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Abstract

Monoclonal antibodies recognizing CD18, CD1la, CD1lb, and
neutrophil lectin adhesion molecule 1 (LECAM-1), i.e., the hu-
man homologue of the murine MEL-14 antigen, were used to
assess the relative contribution of these glycoproteins to neutro-
phil-endothelial adhesion. Under static conditions, the adhe-
sion of neutrophils to IL-l-stimulated human umbilical vein
endothelial cell (HUVEC) monolayers was inhibited by anti-
bodies to CD18, CD1la, and the neutrophil LECAM-1, and the
effect of combining anti-LECAM-1 and anti-CD1 la was al-
most additive. Under flow at a wall shear stress of 1.85 dyn/
cm2, a condition where CD18-dependent adhesion is minimal,
anti-LECAM-1 inhibited adhesion by > 50%. Chemotactic
stimulation of neutrophils induced a rapid loss of LECAM-1
from the neutrophil surface, and the level of neutrophil surface
LECAM-1 was closely correlated with adhesion under flow.
Neutrophils contacting the activated endothelial cells for 30
min lost much of their surface LECAM-1, a phenomenon in-
duced by a soluble factor or factors released into the medium by
the stimulated monolayers, and a high percentage migrated
through the HUVECmonolayer. This migration was almost
completely inhibited by anti-CD18, but was unaffected by anti-
bodies to neutrophil LECAM-1. These results support the con-
cept that LECAM-1 is a neutrophil adhesion molecule that
participates in the adherence of unstimulated neutrophils to
cytokine-stimulated endothelial cells under conditions of flow,
and is then lost from the neutrophil surface coincident with the
engagement of CD18-dependent mechanisms leading to tran-
sendothelial migration. (J. Clin. Invest. 1991. 87:609-618.)
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1 * monoclonal antibodies

Introduction

The adherence of human neutrophils to human endothelial
cells under static conditions in vitro is increased by chemotac-
tic stimulation of the neutrophils (1-10), or by stimulation of
the endothelial cells with endotoxin or cytokines, e.g., IL- I 3 (4,
6-9, 11-15). Studies using monoclonal antibodies indicate that
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the adherence of stimulated neutrophils is dependent on both
CD1la/CD18 (LFA-1) and CDl lb/CD18 (Mac-i) (4, 5, 7, 9,
10), but the adherence of unstimulated neutrophils to stimu-
lated endothelial cells appears to be more complex. It depends
on endothelial intercellular adhesion molecule 1 (ICAM- 1)'
interacting with CD1 la/CD 18 (LFA- 1) on the neutrophil (6),
and endothelial-leukocyte adhesion molecule 1 (ELAM- 1) (16,
17) interacting with an unknown, CD18-independent structure
on the neutrophil (18). Recently, evidence was obtained that
the human homologue of the murine MEL- 14 antigen (19, 20)
on the neutrophil, identified by MAbs DREG-56 (21), Leu8,
and TQ1 (22, 23) or anti-LAM-i (23), is also involved and
interacts with an unknown structure on the endothelial cell
(23a). The roles these various molecules play in the neutrophil
functions enhanced by or requiring adhesion are poorly de-
fined. While evidence exists that Mac- 1 is involved in adher-
ence-dependent H202 production (24,25), and LFA- 1, Mac- 1,
and ICAM- 1 are necessary for optimum transendothelial mi-
gration (7, 9), the functional contributions (other than adhe-
sion) of ELAM- I and the MEL- 14 antigen, both members of
the lectin-cellular adhesion molecule (LEC-CAM) family of
adhesion molecules (26), are unknown.

Monoclonal antibody MEL-14 and MAbs to LFA-I and
Mac- I markedly reduce mouse neutrophil extravasation to in-
flamed tissues in vivo (27, 28). Wehave observed that chemo-
tactic stimulation causes a rapid shedding of the LEC-CAM
from the surface of murine neutrophils (29) and human neutro-
phils (30). This rapid down-regulation occurs coordinately
with rapid upregulation of Mac-I expression and function,
which effectively turns off one adhesion mechanism while
turning on another mechanism. The loss of neutrophil LEC-
CAMand the increase in Mac-I is observed not only in vitro,
but also in vivo in neutrophils in the process of extravasating in
inflammatory sites (28, 29). These results suggest that Mac-I
and LEC-CAMon the neutrophil surface mediate fundamen-
tally distinct adhesion events. Wehave proposed that neutro-
phil lectin adhesion molecule 1 (LECAM- 1) is critical for the
initial binding event between unstimulated neutrophils in cir-
culation and the inflamed endothelium, whereas LFA-I and
Mac- I may be more important for adhesion strengthening and
transendothelial migration. In this article we directly test this
hypothesis in an in vitro model examining adhesion under
shear stress, transendothelial migration, and neutrophil activa-
tion. Since a MAb (DREG-56) to human LECAM-1 that

1. Abbreviations used in this paper: ELAM-1, endothelial-leukocyte
adhesion 1; HUVEC, human umbilical vein endothelial cells; GM-
CSF, granulocyte/monocyte colony-stimulating factor; ICAM- 1, inter-
cellular adhesion molecule 1; LECAM-1, lectin adhesion molecule 1;
LEC-CAM, lectin-cellular adhesion molecules; PAF, platelet-activat-
ing factor; PE, phycoerythrin.
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blocks the lectin activity of this molecule on human neutro-
phils and lymphocytes (30) has recently been developed (21),
these studies were performed using human cells.

Methods

Isolation ofpolymorphonuclear leukocytes. Neutrophils were obtained
from healthy adult individuals and three patients with the severe pheno-
type of CD18 deficiency (31) were purified from citrate anticoagulated,
dextran-sedimented venous blood samples over Ficoll-Hypaque gra-
dients and were suspended in Dulbecco's phosphate-buffered saline
(PBS; Gibco Laboratories, Grand Island, NY), pH 7.4, containing 0.2%
dextrose as described (7). Neutrophils were maintained at 40C in PBS
for up to 4 h at a concentration of 107/ml.

Monoclonal antibodies. MAbsused in these studies included prepa-
rations of IgG, and F(ab')2 fragments. The anti-CD 18 MAb, R15.7
(IgGl) (32) and anti-CDI la MAb, R3.1 (IgGi) (7) were prepared as
previously described. Anti-CD1 8 MAbTSl/1 8 (33) was generously
provided by T. Springer, Center for Blood Research, Boston, MA. The
anti-CD 1 lb MAbs, 904 (IgGi) (34) and Leul5 (anti-CD 1 Ib, tagged
with phycoerythrin [PE]) were obtained from Coulter Electronics, Inc.,
Hialeah, FL, and Becton, Dickinson & Co., Mountain View, CA, re-
spectively. One anti-neutrophil MAb4A5 (IgG 1) was prepared as
previously described (7), and used as a control in the adherence and
migration assays. It has been evaluated in our laboratory for the ability
to inhibit neutrophil adherence to endothelial cells, and found to be
without effect. A MAbto the human homologue of the MEL-14 anti-
gen, DREG-56 (IgG 1) was prepared as previously described (21), and
another MAbwith this specificity, Leu8 tagged with FITC, was pur-
chased from Becton, Dickinson & Co. All MAbs that bind to neutro-
phils were titered using flow cytometry (FACScan, Becton, Dickinson
& Co.) to determine the concentration that saturated surface binding
sites of unstimulated and stimulated cells (i.e., stimulation with 10 nM
FMLP, 370C, 15 min). In most functional studies, MAbswere initially
used at twice the saturating concentration.

Immunofluorescenceflow cytometry. The quantitation of MAb
binding to neutrophils involved the use of fluorescein isothiocyanate
(FITC)- or PE-tagged antibodies. In some instances, the fluorochrome
was directly attached to the primary antibody, in others it was attached
to a F(ab')2 goat anti-mouse second antibody for indirect detection of
the primary antibody binding. Analysis was performed on a FACScan,
and results were expressed as mean relative linear fluorescence.

Studies designed to assess the kinetics of change in the surface anti-
gen recognized by a specific antibody after chemotactic stimulation of
the neutrophils were performed in two ways. In one protocol, neutro-
phils were suspended in 0.1 ml PBSand exposed at 37°C to the stimu-
lus (e.g., 10 nMFMLP). At the specified time, the cell suspension was
diluted IOX in ice-cold PBSand maintained at ice bath temperatures
during the subsequent preparation of the cells for flow cytometry, i.e.,
tagging with the appropriate primary and secondary antibodies, and
fixation in 5%paraformaldehyde as previously described (7). In some
cases, a second protocol was used to assess the changes occurring within
the first few minutes after stimulation: neutrophils were suspended for
10 min at 37°C in PBS containing the primary antibody (directly la-
beled with the fluorochrome) at saturating concentrations. This prepa-
ration was then directly sampled in the flow cytometer to determine the
baseline level of fluorescence of these viable cells. The chemotactic
stimulus was then added and the suspension was sampled to determine
the changes in fluorescence by drawing 3,000 viable cells into the flow
cytometer at one minute intervals. Temperature was maintained at
37°C using a air curtain incubator, and cells were suspended by gentle
vortexing.

The following procedure was used to estimate the number of bind-
ing sites for antibody FITC-Leu-8 on the neutrophil surface. Simply
Cellular microbeads (Flow Cytometry Standards Corp., Research Tri-
angle Park, NC) were stained identically to and in parallel with neutro-
phils. These 8-Mm diam beads have covalently bound goat anti-mouse

antibodies on their surface with a known number of binding sites per
bead. Analysis was performed using a FACScan flow cytometer cali-
brated with quantitative FITC microbead standards (Flow Cytometry
Standards Corp.) to determine the fluorescence/protein ratio. Using
this ratio and the quantitative FITC standards, the number of binding
sites for these antibodies on neutrophils could be estimated.

The chemotactic stimuli were FMLP(Sigma Chemical Co., St.
Louis, MO), recombinant endothelial IL-8 (Bachem, Inc., Torrance,
CA), and platelet-activating factor (PAF; Sigma Chemical Co.).

Preparation of human umbilical vein endothelial cells (HUVEC).
The cells were harvested and characterized as to acetylated low-density
lipoprotein (acLDL) binding and factor VIII expression according to
established techniques as previously described (7). Cells from 5-10 um-
bilical cords were pooled and plated in RPMI 1640 containing 10%
fetal calf serum (FCS) and 10% bovine serum, antibiotics, heparin (0.1
mg/ml), and endothelial cell growth factor (0.05 mg/ml), and main-
tained for 3-4 d at 370C, 5% CO2 humidified atmosphere. Visually
confluent monolayers on gelatin (0.1%) coated 25-mm round or 24
50-mm rectangular glass coverslips were prepared from first passage
cells harvested with 0.05% trypsin and 0.02% EDTAin PBS. HUVEC
were pretreated with various concentrations of interleukin 1 (IL-1;
Genzyme, Boston, MA), in most instances for 3-4 h, a time previously
shown to be optimal for the enhancement of neutrophil adherence (6).

HUVEC-conditioned supernatants were prepared from HUVEC
monolayers that were either unstimulated or stimulated with IL- I for
up to 5 h. The monolayers were rinsed by dipping five times in two
changes of PBSand then overlaid with 0.3 ml of PBS for 1 h at 370C.
The supernatant was collected, centrifuged at 10,000 g for 5 min to
remove any detached cells and debris, and used immediately as a po-
tential stimulus for isolated, previously unstimulated neutrophils.

Adherence assay under static conditions. A visual adherence assay
was utilized as previously described (6). It should be noted that the
procedure used in this study does not utilize shear stress as with tech-
niques requiring a washing step (4, 5, 10, 35-37). 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 de-
signed to hold two 25-mm round cover glasses separated by a Sykes-
Moore chamber O-ring (Bellco Glass Inc., Vineland, NJ). Within this
closed compartment neutrophils could be observed as they contacted
the HUVECmonolayer. Neutrophils suspended in PBS (106 cells/ml)
were injected into the chamber and allowed to settle onto the mono-
layer for a period of 500 s. The number of neutrophils in contact with
the monolayer was determined by counting at least 10 microscopic
fields (SOX objective), and the chamber inverted for an additional 500
s. The percentage of cells remaining in contact with the monolayer was
determined and is expressed in the Results as percent adherence. The
percentage of cells migrating through the endothelial monolayer was
also determined using previously described criteria (6, 7). In blocking
experiments, neutrophils were pretreated for 5 min; then the cell sus-
pension was injected into the adherence chamber without washing.
This adhesion assay was carried out at room temperature, and the
migration assay was carried out at 37°C to increase the percentage of
migrating cells. Chemotactic stimulation of neutrophils prior to assess-
ing adhesiveness was performed in the following manner: Neutrophils
suspended in PBS (I07 cells/ml) were exposed to 10 nMFMLPfor 30
min at 37°C, then diluted to 106/ml in PBS immediately before being
injected into the adhesion chamber.

Adherence assay under conditions offlow. A modification of a
previously published procedure (8, 15) was used. Passage one HUVEC
were grown to confluence on fibronectin-coated coverslips (Bellco
Glass, Inc.), stimulated with IL- 1 (5 U/ml) for 3-4 h, rinsed in serum-
free medium (RPMI 1640) and mounted in parallel plate flow
chambers. Neutrophils were suspended in culture medium
(RPMI 1640) without serum, and treated as described in the text for
each specific experiment. The neutrophil suspensions were passed
through the chamber at a wall shear stress of 0.36 or 1.85 dyn/cm2, and
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the interaction of neutrophils with the endothelial monolayer was ob-
served under phase-contrast microscopy (Diaphot-TMD, Nikon, Inc.,
Garden City, NY) for 10 min and recorded on video tape. Digitized
frames (Perspective System, Inc., Houston, TX) from videotaped ex-
periments were used to determine the number of neutrophils that re-
mained in contact with the monolayer. Transendothelial migration
was evaluated as previously described (8) using essentially the same
criteria as in the static assay. All experiments using the flow chamber
were carried out at 370C.

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

Results

Chemotactic stimulation inversely regulates thefunctionalactiv-
ity of CDJJ/CD18 and neutrophil LECAM-J. As shown
previously (30), antibodies recognizing CD18 and neutrophil
LECAM-1 bound to most neutrophils. The loss of binding of
Leu8 and increased binding of R15.7 after chemotactic stimula-
tion for 30 min at 370C involves most of the neutrophils (Fig.
1). In an effort to assess the rate at which the LEC-CAMwas
lost from the neutrophil surface after stimulation, viable neu-
trophils were directly sampled for flow cytometry at 1-min in-
tervals after addition of 10 nMFMLP(Fig. 2). A significant rise
in Leu8 binding was seen at 1 min after stimulation followed by
a significant drop in binding that was evident at 3 min and
almost complete by 10 min. Unstimulated cells failed to show
either a rise or fall in Leu8 binding over this observation period
(data not shown). As shown in Fig. 3, CD1 8-deficient neutro-
phils exhibited less binding of DREG-56 than normal cells (P
< 0.01, n = 5), although after exposure to FMLPfor 15 min at
37°C, MAbbinding was reduced to the same low level as that
of stimulated normal cells. Neither immunofluorescence mi-
croscopy nor flow cytometry detected binding of DREG-56 to
unstimulated or IL- 1-stimulated endothelial cells.
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Wehave also shown that DREG-56 significantly reduces
the adhesion of unstimulated adult and CD18-deficient neutro-
phils to IL-I-stimulated HUVEC(23a), and that chemotactic
stimulation under conditions shown to reduce markedly the
amount of surface antigen recognized by DREG-56 signifi-
cantly reduces adhesion to IL- 1 -stimulated HUVEC.The data
in Fig. 4 confirm and extend these observations by indicating
the following: (a) DREG-56 significantly inhibited the adhe-
sion of neutrophils. (b) The inhibition of adhesion of normal
neutrophils in the presence of a combination of DREG-56 and
either R15.7 or R3. 1 was significantly greater than the inhibi-
tion caused by either MAbalone. (c) The binding of two differ-
ent antibodies to the neutrophil surface did not enhance the
inhibitory activity of either DREG-56 or R15.7. (d) Chemotac-
tic stimulation under conditions shown above to markedly re-
duce the binding of DREG-56 to the neutrophil significantly
reduced the adhesion of neutrophils exposed to R15.7. These
data also indicate that FMLPstimulation and its associated
loss of the surface antigen recognized by Leu8 and DREG-56
reduced adhesion of CDl 8-blocked cells to a greater degree
than DREG-56. Previous studies have shown that CD18-defi-
cient neutrophils adhere to IL-l stimulated HUVECmono-
layers at - 50%the level of normal neutrophils (7). Consistent
with our previous studies (23a), DREG-56 reduced adhesion of
CD18-deficient neutrophils by 38.4±5% (n = 3, P < 0.01), and
additionally, preincubation for 30 min at 37°C in 10 nM
FMLP(thereby reducing DREG-56 binding from a mean fluo-
rescent channel of 105±17 to 12±3) reduced adhesion by
65.4±4% (P < 0.01, n = 3).

The basal level of adherence of normal neutrophils to un-
stimulated HUVEC(14.7±1.6%, n = 3) was not significantly
influenced by incubation with 50 ug/ml DREG-56
(17.8±1.8%, n = 3), but was significantly reduced in the pres-
ence of 5 Ag/ml R15.7 (3.1±2.0%, n = 3, P < 0.01). These
results indicate that the endothelial structure with which neu-

le1 102 lDS

Leu-8 - FITC
Figure 1. Effect of chemotactic stimulation on the binding of RI 5.7 and Leu8 to normal human neutrophils. Isolated normal neutrophils were

incubated at 37°C for 30 min in PBS (A) or PBScontaining 1O nMFMLP(B), and washed twice in PBS. Biotin-labeled Rl5.7 and FHTC-labeled
Leu8 were both added to the cell suspension, and PE-labeled avidin was used to detect the RI 5.7. The quadrant markers were set using
neutrophils exposed to nonbinding isotype matched PE- and FITC-labeled MAbs. Fluorescence channels are plotted on a log scale: PE on the x

axis and FITC on the y axis. Similar results were obtained using cells from four donors.
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Figure 2. Rapid changes in
LEC-CAMon the
neutrophil surface after
chemotactic stimulation.
Unstimulated neutrophils
were incubated in PBS
containing FHTC-Leu-8 for
10 min at 370C, then
stimulated by addition of
10 nM FMLP. The
fluorescence of viable cells
was determined by drawing
viable cells into the flow
cytometer before
stimulation and at 1-min
intervals after stimulation.
Error bars indicate 1 SD;
*P < 0.05; **P < 0.01; n
= 7, compared with level
on unstimulated cells.

trophil LECAM-1 interacts is not present on unstimulated en-
dothelial cells.

Neutrophil adhesion to endothelial cells under shear forces
involves LECAM-I on the neutrophil surface but not CD18. In
previously published studies, we have evaluated the adhesion
of neutrophils to HUVECmonolayers under conditions of
flow, and have shown that at wall shear stresses between 1 and
2 dyn/cm2, the adhesion of unstimulated neutrophils is mark-
edly enhanced by stimulating HUVECwith IL-1 (2 U/ml,
37°C) for 3 h (8, 15). The adhesion at 2.0 dyn/cm2 was not
inhibited by MAbsTS1/18 (anti-CD 18) or R6.5 (anti-ICAM-
1). Moreover, cells from one patient with CD18-deficiency
were shown to adhere normally under these experimental con-
ditions (8, 9). In the present studies with DREG-56, adhesion
was evaluated at a wall shear stress of 1.85 dyn/cm2. The data
revealed that as previously shown, adhesion was not signifi-
cantly reduced by addition of anti-CD 18 MAb, TS1/18 (per-
cent inhibition, 14.3+14.1, n = 4). However, adhesion at this
wall shear stress was significantly reduced by DREG-56 (Fig.
5). The effect of this MAbwas greater than that revealed by the

300 - CD18 Figure 3. Effect of
CN Def icient chemotactic stimulation

on the binding of
DREG-56 to normal

UJ : z and CDl 8-deficient
CD 200 neutrophils.
c \\\\ Neutrophils were
U incubated at 37°C for
CU - \\\\ 5 30 min in PBSor PBS
L containing 10 nMo too 10n

FMLP, washed, and
:L exposed to DREG-56
c ~ \\: X for 15'min. Binding of

a) DREG-56was detected
- using FITC-labeled goat

anti-mouse IgG. The
ON,<° + <° +,9 mean values for

o.,°t 'K<Ot 9> unstimulated normal
and CDl 8-deficient
cells were significantly

different (P < 0.01). After stimulation, the values were not different.

assay performed without shear stress, and approached that seen
under less regulated shear conditions at 70C (23a). Preincuba-
tion of neutrophils with FMLPunder conditions that produced
marked reduction in the surface antigen recognized by DREG-
56 (i.e., 10 nM, 30 min, 370C) significantly diminished their
adhesion. In similar experiments with CDI 8-deficient neutro-
phils from three patients, DREG-56 reduced adhesion by
47.4±9.8% (P < 0.01, n = 4), and chemotactic stimulation
reduced adhesion by 66.1±5.9% (n = 2). Also evident in these
studies was the finding that neither removal of LECAM-1 from
the neutrophil surface nor blocking with antibodies to LE-
CAM-1 completely prevented adhesion under conditions of
flow.

Studies performed at a wall shear stress of 0.36 dyn/cm2, a
condition where CD18 plays some adhesive role, revealed an
additive effect of both TS1/18 (anti-CD 18) and DREG-56.
DREG-56 inhibited adhesion by 30.3±10.2%, TSI/18 inhib-
ited by 25.4±12.5%, and when both MAbwere present, inhibi-
tion was 50.9±8.6% (P < 0.05 compared with either MAb
alone, n = 5).

Additional experiments were performed to assess the re-
quirement for neutrophil LECAM-1 in adhesion under condi-
tions of flow. As shown in Fig. 6, neutrophils stimulated with
various concentrations of FMLPexhibited partial reductions
in surface LECAM-1 commensurate with the level of stimula-
tion, and adhesion at 1.85 dyn/cm2 was highly correlated with
the neutrophil surface level of LECAM-1.

Stimulated endothelial cells induce down-regulation of neu-
trophil LECAM-J. Kishimoto et al. (29) presented the hypoth-
esis that in the mouse, the MEL-14 antigen is responsible for
the initial adhesive interactions between neutrophils and endo-
thelial cells, with subsequent involvement of CD18-dependent
adhesion as neutrophils are activated in situ and migrate
through the endothelium. Detachment of the adhesive mecha-
nism dependent on neutrophil LECAM-1 is an essential event
in this scheme. From the results presented above, it appears
that LECAM-1 may play such a carefully coordinated role in
human neutrophil-endothelial adhesion. In order to assess
whether detachment of this adhesive mechanism occurs, the
following experiments were performed.

Using the static adhesion assay at 37°C, previously un-
stimulated neutrophils were allowed to contact IL-1-stimu-
lated (3 U/ml, 3 h, 37°C) endothelial monolayers for 500 s. The
monolayers were inverted for an additional 500 s, and the per-
cent adherent cells determined. In order to prevent CD1 8-de-
pendent migration (7), R15.7 (anti-CD 18) was included with
normal neutrophils (5 ,ug/ml), or CD18-deficient neutrophils
were used. Incubation of the chambers was continued in the
inverted position for up to an hour. The level of neutrophil
adhesion was determined at 20, 30, and 60 min. Normal cells
treated with R1 5.7 and CD18-deficient neutrophils detached at
the same rate (Fig. 7), and reached a low level of adhesion
within 30 min. The detached cells were flushed from the
chamber and evaluated for the ability to bind FHTC-labeled
Leu8. Compared with neutrophils not in contact with the HU-
VECmonolayer, binding of this MAbwas markedly reduced
(mean fluorescent channel of control cells 86±5, n = 3; neutro-
phils from chambers, 18+4, n = 3). In contrast, > 90% of nor-
mal cells without R15.7 remained associated with the HUVEC
over this observation period, and as previously shown (6, 7),
most of the cells rapidly migrated between the monolayer and
the substratum.
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In order to compare the effect of neutrophil contact with
unstimulated and IL-1 stimulated endothelial cells, neutro-
phils were allowed to remain on HUVECmonolayers for 30
min or 1 h at 37°C, collected by rinsing the monolayers with
PBS, and evaluated for binding of FITC labeled Leu8. Both
R15.7-treated normal neutrophils and CDl 8-deficient neutro-
phils on unstimulated HUVECexhibited the same level of
binding as controls, i.e., cells not in contact with the mono-
layers and maintained at 4°C in PBSor incubated at 37°C with
IL- 1 in PBS. In contrast, neutrophils on IL-1-stimulated HU-
VEChad greatly reduced binding of Leu8 (Fig. 8).

The possibility that a soluble factor was released from stimu-
lated HUVECmonolayers was evaluated by collecting super-
natants from both unstimulated and stimulated monolayers.
Neutrophils were exposed to these supernatants and evaluated
for the ability to bind DREG-56. Supernatants from unstimu-
lated HUVECmonolayers were without effect, while those
from IL-1-stimulated HUVECproduced marked reductions
in the neutrophil's ability to bind DREG-56 (Fig. 9), and to
adhere to IL-i-stimulated HUVECmonolayers (Table I).
Flow cytometric analysis revealed that most neutrophils had
increased surface Mac- 1 (as shown by binding of Leu- 15) and
decreased binding of DREG-56. Additionally, the time course

so 90 I
Il I

00O Figure 4. Adhesion of neutrophils to IL- I-stimulated
HUVECmonolayers: effects of MAbs and

-j chemotactic stimulation. HUVECmonolayers were
stimulated with IL- I for 4 h, washed, and inserted
into adhesion chambers. Isolated neutrophils were
suspended in PBS with and without MAbs as
indicated (10 ug/ml), or incubated in PBScontaining
10 nMFMLPfor 30 min before being suspended in
PBS containing R15.7. Neutrophil suspensions
containing antibodies were injected into the chambers
and adhesion was assessed in the absence of shear
stress. The MAbs used were 904 (anti-CD I lb), R15.7
(anti-CD 18), R3. 1 (anti-CD I I a), DREG-56
(antibody recognizing the human homologue of the
murine MEL-14 antigen), and 4A5 (anti-human
neutrophil, unknown antigen). Values shown are
mean± I SD for four separate experiments. *P < 0.01
compared with untreated cells; **P < 0.01 compared
with cells treated only with R15.7 or R3. 1.

over which these modulations in surface antigens occurred fol-
lowing exposure to either culture supernatant or FMLP(Fig.
10) was consistent with the rate of detachment of neutrophils
from IL- 1-stimulated HUVECmonolayers (Fig. 7).

PAF and the endothelial form of interleukin 8 (IL-8) (38-
40) are produced by cytokine-stimulated endothelial cells.
Both are chemotactic for neutrophils and as shown in Fig. 11,
both can induce the coincident up-regulation of Mac-i, and
loss of LECAM-l from the neutrophil surface.

Anti-CD18 but not DREG-56 blocks neutrophil transen-
dothelial migration. IL- 1-stimulated HUVECpromote trans-
endothelial migration of previously unstimulated normal neu-
trophils (6, 41, 42). This appears to be largely a CDl 8-depen-
dent process since anti-CD 18 MAbs produce > 90%
inhibition, and CD18-deficient neutrophils exhibit < 3%of the
migration of normal cells (6). The possibility that the antigen
recognized by DREG-56 also plays a role in this migration was
investigated by quantitating migration in the presence of this
MAb. In the assay performed without shear stress, a concentra-
tion of DREG-56 sufficient to produce maximum reduction in
adhesion (50 ,g/ml) did not reduce the number of migrating
neutrophils (Fig. 12), while in parallel studies, RI 5.7 almost
completely inhibited migration, 904 (anti-CD1 lb) produced

Pretreatment: Neutrophils per mm2 Figure 5. Adhesion of neutrophils to IL-i-*eutrophils 500 1000 1500 stimulated HUVECmonolayers under conditionsNeutrophils ''.'r'| § I ''' W g I g W § ^ I of flow: effects of monoclonal antibodies. HUVEC
monolayers were stimulated with IL-I for 4 h, and

- |//////$~$//////////, -i86 / /1Z inserted in a parallel-plate flow chamber. Isolated
neutrophils were suspended with the MAbs

rREG56 t j - I * indicated or preincubated with FMLP(10 nM, 30
min, 37°C), and the cell suspension was passed

DREG56 + Ri5.7 / / / through the chamber at a wall shear stress of 1.85
dyn/cm2. Neutrophils associated with the

fMLP 24 I * monolayers were enumerated (neutrophils per
square millimeter of monolayer) by analysis of video

DREG56 + fMLP t - J ** tapes of the initial 10 min of flow made under
phase-contrast microscopy. The number within the

top and third bars indicates the mean fluorescent channel of flow cytometric studies of DREG-56 binding to unstimulated and FMLP-stimulated
neutrophils, respectively. *P < 0.01 for each experimental condition compared with untreated control cells; ** P < 0.05 compared with
DREG-56 alone. n = 5.
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Figure 6. Adhesion of neutrophils to IL- I-stimulated HUVEC
monolayers under conditions of flow: effects of chemotactic
stimulation. HUVECmonolayers were stimulated with IL-I for 4 h,
and inserted in a parallel-plate flow chamber. Isolated neutrophils
were preincubated with various concentrations of FMLP(30 min,
37°C) as shown in the inset graph, washed, and resuspended in
medium, and the cell suspension was passed through the chamber at

a wall shear stress of 1.85 dyn/cm2. Neutrophils associated with the
monolayers were enumerated (neutrophils per square millimeter of
monolayer) by analysis of video tapes of the initial 10 min of flow
made under phase-contrast microscopy.

ies against CD18 that markedly inhibit adhesion to IL- I -stimu-
lated HUVECunder static conditions, are ineffective in reduc-
ing adhesion at wall shear stresses in this range in vitro (8, 9). In
contrast, DREG-56 is more effective in reducing adhesion
under these flow conditions than under static conditions, indi-
cating that LECAM- I on the surface of neutrophils may play a
significant role in neutrophil-endothelial adherence under
conditions where leukocyte integrins are ineffective. This con-
cept is supported by three additional observations. The first is
that neutrophils from patients with CD18 deficiency exhibit
high levels of adhesion to IL- I-stimulated HUVECat wall
shear stresses - 2.0 dyn/cm2 (8, 9). The second is that chemo-
tactic stimulation of normal and CD18-deficient neutrophils
under conditions shown to markedly reduce LECAM-I on
their surface reduces adhesion under flow to same degree as
DREG-56, and combination of chemotactic pretreatment and
DREG-56 produces no further reduction in adherence. The
third is that the level of LECAM-1 on the neutrophil surface is
directly related to the capacity to adhere to IL- 1-stimulated
HUVECunder conditions of flow.

Chemotactic stimulation of normal neutrophils increases
their adhesion to endothelial cells under static conditions ( 1-4,
7, 10) or flow with very low wall shear stresses (0.25 dyn/cm2)
in vitro (8, 9). This effect appears to be primarily dependent on
Mac-i (4, 5, 7, 10), as shown by the fact that MAbs against
CD1 lb and CD18 reduce adhesion to near unstimulated levels.
The observation that chemotactic stimulation removes the ma-
jority of LECAM-1 from the neutrophil surface seems to pre-
clude a role for LECAM-1 in the adhesion of chemotactically
stimulated neutrophils, a conclusion supported by the results
of two experiments. Adhesion of CDl 8-deficient neutrophils
to IL- 1 -stimulated HUVECunder static conditions was signifi-

partial inhibition, and a control MAb(4A5) that binds to neu-

trophils without inhibiting adhesion (7) failed to influence mi-
gration. In the assay performed under flow, the proportion of
adherent neutrophils that migrated beneath the monolayer in
the presence of DREG-56 (70.6±8.1%, n = 10) was the same as

in the absence of MAbs (68.6±8.9%, n = 16). However, the
total number of migrated cells per square millimeter was re-

duced by DREG-56 since this antibody significantly reduced
the number of neutrophils adhering to the endothelium and
thereby the number of cells available to migrate (migrated cells
per square millimeter without MAbs, 697±171, n = 16; with
DREG-56, 354±77, n = 10, P < 0.01).

Discussion

The current studies demonstrate that CD18 integrins, Mac-
and LFA-1, and LECAM-1 on the human neutrophil surface
play distinct roles in the adhesion of these leukocytes to human
endothelial cells in vitro. The distinctions can be clearly identi-
fied in three areas: (a) neutrophil-endothelial adhesion under
conditions of flow, (b) adhesion after chemotactic stimulation
lation of the neutrophils, and (c) transendothelial migration
induced by cytokine stimulation of the endothelial cells.

Human neutrophils will adhere to IL-l-stimulated HU-
VECmonolayers in vitro in parallel plate flow chambers at a

wall shear stress of - 2.0 dyn/cm2 (15). Monoclonal antibod-
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Figure 7. Detachment of neutrophils from IL-I-stimulated HUVEC
monolayers. HUVECmonolayers were stimulated for 3 h with IL- 1,
rinsed in PBS, and inserted into adherence chambers. Control
neutrophils were suspended in PBS containing 10 Og/ml R15.7, and
CDl 8-deficient neutrophils were suspended in PBS before being
injected into the chamber. Neutrophils were allowed to settle onto
the monolayer for 500 s, the chamber was inverted for 500 s, and the
percentage of adherent cells was determined immediately and at 20
and 30 min. Number of separate experiments, six using normal cells,
and three using CD18-deficient cells.
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Figure 8. Effect of neutrophil-HUVEC monolayer contact on FITC
labeled Leu8 binding to neutrophils. HUVECmonolayers were

incubated at 37°C for 3, 4, or 5 h as indicated with IL-I or left
unstimulated (bars labeled HUVEC), rinsed, drained, and placed in a

plastic culture dish. A suspension of neutrophils (106 in 0.3 ml) was

placed on the monolayer, and incubated at 37°C for 30 min. Then
the neutrophils were collected by rinsing the monolayer with 1 ml
of PBS, and evaluated for Leu8 binding using flow cytometry. Control
neutrophils were maintained in suspension without stimulation or

in the presence of IL-1 (5 U/ml) for 30 min before assessing the
binding of Leu8. Number of separate experiments, six using normal
cells (hatched bars), and three using CD18-deficient cells (fine screen

bars).

cantly reduced by chemotactic stimulation, and adhesion of
normal neutrophils under static conditions was reduced to very

low levels by a combination of chemotactic stimulation and
treatment with anti-CD 18 MAb.

A striking feature of cytokine-stimulated HUVECmono-

layers is that they induce transendothelial migration of adher-
ent human neutrophils (6, 41, 42). Though the endothelial fac-
tor(s) responsible for stimulating this neutrophil motility have
not been defined, the adhesion molecules on the neutrophil
involved in this event appear to be primarily leukocyte inte-
grins, specifically Mac- and LFA- 1 (7, 9). This conclusion is
supported by the following findings: (a) MAbs against the a

subunits of these integrins are capable of decreasing migration
by up to 50% when used alone and by greater that 90% when
added together; (b) transendothelial migration of CD18-defi-
cient cells is very infrequent; and (c) DREG-56does not inhibit
migration of adherent normal neutrophils. This conclusion is
also reasonable in light of the observation that chemotactic
stimulation induces a loss of LECAM-1 from the neutrophil
surface. If the endothelial-dependent leukocyte migration re-

sults from chemotactic factors produced by the monolayer,
such stimulation would likely result in the loss of LECAM-1.
Results in this report directly show that endothelial derived
factors stimulate a rapid loss of LECAM-I from the neutrophil,
and recent studies show that neutrophil migration through
HUVECmonolayers toward chemotactic gradients is almost
completely inhibited by anti-CD 1 8 MAbs and unaffected by

Figure 9. Effect of supernatant from IL-I-stimulated HUVECon the
binding of DREG-56 to neutrophils. HUVECmonolayers on 25-mm
round coverglasses were stimulated at 370C for 3 h with IL-I. The
culture medium was removed from these and control monolayers
(bars labeled HUVEC), and the monolayer covered with 0.3 ml
Dulbecco's complete balanced salt solution with glucose for an
additional hour. This conditioned supernatant was collected, and
centrifuged to remove any detached endothelial cells. Neutrophils
were collected by centrifugation, resuspended in this supernatant for
5, 15, or 30 min, and then evaluated for the binding of DREG-56
using flow cytometry. Control neutrophils were held in suspension
without stimulation for 30 min before assessing binding of DREG-56.
Number of separate experiments, six using normal cells (hatched
bars) and three using CD18-deficient cells (fine screen bars).

DREG-56 (Furie, M. B., M. C. A. Tancinco, and C. W. Smith,
manuscript submitted for publication).

Kishimoto et al. (29) put forward an hypothesis that murine

Table I. Effects of HUVECCulture Supernatant
on Neutrophil Adhesion to IL-I-stimulated HUVEC

Pretreatment of Percent
neutrophils* adherence Leu8

PBS 51±12 87±10
FMLP, 10 nM 9±1 5±3*
HUVEC§ 55±11 83±9
IL-l HUVECI 18±40 33±8t

* Neutrophils were incubated in PBS containing the indicated stimu-
lant for 30 min at 370C, then divided into two aliquots. One was
analyzed by flow cytometry, and the other was suspended in PBS
containing a final concentration of R 5.7 of 100sg/ml and used for
adherence determinations. Adherence was determined as a percentage
of cells contacting the monolayer in the static assay, and Leu-8-FITC
binding was determined and expressed as mean fluorescence channel.
* P < 0.01, n = 3. Results expressed as means+SD, from duplicate
determinations in three separate experiments.
§ Supernatant collected from unstimulated HUVECmonolayers
without further dilution or concentration.
I Supernatant collected from IL-l-stimulated HUVECduring the 4th
h after addition of IL-I, 3 U/ml, 37°C.
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Figure 10. Binding of Leu-8 and Leu-15 to the surface of normal
neutrophils: changes induced by incubation with FMLP- or
HUVEC-conditioned PBS. Neutrophils suspended with Leu8-FITC
and LeulS-PE were incubated at 370C with FMLP(10 nM) or
supernatant from IL-i-stimulated HUVECmonolayers (circles)
previously determined to stimulate neutrophils. The suspension was
repeatedly sampled for flow cytometry. 2,000 cells were analyzed at
each time indicated after introduction of the stimulant. These results
are representative of three separate experiments.

neutrophil adhesion to endothelial cells under inflammatory
conditions involves at least two distinct sets of adhesive mecha-
nisms. One involves LECAM-1 on the neutrophil surface, and
the second involves leukocyte integrins. Two key features of
this hypothesis are first, that these mechanisms act sequentially
in vivo, the LECAM-1 mechanism being responsible, at least in
part, for the initial adhesion, and leukocyte integrins being re-
sponsible for continued adhesion and subsequent emigration,
and second, that the initial mechanism is "down-regulated" as
the second mechanism is engaged, presumably by chemotactic
factors in the inflammatory site. Additional evidence support-
ing this hypothesis and its application to human cells comes
from the results in this and a separate report (23a). Two experi-
ments have direct bearing on the first point. As discussed
above, neutrophils flowing by an IL- 1-stimulated HUVEC
monolayer can adhere by a mechanism dependent on the neu-
trophil surface LECAM-1, and transendothelial migration is
primarily a CDI 8-dependent event. Two experiments have di-
rect bearing on the second feature. CDl 8-deficient neutrophils
in contact with IL-1-stimulated, but not unstimulated HU-
VEC monolayers exhibited a rapid loss of ability to bind
DREG-56or Leu8, and coincident detachment from the mono-
layer. Detachment and loss of LECAM-1 were demonstrated
with normal neutrophils when CD1 8-dependent adhesion and
migration were blocked by addition of anti-CD 1 8 MAb, thus
allowing recovery of the cells in contact with HUVEC. The
time course of this event was similar to that when chemotactic
factor was added to cells in suspension. Supernatant from IL-
1-stimulated, but not unstimulated HUVECmonolayers in-
duced a rapid loss of LECAM-1 from the neutrophil surface
associated with a significantly reduced ability to adhere to stim-
ulated endothelial cells. These observations provide direct evi-
dence for the sequential operation of these distinct adhesive
mechanisms.

The identity of the endothelial surface determinant inter-
acting with neutrophil LECAM-I is unknown. Since the adhe-
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Figure 11. Effects of PAF and endothelial IL-8 on binding of
monoclonal antibodies to isolated neutrophils. Neutrophils were
suspended in PBSalone or PBScontaining FMLP(10 nM), IL-8 (200
ng/ml), or PAF (10 ng/ml) for 30 min at 37°C, and then prepared
for flow cytometry using MAbs DREG-56 (anti-neutrophil LEC-
CAM, solid bars) or R15.7 (anti-CD 1 8, hatched bars). Mean
fluorescent channel (±SD) for four separate experiments is plotted.

sion dependent on LECAM-1 is demonstrable only after IL- 1
stimulation of the HUVECmonolayer, the determinant ap-
pears to be a newly expressed adhesive structure on the endothe-
lial cell surface. Additional evidence for this point comes from
the observations that DREG-56 does not significantly reduce
the already low level of adhesion of unstimulated neutrophils
on unstimulated HUVEC. It is unlikely to be ICAM- 1 in light
of recent experimental evidence: with regard to the adhesion of
unstimulated neutrophils to IL-1-stimulated HUVEC, anti-
ICAM- I MAbR6.5 and DREG-56produce additive inhibitory
effects (Smith, C. W., and T. K. Kishimoto, unpublished obser-
vations), ICAM- 1 is clearly a ligand for the CD18-dependent
adhesion (7, 43), anti-ICAM- 1 MAbR6.5 does not inhibit ad-
hesion of CDl 8-deficient neutrophils (6), and anti-ICAM- I
does not inhibit neutrophil adhesion under flow at wall shear
stresses of 2.0 dyn/cm2 (8).

Evidence for the possible interaction of neutrophil
LECAM-1 with ELAM- I must be considered in light of the
finding that the endothelial adhesive structure appears to be
newly expressed after stimulation with cytokines. In separate
studies (44), we have investigated this possibility in two differ-
ent experimental settings. The first involves the use of
DREG-56 and anti-ELAM- 1 MAbs to inhibit the adhesion of
unstimulated neutrophils to IL-1-stimulated HUVECmono-
layers. While anti-ELAM- 1 MAbs produced additive inhibi-
tory effects with anti-CD 18 (a finding consistent with pub-
lished results [ 18]), their effect was not additive with
DREG-56. This suggests a common adhesion pathway for
ELAM- I and neutrophil LECAM-1. However, our studies also
have indicated that LECAM-I on the neutrophil surface is not
the only molecule on the neutrophil surface interacting with
ELAM- I, since chemotactically stimulated neutrophils having
very low levels of surface LEC-CAM still exhibited some
ELAM-I -dependent adhesion. In a second experimental set-
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Figure 12.
Transendothelial
migration of neutrophils
through IL-l-
stimulated monolayers:
effects of MAbs.
HUVECmonolayers
were stimulated with
IL-l for 3 h, rinsed, and
placed in adhesion
chambers.
Unstimulated
neutrophils in PBS or
PBS containing the
indicated MAbs were

injected into the chambers and allowed to remain in contact with the
monolayer for 20 min. The percentage of migrating cells was then
determined. Number of separate experiments was eight except for the
CDl 8-deficient cells which was three. *P < 0.05, and **P < 0.01.
The labels indicate the antigens recognized by the monoclonal
antibodies in that experimental condition.

and high levels of surface Mac- I when compared with neutro-
phils from blood or bone marrow. Kishimoto et al. (29) found
that neutrophils within the lumen of blood vessels exhibited
bright immunofluorescent staining for MEL-14 antigen,
whereas those that had migrated into the tissues at a site of
inflammation exhibited no immunofluorescent staining for
MEL- 14 antigen, but stained brightly for Mac- 1. Thus, studies
both in vitro and in vivo reveal neutrophil LECAM- I to be an
adhesion molecule functional at venous wall shear stresses, and
studies in vitro indicate that the marked changes seen in sur-
face adhesion molecules on exudate neutrophils may be due in
part to factors released from inflamed endothelium.
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