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Abstract Introduction

We have examined the mechanisms involved in the adherence
of normal peripheral blood eosinophils to cultured human um-
bilical vein endothelial cells (HEC) under three conditions: (a)
adherence in the absence of treatment of HEC or eosinophils
with activating agents (basal adherence); (b) adherence induced
by stimulation ofeosinophils with phorbol ester (eosinophil-de-
pendent adherence); and (c) adherence induced by pretreatment
ofHEC with LPS, tumor necrosis factor (TNF), or IL-I (endo-
thelial-dependent adherence). A mechanism was identified that
was equally active in basal, eosinophil-dependent, and endothe-
lial-dependent adherence. This mechanism was optimally ac-
tive in the presence of both Ca"+ and Mg", and reduced in the
presence of Ca"+ only or Mg"+ only. Furthermore, like the
other mechanisms of eosinophil adherence, it was active at
370C but not at 4VC. A second mechanism of adherence was
involved in eosinophil- and in endothelial-dependent adher-
ence. This mechanism was dependent on the CD11/CD18 ad-
hesion complex of eosinophils (i.e., inhibited by anti-CD18
MAb) and it was active in the presence of Ca"+ and Mg"+ or
Mg++ only, but not Ca++ only. The third mechanism of adher-
ence was specific for endothelial-dependent adherence. It in-
volved the endothelial ligand vascular cell adhesion molecule-i
(VCAM-1) and the eosinophil receptor very late activation an-
tigen4 (VLA4, CD49d/CD29, i.e., inhibited by anti-VCAM-i
MAb or anti-VLA4 MAb). This mechanism was active in the
presence of Ca++ and Mg++ but not of Ca++ only or Mg++ only,
and was not up- or downregulated when eosinophils were stimu-
lated with phorbol ester. In contrast, the endothelial leukocyte
adhesion molecule-i (ELAM-I), that binds neutrophils and
monocytes, was not involved in eosinophil adherence to LPS-,
TNF-, or IL-i-stimulated HEC (i.e., not inhibited by anti-
ELAM-1 MAb). We conclude that eosinophils, like monocytes
and lymphocytes, bind to the cytokine-induced endothelial li-
gand VCAM-1 via the integrin receptor VLA4. (J. Clin. In-
vest. 1991. 88:20-26.) Key words: vascular cell adhesion mole-
cule-i * very late activation antigen4 * eosinophil - endothelium
* adherence
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Mature eosinophils are located predominantly in the extravas-
cular space, even in physiologic conditions ( 1-3), the skin, gas-
trointestinal tract, and mucosa of the bronchi being the most
heavily infiltrated tissues (3, 4). Increased levels of circulating
eosinophils and local accumulation of eosinophils at sites of
acute or chronic inflammation have long been associated with
allergic reactions, parasitic infestations, and other acute and
chronic inflammatory diseases such as thyroiditis, some stages
of tuberculosis, mycotic infections, recurrent staphylococcal
infection, Hodgkin's disease, and other neoplastic processes
(recently reviewed by Nutman et al. [5, 6] and by Spry [7]). A
series of studies has emphasized the role played in eosinophil-
mediated inflammatory reactions by powerful toxic mecha-
nisms of eosinophils, such as the eosinophilic peroxidase-hy-
drogen peroxide-halide system (8-10) and the release ofeosin-
ophil major basic protein (1 1, 12). In contrast, little is known
about the mechanisms involved in the localization of eosino-
phils in tissues, both in physiologic and pathologic conditions.
Eosinophil adherence to endothelial cells, a key event in leuko-
cyte emigration into tissues (13), was recently examined by
Lamas et al. (14) and by Kimani et al. (15). The authors have
documented at least three mechanisms of eosinophil adher-
ence to cultured human umbilical vein endothelial cells
(HEC)': (a) adherence of unstimulated eosinophils to resting
HEC (basal adherence); (b) adherence of eosinophils stimu-
lated by chemotactic factors, such as platelet activating factor
(PAF) (16,17), or by phorbol ester (PMA) to resting HEC (eo-
sinophil-dependent adherence); and (c) adherence of resting
eosinophils to HEC stimulated by cytokines, such as tumor
necrosis factor (TNF) and IL- 1, or LPS (endothelial-dependent
adherence). The eosinophil-dependent adherence mechanism,
similarto that of stimulated neutrophils (18, 19), involves acti-
vation of the leukocyte adhesion complex CD 1 /CD 18, as
judged by inhibition by CD18 MAb (14, 15). Furthermore, as
already reported for neutrophils (18, 19), the endothelial-de-
pendent adherence of eosinophils is only partially inhibited by
CD 18 MAb, suggesting involvement of a second, CD1 8-inde-
pendent adherence mechanism (15). Finally, basal adherence
ofeosinophils is independent ofCD1 1/CD 1 8 complex, since it
is not affected by CDl1 /CD 1 8 MAb (14).

In this paper we present evidence that several features of

1. Abbreviations used in this paper: ELAM-1, endothelial leukocyte
adhesion molecule-i; HEC, human umbilical vein endothelial cells;
ICAM- 1, intercellular adhesion molecule- 1; LAD, leukocyte adhesion
deficiency; PAF, platelet activating factor (l-alkyl-2-acetyl-sn-glycero-
3-phosphorylcholine); TNF, tumor necrosis factor; VCAM- 1, vascular
cell adhesion molecule- 1; VLA-4, very late activation antigen-4.
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eosinophil adherence are clearly distinct from those of neu-
trophils, most notably: (a) basal adherence of eosinophils is
higher than that of neutrophils, is temperature-dependent, and
requires Ca"+ and Mg"+; (b) the CD lI/CDI8-independent
component of eosinophil adherence to LPS-, TNF-, or IL-1-
treated HEC involves the very late activation antigen-4 (VLA-
4) (CD49d/CD29) integrin receptor (20) on the eosinophil and
vascular cell adhesion molecule- 1 (VCAM-1 [211; inducible
cell adhesion molecule-l 10 (INCAM)- 110 [22]), an endothelial
cell molecule that promotes adherence of peripheral blood
lymphocytes (22, 23) and monocytes (22, 24), but not neutro-
phils; and (c) the CDl 1/CD1 8-independent eosinophil adher-
ence to cytokine- or LPS-stimulated HEC is not downregulated
after direct activation of eosinophils, as occurs with neutro-
phils (25).

Methods

Cell culture. HEC were prepared by collagenase treatment of the
vessels as described elsewhere (26) and maintained in endotoxin-free
RPMI 1640 medium (Gibco-BRL, Uxbridge, UK) supplemented with
10% newborn bovine serum (Flow Laboratories Ltd., Irvine, Scotland,
UK) and 10% fetal calf serum (Biochrom KG, Berlin, FRG) (NBS-
FCS). Passaged HEC were maintained in RPMI 1640 supplemented
with 20% NBS-FCS containing heparin (90 jg/ml; Sigma Chemical
Co., St. Louis, MO) and endothelial cell growth factor (50 jug/ml) as
described by Thornton et al. (27). Endothelial cell growth factor was
prepared from bovine hypothalamus according to the method of Ma-
ciag et al. (28).

Neutrophil isolation. Peripheral blood was obtained by venipunc-
ture from healthy donors. The blood was collected in syringes contain-
ing 15% (vol:vol) sterile ACD solution (acid-citrate-dextrose; 100 mM
disodium citrate, 128 mM glucose; pH 5.0), and the neutrophils were
isolated by Ficoll-Hypaque (Pharmacia Fine Chemicals, Uppsala, Swe-
den) gradient centrifugation, 3% dextran sedimentation, and hypo-
tonic saline lysis of contaminating red cells (29). This procedure re-
sulted in a preparation > 95% neutrophils, which exceeded 95% viabil-
ity by trypan blue dye exclusion. Isolated peripheral blood neutrophils
were washed with PBS (Gibco-BRL) and suspended at a final concen-
tration of 7 X 10' cells/ml in PBS containing 5 mM glucose, 1 mM
CaC12, and 1 mM MgCl2, unless otherwise stated.

Eosinophil isolation. Eosinophils were isolated according to the
method of R. Cramer (manuscript in preparation). Peripheral blood
from healthy donors containing < 2 X I0O eosinophils/ml was collected
in ACD solution. After erythrocyte sedimentation in 4.5% dextran
(Pharmacia), the white cell-rich plasma was washed once with PBS
containing 13 mM sodium citrate and 0.5% BSA (Miles Laboratories
Inc., Goodwood, South Africa). The cell pellet was then resuspended in
isotonic Percoll (Pharmacia) containing 13 mM sodium citrate and
0.5% BSA (pH 7.4). The density of the Percoll suspension was
1.0853±0.0002 g/ml, as measured at 20°C by aDMA 45 density meter
(A. Paar, Graz, Austria), and Percoll osmotic value was 290±2 mosM,
as measured by cryoscopic osmometer (Osmomat 030; Gonotec, Ber-
lin, FRG). The cell suspension was layered on a Percoll cushion with a
density higher than 1.1 g/ml and was centrifuged at 1,000 g for 20 min
at 20°C. The cell ring formed at the interface was collected and the red
cells present were removed by hypotonic lysis at 4°C. Isolated periph-
eral blood eosinophils were washed with PBS and suspended at a final
concentration of 3 X I05 cells/ml in PBS containing 5 mM glucose, 1
mM CaC12, and 1 mM MgCi2, unless otherwise stated. The resulting
cell suspension contained between 85% and 98% eosinophils and the
yield was> 50% ofthe eosinophils present in the starting blood samiple.
Cell viability was> 98%, as determined by the trypan blue dye exclu-
sion test.

Adherence assay. First to third passage HEC were harvested with
0.05 trypsin and 0.02% EDTA in balanced salt solution (Gibco-BRL).

The cells were then plated in 6.4-mm diameter wells (Costar Cluster,
Cambridge, MA) at 1.5 X I04 cells/ml in RPMI 1640 supplemented
with 20% NBS-FCS. Visually confluent monolayers were formed after
overnight incubation. Cells were pretreated with reagents for 4 h, and
the monolayers were then washed with a three-well volume ofPBS. For
the adherence assay at 40C, after the incubation at 370C, HEC were
incubated for 30 min in a cold room (2-40C) and washed with a three-
well volume exchange ofice-cold PBS. Eosinophils or neutrophils were
then added (70 jl/well). Leukocytes for the 40C adherence assay were
incubated for 30 min on ice before addition to the wells. Leukocytes
and HEC were then incubated for 30 min at 370C or in the cold room.
After incubation the monolayers were washed with a two-well volume
exchange ofPBS or ice-cold PBS to remove nonadherent leukocytes. A
colorimetric assay was then applied to detect the eosinophils or neutro-
phils adhering to the monolayers, using tetramethylbenzidine (TMB)
as peroxidase substrate (30). The substrate solution consisted of 2 mM
TMB (Sigma) in 0.1 M sodium acetate buffer, (pH 4.2) containing 0.1%
(wt:vol) cetitrimethylammonium bromide (Sigma) as peroxidase solu-
bilizing agent. In this assay eosinophils show a > 10 times higherperox-
idase activity than neutrophils on a per cell basis, thus ruling out any
significant interference by the few contaminating neutrophils. When
neutrophil adherence was assayed, the selective eosinophil peroxidase
inhibitor 3 amino- 1,2,4 triazol (I mM; Schuchardt, Munich, FRG)
(31) was also added to the substrate solution to abolish the interference
by eosinophils. The substrate solution was then added to the mono-
layers (75 Al/well) followed, after 2 min, by 0.7 mM hydrogen peroxide
(75 Al/well). After 2 min ofincubation at room temperature, the perox-
idase reaction was stopped by the addition of 50 Al of 4 N acetic acid,
containing 10mM sodium azide. The absorbance was then determined
at 620 nm using a Titertek Multiskan (Flow Laboratories, Inc.,
McLean, VA). Percent leukocyte adherence was calculated using a cali-
bration curve. This was obtained by performing the peroxidase reac-
tion in wells containing known amounts ofeosinophils or neutrophils.

Immunofluorescenceflow cytometry. Immunofluorescence flow cy-
tometry was performed as previously described (25). Eosinophil and
neutrophil preparations used in these assays were > 98% pure. Periph-
eral blood mononuclear cells were obtained by Ficoll-Hypaque separa-
tion. The cell populations comprised an average of 70% lymphocytes
and 30% monocytes (29). Leukocytes (5 X I05) were suspended in 50 Al
PBS-0.1% BSA containing MAb P4C2 or MAb HP 2/1 (1:50 dilution
ofhybridoma supernatant media), MAb 60.3 or MAb 4B9 (20 jg/ml).
The cells were incubated for 20 min at 4°C, washed free of unbound
antibody, and incubated again at 4°C for 20 min with a 1:50 dilution of
FITC goat anti-mouse IgG (Sigma). After washing, the cells were sus-
pended in 500 jl of 1% paraformaldehyde in PBS and stored at 4°C.
The mean fluorescence ofeach cell population was quantified by a flow
cytometer (EPICS-C; Coulter Corp.; Hialeah, FL) with quantitative
determination of peak fluorescence intensity.

Monoclonal antibodies. MAb 60.3 is ofthe IgG2a subclass and rec-
ognizes the CD18 subunit (common beta-chain) of the CDI l/CD18
antigen complex (32). MAb 4B9 is a murine IgGl and recognizes cells
transfected with VCAM- I but not cells that are transfected with inter-
cellular adhesion molecule- I (ICAM- 1) or endothelial leukocyte adhe-
sion molecule-l (ELAM-1) cDNA (23). MAb BBl l is a murine IgG2b
that recognizes a functional epitope on ELAM-l (33), and was a gift of
Drs. Christopher Benjamin and Roy Lobb, Biogen Inc., Cambridge,
MA. MAb P4C2 is a murine IgG3 that recognizes an epitope on CD49d
and (34) and was a gift of Dr. Elizabeth Wayner, Cytel Corp., La Jolla,
CA (34). Monoclonal antibody HP2/1 is a murine IgG1 antibody that
binds to an epitope on CD49d and was a gift ofDr. F. Sanchez-Madrid
(35). MAb P4CO is a murine IgG I that recognizes a functional epitope
on CD29 (34), and was a gift of Dr. Elizabeth Wayner.

Reagents. Escherichia coli 055:B5 LPS, extracted by phenol/water,
was obtained from Sigma Chemical Company. The LPS preparation
was suspended in PBS at a concentration of 1.5 mg/ml, dispersed by
sonication for 5 min at 4°C, and stored in aliquots at -35°C until used.
Phorbol-12-myristate- 13 acetate (PMA; Sigma) was dissolved at 1 mg/
ml in DMSO (Eastman Kodak Co., Rochester, NY) and stored as stock
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solution at -350C. Purified recombinant human IL-1 alpha (1,000
U/ml) (IL-1) was purchased from Boehringer Mannheim GmbH,
Mannheim, FRG. Human recombinant TNF-alpha was a generous gift
of Prof. R. Lax, Bissendorf Biochemicals GmbH, Hannover, FRG.

Statistics. Significance was determined by paired, two-tailed t test.

Results

Influence ofanti-CD18, anti-VCAM-J, and anti-ELAM-J MAb
on eosinophil adherence to HEC. Adherence assays were per-
formed in the presence or absence of blocking MAbs to the
induced endothelial ligands ELAM- 1, VCAM- 1, or the leuko-
cyte receptors CDl 1/CD 1 8 and VLA-4. As reported previously
(15), eosinophils adhered spontaneously to untreated HEC (Ta-
ble I a). Basal adherence ofeosinophils to HEC was not signifi-
cantly affected by the anti-VCAM- 1 MAb 4B9, the anti-
ELAM- 1 MAb BB 1 1, or the CD 18 MAb 60.3. Pretreatment of
HEC with LPS caused a significant increase in eosinophil adher-
ence above control values, which was significantly reduced by
MAb 4B9 or MAb 60.3. Moreover, adherence to LPS-stimu-
lated HEC was reduced to that of unstimulated HEC when
MAb 60.3 was used in combination with MAb 4B9. In con-

Table I. Effect ofanti- VCAM-J, anti-CD18, and anti-ELAM-J
MAb on Eosinophil and Neutrophil Adherence to HEC

Percent adherence

PMA-stimulated
Unstimulated LPS-treated HEC eosinophils

(a) Eosinophils (6)
Control 17.0±2.2 29.4±2.0 58.7±3.8
MAb 4B9 15.6±2.6 17.1±2.3* 53.7±2.3
MAb 60.3 13.6±1.6 19.7±0.4* 20.8±5.2*
MAb 4B9 + MAb 60.3 13.8±2.3 11.0±1.5*$ 20.3±4.8*
MAb BB1 1 17.3±2.2 33.1±4.4 64.8±3.1
MAb BBl 1 + MAb 60.3 14.7±3.8 24.3±1.4 25.5±3.0*

(b) Neutrophils (4)
Control 6.6±0.4 24.0±4.7 49.1±6.3
MAb 4B9 5.8±0.4 24.0±5.1 45.0±8.0
MAb 60.3 4.0±0.3 14.1±1.8* 3.5±0.8*
MAb 4B9 + MAb 60.3 ND 14.3±1.0* ND
MAb BBl 1 4.5±0.2 13.2±3.4* 48.5±3.5
MAb BBl 1 + MAb 60.3 ND 3.3±0.8* ND

HEC monolayers were pretreated for 4 h with control medium or
medium containing E. coli LPS (100 ng/ml). Before the assay, eosin-
ophils or neutrophils suspended in PBS containing 5 mM glucose, 1
mM CaCI, and 1 mM MgC1 were incubated for 15 min at room tem-
perature in the presence or absence ofMAb 60.3 (20,ug/ml) and HEC
monolayers were incubated in the presence or absence of the anti-
VCAM- I MAb 4B9 (20 tg/ml) or the anti-ELAM-1 MAb BBI 1 (20
gg/ml). Leukocytes were then added to HEC monolayers followed
by PBS (medium) or PMA (100 ng/ml, final). Percentage leukocyte
adherence was determined after a 30-min incubation at 37°C. Values
represent the means + SE of (n) experiments with four replicate wells
in each experiment. ND, not done. * P < 0.005 (paired t test) com-
pared to adherence in the absence ofMAb (controls). The other re-
sults were not significantly different from control values. * P < 0.005
for adherence of MAb 60.3- and MAb 4B9-treated eosinophils vs.
MAb 60.3-treated eosinophils to LPS-pretreated HEC and for adher-
ence of MAb 60.3- and MAb BB 11-treated neutrophils vs. MAb
60.3-treated neutrophils to LPS-pretreated HEC.

trast, MAb BB 11 had no effect on eosinophil adherence to
unstimulated or LPS-stimulated HEC. Similar results were ob-
tained when HEC were pretreated with IL- I (10 U/ml) or with
TNF (500 U/ml). Treatment of HEC with IL-I increased eo-
sinophil adherence from basal values of 18.5%±2.5 to
37.5%±2.8. MAb 4B9 and MAb 60.3 reduced IL-l-stimulated
adherence to 27.5%±1.8 and 25%±2.0, respectively, and to
15.5%±1.5 when the two MAbs were used in combination.
Eosinophil adherence to TNF-treated HEC was 41.0%±3.8,
but it was reduced to 31.0%±2.6 and 31.1%±2.8 by MAb 4B9
and MAb 60.3, respectively, and to 13.0%±0.9 by the combina-
tion ofMAb 4B9 and MAb 60.3. In contrast, no inhibition of
eosinophil adherence to IL-1- or TNF-treated HEC was ob-
tained with MAb BB1 1 (means±SD of four replicate wells in
one experiment). Inhibition caused by MAb 4B9 was due to an
effect on the endothelial cell rather than on the eosinophil,
since preincubation of eosinophils with MAb 4B9 followed by
washing did not inhibit subsequent eosinophil adherence to
LPS-pretreated HEC (not shown). Finally, as shown in Table I
a, PMA-stimulated adherence of eosinophils was completely
inhibited by MAb 60.3 but was not significantly inhibited by
MAb 4B9 or by MAb BB I 1.

The behavior so far described for eosinophils differed in
several respects from that of neutrophils. Unstimulated adher-
ence of neutrophils (Table I b) was low (6.6%±0.4) as com-
pared to unstimulated adherence of eosinophils (17.6%±2.6).
As reported previously ( 18, 19), neutrophil adherence was sig-
nificantly increased by stimulation with PMA or by pretreat-
ment of HEC with LPS. No influence of MAb 4B9 was ob-
served on neutrophil adherence to LPS-treated HEC. In con-
trast, neutrophil adherence to LPS-treated HEC was inhibited
by 45% by MAb BB 11 and by 42% by MAb 60.3, respectively,
and was inhibited by 87% when the two MAb were used in
combination. PMA-stimulated adherence of neutrophils was
completely inhibited by MAb 60.3, but was not influenced by
MAb 4B9 or MAb BB 1 1.

Influence of anti-VLA-4 MAb on eosinophil adherence to
HEC. Previous studies have shown that antibodies to the VLA-
4 integrin receptor block lymphocyte adherence to VCAM- 1
on activated endothelium (34). Since eosinophil adherence in
our assays was inhibited by anti-VCAM- I MAb 4B9, the possi-
bility arose that the VLA-4 molecule was also involved in eo-
sinophil adherence to activated HEC. Hence, a search for
VLA-4 on eosinophils was carried out. Table II compares the
binding oftwo VLA-4 alpha-chain-specific MAbs (CD49d) to

Table II. Expression ofAdhesion Proteins on Peripheral
Blood Leukocytes

Eosinophils Neutrophils Mononuclear cells

MAb
P4C2 (CD49d) 26.7±1.4 (3) 0 (2) 15.3±2.2 (3)
HP2/1 (CD49d) 25.3±1.8 (3) 0 (2) 15.3±3.3 (3)
60.3 (CD18) 122.3±2.7 (3) 155 (2) 100.7±3.2 (3)
4B9 (VCAM-1) 0 (3) 0 (2) 0 (3)

Binding of MAbs was assayed by flow cytometry as described in
Methods. Values for net mean peak fluorescence were calculated by
subtracting values obtained with FHTC-conjugated second antibody
alone and represent the mean±SE of (n) experiments.
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eosinophils, neutrophils, or PBMCs. The CD49d MAbs P4C2
and HP2/1 bound to eosinophils as well as to mononuclear
cells, but not to neutrophils. As expected, all cell types bound
the anti-CD 18 MAb 60.3 but none bound the anti-VCAM-1
MAb 4B9. Thereafter, studies on the effect ofanti-VLA-4 anti-
bodies on eosinophil adherence were carried out. As shown in
Table III, the CD49d MAb P4C2 significantly inhibited eosino-
phil adherence to LPS-pretreated HEC, but not to untreated
HEC. The anti-VCAM- 1 MAb 4B9 also inhibited eosinophil
adherence to LPS-treated HEC. However, no additive effect
was obtained when MAb P4C2 and MAb 4B9 were used in
combination, thus suggesting that the two antibodies exerted
their effect on the same adherence mechanism. An inhibitory
effect on eosinophil adherence was also obtained by using the
CD49d MAb HP 2/1 and the CD29 MAb P4C 10. Monoclonal
antibody HP2/1 inhibited eosinophil adherence to LPS-treated
HEC by 68.2% in one experiment and MAb P4ClO by 45.9%
and 34.8% in two experiments (results not shown). Finally, it is
important to note that adherence of PMA-stimulated eosino-
phils to untreated HEC was not inhibited at all by the CD49d
MAb P4C2 (Table III).

Influence oftemperature on eosinophil adherence to HEC.
Adherence assays were performed at 37°C or at 4°C (Fig. 1).
Eosinophil adherence to HEC was stimulated either by PMA
or by preincubating HEC monolayers with LPS. Values of eo-
sinophil adherence at 37°C were 16.5%±1.3, 30.8%±2.5, and
64.6%±4.2 for unstimulated and for LPS- and PMA-stimu-
lated adherence, respectively. However, both unstimulated and
stimulated adherence of eosinophils was almost abolished at
4°C. Again neutrophils behaved quite differently from eosino-
phils. Their adherence to unstimulated HEC was low at 37°C
and at 4°C. PMA markedly increased neutrophil adherence to
unstimulated HEC at 37°C, but not at 4°C. As described

Table III. Effect ofanti- VLA-4 and anti-VCAM-I MAbs
on Eosinophil Adherence to HEC

Percent adherence

PMA-
LPS-stimulated stimulated

Unstimulated HEC eosinophils

MAb
control 18.6±1.2 29.6±1.4 63.3±6.7
MAb P4C2 (CD49d) 18.8±1.6 15.7±2.3* 63.5±6.3
MAb 4B9
(anti-VCAM-l) 16.6±2.0 19.1±1.8* ND

MAb P4C2 + MAb 4B9 17.8±2.0 19.5±2.4* ND

HEC monolayers were pretreated for 4 h with control medium or
medium containing E. coli LPS (100 ng/ml). Before the assay, eosin-
ophils suspended in PBS containing 5 mM glucose, 1 mM CaCl2, and
1 mM MgCl2, were incubated for 15 min at room temperature in the
presence or absence ofMAb P4C2 (1:50 dilution of hybridoma su-
pernatant medium) and HEC monolayers were incubated in the
presence or absence of MAb 4B9 (10 ug/ml): leukocytes were then
added to HEC monolayers followed by PBS (medium) or PMA (100
ng/ml, final). Percentage leukocyte adherence was determined after a
30-min incubation at 37°C. Values represent the means±SE of six
experiments with three replicate wells in each experiment. ND, not
done. * P < 0.005; * P < 0.025 (paired t test) compared to adherence
in the absence of MAb (controls). The other results were not signifi-
cantly different from control values.
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perature on eosinophil
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PA dium containing E. coli
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sinophils or neutrophils
suspended in PBS containing 5 mM glucose, 1 mM CaCl2, and 1
mM MgCl2 were added to HEC monolayers with medium (control)
or with PMA (100 ng/ml). For the adherence assay at 4°C, leukocytes
were incubated on ice and HEC were incubated in a cold room (2-
4°C) for 30 min before the assay. Percentage leukocyte adherence was
determined after a 30-min incubation at 37°C or at 40C. Values are
means±SE of six experiments, with four replicate wells in each ex-

periment. *P < 0.001 for leukocyte adherence at 370C vs. adherence
at 4°C. **P < 0.002 for neutrophil adherence to LPS-pretreated HEC
vs. untreated HEC at 4°C. o, 37°C; , 40C.

previously (19), stimulation of HEC by LPS pretreatment re-
sulted in an increased adherence both at 370C and at 4°C.
Neutrophil adherence to LPS-treated HEC at 4°C was com-
pletely inhibited byMAb BB 11 (not shown), suggesting involve-
ment ofELAM- 1 in this adherence.

Divalent cation requirements for eosinophil adherence to
HEC. The experiments whose results are shown in Table I and
Fig. 1 were performed in PBS medium containing both Ca" (1
mM) and Mg++ (1 mM). Divalent cation requirements for the
various mechanisms of adherence were further investigated in
greater detail at 370C (Fig. 2). Detachment ofHEC occurred in
the absence ofboth calcium and magnesium, or in the presence
of EDTA (1 mM), thereby preventing us from determining
eosinophil adherence to HEC under these conditions. When
the assay was performed in the presence ofCa++ only (1 mM), a

80 -

60-

c

W 40

2o

20 -

Ca

I ILar

Mg

[L4r

A
I

- LPS PMA - LPS PMA

Caa and Ms

11
- LPS PMA

Figure 2. Effect ofCa++ and Mg++ on eosinophil adherence to HEC.
HEC monolayers were pretreated at 37°C for 4 h with medium alone
or medium containing E. coli LPS (100 ng/ml). Eosinophils were
suspended in PBS containing 5 mM glucose with 1 mM CaCl2 only,
or with 1 mM MgCl2 only, or with both cations. Eosinophils were
then added to HEC monolayers followed by PBS (control) or PMA
(100 ng/ml). Percentage eosinophil adherence was determined after
a 30-min incubation at 37°C. Values are means±SE of five experi-
ments with four replicate wells in each experiment. Statistical signifi-
cance (by paired t test): P < 0.05 for adherence ofMAb 60.3-treated
eosinophils vs. untreated eosinophils to LPS-treated HEC in the pres-
ence of CaCI2 and MgCl2. P < 0.02 for unstimulated adherence in the
presence of CaCl2 only or MgCl2 only vs. adherence in the presence
of both cations, and for adherence of MAb 60.3-treated eosinophils
to LPS-treated HEC vs. untreated HEC in the presence ofCaCl2 and
MgCI2. o, medium; ., MAb 60.3.
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definite proportion (8.9%±1.9) of eosinophils adhered to un-
treated HEC. Of note, unstimulated eosinophil adherence at
370C in the presence ofCa"+ only (as well as in the presence of
Mg++ only) was still statistically greater than adherence at 4VC
in the presence of Ca"+ only, or Mg"+ only, or both cations (P
< 0.05, four experiments). At 370C and in the presence ofCa"+
only, however, there was no increase of eosinophil adherence
above control levels with LPS-pretreated HEC or in the pres-
ence of PMA. Moreover, adherence in the presence of Ca"+
only was unaffected by MAb 60.3.

In the presence ofMg"+ only (1 mM), unstimulated eosino-
phil adherence was similar to that observed in the presence of
Ca`+ only. Eosinophil adherence to LPS-pretreated HEC, how-
ever, was significantly increased as compared to adherence to
untreated HEC and was completely inhibited by MAb 60.3.
Furthermore, in the presence of Mg"+ only, PMA stimulated
eosinophil adherence and this was again inhibited by MAb
60.3. These results indicate that, in the presence ofMg`+ only,
eosinophil adherence due to LPS pretreatment of HEC or to
PMA is accounted for, almost completely, by CDl 1/CD 18.
Raising Mg`+ concentration to 2 mM did not lead to apprecia-
ble changes in the results obtained with 1 mM Mg`+ (not
shown).

In the presence of both Ca++ and Mg++, unstimulated eo-
sinophil adherence was statistically greater than in the presence
of Ca++ only or Mg++ only (Fig. 2). Adherence to LPS-treated
HEC was further increased above levels ofunstimulated adher-
ence in the presence ofCa" and Mg", or levels of adherence
to LPS-treated HEC in the presence of Mg++ only, and was
only partially inhibited by MAb 60.3 (see also Table I). In con-
trast, PMA-stimulated adherence of eosinophils in the pres-
ence ofCa++ and Mg++ was similar to that observed with Mg++
only, and was completely inhibited by the CD18 mAb 60.3.

Influence ofPMA on CDII/CDJ8-dependent and -indepen-
dent adherence mechanisms. In a previous study, we found that
neutrophil CDl 1/CD18-independent adherence is downregu-
lated when neutrophils are activated with PMA (25). To define
the effect ofphorbol ester on CDl 1/CD18-independent adher-
ence of eosinophils, eosinophil adherence to HEC or LPS-
treated HEC was stimulated with PMA in the presence of the
CD 18 (MAb) 60.3. As shown in Fig. 3, eosinophil adherence to

80 eosinophils neutrophils Figure 3. Effect ofPMA

on eosinophil and neu-
60L trophil adherence to

' 40 . LPS-treated HEC in the
* 40

presence ofCDI 8 MAb.

20- HEC monolayers were

pretreated for 4 h with
o. s [ L s | L L medium alone or me-

- LPS PMA LPS/PMA - LPS PHA LPS/PHA dium containing E. coli
LPS (100 ng/ml). Eo-

sinophils or neutrophils suspended in PBS containing 5 mM glucose,
1 mM CaCl2, and 1 mM MgCl2 were incubated for 15 min at room
temperature in the presence or absence of the CD18 MAb 60.3 (20
ug/ml). Leukocytes were then added to HEC monolayers followed
by PBS (control) or PMA (100 ng/ml). Percentage leukocyte adher-
ence was determined after a 30-min incubation at 37°C. Values are
means±SE of six experiments with four replicate wells in each exper-
iment. *P < 0.01 (paired t test) compared to adherence of unstimu-
lated neutrophils to LPS-pretreated HEC in the presence ofMAb 60.3
alone or PMA alone. o, medium;., MAb 60.3.

untreated HEC was potently stimulated byPMA in the absence
ofMAb 60.3, but it remained unaffected in its presence. Simi-
larly, adherence of eosinophils to LPS-treated HEC was in-
creased by PMA in the absence of MAb 60.3, but no change
(i.e., no up- or downregulation) of adherence between PMA-
treated and untreated eosinophils was observed when MAb
60.3 was present in the assay. Control experiments were per-
formed with neutrophils. These cells adhered minimally to un-
treated HEC, but bound avidly to HEC when stimulated with
PMA. Pretreatment ofHEC with LPS also markedly increased
neutrophil adherence. Adherence of neutrophils to LPS-
treated HEC was only partially (by 50%) inhibited by MAb
60.3, whereas PMA-stimulated neutrophil adherence to un-
treated HEC was completely inhibited by this MAb. However,
MAb 60.3 completely abolished neutrophil adherence to LPS-
treated HEC when PMA was added with the neutrophils, thus
indicating that stimulation with PMA downregulated the
CDl 1/CD 1 8-independent mechanism of neutrophil adher-
ence.

Discussion

Our results indicate that at least three binding mechanisms are
involved in eosinophil adherence to endothelial cells: (a) a
mechanism(s) that accounts for a small but definite (15-17%)
proportion of eosinophil adherence to unstimulated HEC (ba-
sal adherence); (b) a mechanism involving the leukocyte adhe-
sion complex CDl 1/CD 1 8. This mechanism of adherence
accounts, almost completely, for the increase ofadherence fol-
lowing eosinophil activation by agents such as PMA (eosino-
phil-dependent adherence), and in part for the adherence of
unstimulated eosinophils to endothelial cells that have been
pretreated with LPS, TNF, or IL- 1 (endothelial-dependent ad-
herence); and (c) a mechanism specific for endothelial-depen-
dent adherence that involves the interaction ofthe VLA-4 inte-
grin receptor (20, 36) on eosinophils with the cytokine- or LPS-
inducible endothelial adhesion molecule VCAM-l (21) (also
known as INCAM- 1 10, 22).

Kimani et al. (15) have previously reported values from
25% to 35% for basal eosinophil adherence to endothelial cells,
whereas Lamas et al. (14) have reported much lower values
(< 5%). The higher values of basal eosinophil adherence ob-
tained by us, in comparison to Lamas et al., were not ac-
counted for by a failure to remove the nonadherent cells, as
indicated by parallel adhesion assays with eosinophils and neu-
trophils, using the same technique, and, in particular, the same
washing procedure, in which the unstimulated adherence of
eosinophils was significantly higher than that of neutrophils,
i.e., 15-17% vs. 5-6%. The basal adherence of eosinophils was
temperature-dependent, since it occurred at 37°C but not at
4°C, suggesting that an active binding mechanism(s) is in-
volved. In addition, basal eosinophil adherence required Ca++
or Mg++ and was greater in the presence ofboth cations. These
results suggest that two distinct adherence mechanisms may be
involved in unstimulated adherence ofeosinophils, one requir-
ing both Ca++ and Mg+', and the other requiring either Ca++ or
Mg++. Further studies may identify the molecule(s) involved in
this basal adherence. The higher spontaneous adherence ofeo-
sinophils, as compared to neutrophils, may account for the
propensity of blood eosinophils to emigrate in the extravascu-
lar space in physiologic conditions, i.e., in the absence of in-
flammatory stimuli (1-4).
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In a recent study, Lamas et al. (14) reported that eosinophil
adherence was increased by soluble agents such as the tumor
promoter PMA, the chemotactic bacterial peptide FMLP, and
the chemotactic factor for eosinophils PAF, as well as by pre-
treatment of HEC with LPS, TNF, or IL-1. The proadhesive
effect ofPMA, FMLP, or PAF was exerted through eosinophil
activation, since the agents stimulated eosinophil adherence on
gelatin coated dishes as well as on HEC. Similar results were
obtained by Kimani et al. (15) by stimulating eosinophil adher-
ence with PAF. PMA-, FMLP-, and PAF-stimulated adherence
involved the activation of the glycoprotein adhesion complex
CD1 la,b,c/CD1 8 (LFA-1, Mac-i, p150/95), since adherence
was completely inhibited by MAb directed against the com-
mon CD18 subunit (14, 15) ofCDl 1/CD18. In contrast, eosin-
ophil adherence induced by LPS, TNF, or IL- I pretreatment of
HEC, was only in part inhibited by the anti-CD 18 MAb, sug-
gesting that a CD1 1/CD 18-independent mechanism was also
involved in endothelial-mediated adherence (14). Similarly, we
found that the CD1 8 MAb 60.3 completely inhibited PMA-in-
duced adherence of eosinophils to untreated HEC, but only
partially inhibited eosinophil adherence to LPS-, TNF-, or IL-
1-treated HEC. Three adhesion molecules have been identified
that can be upregulated by endothelial cells upon stimulation
with cytokines or LPS: (a) ICAM- 1, which functions as ligand
for the leukocyte adhesion receptor CD1 la/CD 18 (37, 38); (b)
ELAM- 1 (39), which is involved in the adherence to endothe-
lium of neutrophils and monocytes (39a); and (c) VCAM-1,
recently identified as an endothelial surface molecule involved
in adherence of peripheral blood lymphocytes (22, 23) and
monocytes (22) (39a), and some lymphocytic cell lines (21, 34).
In our adhesion assays, the anti-VCAM-l MAb 4B9 caused a
significant inhibition of eosinophil adherence to LPS- or cyto-
kine-treated HEC.'Moreover, when MAb 4B9 was used in com-
bination with the CD18 MAb 60.3, the increase of adherence
caused by the LPS or TNF or IL-I treatment ofHEC was re-
duced to control values (i.e., values of unstimulated adher-
ence). This indicates that VCAM- 1 and the endothelial ligand
for CD1 1/CD 18, most likely ICAM-1 (37, 38), are the endothe-
lial adherence molecules specifically involved in eosinophil
binding to LPS- or cytokine-stimulated HEC. Recently, Elices
et al. (36) reported that specific adherence of VLA-4-trans-
fected cells to VCAM-1 expressed on either HEC monolayers,
or on COS cells transfected with VCAM- 1, was completely
inhibited by anti-VLA-4 MAb. Using CD11/CD1 8-deficient
lymphocytes, Schwartz et al. (34) demonstrated that lympho-
cyte binding to TNF-stimulated HEC was inhibited by MAbs
to VLA-4 (CD49d/CD29) or VCAM-1. Similarly, we found
that two anti-VLA-4 MAbs inhibited eosinophil adherence to
LPS-treated HEC, with no additive effect when anti-VLA-4
and anti-VCAM-1 MAb were used in combination. Hence, the
eosinophil receptor recognizing VCAM-1 appears to be the in-
tegrin receptor VLA-4. In contrast to the anti-VCAM-l MAb,
the anti-ELAM- 1 MAb BB 1 1, that completely inhibited
CD1 1/CD18-independent neutrophil adherence to LPS-
treated HEC, did not affect eosinophil adherence to LPS-,
TNF- or IL-I-treated HEC, thus excluding involvement of
ELAM-1 in endothelial-dependent eosinophil adherence. In-
volvement of ELAM-1 in eosinophil adherence to stimulated
HEC could be excluded in our experiments also on the basis of
the following observations: (a) eosinophil adherence to LPS-
treated HEC was completely inhibited at 40C, whereas neutro-
phil adherence was partially maintained. The mechanism of

neutrophil adherence at 4VC involves ELAM-1, since the
CD11/CD1 8-dependent adherence mechanism was inactive at
4VC, and since neutrophil adherence at 4VC was abolished by
the anti-ELAM-l MAb BB1 1. (b) Neutrophil CDI l/CDI8-in-
dependent adherence to LPS-treated HEC was reported to be
active in the presence of Ca" only (19). In contrast, CDl 1/
CD18-independent adherence of eosinophils to LPS-treated
HEC (i.e., adherence in the presence of anti-CD18 MAb) re-
quired both Ca" and Mg". (c) As described previously (25),
CD1 1/CD1 8-independent adherence of neutrophils to LPS-
treated HEC was downregulated in the presence of PMA, an
effect ofPMA that may be related with the reported downregu-
lation of neutrophil MEL- 14 antigen (40). In contrast, CDl 1/
CDl 8-independent adherence of eosinophils to LPS-treated
HEC was unaffected by PMA, thus indicating that VLA-4/
VCAM- 1-dependent eosinophil adherence is not downregu-
lated upon eosinophil activation. The last result may provide a
possible explanation for the observed eosinophilic infiltration
in tissues of patients with partial or complete deficiency ofthe
leukocyte membrane CD1 1/CD 18 adhesion complex (leuko-
cyte adhesion deficiency, LAD) (41). LAD neutrophils adhere
in vitro to LPS- or cytokine-stimulated HEC by the CD1 1/
CD1 8-independent mechanism (18, 19). However, neutrophils
fail to accumulate in infected tissues in LAD patients (41).
Since the CD l 1/CD 18-independent adherence mechanism of
LAD neutrophils is inhibited in vitro when the neutrophils are
activated by agents such as PMA or FMLP, and in this condi-
tion they do not adhere to stimulated HEC (25), a possible
explanation for the behavior of neutrophils in LAD patients is
that, in vivo, the CDl l/CD18-independent adherence mecha-
nism is downregulated by inflammatory stimuli produced at
sites ofinflammation (25, 40). The absence ofdownregulation
of eosinophil CDl 1/CD1 8-independent adherence mecha-
nism may then account for eosinophil adherence to and migra-
tion across the endothelium in LAD patients, given that LAD
eosinophils are endowed with the same CD 1 /CD 18-indepen-
dent mechanisms of adherence as normal eosinophils.
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