
Cooperative Interactions of LFA-1 and Mac-I with Intercellular Adhesion
Molecule-1 in Facilitating Adherence and Transendothelial Migration
of Human Neutrophils In Vitro
C. Wayne Smith,* Steven D. Marlin,* Robert Rothlein,t Carol Toman,* and Donald C. Anderson**
*Speros P. Martel Laboratory of Leukocyte Biology, Department of Pediatrics, Baylor College of Medicine, Houston, Texas 77054;
*Department of Immunology/Cell Biology, Boehringer Ingelheim Pharmaceuticals, Inc., Ridgefield, Connecticut 06877; and
§Departments of Microbiology and Immunology, and Cell Biology, Baylor College of Medicine, Houston, Texas 77054

Abstract

The adherence of human neutrophils to human umbilical vein
endothelial cells (HUVEC) is partially dependent on the
CD11/CD18 family of glycoproteins on the neutrophil and
ICAM-1 on the HUVEC. The CD18 heterodimer involved in
this adherence was evaluated in vitro using subunit-specific
monoclonal antibodies (MAbs). The adherence of unstimu-
lated neutrophils to IL-i-stimulated HUVECwas significantly
inhibited by anti-CD11a but not CDlb MAbs, while the ad-
herence of fMLP-stimulated neutrophils was significantly in-
hibited by both anti-CD11a and -CD11b. Anti-CDiia, but not
anti-CDlib MAbs, reduced the adherence of unstimulated
neutrophils on purified ICAM-1 to the same low level un-
treated neutrophils exhibited on a control protein, glycophorin.
Stimulation with fMLP significantly increased neutrophil at-
tachment to purified ICAM-1, but not to the control protein.
Anti-CD11b MAbs reduced this chemotactically augmented
adherence to that of unstimulated neutrophils, and in combina-
tion with anti-CD11a MAbs reduced adherence to that on the
control protein. The results in this report indicate that unstim-
ulated neutrophils exhibit LFA-l-dependent attachment to
ICAM-1, and chemotactic stimulation enhances the attach-
ment of human neutrophils to ICAM-1 by a Mac-l-dependent
process.

Introduction

Adherence of human neutrophils (PMN) to monolayers of
endothelial cells and to protein-coated foreign surfaces is sig-
nificantly increased by stimulation with chemotactic factors
and secretagogues (1-7). In each case, the CD lIb/CD 18
(Mac- 1) heterodimer on the neutrophil's surface plays a signif-
icant role as shown by the markedly inhibitory effect of several
monoclonal antibodies reactive with either CDI lb or CD18
(4, 5, 8, 9). Stimulation of endothelial cells with bacterial en-
dotoxin (LPS) (4, 10, 11), interleukin 1 (IL-1) (4, 12, 13),
tumor necrosis factor-a (4, 5, 12-14), or lymphotoxin (13)
increases the adherence of unstimulated PMN. In contrast to
the rapid response following chemotactic stimulation of PMN,
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this increase is not demonstrable until - 1 h after stimulation,
and protein synthesis is required. In addition, it appears to be
only partially dependent on the CDi I/CD 1 8 family (7). The
specific CDi I/CD 1 8 heterodimer of greatest importance to
this cytokine-induced adherence has not been defined. We
have recently obtained evidence that the CDl 8-dependent ad-
herence of human PMNto cytokine-stimulated endothelial
cells involves intercellular adherence molecule-I (ICAM- 1)'
on the endothelial surface (7). In light of recent evidence that
ICAM-l (15, 16) is a ligand for the CD1la/CD18 (LFA-1)
heterodimer ( 17, 18), consideration was given to the possibility
that LFA-l plays an important role in the adherence of un-
stimulated PMNto cytokine-stimulated endothelial cells.
Though LFA- 1 seems to be uninvolved in homotypic aggrega-
tion of PMNand the adherence of PMNto foreign surfaces
(8), its role in the adherence of PMNto endothelial cells has
not been evaluated.

In this study, we provide evidence that LFA- 1 is important
to the adherence of unstimulated human PMNto human um-
bilical vein endothelial cells (HUVEC), that LFA-l is most
likely interacting with ICAM-l on the endothelial cell surface,
and that LFA- 1 is involved in the transendothelial migration
induced by activation of HUVECwith cytokines. We also
provide evidence that Mac-I is important in the adhesion of
chemotactically stimulated PMNto HUVEC, that Mac-I on
chemotactically stimulated cells may interact with ICAM-1,
and that Mac- I is involved in transendothelial migration.

Metliods

Isolation of polymorphonuclear leukocytes. PMNobtained from
healthy adult individuals and two patients with a severe form of CD18
deficiency (19) were purified from citrate anticoagulated, dextran-sed-
imented venous blood samples over Ficoll-Hypaque gradients and
were suspended in Dulbecco's PBS(Gibco Laboratories, Grand Island,
NY), pH 7.4, containing 0.2% dextrose as described (20). PMNwere
maintained at 4°C in PBS for up to 4 h at a concentration of 107/ml.

The response of isolated PMNto chemotactic stimulation was
assessed using a modification of the shape change assay described
previously (6). Cells were suspended at 106/ml in PBSand incubated at
37°C for 5 min in the following concentrations of fMLP (Sigma Chem-
ical Co., St. Louis, MO), 0.1, 0.3, 1.0, 3.0, 10.0 nM; then cells were
fixed by addition of an equal volume of 2%glutaraldehyde. Cells were
scored morphologically as round, ruffled, or bipolar. The effects of
MAbs was assessed by incubating the cells for 15 min in saturating
concentration of MAbbefore addition of fMLP.

Monoclonal antibodies. MAbs used in these studies included dilu-
tions of ascites fluid, preparations of IgG, and F(ab`)2 fragments. The

1. Abbreviations used in this paper: HUVEC, human umbilical vein
endothelial cells; ICAM- I, intercellular adhesion molecule- 1.
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anti-CD 18 MAb, TS I/18 (IgG 1) (8, 2 1), the anti-CD1 l a MAb, TS1/22
(IgG1) (8, 21), and the anti-CDl Ib, LM2/1 (IgG1) (22, 23), were
provided by Dr. T. Springer, Dana-Farber Cancer Institute, Boston,
MA. The anti-CD 1 lb MAb, OKM10 (IgG2a) (24) was obtained from
Ortho Pharmaceutical Corp. (Raritan, NJ). The anti-CDl lb MAb,
M1/70 (25), was prepared as IgG fraction from culture supernatant
using the clone obtained from American Type Culture Collection,
Rockville, MD. The anti-CD1 lb MAb, 904 (IgGl) (26), was provided
by Dr. R. Todd, University of Michigan, Ann Arbor, MI. An anti-
CDl la MAb, R3.1 (IgG 1), was developed by immunizing BALB/c
mice with LFA- l bearing lymphoblasts and screening hybridomas for
inhibition of the JY and SKW3cell aggregation induced by PMA(200
ng/ml, 4 h, 370C) (15). R6.5.D6 (IgG2a) was developed by fusing
spleen cells from mice immunized with a battery of ICAM-I bearing
cell lines. Its profile of reactivity in lymphoblast aggregation assays and
the molecular weight of its immunoprecipitated antigen on JY cells are
identical to RRl/l anti-ICAM-1 (7, 15, 16). The anti-HLA framework
MAbwas W6/32 (IgG2a) (8, 27). Two antineutrophil MAbs, 5G4
(IgG1) and 4A5 (IgG 1), were prepared by immunizing BALB/c mice
with membrane preparations from PMNobtained from patients with
leukocyte adhesion deficiency. Each exhibited approximately the same
degree of binding to unstimulated PMNas the anti-CD1 lb MAbs, and
4A5 was used as a "binding control" in the adherence and migration
assays. These antibodies have been evaluated in our laboratory for
their ability to inhibit neutrophil adherence to endothelial cells, and
they were found to be without effect. All MAbsthat bind to PMNwere
titered using flow cytometry (FACScan; Becton Dickinson, Mountain
View, CA) to determine the concentration that saturated surface bind-
ing sites of stimulated cells (i.e., stimulation with 10 nM fMLP, 37°C,
15 min). In most functional studies, MAbswere initially used at twice
the saturating concentration.

Immunofluorescenceflow cytometry. Indirect immunofluorescent
staining of mouse-human hybrids expressing aL (CD1 la) or (3 (CD18)
subunits of human LFA- I were done by treating the cells with hybrid-
oma culture supernates specific for human aL or ,B, or control super-
nate X63 as previously described (28). Stained cells were analyzed on
an Epics V flow cytometer gated by forward angle scatter to exclude
dead cells. Data from the analysis of 104 cells are expressed as fluores-
cence intensity on a logarithmic scale.

Preparation of human umbilical vein endothelial cells. HUVEC
were harvested (29, 30) and characterized as to acLDL binding (31)
and Factor VIII expression (29) according to established techniques.
Cells from 5-10 umbilical cords were pooled and plated in RPMI 1640
containing 10% FCS, antibiotics, heparin (0.1 mg/ml), and endothelial
cell growth factor (0.05 mg/ml), and maintained for 3-4 d at 37°C, 5%
CO2humidified atmosphere. Visually confluent monolayers on gelatin
(0.1%) and fibronectin (5 4g/cm2)-coated 25-mm round glass cover-
slips were prepared from first passage cells harvested with 0.05% tryp-
sin and 0.02% EDTA in PBS. Monolayers in fibronectin (5 Mg/cm2)
coated 96-well microtiter plates were prepared from first and second
passage cells and grown to confluence (1-3 d). HUVECwere pre-
treated with various concentrations of LPS (Sigma, Escherichia coli
026:B6), or IL-l (Genzyme, cell derived) in most instances for 4 h, a
time previously shown to be optimal for the enhancement of neutro-
phil adherence (7).

Adherence assay. A visual adherence assay was utilized as pre-
viously described (6) with the exception that adherence to HUVEC
monolayers was assessed instead of adherence to protein-coated glass.
HUVECmonolayers on 25-mm round glass coverslips were washed by
dipping three times in two changes of PBS and immediately inserted
into the adherence chambers specifically made for use with an inverted
microscope and phase-contrast optics. The chambers consisted of two
metal plates designed to hold two 25-mm round cover glasses sepa-
rated by a Sykes-Moore chamber 0-ring (Bellco Glass, Inc., Vineland,
NJ). Within this closed compartment PMNcould be observed as they
contacted the HUVECmonolayer. PMNsuspended in PBS(106 cells/
ml) or pretreated with low concentrations of fMLP (2, 3, 6, 32-34)
were injected into the chamber and allowed to settle onto the mono-

layer for a period of 500 s. The number of PMNin contact with the
monolayer was determined by counting at least 10 microscopic fields
(5OX objective), and the chamber inverted for an additional 500 s. The
percentage of cells remaining in contact with the monolayer was de-
termined and is expressed in Results as percent adherence. In blocking
experiments, HUVECwere pretreated with MAbs for 20 min then
washed three times by dipping in two changes of PBSbefore evaluating
adherence. PMNwere pretreated for 5 min; then the cell suspension
was injected into the adherence chamber in most instances without
washing. It should be noted that the procedure used in this study does
not utilize shear stress (35, 36) as with techniques requiring a washing
step (4, 5, 9, 37-39). Adherence of PMNto protein-coated glass was
performed as previously described (6) with the exception that the glass
coverslip was incubated with a 5% solution of human serum albumin
(HSA) in PBS for 45 min at 370C, then rinsed in PBS before being
inserted into the adherence chamber. PMNwere exposed to fMLP (10
nM, 5 min) before injection into the adherence chamber.

The percentage of cells migrating through the endothelial mono-
layer was also determined using previously described criteria (7, 28, 40,
41). Under phase contrast optics, PMNadherent to endothelium are
round and appear refractile with a surrounding halo. In contrast, the
leukocytes become remarkably flattened after migrating to a position
between the monolayer and the substratum, they lose the refractile
appearance, and intracellular granules are readily seen. The focal plane
for these leukocytes is beneath the nuclei of the endothelial cells and
that for the PMNadherent to the upper surface of the monolayer is
unequivocally above.

Homotypic aggregation of PMNwas performed as previously de-
scribed (8) using phorbol myristate acetate (PMA; Sigma Chemical
Co.) at 100 nM as the aggregating stimulus. Inhibition induced by
monoclonal antibodies was calculated from determinations of area
under the curve.

Preparation of monolayers ofpurified ICAM-J. ICAM-l was puri-
fied from detergent lysates of SK-Hep-2 cells by immunoaffinity chro-
matography essentially as previously described (17) with the exception
that anti-ICAM-l MAbR6.5.D6 was used in place of MAbRRI/1. In
addition, the pH 11.0 buffer wash was omitted. Artificial lipid vesicles
containing ICAM-I or control protein glycophorin (Sigma Chemical
Co.) were prepared as previously described (17). Glass coverslips (pre-
viously washed in 7X detergent, rinsed in distilled water, treated with
0.5 N NaOHfor 4 h, and rinsed in distilled water) were prepared by
placing 20 M1 of vesicle suspension in the center of a 25-mm round
coverslip and incubating at 37°C for 45 min. In addition, ICAM- I was
also prepared by eluting from the R6.5.D6 column in the detergent
octylglucoside and diluted to 0.25%, a point below the critical micelle
concentration of the detergent. Coverslips were prepared with this
material by spotting a 20-Ml aliquot of the ICAM- I solution and then
incubating for 45 min at 37°C, followed by incubation of the coverslip
in 5% HSA for 45 min at 37°C. The coverslips spotted with lipid
vesicles containing ICAM-1 or directly coated with ICAM-1 were
washed in PBS, mounted in adherence chambers, and adherence of
PMNwas performed as described above. The presence of ICAM- I on
the coverslip was confirmed using immunofluorescence. Coverslips
were incubated for 30 min with R6.5.D6 (10 ,ug/ml), washed in PBS,
and then incubated with FITC-labeled goat anti-mouse IgG antiserum.
Coverslips were then washed in PBS, mounted in glycerol containing
phenylene diamine (1 mg/ml), and photographed under epi-illumina-
tion (Leitz Diaplan microscope; E. Leitz, Inc., Rockleigh, NJ).

Data presentation. Results are presented as means± 1 SD, and n
= the number of separate experiments. Statistical assessments were
made using analysis of variance and Dunnett's t test, or Student's t test.

Results

CDJla and ICAM-I in the attachment of neutrophils to
HUVEC.TS1/22 and R3. 1, two anti-CD I I a MAbs, were used
in these studies. R3. 1, a newly developed MAbwas shown to
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Figure 1. Specificity of monoclonal antibody R3. 1 as determined by
immunofluorescence flow cytometry. HumanJY cells, mouse

BW5147 cells, and mouse-human hybrids expressing either the
human LFA-lIa (M X BWV, a+) or , (M X BW, i#+) subunits were

stained with negative control MAbX63, positive control MAb
TS1/22 and TSI/18 (specific for aL and i, respectively), and MAb
R3.l.

recognize CD1 la by the fact that it bound to hybridomas (42)
expressing mouse/human hybrid LFA-l heterodimers only if
the expressed heterodimer was human CDl la/mouse CD18
(Fig. 1). R3.i failed to bind to mouse CDl la/human CD18
heterodimers. R3.1 did not bind to CD18-deficient PMN, did
not show increased binding to normal PMNafter chemotactic
stimulation, exhibited prominent binding to lymphocytes,
and failed to inhibit homotypic aggregation of PMNinduced
by PMA.

Both anti-CDl la MAbs significantly reduced the attach-
ment of PMNto HUVECstimulated with either 0.3 U/ml
IL-1, or 10 ng/ml LPS as shown by the following data. The
level of adherence of unstimulated PMNto unstimulated
HUVECwas 16.9±3.7% (n 23). Exposure of the HUVECto

IL-1 or LPS for 4 h increased adherence to 91.3±7.3% (n = 19)
and 75.4±5.2% (n = 21), respectively. R3.1 was maximally
active in reducing, adherence at 4 ug/ml when added to the
PMNsuspension 5 min before injection of the cells into the
adherence chamber. The magnitude of the effect was < 50%
inhibition in most experiments. Similar results were obtained
with 5 .g/ml TSl/22. One anti-ICAM-l MAb, R6.5.D6, was

used in these studies and found to produce the same degree of
inhibition as the, anti-CD Ia MAbs when preincubated at 4

,gg/ml with the HUVECmonolayer for 20 min at 370C. A
mixture of R6.5.D6 and R3.1 did not inhibit adherence any
more than either antibody when used alone. Furthermore the
level of adherence of PMNfrom two patients deficient in
CDI 1/CD 1 8 was not significantly different from PMNtreated
with R3. 1 or PMNon HUVECpretreated with R6.5.D6 (Fig.
2). Control MAb, 4A5 of the same isotype as R3.1 did not
significantly reduce adhesion (Fig. 2).

CDJ I b in the attachment of neutrophils to HUVEC. Stud-
ies from other laboratories have shown that anti-CD b
monoclonal antibodies reduce the attachment of PMNstimu-
lated with either chemotactic factors or secretagogues to un-

stimulated HUVEC(4, 9, 43). Weattempted to determine the
role played by CDl lb in the attachment of unstimulated PMN
to HUVECstimulated with either IL- 1 or LPS. The four
monoclonal antibodies reactive with CDl lb were used in the
adherence assay with HUVEC(Fig. 3) at twice the concentra-

4A5 CONTROL (3)

Figure 2. Adherence of human PMNto LPS stimulated HUVEC.
HUVECmonolayers on gelatin-coated glass coveislips were exposed
to LPS (10 ng/ml) for 4 h, washed by dipping in PBSand incubated
15 min at 370C with either PBS (Control), 10 tg/ml R6.5.D6 IgG or
10 Ag/ml W6/32 IgG. The monolayers were washed by dipping in
PBSand placed in adherence chambers. PMNfrom adult normal
donors were incubated for 15 min at room temperature in PBS, 5
Ag/ml R3.l IgG, 5 1Ag/ml TSl/22 IgG, or 10 ug/ml 4A5, and the cell
suspension containing antibody was injected in the adherence
chamber. PMNfrom two patients genetically deficient in CD18 were
incubated for 15 min at room temperature before being injected into
the adherence chamber. Adherence was determined using a visual
assay at room temperature. ( ), number of separate experiments. *P
< 0.01 compared to control without added MAb.

tions shown by flow cytometry to saturate the binding sites on
PMN. The anti-CD 1 lb MAbsproduced no significant inhibi-
tion of adherence. Thus, MAbs of the same isotype but dif-
ferent antigen specificities (e.g., R3. 1, IgGi, anti-CD 1 Ia; and
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R3. 1 + MI/70

R3. I + LM2/1

Figure 3. Adherence of human PMNto HUVECstimulated for 4 h

with IL-1. HUVECmonolayers on gelatin-coated glass coverslips
were exposed to IL-1 (0.3 U/ml) for 4 h, washed by dipping in PBS
and placed in adherence chambers. PMNfrom adult normal donors
were incubated for 15 min at room temperature in PBS or the
monoclonal antibodies indicated at a concentration of 5 ug/ml IgG
for each antibody. This concentration was chosen because it satu-
rates all binding sites as shown by flow cytometry. The cell suspen-

sion containing the antibody was then injected into the adherence
chamber, and adherence determined using a visual assay at room

temperature. *P < 0.01 compared to PBS control. Combinations of
R3. 1 with other antibodies did not reduce adherence below that with
R3.1. n = 5
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Figure 4. Effect of chemotactic stimulation on the adherence of
human PMNto HUVECstimulated for 18 h with IL-1. HUVEC
monolayers on gelatin-coated glass coverslips were exposed to IL-1
(0.3 U/ml) for 18 h, washed by dipping in PBSand placed in adher-
ence chambers. PMNfrom normal adult donors were incubated for
5 min at room temperature in PBS(open bars) with and without the
monoclonal antibodies indicated, or in PBSwith 10 nM fMLP
(hatched bars) with and without the monoclonal antibodies indi-
cated. A concentration of 5 jug/ml IgG was used for each antibody
since this concentration is in excess of that needed to saturate surface
binding sites as shown by flow cytometry. These cell suspensions
were then injected into the adherence chamber, and adherence deter-
mined using a visual assay at room temperature. ( ), number of sep-

arate experments. *P < 0.01 compared to PBSalone; **P < 0.01
compared to fMLP stimulation alone; ***P < 0.01 compared to
fMLP with R3. 1 alone.

LM2/ 1, IgG 1, anti-CD Ib) produced opposite effects on

the adherence of unstimulated human PMNto cytokine-
stimulated HUVECmonolayers (R3.1 inhibited and LM2/1
did not).

Each of the anti-CD lb MAbswas evaluated for the ability
to inhibit homotypic aggregation induced by stimulation of
PMNwith PMA. OKMIO, 904, LM2/1 and M1/70 were

maximally active (producing > 75% inhibition) at concentra-
tions of 5 /Ag/mI IgG. In contrast, R3. 1 and TS1/22 were inac-
tive as inhibitors of homotypic aggregation (data not shown).
In addition, each of the anti-Mac-I MAbsat 5 jg/ml inhibited

the fMLP-enhanced adherence to HSA-coated glass by greater
than 83% (n = 4, P< 0.001) while R3. 1 and TS1/22 at 5 ttg/ml
produced no significant effect (n = 6).

To evaluate the possible interaction of the CD18 hetero-
dimers with ICAM-I on the end6thelial cells, the endothelial
monolayers were stimulated for 18 h with IL-I (0.3 U/ml). At
this time ICAM-1 expression remains high (12) and the
ICAM-i-independent adhesion mechanisms perhaps me-

diated by molecules such as ELAM-I have returned to levels in
unstimulated cells (12, 44). As shown in Fig. 4, adherence of
unstimulated PMNto these monolayers is significantly inhib-
ited by R3. 1, but not by LM2/1. R3. 1 reduced adherence to
9.2±3.2%, a value comparable to 8.3±2.5% (n = 4) with
TSI/18 pretreatment of the PMNand 10.1±2.8% (n = 4) after

pretreatment of the monolayer with R6.5.D6. Chemotactic
stimulation of the PMN(fMLP, 10 nM) immediately before
assaying adherence caused a significant increase in adherence.
In contrast to the results with unstimulated PMN, this chemo-
tactically augmented adherence was inhibited by monoclonal
antibodies reactive with Mac-I (LM2/1 and OKM10) as well

as R3. 1. Furthermore, when R3.1 was combined with anti-
Mac- I antibodies in the same experiment, the inhibition was
significantly greater than with either antibody alone. In paired
experiments, R6.5.D6 (5 gg/ml) incubated with the endothe-
lium resulted in a level of adherence of IMLP-stimulated PMN
to 18-h IL-I-stimulated HUVEC(25.2±2.5, n = 4) not statis-
tically different from the level of adherence when the stimu-
lated PMNwere incubated with a combination of LM2/1 and
R3.1 each at 5 ,ug/ml (22.5±3.5, n = 4).

CD] la and CD] lb in the attachment of neutrophils to puri-
fied ICAM-1. The purity of the ICAM--l preparation is shown
in Fig. 5, and the presence of ICAM-I on the coverglass surface
after incubation with the ICAM- 1-containing lipid vesicle
preparation was demonstrated by the binding of MAb
R6.5.D6 (Fig. 6). As can be seen, the limit of the spot of
ICAM-I was sharply demarcated. R6.5.D6 failed to bind to
the coverglass surface following incubation with glycophorin
containing vesicle preparations. PMNadhered very poorly to
glycophorin vesicles or glycophorin adsorbed to the glass sur-
face, and the few attached cells appeared spherical. In contrast,
greater than 65% of the PMNadhered to membranes contain-
ing ICAM-1 (Fig. 6) or to ICAM-l adsorbed to a glass surface,
and these cells were ruffled and occasionally bipolar in appear-
ance (Fig. 7). This was in distinction to the markedly flattened
appearance of PMNon untreated glass (Fig. 7). !

The anti-CDl la, anti-CDl lb, and anti-ICAM-l monoclo-
nal antibodies were evaluated for the ability to inhibit attach-
ment of PMNto ICAM-I (Fig. 6 and 8). None of the anti-
CDl lb antibodies were inhibitory in this setting. Anti-CDl la
antibodies produced significant inhibition at concentrations
sufficient to saturate binding sites on the PMN(4 gg/ml for
R3.1; and 5 jig/ml for TS1/22). R6.5.D6 (10 ;g/ml IgG
F(ab')2) inhibited adherence to the same degree as R3. 1, and
the combination of the two in the same experiment produced
no further inhibition. W6/32 (20 ,g/ml IgG F(ab')2), a non-
binding control, was without effect. Neither R6.5.P6 (Fig. 4)
nor W6/32 inhibited the adherence of PMNto untreated glass.

Chemotactic stimulation of PMNresulted in enhanced ad-
herence to endothelial monolayers stimulated for 18 h with
IL-1. To evaluate the possibility that this was augmented ad-
herence to ICAM-1, the effects of fMLP stimulation on adher-
ence of PMNto purified ICAM-I or glycophorin was assessed.
Chemotactic stimulation (fMLP, 10 nM) did not increase ad-
herence to glycophorin (unstimulated, 7±4 PMN/5 fields;
MLP, 8+5 PMN/ 5 fields, n = 6) As seen in Fig. 9, chemotac-

Mr X 1O03
-205

116
97. 4

- 66

- 45

29

Figure 5. SDS-PAGEof puri-
fied ICAM-1 . Approximately
250 ng of ICAM-1 purified
from SK-Hep-2 cells by im-
munoaffinity chromatography
was electrophoresed under
nonreducing conditions'on a
SDS-9%polyacrylamide gel.
Protein was then visualized by
silver staining.
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Figure 6. Adherence of human PMNto purified ICAM-l . (A) Im-
muno-fluorescent demonstration of binding of R6.5.D6 to ICAM- l.
A 20-iMl spot of ICAM- l containing lipid vesicle preparation was in-
cubated on a 25 mmdiam glass coverslip for 45 min at 370C,
washed in PBS, and exposed to R6.5.D6 (10 g/ml IgG) for 30 min.
After washing, the coverglass was incubated with 1: 100 dilution of
FITC-labeled goat antimouse antiserum for 30 min, washed, and
photographed. The limit of the spot produced by the ICAM- l-con-
taining vesicle preparation is clearly shown. (B) Phase-contrast mi-
croscopic image of adherent PMNat the edge of an ICAM- l -con-
taining vesicle spot. The coverglass with the ICAM- l was inserted
into an adherence chamber. PMNsuspended in PBSwere injected,
and allowed to contact the surface for 500 s before the chamber was
inverted. After an additional 500 s the attached cells were photo-
graphed. In the lower half of the photograph, the PMNare on un-
treated glass, and in the upper half they are on the membrane. (C)
Phase-contrast microscopic image of adherent PMNat the edge of
the ICAM-l spot incubated with R6.5.D6 (10 tg/ml F(ab')21. In the
lower half of the photograph, the PMNare on untreated glass, and in
the upper half, on the membrane.
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Figure 8. Effects of monoclonal antibodies on the adherence of
human PMNto purified ICAM- 1. Coverglasses spotted with vesicles
containing either glycophorin (open bar) or ICAM-1 (hatched bars)
were inserted into adherence chambers. The fluid in the adherence
chamber was exchanged with PBSor PBS containing W6/32 (20
gg/ml F(ab`)%) or R6.5.D6 (10 Wg/ml F(ab')2). The chamber fluid was
exchanged after 15 min incubation at room temperature with a
PMNsuspension in PBSalone or PBScontaining the indicated
monoclonal antibody (5 ;&g/ml IgG). Adherence was determined
using a visual assay at room temperature. ( ), number of separate
experiments, **P < 0.001 compared to adherence to ICAM-l with-
out added MAb.

tic stimulation resulted in significant enhancement of attach-
ment to ICAM-1. In contrast to the adherence of unstimulated
PMNto purified ICAM-1, monoclonal antibodies reactive
with CDl lb (LM2/1 and OKM10) produced significant inhi-
bition, bringing the level of attachment down to prestimula-
tion levels. R3. 1 also reduced attachment, and the combina-
tion of R3.1 with either LM2/1 or OKM10produced what
appeared to be additive effects. This combination produced
the same degree of inhibition as did monoclonal antibodies
reactive with CD18 (TSl/18) and ICAM-I (R6.5.D6) individ-
ually. Note that an isotype-matched binding control, 4A5, did
not inhibit adherence either alone or in combination with ei-
ther LM2/1 or R3.1 (Fig. 9).

Effects of JMLP stimulation on CD18-independent adhe-
sion to endothelium. To determine if chemotactic stimulation
activates adherence mechanisms other than those associated
with the CD11/CD 18 family of glycoproteins, we evaluated
the effects of fMLP stimulation on the adherence of CDI8-de-
ficient PMN. Exposure of CD18-deficient PMNto fMLP (10
nM) for 5 min did not increase adherence to unstimulated
endothelial monolayers (adherence without fMLP, 5.4±1.2%;
with tMLP, 3.4±0.7%, n = 4). Adherence was not increased to
18 h IL- I stimulated endothelial monolayers (without MULP,
10.4%; with fMLP, 8.9%, n = 2), or to purified ICAM-1 ad-
sorbed to glass (without fMLP, 2.8±2.0%; with fMLP,
2.5±2.4%, n = 4). Stimulation of HUVECmonolayers with
IL-l for 4 h significantly increases attachment of CD18-defi-
cient PMN(7). As with the other experiments, chemotactic
stimulation failed to augment the neutrophil's attachment to
HUVECstimulated for 4 h with IL-1.
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Figure 7. Adherence of human PMNto untreated glass (A) and to
purified ICAM- I (B).
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Figure 9. Effects of chemotactic stimulation on the adherence of
PMNto purified ICAM- l. Coverglasses spotted with vesicles con-
taining ICAM- I were inserted into adherence chambers. The fluid in
the adherence chamber was exchanged with PBS, or (a) PBS contain-
ing R6.5.D6 (10 g/ml F(ab')2). After 15 min incubation at room
temperature the chamber fluid was exchanged with PMNsuspended
in PBSalone (open bars) or PBS containing 10 nM fMLP (hatched
bars) with or without monoclonal antibodies (5 ug/ml IgG) as indi-
cated. Adherence was determined using a visual assay at room tem-
perature. ( ), number of separate experiments; *P < 0.01 when
compared to PBS alone; **P < 0.01 when compared to fMLP with-
out monoclonal antibodies; ***P < 0.0 1 when compared to values
when PMNwere exposed to both fMLP and R3. 1.

CDJla and CDllb in the transendothelial migration of
human neutrophils. Migration of unstimulated PMNthrough
monolayers of unstimulated HUVECon gelatin-coated glass is
rarely seen during the 1,000-s observation period used in these
studies (7). However, when the HUVECmonolayer has been
exposed to IL-l (0.3 U/ml) for 3-4 h before the application of
unstimulated PMN, > 70% of the PMNbecome activated
upon contact with the monolayer as evidenced by their ruffled
and bipolar morphology (7). These cells migrate through the
endothelium to a position between the monolayer and the
substratum, and appear flattened under phase-contrast mi-
croscopy, though they still retain the motile, bipolar configura-
tion. Wehave previously shown that anti-CD 18 and anti-
ICAM- 1 monoclonal antibodies markedly inhibit this migra-
tion, and that CD18-deficient PMNfail to migrate (7). To
extend this work, we utilized the anti-CD 1 la and anti-CD 1 lb
monoclonal antibodies (Fig. 10). The three anti-CD 1 lb MAbs
and the binding control MAb, 4A5, failed to significantly in-
hibit migration. In contrast, both anti-CD 1 la MAbsmarkedly
inhibited migration. Of particular interest was the finding that
when used in combination with R3. 1, anti-CD 1 lb MAbs904,
OKM10, and LM2/1 profoundly reduced migration to levels
significantly less than with R3. 1 alone. The binding control
MAbwas not inhibitory alone and did not augment the in-
hibitory effects of R3.1. In separate experiments, none
of the MAbs induced shape change or inhibited the shape
change induced by concentrations of fMLP ranging from 0.1
to 10.0 nM.

Discussion

The results in this report demonstrate that unstimulated PMN
specifically adhere to purified ICAM- 1 either in an artificial
membrane or adsorbed to a glass surface, and that this adher-

Pretreatment of X Migrating Neutrophils
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R3.1 + 4A5
R3. 1 + 904 (* 7)
R3.i + OKMO1* (4)
R3. 1 + QM2/ }1 * (7)

TSI/18 (* 6)

Figure 10. Transendothelial migration of human PMNand effects of
monoclonal antibodies. HUVECmonolayers on gelatin-coated glass
were incubated with IL-I (0.5 U/ml) for 4 h, washed by dipping in
PBSand inserted into adherence chambers. PMNwere incubated for
15 min at room temperature in either PBS or PBS containing the in-
dicated monoclonal antibody (5 gg/ml IgG). This cell suspension was
injected into the adherence chamber, and transendothelial migration
was determined after incubation at 37°C for 1,000 s using a visual
assay. ( ), number of separate experiments; *P < 0.01 when com-
pared with the PBS control; **P < 0.01 when compared with the
level of adherence in the presence of R3. 1.

ence requires LFA- 1 on the surface of the neutrophil. The data
supporting this conclusion come from experiments showing
that anti-CD 1lla monoclonal antibodies (R3.1 and TS1/22)
completely inhibit adherence to ICAM- 1 while anti-CD 1 lb
monoclonal antibodies (OKM10, 904, LM2/1, and M1/70)
fail to show significant inhibition, that CDl 8-deficient PMN
do not adhere to purified ICAM- 1, and an anti-ICAM- 1
monoclonal antibody (R6.5.D6) completely inhibits adher-
ence to purified ICAM- 1. Our studies clearly demonstrate that
attachment of unstimulated PMNto endothelial cells also in-
volves ICAM- l-LFA- 1 interactions. Supporting evidence is
found in the effects of monoclonal antibodies on adhesion to
HUVECmonolayers in vitro: (a) Unstimulated PMNadhere
to HUVECmonolayers stimulated for 18 h with IL- 1 in signif-
icantly greater numbers than to unstimulated monolayers.
ICAM- 1 is implicated in this attachment since under these
experimental conditions, the ICAM- 1-independent endothe-
lial adhesive factors such as ELAM-1 have been reported to
have returned to the level of unstimulated cells (12, 44) while
ICAM- 1 expression remains high (7, 12), and the anti-ICAM-l
MAb, R6.5.D6, produces > 85% inhibition of adherence.
LFA-1 is implicated since CD18-deficient PMNadhere very
poorly to these monolayers, and the anti-CD 1 la MAb, R3. 1,
produces 83.4% inhibition of adherence while an anti-CD 1 lb
MAb (LM2/1) is without effect. (b) Unstimulated PMNad-
here to HUVECmonolayers stimulated for 3-4 h with IL- 1 or
LPS in significantly greater numbers than to unstimulated
monolayers. ICAM- 1 is implicated in this adherence since
ICAM-l expression is high at this time (7, 12), and the anti-
ICAM- 1 MAb produces significant inhibition of adherence
(7). LFA- 1 is implicated since the adherence of CD18-deficient
PMNis significantly less than that of normal PMN, the anti-
CDl la MAbs, R3.1 and TS1/22, produce the same degree of
inhibition as R6.5.D6, and anti-CD 1 lb MAbsare without sig-
nificant effect. (c) Unstimulated PMNadhere poorly to un-
stimulated HUVECmonolayers in vitro. MAbs reactive with
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CDl8 (TSl/ 18) or ICAM-I (R6.5.D6) significantly reduce this
low level of adherence (7). In contrast to ELAM- 1, there is a
low level of constitutive expression of ICAM- 1 on endothelial
cells in vitro ( 12, 44).

Assuming that the inhibitory effect of the specific MAbs
discussed above is the result of steric hindrance of receptor-li-
gand interactions, the overall weight of this evidence indicates
that the unstimulated neutrophil uses a molecular mechanism
for adhesion in common with lymphocytes, the receptor-li-
gand interaction of LFA-l and ICAM-1 (17, 18, 45-47). The
possibility that anti-LFA- I antibodies are signaling in the neu-
trophil downregulation of as yet unidentified adhesive mecha-
nisms seems unlikely in light of the results with CDl 8-defi-
cient cells. The possibility that the anti-ICAM- 1 MAbis sig-
naling a reduction in other adherence mechanisms is
discounted by the results using highly purified ICAM- 1 in ar-
tificial membranes (17).

The results in this report further demonstrate that chemo-
tactically stimulated PMNadhere to purified ICAM- 1 in sig-
nificantly greater numbers than unstimulated PMN. The
mechanism of this increase remains unclear but one possibility
is suggested by the results of experiments with normal cells
pretreated with MAbs and experiments with CDl 8-deficient
cells: chemotactic stimulation may enable Mac- 1 to interact
with ICAM-1. The failure of MAbR3. 1 to completely inhibit
the adhesion of fMLP stimulated PMNsuggests the involve-
ment of molecules other than LFA- 1. Mac- 1 is implicated by
the demonstration that anti-CD 1 Ib MAbs, OKM10 and
LM2/1, reduced the level of adhesion of stimulated PMNto
that of unstimulated PMN. The cooperative involvement of
both heterodimers in neutrophil-ICAM- 1 adhesion is shown
by the additive inhibition of combinations of anti-CD 1 la and
CDl lb MAbs, essentially reducing adherence to the level in-
duced by the anti-CD 18 or anti-ICAM- I MAbs (i.e., the level
of adherence to the control protein, glycophorin). The involve-
ment of ICAM- 1 in this process is further supported by the
finding that fMLP did not increase adherence of PMNto gly-
cophorin. This latter observation discounts the possibility that
stimulated PMNrelease factors that enhance the adhesivity of
the artificial membrane in some manner independent of
ICAM- 1. The recruitment of Mac- 1 in adhesion of PMNto
ICAM- 1 is indicated by the failure of the anti-CD 1 lb MAb
LM2/1 to inhibit adhesion of unstimulated PMN. Whether
this apparent recruitment is the result of newly upregulated
molecules (8, 48-50), or altered function or distribution of
existing molecules (51-54) remains to be evaluated.

Chemotactic stimulation also leads to increased adhesion
of PMNto unstimulated HUVECmonolayers (7), or mono-
layers stimulated in vitro for 18 h with IL- 1, a condition that
results in high expression of ICAM- 1 and very low expression
of ELAM-1 (12, 44). As in the experiments with purified
ICAM-1, Mac-l appears to play an important role in both
experimental settings with HUVECmonolayers. In earlier
studies an anti-CD 1 lb MAb, 60.1 (4, 9), and an anti-ICAM-l
MAb, R56.5.D6 (7) markedly inhibited adherence of stimu-
lated PMNto unstimulated HUVEC. In the current study we
show that on 18-h IL- 1 stimulated HUVEC, anti-CD 1 lb
MAbsare inhibitory, and in combination with an anti-CD 1 la
MAb(R3. 1), reduce adherence to the same low level induced
by the anti-ICAM-l MAb, R6.5.D6 (7). Thus, the current evi-
dence indicates that Mac- 1 (CD1 lb/CD 18) is recruited by
chemotactic stimulation to interact with ICAM- 1 on the sur-

face of the endothelial cell since CDl lb-dependent adhesion
to HUVECis blocked by the anti-ICAM- 1 MAb. That Mac- 1
may recognize ligands other than iC3b is supported by recent
investigations from several laboratories (8, 54-58).

Within the first few minutes of contacting IL- 1 stimulated
endothelial monolayers, previously unstimulated normal
PMNruffle, assume a bipolar configuration, and migrate
through the monolayer (7, 59). CD18-deficient PMNruffle
and become bipolar in shape, but fail to migrate through the
monolayer (7). While CD1 8 and ICAM- 1 are necessary for this
migration (7), the specific heterodimers of the CDl 1/CD 1 8
family have not been previously defined. The results in this
report indicate that both Mac-l and LFA- 1 are involved, since
MAbs reactive with LFA- 1 produce partial inhibition, and
combinations of anti-CD 1 la and anti-CD 1 lb MAbs are as
inhibitory as the anti-CD 1 8 MAb, TS1/18.

The failure of anti-CD 1 lb MAbs to inhibit transendothe-
Hal migration when used alone is intriguing. The ruffling and
shape change of the PMNupon encountering the stimulated
endothelium are consistent with cells exposed to a chemotactic
factor (6, 60), an interpretation supported by the finding of
chemotactic activity in conditioned media from cultures of
endothelial cells (61-63). That chemotactic stimulation re-
cruits the involvement of Mac-l in adherence to endothelial
cells may account for the observation that anti-CD 1 lb MAbs
potentiate the inhibition of transendothelial migration caused
by anti-CD 11 a MAbs. If the interaction of LFA- 1 with
ICAM- 1 is sufficient for transendothelial migration to occur,
then blocking Mac- 1 would have little effect. However, when
LFA- 1 is blocked by anti-CD 1 la MAbs, adhesion and migra-
tion may be promoted by Mac- 1 as a result of local chemotac-
tic stimulation, thus accounting for the additive effects of the
anti-CD 1 lb MAbs. The following considerations may be im-
portant as well: Mac- 1 appears to be necessary for migration of
PMNover a surface (8), though its role can be minor when
PMNare migrating through a three-dimensional matrix (64).
If adhesion-independent mechanisms are predominantly used
by PMNfor transendothelial migration following attachment
to cytokine-stimulated, confluent monolayers of HUVEC, the
ability of anti-CD 1 1/CD 1 8 and anti-ICAM- 1 MAbsto inhibit
migration would be limited to their ability to block the attach-
ment of PMNto the monolayer. It is important to note that
these MAbs, as shown in this and previous reports (8), do not
inhibit at the level of chemotactic activation of bipolar shape
change, a necessary step in the locomotion of PMN(60); and
that the anti-CD 1 Ia MAbs neither inhibit nor promote
Mac- 1-dependent functions such as adhesion to protein-
coated glass and homotypic aggregation (8).

The factors that account for attachment and emigration of
PMNthrough endothelium appear to be complex. It is now
clear that cytokine-stimulated endothelial cells play an active
role through increased expression of ELAM-1, ICAM-1 and
probably additional adhesive factors. They also appear to pro-
duce a chemotactic stimulus that could modulate the adhesive
molecules on the neutrophil by recruiting the involvement of
Mac- I in the cell's attachment to ICAM- 1.
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