 min before treating with SNP for 12 min (378C)
and measuring the concentration of cyclic GMP in 36106

eosinophils. Results are expressed as mean concentration of cyclic
GMP (pmol ml71) in 36106 eosinophils+s.e. of three independent
experiments with three replicates in each. ***P50.001 compared to
control sample.

Figure 3 E�ects of the anti-VLA-4 (HP2/1, 10 mg ml71), anti-Mac-
1 (ICRF 44, 1 : 12 diln) monoclonal antibodies and a non-speci®c
control monoclonal antibody (mAb, 10 mg ml71) upon human
eosinophil adhesion after treatment with L-NAME, 1.0 mM, (a) to
20 mg ml71 ®bronectin, (b) to 10% (v v71) human serum. Eosino-
phils (495% pure) were incubated with monoclonal antibodies (+L-
NAME) (25 min, 378C, 5% CO2) before allowing cells to adhere to
®bronectin/serum-coated plates (15 min, 378C, 5% CO2). Results are
expressed as mean adhered cell percentages of total cell number+s.e.
of four independent experiments with three replicates in each.
+P50.05 compared to untreated cells, **P50.01, ***P50.001
compared to cells treated with L-NAME alone (1.0 mM).
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Co-incubation with a non-speci®c control mAb had no
e�ect upon the adhesion of ODQ-treated cells to either
®bronectin or serum.

Effect of L-NAME upon human eosinophil VLA-4 and
Mac-1 expression

Expression of VLA-4 on the eosinophil cell surface was
determined by ¯uorescent-immunolabelling cells and detec-
tion by ¯ow cytometry.

Untreated and treated cells were incubated with the anti-a4
monoclonal antibody, 44H6 (1 : 80 dilution), before reaction
with a FITC-conjugated secondary antibody. Average mean

¯uorescence bound to each cell was detected by ¯ow
cytometry.
Weak expression of VLA4 (a4b1) on the surface of

12.7+2.3% of human eosinophils could be detected using
either the HP2/1 or 44H6 a4-speci®c monoclonal antibodies
showing a mean binding of 9.0+1.3 ¯uorescent units per cell.
Treatment of eosinophils with either fMLP (0.05 ± 2.00 mM)

or L-NAME (0.1 ± 2.5 mM) (25 min, 378C, 5% CO2) did not
signi®cantly a�ect the number of cells expressing VLA-4 or
the mean expression of the integrin on each cell. See Table 1.

The Mac-1 (aMb2) integrin was detected on the cell surface
of 97.0+0.3% of human eosinophils using the monoclonal

anti-aM antibody ICRF 44 in conjunction with ¯ow
cytometry.

Treated and untreated cells were incubated with the anti-

aM monoclonal antibody, ICRF 44 (1 : 50 dilution), before
reaction with a FITC-conjugated secondary antibody and
detection of bound ¯uorescence by ¯ow cytometry. Mean
expression of aMb2 on each eosinophil was signi®cantly

increased after treatment of cells with either fMLP (0.1 mM)
or L-NAME (0.1 mM, 1.0 mM) (25 min, 378C, 5% CO2). See
Table 1.

Treatment of cells with both fMLP (0.1 mM) and L-NAME
(1.0 mM) did not further increase Mac-1 expression. Pre-
incubation of cells with D-NAME (1.0 mM) had no

signi®cant e�ect upon aM-integrin expression on eosinophils.

Discussion

Whilst nitric oxide has a well documented role in leukocyte
migration, the mechanism by which it exerts its e�ect is not

well understood. fMLP-induced chemotaxis in human
neutrophils is thought to result from a rise in cyclic GMP
levels after production of NO (Kaplan et al., 1989; Belenky et

al., 1993).
Nitric oxide indirectly decreases neutrophil migration by

blocking attachment to endothelium possibly by a super-

oxide-dependent e�ect involving the ADP-ribosylation of
actin (Clancy et al., 1995). Other theories mention a role for
interleukin 8 (Corriveau et al., 1998) and NO inhibits

neutrophil b2-integrin function (Banick et al., 1997; Thom
et al., 1994) and VLA-4 expression (Conran et al.,
unpublished data). Our ®ndings demonstrate a role for NO
in regulating adhesion molecule function and expression on

human eosinophils.
Data presented herein demonstrate that the in vitro

inhibition of NO expression in human eosinophils signi®-

cantly increases the capacity of the cell to adhere to
®bronectin and serum components. This increase in adhesion,
whilst small, can be seen to correlate with results previously

demonstrated in rat eosinophils (Ferreira et al., 1996;
Zanardo et al., 1997), where L-NAME was observed to
inhibit rat eosinophil migration both in vivo and in vitro.

Thus, NO can be seen to have an attenuating role in the

expression of Mac-1 on eosinophils and an inhibiting e�ect
on the function of eosinophil VLA-4. Miller et al. (1987)
showed that fMLP stimulation of monocytes increases the

surface expression of Mac-1 by rapid mobilization of
intracellular stores, whilst Molad et al. (1994) demonstrated
that when neutrophils are stimulated by such chemoattrac-

tants as C5a, IL-8 or fMLP the cell surface expression of
Mac-1 is increased via exocytosis. Although we found that
fMLP (0.1 mM) increased Mac-1 expression on the eosinophil

cell surface, no signi®cant increase in eosinophil cell adhesion
was observed following incubation of cells with fMLP (0.01 ±
1.0 mM, results not shown). The present study demonstrates
that L-NAME induces a rapid increase in eosinophil adhesion

and Mac-1 expression after an incubation of just 25 min in a
manner similar to that of fMLP, indicating that Mac-1
expression is indeed increased by a rapid mobilization of

internal stores of the adhesion molecule. Mac-1 expression
may also be a�ected at gene-transcriptional levels or by post-
transcriptional mechanisms. Both the aM (CD11b) and b2

Figure 4 E�ects of the anti-VLA-4 (HP2/1, 10 mg ml71), anti-
Mac-1 (ICRF 44, 1 : 12 diln) monoclonal antibodies and a non-
speci®c control monoclonal antibody (mAb, 10 mg ml71), upon
ODQ-treated human eosinophil adhesion to (a) 20 mg ml71 ®bro-
nectin, (b) 10% (v v71) serum. Eosinophils (495% pure) were
incubated with ODQ/monoclonal antibodies (25 min, 378C, 5% CO2)
before allowing cells to adhere to ligand-coated plates (15 min, 378C,
5% CO2). Results are expressed as mean adhered cell percentages of
total cell number+s.e. of three independent experiments with three
replicates in each ++P50.01, +++P50.001 compared to
untreated cells, **P50.01, ***P50.001 compared to cells treated
with ODQ alone.
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(CD18)-subunits have promoter regions allowing regulation

of gene transcription (Hickstein et al., 1992; Agura et al.,
1992).
VLA-4-integrin function may be modulated by a change in

integrin avidity or a�nity. Integrin avidity (i.e. clustering or
multimerization of molecules on the plasma membrane) may
be modulated by chelate e�ects, whilst the a�nity of an

integrin can be a�ected by structural changes in the integrin
protein conformation. Di�erent a�nity states for the b1-
subunit have been characterized (Faull et al., 1993; Sung et
al., 1997), unmasking ligand-binding sites. Since we have not

observed changes in VLA-4 expression, the inhibitory e�ect
of NO should occur via modi®cation of VLA-4 conforma-
tion. Studies have shown that when integrin a�nity is high,

migration may be inhibited, thus inappropriate activation of
integrins might inhibit leukocyte migration, explaining the
suppressive role that NO may have upon integrin activity.

Basal adhesion to ®bronectin and serum was not
signi®cantly reduced by co-incubation with the anti-VLA 4
and Mac-1 blocking antibodies. These antibodies, though,

were able to reduce L-NAME- and ODQ-induced adhesion to
levels below those of the untreated cells, in particular the
ICRF 44 monoclonal antibody was able to signi®cantly

reduce ODQ-induced cell adhesion to serum below levels of
basal adhesion (P50.01, Figure 4). These results may imply
that basal adhesion is partially mediated by the VLA-4 and

Mac-1 integrins in conjunction with adhesion mediated by
other adhesion molecules, such as LFA-1 and non-speci®c
binding mechanisms. It may also be postulated that once the
expression or function of these integrins is up-regulated on

the cells, their adhesion mechanisms dominate those which
might have been utilized before activation and that the
subsequent inhibition of these mechanisms by speci®c mAbs

decreases cell adhesion to below basal adhesion levels.
The mechanism by which NO induces these changes in

integrin activity and expression is as yet unknown.

Exogenous NO, donated by SNP, inhibits eosinophil
adhesion to ®bronectin and serum and this inhibition is
accompanied by an increase in intracellular cyclic GMP

levels. ODQ, an inhibitor of soluble guanylate cyclase, also
increases eosinophil-cell adhesion to serum and ®bronectin
via activation of VLA-4 and Mac-1 activity. These results
imply that a cyclic GMP-dependent kinase pathway is

involved in the mechanism by which NO a�ects eosinophil
adhesion. Cyclic GMP in turn may facilitate a number of
reactions; cyclic GMP-dependent protein kinase I, in addition

to its ability to mediate cyclic GMP inhibition of IP3-evoked
Ca2+ release from intracellular stores, is known to phosphor-
ylate vasodilator stimulated phosphoprotein (VASP) which

seems, in turn, to have a modulating e�ect upon the activity
of adhesion molecules such as GPIIb/IIIa found on human
platelets (Lohmann et al., 1997; Horstrup et al., 1994).

In conclusion, we demonstrate here that the role of NO as
a regulator of eosinophil migration may be mediated through
its attenuating e�ect (via a cyclic GMP-dependent mechan-
ism) upon the ability of the human eosinophil to adhere to

the extracellular matrix by altering the expression and
function of the adhesion molecules on the eosinophil surface,
in particular, those of the Mac-1 and VLA-4 adhesion

molecules.
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