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Abstract. Leukocyte interactions with vascular en-
dothelium at sites of inflammation can be dynamically
regulated by activation-dependent adhesion molecules.
Current models, primarily based on studies with poly-
morphonuclear leukocytes, suggest the involvement of
multiple members of the selectin, integrin, and immu-
noglobulin gene families, sequentially, in the process
of initial attachment (rolling), stable adhesion (arrest),
spreading and ultimate diapedesis. In the current
study, IL~4-activated human umbilical vein en-
dothelium, which selectively expresses VCAM-1 and
an L-selectin ligand but not E-selectin, and appropri-
ate function blocking monoclonal antibodies, were

used to study monocyte-endothelial interactions in an
in vitro model that mimics microcirculatory flow con-
ditions. In this system, L-selectin mediates monocyte
rolling and also facilitates a.f3:-integrin-dependent ar-
rest, whereas $3,-integrins are required for spreading of
firmly attached monocytes on the endothelial cell sur-
face but not their arrest. These findings provide the
first in vitro evidence for human monocyte rolling on
cytokine-activated endothelium, and suggest a sequen-
tial requirement for both 8;- and B,-integrin-dependent
adhesive mechanisms in monocyte-endothelial interac-
tions.

lar endothelial lining as an initial step in a wide range

of pathological processes including acute and chronic
inflammation, immune reactions, and atherosclerosis (12,
13, 45). As a consequence of their transendothelial migra-
tion, monocytes are recruited into tissues, organs and body
cavities, undergo maturation to macrophages, and partici-
pate in defending the host against invading pathogens and
regulating the behavior of vascular and non-vascular cells
through the secretion of cytokines and other chemical medi-
ators.

Early in vitro studies of monocyte adhesion to cultured en-
dothelial cells were typically performed under static condi-
tions and indicated that basal adhesion of purified blood
monocytes was relatively high (2, 5, 6, 9, 15, 20, 21, 38, 40)
compared with neutrophils or lymphocytes (9, 34, 35, 38,
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63). Activation of the endothelium with TNF-o, IL-1, and
LPS (6, 20), resulted in a 2-5-fold increase in monocyte
adhesion. This enhanced monocyte adhesion reflects the in-
duction of multiple adhesion molecules on the endothelial
surface including E-selectin, which interacts with sialyl-
Lewis* and similar carbohydrate ligands; Vascular Cell
Adhesion Molecule-1 (VCAM-1),! which interacts with cu3;-
integrins; and Intercellular Adhesion Molecule-1 (ICAM-1),
which interacts with 8.-integrins (CD11a/CD18 and CD11b/
CD18) (4, 9, 20, 57). That multiple molecules are induced
suggests redundancy or overlap in their function. However,
recent studies performed in vivo, or in vitro under defined
flow conditions, have further clarified the conceptual frame-
work of leukocyte-endothelial adhesion by revealing that var-
ious receptor-ligand pairs can function in a sequential man-
ner to mediate these adhesive interactions (7, 62). In the
molecular models that have been proposed, the initial attach-
ment of the blood leukocyte is mediated, in part, by L-selec-

1. Abbreviations used in this paper: HEV, high endothelial venules; HSA,
human serum albumin; HUVEC, human umbilical vein endothelial cell;
ICAM-], Intercellular Adhesion Molecule-1; IL-4, interleukin-4; VCAM-1,
Vascular Cell Adhesion Molecule-1.
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tin, while subsequent firm adhesion (arrest) is mediated by
B:-integrins, However, these models are primarily based on
observations with polymorphonuclear leukocytes (in partic-
ular neutrophils), and the extent to which monocytes con-
form to this paradigm remains untested. In addition to ex-
pressing both L-selectin and B3,-integrins, blood monocytes
also express multiple 3;-integrins (53), of which the S,
molecule has been shown to interact with both matrix pro-
teins and the endothelial expressed molecule, VCAM-1 (16,
58). Thus, although «.B;, interacting with its endothelial
ligand VCAM-1, has been implicated in monocyte recruit-
ment during early atherosclerotic plaque formation in vivo
(11-13), and in monocyte adhesion to activated endothe-
lial cells in vitro (8, 9, 20, 41, 55), its potential role in mono-
cyte adhesion under defined flow conditions has yet to be
examined.

Interleukin-4 (IL-4), originally described as a costimula-
tory factor necessary for B-cell proliferation (23, 66), has
been shown to exert pleiotropic effects on several blood cell
types in vitro including B cells, activated T cells, thymo-
cytes, mast cells, and monocytes/macrophages (for review
see 66). Recent in vitro studies under static conditions have
demonstrated that IL-4 also can stimulate cultured vascular
endothelium to increase its adhesiveness for peripheral
blood lymphocytes (36, 61), eosinophils and basophils, but
not neutrophils (49), and to induce the synthesis of monocyte
chemotactic peptide-1 (MCP-1) (42, 44), a monocyte-directed
chemoattractant (37, 43, 67). In contrast to the cytokines
IL-1 and TNF, and LPS, which induce E-selectin, P-selectin,
ICAM-1, VCAM-1 and a ligand for L-selectin (4, 48, 56, 65),
IL-4 selectively induces surface expression of VCAM-1, does
not alter ICAM-1 expression and does not induce E-selectin
expression (36, 49, 60, 61).

The aim of the present study was to examine in detail the
cellular processes and molecular mechanisms of monocyte-
endothelial adhesion using an in vitro flow model (50). This
system allows direct microscopic examination of monocyte-
endothelial interactions, live-time, under a range of defined
laminar flow conditions that mimic blood flow in post-
capillary venules (22). We used IL-4 activation of cultured
human umbilical vein endothelial cell (HUVEC) which
selectively induces both VCAM-1 and an L-selectin ligand
but not E-selectin (36, 49, 60, 61), and appropriate function-
blocking mAb, to investigate the molecular mechanisms in-
volved in monocyte-endothelial adhesive interactions un-
der defined flow conditions. The results demonstrate that
L-selectin mediates monocyte rolling and facilitates arrest
through ouf:-integrins interacting with VCAM-1. In con-
trast 8;-integrins were required for the spreading of firmly
attached monocytes on the endothelial surface, but not for
their arrest. These data thus suggest a complex, sequential,
molecular model for monocyte-endothelial adhesive interac-
tions under defined flow conditions.

Materials and Methods

Materials

EDTA and Hepes were purchased from Sigma Chem. Co. (St. Louis, MO).
Human serum albumin (HSA, Buminate 25 %, sterile and nonpyrogenic so-
lution) was obtained from Baxter Healthcare Corp. (Glendale, CA). HBSS
with or without Ca?* and Mg?*, DPBS, M199, DMEM for hybridoma cul-
ture and RPMI1640 with 25 mM Hepes were purchased from Whittaker
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Bioproducts (Walkersville, MD). rhIL-4 (produced in E. coli) was obtained
from Genzyme, Inc. (Cambridge, MA). The working solution of IL-4 that
gave the maximal response (10-50 ng/ml; three different lots) contained less
than 10 pg/ml of endotoxin as determined in a semi-quantitative E-toxate
assay kit (Sigma Chem. Co).

Monoclonal Antibodies

The anti-E-selectin (H18/7, IgGa2a) (5), anti-ICAM-1 (Hu5/3, IgG)) (35),
and anti-HLA-A,B (W6/32, 1gG2a) (5, 35) mAb were used as purified
F(ab"); fragments at saturating concentration (25 pg/ml) in adhesion
blocking studies and as hybridoma culture supernatant fluid for surface im-
munofiuorescence assays. Murine mAb directed against distinct epitopes of
L-selectin (anti-LAMI, all of the IgG; isotype) were used as purified IgG
at 10 pg/ml (54-56). The antiVCAM-1 mAb EV6 (IgG)) (41) and Hu 8/4
(58) were used as purified IgG (20 pg/ml) and F(ab’), (20 ug/ml), respec-
tively. mAb TSV/18.1 (IgG;) (Amer. Type Culture Collection, Rockville,
MD, clone HB 203) recognizes the S;-integrins (CD11/CD18) and was
used as purified IgG (50 ug/ml) (47). Murine mAb directed to CD14 (63D3)
was obtained from ATCC (clone 44-HB) and used as diluted ascites fluid
(1:300) or purified IgG in indirect immunofluorescence assays. Murine
mAb 19H8 (IgG;; 1:300 dilution of ascites) recognizes a431 and was the
gift of Dr. Brad MclIntyre, Baylor College of Medicine, Houston, TX (49).

Rat monoclonal antibody MABI13 (IgGz,) (1) recognizes human S;-
integrins (CD29) and was used as purified IgG (25 ug/ml). Rat mAb
M18/2.a.8 (IgG»,) recognizes murine but not human CDI18 (ATCC, clone
TIB-218) and was used as a control isotype matched non-binding mAb
(purified IgG) in adhesion assays.

Cell Culture

HUVEC were isolated from two to five umbsilical cord veins, pooled, and
established as primary cultures in M199 containing 20% FCS (Hyclone
Labs., Urem, UT) (34, 35). Primary HUVEC cultures were serially pas-
saged (1:3 split ratio) and maintained in M199 containing 10% FCS, en-
dothelial cell growth factor (50 ug/ml, Biomedical Technologies, Inc.,
Stoughton, MA), porcine intestinal heparin (50 ug/ml, Sigma Chem. Co.,
St. Louis, MO), and antibiotics. For experimental use, HUVEC (passage
1-2) were plated on 25 X 75 mm permanox plastic tissue culture slides
(American Bioanalytical, Natick, MA) or glass microscope slides (Fisher
Scientific, Medford, MA) coated with human fibronectin (2 pg/cm?; Col-
laborative Research, Bedford, MA) and grown within a 2-cm diam circle
delineated by a ring of 12 M polysiloxane. For adhesion studies in the flow
plate apparatus, 25-mm glass coverslips (No. 1 thickness, Thomas
Scientific, Swedesboro, NJ) were immersed in 1 N NaOH for 1 h and exten-
sively rinsed in distilled H>O. The coverslips were dipped in absolute etha-
nol, flamed in a bunsen burner to evaporate the ethanol and coated with 2
pg/cm? human fibronectin. HUVEC (subculture 1-2) were plated at
confluent density and incubated for 24 h before cytokine treatment. For sur-
face immunofluorescence studies, HUVEC were plated on 0.1% gelatin-
coated or fibronectin-coated plastic wells of 96 well microtiter plates
(Costar Corp., Cambridge, MA). Experiments were initiated once HUVEC
were confluent (~24 h).

Leukocyte Isolation and Culture

Human monocytes were isolated from anticoagulated whole blood or from
platelet pheresis residues by centrifugation on Ficoll-Hypaque density gra-
dient centrifugation at 15°C (LSM, Organon Teknika, Durham, NC) fol-
lowed by counterflow centrifugation elutriation in a Beckman J2-21 M/E
centrifuge using a JE-6 elutriation rotor and a 6-m! Sanderson chamber
(Beckman Instruments, Palo Alto, CA). The method developed by Doherty
et al. (14, 15) was used with the following modifications. The elutriation
buffer was DPBS supplemented with 3 mM EDTA and 0.25% HSA. The
elutriator rotor and harness was assembled, sterilized with chlorox bleach,
and flushed with 1,000 ml of sterile DPBS. The mononuclear cell frac-
tion isolated by Ficoll-Hypaque density gradient (3 — 8 X 10® cells) was
loaded at 14 ml/min onto the elutriator centrifuge rotor head (2,500 + 10
rpm at 10°C) and fractions of elutriated cells were collected at increasing
flow rates (14, 15). Monocytes eluted at 21.5 ml/min. Monocyte suspen-
sions were 89 + 4% (N = 17) pure with 8% lymphocyte, <2 % granulocyte
and essentially no platelet contamination as determined by light scatter
(FACSCAN, Becton Dickinson, Mountain View, CA) and cell surface anti-
gen analysis with mAb directed to CD14. Monocytes were resuspended in
cold DPBS containing 0.75 mM Ca?* and 0.75 mM Mg?* and 0.2% HSA.
All buffers and reagents contained <10 pg/ml of endotoxin.
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U937 cells were obtained from the ATCC and were maintained in RPMI-
1640 with 25 mM Hepes containing 10% FCS, 1 mM L-glutamine and anti-
biotics. U937 cells stably expressing human L-selectin were prepared by
electroporation of cells with 40 ug of the pLAM-1 cDNA (59) in the pZIP-
neo SV(x) vector. Transfectants were selected in medium containing 0.5
mg/ml G418.

Murine L-cells were obtained from ATCC and were maintained in
DMEM with 10% FCS. L-cells stably expressing the 7-domain form of hu-
man VCAM-1 were prepared by electroporation of cells with 20 pg of the
VCAM-1 cDNA in a modified SR vector. Transfectants were selected in
DMEM-10% FCS containing 0.5 mg/ml G418. In preliminary adhesion ex-
periments, L-cell VCAM-1 monolayers were uniformly positive by flow
cytometry with anti-VCAM-1 mAb (E1/6) and supported significant VCAM-
1-dependent monocyte attachment under rotation conditions (media, 267 +
42 monocytes/20X power field; E1/6 mAb 56 + 19, triplicate wells).

Endothelial-Leukocyte Attachment Assay

Attachment assays were carried out under rotation (64 rpm) as previously
described in detail (55, 56). Briefly, confluent HUVEC were stimulated for
24 h (or as otherwise stated) with culture media containing an optimal con-
centration of rhIL-4 (Genzyme, Inc., Boston, MA). Before assay, HUVEC
monolayers were washed three times with assay media (RPMI-1640 con-
taining 5% FCS and 1 mM L-glutamine) and incubated at 37°C with assay
media alone or media containing saturating concentrations of various
HUVEC-directed or leukocyte-directed mAb for 30 min. In parallel, leuko-
cytes (4 X 105) were centrifuged (300 g, 5 min at 4°C) and suspended in
cold assay buffer (100 ul, total volume) containing leukocyte-directed or
HUVEC-directed mAb or both for 20 min. Leukocyte suspensions were
added to HUVEC monolayers that were rotating at 64 rpm under hu-
midified conditions at 37°C. After incubation for 8 min, the medium was
gently removed and the slides were placed vertically in ice-cold fixative (1%
glutaraldehyde (Sigma) in PBS, pH 7.4) and stored overnight at 4°C. The
number of adherent monocytes was determined by counting 6 different fields
using an ocular grid and 20X objective (0.16 mm? per field). Fields for
counting adherent leukocytes were located at half radius distances from the
center of the monolayers. The percent inhibition was calculated as previ-
ously described (55).

Endothelial-Leukocyte Interactions in a Parallel Plate
Flow Chamber

Apparatus Design. The parallel-plate flow chamber used in this study has
been described in detail (50). Briefly, the chamber is composed of two stain-
less steel plates separated by a silastic gasket (250 um thickness, Dow Corn-
ing). The flow channel is formed by removal of a 50 X 50.0 mm rectangular
section from the silastic gasket. Defined levels of flow are applied to the
HUVEC monolayer by perfusing media (DPBS containing 0.75 mM Ca?*
and Mg?* and 0.2% HSA) through the channel using a syringe pump (Har-
vard Apparatus, Natick, MA). A copper heating plate with two electrical
heating cartridges (SC12-1, Hotwatt, Danvers, MA) was mounted on the top
of the chamber to maintain temperature at 37°C. The channel flow can be
approximated as two-dimensional fully developed laminar flow with a sim-
ple parabolic velocity profile since the channel height is a linear function
of the volume flow rate through the channel. Various wall shear stress levels
were achieved with the following flow rates: 0.4 dynes/cm?, 0.2 ml/min;
0.8 dynes/cm?, 0.4 ml/min; 1.8 dynes/cm?, 0.85 ml/min; 4.4 dynes/cm?,
2.2 ml/min.

Experimental Application. Confluent endothelial monolayers on glass
coverslips were incubated with culture media containing rhIL-4 or culture
media alone for 24 h. Before assay, HUVEC monolayers were incubated
with culture media containing various mAb or culture media alone for 30
min at 37°C, and then carefully positioned in a circular recess in the bottom
plate of the chamber where a portion (50 x 25.0 mm) of the monolayer
was exposed to flow. Care was taken to eliminate air bubbles in the channel
during loading of the coverslip and assembly of the flow chamber as previ-
ously detailed (50). The fiow apparatus with a HUVEC monolayer was
mounted on an inverted microscope (Nikon Diaphot-TMD, Melville, NY)
equipped with 10X and 40X phase contrast objectives. A circular glass
window in the top plate allows direct live time microscopic examination of
the monolayer exposed to flow. The monolayer was perfused for 5-10 min
with perfusion media to verify that the monolayer was confluent and intact.
Concomitantly, monocytes or U937 cells (1.2 X 107) were incubated with
various mAb for 10 min at 4°C and diluted with perfusion media to 10°
cells/ml. The mAb concentration was adjusted to saturating levels in the
perfusion buffer and leukocytes were perfused through the chamber at con-
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trolled flow rates. The entire period of perfusion was recorded on videotape
using a video camera and a video recorder (Panasonic model AG-6750A)
equipped with a time-date generator with a millisecond clock (Panasonic
model WJ-810). Leukocyte adhesion was determined after 10 min of perfu-
sion by analysis of 12-15 high power (40X) fields from videotape. Leuko-
cytes were considered to be adherent after 30 s of stable contact with the
monolayer and usually were well spread on the luminal surface of the en-
dothelium. Since ~8% of the cell suspension was lymphocytes, we deter-
mined whether lymphocytes attached to IL-4 activated HUVEC under flow
at 18 dynes/cm?, Lymphocyte adhesion was very low (3 + 2 lymphocytes
(98% pure) per 40x field (~75 cells/mm?) whereas monocyte adhesion
was quite large (35-50 monocytes/field (750-1,000/mm?). Thus, based on
these data and the fact that contaminating lymphocytes make up 8% of the
monocyte suspension used in our studies, the overall contribution of lym-
phocytes would be small. For calculation of monocyte-endothelial interac-
tions, rolling monocytes were not considered as “adherent”. The velocities
of 50-70 consecutive leukocytes in the field of focus flowing past a 2,500
pm? area were determined at multiple time points during perfusion by
measurement of time required to travel 20 um in multiple frames of video-
tape. The 2,500 pm? area for view on the video screen is formed by a solid
mask placed over the entire video screen with an area removed from the
center to expose a portion of the microscopic field (S0 X 50 um). Distances
were calibrated for each experiment using a Neubauer cell counting cham-
ber grid or stage micrometer. Leukocytes rolling on the endothelium were
easily visualized since they travel more slowly (~80 pm/s) than free-flowing
cells.

Immunofluorescence Assays. Indirect immunofluorescence assays for
L-selectin, CD11/CD18 and CDI14 surface expression on leukocytes were
performed as previously reported (34) using mAb LAMI-3, TS1/18 and
63D3, respectively, and a two step detection protoco! using FITC-conju-
gated goat anti-mouse F(ab’), (Caltag, S. San Francisco, CA). The fluo-
rescence of 10,000 cells was measured on a FACScan (Becton Dickinson)
and the data are presented as mean channel fluorescence (4 decade log
scale) vs cell number.

Statistics. The adhesion data was collected using ANOVA and Student’s
two sample ¢ test was used to calculate statistical significance. ANOVA and
Mann-Whitley-Wilcox rank sum test and confidence interval analysis were
performed on velocities of monocytes on control or IL-4-activated HUVEC
(Minitab statistical software, release 7, Minitab Inc., State College, PA).
p values < 005 were considered significant.

Results

Elutriated Monocytes Maintain Expression
of L-Selectin and CDI8

To obtain monocytes without loss of L-selectin, we used the
clutriation strategy devised by Doherty and coworkers (14,
15) that requires only a short (~+20 min) elutriation protocol
to obtain purified monocytes. Isolation of monocytes from
peripheral blood mononuclear leukocytes by this protocol
resulted in minimal alterations in cell surface L-selectin or
CD18 expression as documented by indirect immunofluores-
cence analysis (Fig. 1). Such monocytes were used in all ex-
periments reported.

IL-4 Treatment of HUVEC Monolayers Induces
VCAM-1 Surface Expression but Does Not Alter
ICAM-1 or Induce E-Selectin Surface Expression

Previous reports have shown that rhIL-4 selectively activated
HUVEC to express VCAM-1 without altering [CAM-1 ex-
pression or inducing E-selectin expression (49, 60). We
confirmed these findings in our model system using surface
immunofluorescence assays and found that VCAM-1 expres-
sion was maximal after 24 h of treatment (data not shown).
Based on these observations, subsequent experiments were
performed using 24 h treatments with 1L-4.
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Figure 1. Monocyte expression of L-selectin and CD18. Peripheral
blood mononuclear leukocytes isolated on density gradients (7op,
a and ¢) and elutriated monocytes (Bottom, b and d) were incubated
with mAb TS1/18 or LAMI-3 to assess the surface expression of
CD11/CD18 and L-selectin, respectively, using indirect immunofiu-
orescence flow cytometric analysis (solid lines). The FITC fluores-
cence intensity (four decade scale) of monocytes stained with an
isotype-matched non-binding control (mAb K16/16 (4) IgG,) is in-
dicated by a broken line. Data presented were essentially identical
to that obtained in seven separate preparations.

IL-4-activated Endothelium Supports
Increased Peripheral Blood Monocyte Adhesion
under Rotating Conditions

Adhesion of peripheral blood monocyte to unactivated
HUVEC monolayers was low under rotating conditions (75
+ 46 monocytes/field, mean + SD, N = 13). In contrast,
IL-4 treatment of human HUVEC monolayers for 24 h
promoted a sevenfold increase in monocyte adhesion to 527
+ 111 monocytes/field (N = 12). Adhesion studies with
HUVEC monolayers incubated for 24 h with varying con-
centrations of IL-4 revealed a dose-dependent increase in
monocyte adhesion that was significantly increased at 0.1 ng
IL-4/ml and reached a plateau at 10 ng IL-4/ml (data not
shown).

An IL-4 Inducible Endothelial Ligand for
L-Selectin in Conjunction with VCAM-1 Mediate
Monocyte Adhesion under Rotation

Increased adhesion of monocytes to IL-4-activated endo-
thelium was detectable by 4 h, increased at 24 h, and was
sustained for at least 48 h (Fig. 2). When adhesion assays
were performed with endothelium activated with IL-4 for
various times in the presence of function blocking anti-L-
selectin mAb (LAM]I-3), adhesion was significantly reduced
at each time point. In parallel, anti-VCAM-1 mAb (E1/6) also
significantly inhibited adhesion, and the combination of anti-
L-selectin and anti-VCAM-1 blocked essentially all cytokine-
induced monocyte adhesion at each time point. These data
indicate that an activation-dependent L-selectin ligand(s) is
induced on the endothelial cell surface by 4 h and expression
is sustained for up to 48 h.
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Figure 2. Kinetics of endothelial expression of an L-selectin
ligand(s). Confluent HUVEC monolayers were treated for 0, 4, 24,
or 48 h with rIL-4, washed four times and incubated with appropri-
ate mAb as detailed in Materials and Methods. Monocyte suspen-
sions were incubated with mAb on ice for 20 min, and then added
to HUVEC monolayers under rotating conditions. Adherent mono-
cytes were enumerated as detailed in Materials and Methods.

Using a panel of mAb that recognize spatially and func-
tionally distinct epitopes on L-selectin (54), blocking studies
were carried out to determine the epitopes on L-selectin in-
volved in monocyte attachment to IL-4-activated HUVEC.
Anti-LAML1-, -3, -4, -6, and -7 mAb, which block lympho-
cyte (56) binding to high endothelial venules (HEV), and
lymphocyte and monocyte adhesion to TNF-activated en-
dothelium (55), also inhibited monocyte attachment to IL-4-
activated endothelium (46, 62, 75, 55, and 55% inhibition,
respectively). mAb that do not block lymphocyte and mono-
cyte attachment to HEV or HUVEC (LAMI-5, -10, -11) also
failed to block monocyte attachment to IL-4-activated
HUVEC. Thus, similar epitopes of L-selectin are involved
in monocyte and lymphocyte adhesion to endothelium.

IL-4-activated Endothelium Supports
Monocyte Adhesion and Spreading under Defined
Laminar Flow

Monocyte-endothelial interactions were examined under de-
fined flow in an in vitro model system (50). Monocyte adhe-
sion to unactivated HUVEC monolayers declined as the wall
shear stress increased, and few monocytes attached above
0.8 dynes/cm? (Fig. 3). In contrast, monocytes bound well
to IL-4-activated endothelial monolayers at levels of wall
shear stress up to 1.8 dynes/cm?; however no adhesion oc-
curred at 4.4 dynes/cm?. Based on these data, all subse-
quent studies were carried out at 1.8 dynes/cm?.
Examination of monocyte-endothelial interactions revealed
that a significant number of monocytes rolled on IL-4-acti-
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Figure 3. Monocyte adhesion to endothelial monolayers under
defined fiow conditions. Confluent IL4-activated or -unactivated
HUVEC monolayers were prepared and inserted into the flow
chamber, and monocytes were perfused through the chamber at var-
ious flow rates (resulting in the estimated wall shear stresses indi-
cated) as detailed in Materials and Methods. Data are from three
separate experiments.

vated HUVEC monolayers and that these monocytes traveled
at slower velocities than those few monocytes rolling on con-
trol endothelial monolayers (78 + 18 um/s vs 205 + 53
pm/s; N = 3, p € 000]; Table I). Thus, IL-4-activated
HUVEC support increased numbers of monocytes that are
interacting with the endothelium, and thereby exhibit re-
duced rolling velocities that lead to dramatically increased
monocyte adhesion.

Visual examination of monocyte interactions with the IL-
4-activated endothelium revealed numerous monocytes in
contact with the apical surface of endothelial cells, some of
which had become stably attached (arrested). The video im-
ages in Fig. 4 depict the sequence of cellular events that leads
to monocyte transendothelial migration on IL-4-activated
endothelial monolayers under defined flow at 1.8 dynes/

Table 1. Monocyte Rolling Velocities on
Interleukin-4-activated Endothelium under Flow

HUVEC treatments/mAb

Monocyte rolling velocities

(um/s)
Unactivated, media 205 + 53
IL4-activated, media 78 + 18*
W6/32 (HLA-A,B complex) 83 + 14¢
LAMI1-3 (L-selectin) 303 + 698
LAMI1-14 (L-selectin) 79 + 40¢
MAB 13 (CD29, B;-integrins) 109 + 30¢
19H8 (asB)) 93 + 19¢
E1/6 (VCAM-1) 87 + 20%
TS 1/18 (CD18, S:-integrins) 77 + 18¢

Monocyte rolling velocities were determined as detailed in Materials and
Methods.

* Monocyte velocities were significantly lower on IL-4-treated HUVEC vs
control HUVEC (p < 0.001).

t mAb W6/32, LAM1-14, MABI13, E1/6, and TS1/18 did not significantly
alter monocyte rolling velocities as compared to media-treated IL.-4-activated
HUVEC.

§ LAMI1-3 significantly increased monocyte rolling velocities (7 € 0.001) as
compared to treatments with media or non-function blocking LAM1-14 mAb.
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Figure 4. Monocytes roll, ar-
rest, spread, and transmigrate
across IL-4-activated endo-
thelial monolayers under
laminar flow. Monocytes were
perfused across 24 h IL-
4-activated HUVEC monolay-
ers at 1.8 dynes/cm?. Sequen-
tial video frames depicting
monocyte rolling (arrowhead
and arrow, a-c), arrest (d, ar-
rowhead), spreading (e, ar-
rowhead), and transendothe-
lial migration (f, arrowhead)
were digitized. The appropri-
ate areas of interest from each
digitized video frame were
combined using commercial
software to create the compos-
ite image. This composite im-
age shows the various stages
that occur between monocytes
and activated endothelial
monolayers under defined
flow at 1.8 dynes/cm?. The
images a-f were taken from
video tape 2, 2, 2, 18, and
33 s apart (~1 min elapsed
time).

cm?, In Fig. 4 q, a rolling monocyte (arrowhead) traveling
at 71 pum/s abruptly arrests (Fig. 4 b) and subsequently rolls
slowly for ~4 s (Fig. 4, b-d), before stably arresting again
(Fig. 4 d); the cell then spreads (not shown), then migrates
toward the endothelial intercellular junctions (Fig. 4 e, ar-
rowhead) and transmigrates beneath the endothelial mono-
layer (Fig. 4 f). A second monocyte (Fig. 4, a-c, arrows)
rolls slowly on the endothelial monolayer surface before re-
leasing into the flow stream. In these studies, arrested mono-
cytes either: (a) released and resumed rolling interactions
with the endothelium at 60-80 um/s; (b) subsequently began
slowly rolling (1-10 um/s) on the apical surface; (¢) remained
adherent and retained their round, spherical morphology;
(d) remained stationary and spread on the apical endothelial
cell surface; or (e) spread on the apical surface of endothelial
cells and migrated to intercellular borders before trans-
migrating.

L-Selectin Facilitates Monocyte Adhesion

Via o.3,-VCAM-1 under Flow

The contributions of both L-selectin- and VCAM-1-depen-
dent adhesion pathways to monocyte attachment and rolling
on IL-4-activated HUVEC were evaluated at a wall shear
stress of 1.8 dynes/cm?. In agreement with the data ob-
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tained under rotating conditions, few monocytes bound to
control HUVEC monolayers, whereas adhesion to IL-4-acti-
vated endothelium was increased ~v13-fold (Table II). Anti-
HLA-A,B complex mAb had no inhibitory effect on mono-
cyte adhesion to IL-4-activated HUVEC monolayers. How-
ever, treatment of monocytes with function blocking mAb
directed to L-selectin (LAMI-3) inhibited >90% of mono-
cyte adhesion, whereas LAMI-14, a isotype-matched mAb
which recognizes an epitope in the short consensus repeat
region of L-selectin that is not involved in adhesion (24, 56),
did not inhibit adhesion. Function blocking mAb directed to
VCAM-1 (EV/6) blocked 97 % of monocyte adhesion. Control
mAb Hu8/4, an isotype-matched mAb which recognizes an
epitope on VCAM-1 that is not involved in adhesion to endo-
thelium (58), had no inhibitory effect. mAb directed to ei-
ther a8, (CD49d) or to B;-integrins (CD29), which inter-
acts with VCAM-1, also inhibited >89% of monocyte
adhesion. In contrast, mAb directed to (.-integrins had no
inhibitory effect on monocyte adhesion under flow. Thus,
both L-selectin and o8, but not 3,-integrins, participate in
monocyte arrest on IL-4-activated endothelial monolayers
under flow.

The role of both L-selectin and VCAM-1-a.8; adhesion
pathways in monocyte rolling and arrest under fiow could be
easily distinguished both visually and by measuring rolling
velocities of monocytes incubated with appropriate mAb.
mAb directed to a8, or VCAM-1 did not significantly al-
ter the velocities of monocytes rolling on IL-4-activated
HUVEC (Table I), but did block arrest (Table II). Anti-
L-selectin mAb (LAMI-3) significantly inhibited monocyte
rolling and thereby, inhibited >90% of attachment. In the
presence of mAb to either L-selectin or VCAM-1-c.,8,, few
if any slow rolling (1-10 um/s) monocytes were observed.
Taken together, the data suggest that L-selectin interacting
with its inducible endothelial ligand allows monocytes to de-

Table II. Monoclonal Antibody Inhibition of Monocyte
Adhesion under Flow

Adherent Inhibition of

HUVEC treatments/mAb (N) monocytes/mm2 adhesion

(%)
Unactivated, media 7 53 + 82 -
IL-4 activated, media 3 677 + 169 -
W6/32 (HLA-A,B complex) 6 821 + 241 -
LAM1-3 (L-selectin) 4 134 + 46* 89+
LAMI1-14 (L-selectin) 2 1273 + 156 0
E1/6 (VCAM-1) 3 77 + 109* 97+
Hu 8/4 (VCAM-1) 1 961 + 224 0
MAB 13 (CD29, 8-integrins) 2 26 + 6* 100*
19H8 (o B8) 2 141 + 91* 89+
TS 1/18 (CD18, B;-integrins) 3 909 + 146 0

Confluent control or IL-4 activated HUVEC monolayers were washed four
times, incubated with various mAb for 30 min at 37°C, and then inserted into
the flow chamber. Concomitantly, monocytes (12 X 105 in 1 ml perfusion
media) were incubated with media alone or media containing various control
or function blocking mAb for 20 min, diluted to 12 ml, and then perfused
across the HUVEC monolayer. All studies were carried out at a wall shear
stress of 1.8 dynes/cm*. N = number of separate experiments. Firmly
adherent cells were determined (40X objective) at the end of 10 min of
monocyte perfusion (rolling cells were not included).

* Monocyte adhesion was significantly inhibited by mAb LAM1-3 (p <
0.0011), E1/6 € 0.0007), MAB13 (p € 0.0005), and auf; (p € 0.015) as
compared to control mAb W6/32 (anti-HLA-A,B).
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celerate to rolling velocities that facilitate the interaction of
aaf3y with VCAM-1, which in turn, mediates arrest on the
activated endothelial surface.

The ability of «8,-VCAM-1 pathway alone to mediate
stable attachment of monocytes under flow was examined
using monolayers of L-cells stably expressing the seven do-
main form of VCAM-1. By quantitative fluorescence im-
munobinding assay, these L-cell transfectants uniformly ex-
press VCAM-1 at levels comparable to that expressed by
IL-4-activated endothelium and supported VCAM-1 depen-
dent adhesion (see Materials and Methods). At 1.8 dynes/
cm?, monocytes did not roll on or attach to L-cell VCAM-1
monolayers. Moreover, no adhesion or rolling was observed
at 0.8 dynes/cm? with either L-cell VCAM-1 or untransfected
L-cell monolayers. Thus, «.B, interactions with VCAM-1
stably expressed on murine L-cells was not sufficient to sup-
port monocyte adhesion under flow in this system.

U937-LAMI but Not U937 Cells Roll and Attach
to Activated Endothelium at 1.8 Dynes/cm?

To further investigate whether rolling of monocytes via
L-selectin is necessary for adhesion in this system, we exam-
ined the attachment of monocyte-like U937 cells, which con-
stitutively express a.8, but not L-selectin, and U937-LAMI
cells, which were stably transfected with the human cDNA
of L-selectin and constitutively express both L-selectin and
auf1. L-selectin expression on U937-LAMI cells was uni-
formly high (~15-fold brighter than isotype-matched non-
binding control mAb K16/16; average of two experiments)
whereas expression on U937 cells was negative as deter-
mined by flow cytometry. U937-LAMI cell attachment to
control HUVEC declined as the shear stress increased and
essentially no adhesion occurred at 1.8 dynes/cm? (Fig. 5).
In contrast, IL-4-activated endothelium supported U937-
LAMI cell adhesion up to 1.8 dynes/cm?. The pattern of
adhesion under various levels of flow for U937-LAMI cells
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Figure 5. U937-LAMI cell adhesion to endothelial monolayers un-
der defined flow conditions. Confluent IL-4-activated or -unacti-
vated HUVEC monolayers were prepared and inserted into the flow
chamber, and stably transfected U937-LAMI cells were perfused
through the chamber at various flow rates as detailed in Materials
and Methods. Data are from two separate experiments.
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was similar to that of blood monocytes (Fig. 5). In contrast,
U937 cells did not attach to control or IL-4-activated
HUVEC at either 1.8 or 0.8 dynes/cm? (N = 3 experiments).
These data imply that the combination of L-selectin plus
o3, interacting with their respective endothelial ligands is
necessary and sufficient for rolling and arrest under flow
conditions.

Further experiments examined U937-LAMI rolling and
attachment to IL-4-activated endothelium in the presence of
appropriate mAb. In three separate experiments, the effects
of function blocking mAb on U937-LAMI cells were essen-
tially the same as that for monocytes. Anti-L-selectin mAb
caused a significant increase in rolling velocities (LAMI-3,
332 + 55 pm/s, mean + SD, vs media control, 99 + 34
pm/s; p € 0002) and totally inhibited upregulated U937-
LAMI adhesion as compared to media control (Table III).
Similarly, anti-CD29 and anti-VCAM-1 mAb blocked all up-
regulated U937-LAMI1 adhesion but had no significant ef-
fects on U937-LAMI rolling (velocities with anti-CD29, 112
+ 14 pm/s). These results corroborate the data obtained
with monocytes, and demonstrate that stable surface expres-
sion of L-selectin in U937 cells (a3, and L-selectin posi-
tive) confers the ability to roll on, and stably bind to, IL-4-
activated endothelium under flow.

B:-Integrins Mediate Monocyte Spreading but Not
Rolling or Attachment under Flow

Treatment of monocytes with function blocking anti-CD18
mAb (TS1/18) consistently had no effect on monocyte rolling
velocities or attachment to IL-4-activated HUVEC (Tables
I and II). However, anti-CD18 mAb did reduce the number
of adherent monocytes which spread or transmigrated across
the endothelial cell monolayer. The video images in Fig. 6
show the extent of monocyte adhesion and spreading to IL-4-
activated HUVEC in the presence of LAMI-14 (non-function
blocking L-selectin), anti-B3;-integrin (TS1/18) or anti-anti-
a.f: (19H8) mAb (Fig. 6, a-c, respectively). Many mono-
cytes attached and spread (depicted by arrows) to activated
endothelium treated with control LAMI-14 mAb (Fig. 6 a;
26 + 5% of adherent monocytes were spread/transmigrated,
N = 124 monocytes counted in seven separate fields with

Table III. Monoclonal Antibody Inhibition of U937-LAM1
Adhesion under Flow

Adherent

HUVEC treatments/mAb U937-Lam1/mm? Inhibition of adhesion
(%)

Unactivated, media 63 + 42 -
IL-4-activated, media 6;(1) i g? 10_0,,
LAMI1-3 (L-selectin)
E1/6 (VCAM-1) 63 + 44 100*

10 + 15 100*

MABI13 (CD29)

Confluent control or IL-4-activated HUVEC monolayers were prepared as
detailed in Tabie II. U937-LAM1 (12 X 10° in 1 ml perfusion media) were
incubated with media alone or media containing various mAb, diluted to 12 ml,
and then perfused across the HUVEC monolayer. All studies were carried out
at wall shear stress of 1.8 dynes/cm®. The data are representative of two
separate experiments. Adherent cells were determined as in Table I.

* U937-LAM1 cell adhesion was significantly inhibited (» € 0.03) by mAb
LAM1-3, E1/6, and MAB13 as compared to media-treated IL-4-activated
HUVEC.

Luscinskas et al. M, yte Adhesion to Endothelium under Flow

Figure 6. Anti-8, integrins inhibit spreading of attached mono-
cytes but not rolling or attachment under flow. Various frames of
video tape recordings of monocyte adhesion to endothelium under
flow were digitized and photographed. Monocytes were perfused
across IL-4-activated endothelial monolayers in the presence of
control non-blocking anti-L-selectin mAb (LAMI-14) (a), function
blocking mAb directed to 3;-integrins (TS 1/18) (b), or function
blocking anti-as3; (19H8) (c) and the experiments recorded on
videotape using a Nikon TMD inverted microscope and a 40x
phase contrast objective. The tapes were replayed and selected por-
tions of the video frames were digitized and photographed. Arrows
indicate spread/transmigrated monocytes.
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40X objective). Although numerous monocytes attached in
the presence of function blocking anti-3,-integrins mAb,
significantly fewer monocytes spread or transmigrated
across the endothelial monolayer (Fig. 6 b; 8 + 4%, N =
223 cells, 5 fields, p < 0.0008) as compared to LAM1-14 or
19H8 mAb). Overall, §,-integrin mAb reduced spreading/
transmigration by 69%. In contrast, although anti-o.(,
mAb greatly reduced monocyte attachment, this treatment
did not reduce monocyte spreading (Fig. 6 c; 51 + 13%, N
= 19 cells, 6 fields).

Discussion

To our knowledge this is the first report to examine the
cellular processes and molecular mechanisms of monocyte-
endothelial adhesive interactions under defined flow con-
ditions in vitro. A recent model of leukocyte-endothelial
interactions has proposed that this process requires multiple,
sequential steps (7). The initial contact between the leuko-
cyte and endothelial cell surface at normal levels of blood
flow is mediated primarily by selectins interacting with their
carbohydrate ligands. This interaction appears to be revers-
ible unless the second phase, leukocyte activation, is initiated.
Activation may occur by appropriate chemoattractants or ac-
cessary molecules that trigger surface adhesion molecules to
become “activated” (i.e., change their avidity for counter-
receptors/ligands [53]). Once activated, these molecules can
engage their endothelial counter-receptors, and thus, initiate
phase three, firm adhesion (arrest). Using an in vitro flow
chamber and function blocking mAb, we have extended this
model in the present study and have identified, at the cellular
and molecular level, the events necessary for monocyte ar-
rest and transmigration across endothelium which has been
selectively activated with IL-4 (and lacks E-selectin) (see
Fig. 7). The data indicate that monocytes decelerate and roll
on the activated endothelium via L-selectin interacting with
its inducible ligand(s) (Phase I). This step is reversible. The
next step involves monocyte a.f interacting with VCAM-1
(Phase II). It is not known if o,8,-VCAM-1 interaction re-
quires cell activation, although previous studies have re-
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Figure 7. Model of monocyte attachment to IL-4-activated HUVEC
monolayers under flow. This figure shows the four sequential events
(Phases I-IV) that were observed during monocyte interactions
with IL-4-activated endothelial monolayers at 1.8 dynes/cm?. Our
observations indicate that L-selectin mediates monocyte rolling (/)
and also facilitates o3;-dependent firm adhesion or arrest (IT),
and that 3,-integrins mediate spreading (/II), and in conjunction
with CD31 (39), mediate monocyte transendothelial migration (IV)
under flow.
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ported that VCAM-1-a,8; can mediate adhesion at 4°C.
These data imply that activation of monocyte a3, may not
be necessary (53, 55, 56) in this in vitro system. Once the
a43-VCAM-1 pathway is engaged, monocytes attach stably
under flow conditions (Figs. 6 and 7). Adherent monocytes
then spread on the apical surface of the endothelium in a pro-
cess that involves B;-integrins (Phase III). This step most
likely requires activation (57) and presumably involves en-
gagement of ICAM-1 and/or ICAM-2 on the endothelial sur-
face. Once spread, monocytes migrate to intercellular junc-
tions and diapedese between endothelial cells (Phase IV).
Recent studies suggest this latter process is dependent, in
part, on homotypic interactions of PECAM-1 (CD31) ex-
pressed on both leukocytes and endothelium (39). Taken
together, these observations suggest a more complex, se-
quential model for monocyte-endothelial interactions than
previously appreciated.

The evidence supporting this model of monocyte-endothe-
lial interactions under flow is as follows. First, consistent
with previous studies (36, 49, 61), IL-4 treatment of HUVEC
monolayers induced VCAM-1 expression, but did not alter
ICAM-1 expression and did not induce E-selectin expres-
sion. Second, few monocytes adhered (<50 monocytes/
mm?) to unactivated endothelium at wall shear stress levels
Z 0.8 dynes/cm?. In contrast, IL4 treatment of HUVEC
monolayers induced a dramatic increase in monocyte adhe-
sion at levels of wall shear stress up to 1.8 dynes/cm?. The
velocities of monocytes were reduced on the activated mono-
layers as compared to control HUVEC, and a significant frac-
tion of these monocytes were rolling. Third, functional block-
ing mAb to either L-selectin, VCAM-1, or a,8; blocked
monocyte adhesion to activated endothelium under both
non-static (rotation assay, 75% inhibition) and defined flow
(90% inhibition at 1.8 dynes/cm?) conditions. Blockade of
L-selectin function by mAb LAM!-3 caused an increase in
monocyte rolling velocities to levels that were not statistically
different from that of monocytes flowing across unactivated
endothelium. Few, if any, rolling monocytes were observed
with LAMI-3 treatment, whereas control non-blocking LAMI-
14 had no inhibitory effect on monocyte rolling or adhesion
(Tables I and II). These data are consistent with previous re-
ports using neutrophils that demonstrated that L-selectin is
crucial for rolling in vivo (32, 62) and accumulation at sites
of inflammation (26, 64). In contrast, function blocking
mAb directed to 3;-integrins or VCAM-1 did not alter roll-
ing velocities but instead increased the number of rolling
cells. Fourth, a.83; appeared to be the principal §;-integrin
involved in stable adhesion under flow since an a.,8; specific
mAb (19H8) was nearly as effective as $3;-directed mAb
(MAB 13) in blocking adhesion. Since of3;-specific mAb
blocked >90% of adhesion, it is unlikely that other c-sub-
units of B,-integrins, such as a5 or a6, are involved. Fifth,
as was demonstrated in experiments with the monocyte-like
U937 and U937-LAMI cell lines, both adhesion pathways
are necessary for rolling and adhesion. U937 cells, which
express a3, but not L-selectin (VLA4*, L-sel-), do not roll
on or attach to (<10 cells/mm?) IL-4-activated endothelial
monolayers at 1.8 dynes/cm? (Fig. 5). However, U937-
LAMI cells, which express both L-selectin and VLA,
(VLA,*, L-sel*), rolled on and stably adhered to IL-4-acti-
vated endothelium at 1.8 dynes/cm?. The characteristics of
U937-LLAMI cell adhesive interactions with the activated
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HUVEC under flow were therefore similar to that of mono-
cytes. Function blocking mAb specific for either g,
VCAM-1 or L-selectin, but not 3;-integrins (CD1V/CDI18),
blocked >95% of adhesion. Finally, monocytes did not roll
on or attach to murine L-cell monolayers stably expressing
VCAM-1 at levels comparable to IL-4-activated HUVEC, in-
dicating that VCAM-1-a.3, interactions alone are not suffi-
cient to arrest monocytes at 1.8 dynes/cm?.

This report provides the first clear indication that §,- and
fB.-integrins have distinct functions in monocyte adhesive
interactions with the vascular endothelium. Specifically, ;-
integrins functioned in stabilizing the initial attachment un-
der flow (arrest), whereas §,-integrins were required for
cell spreading and motility once the monocyte had stably
bound to the apical surface of an endothelial cell. This is in
contrast to neutrophils, which do not express o.(3:-integrins
and which use $3,-integrins to mediate firm attachment to
endothelium (35, 51, 62). It is of interest that monocyte
B-integrins are not used for arrest to IL-4-activated
HUVEC, because f3,-integrins can clearly mediate this
function for neutrophils. It is unlikely that IL-4-activated
HUVEC do not transmit appropriate signals for activation of
fB:-integrins, since (:-integrins are involved in spreading.
Neutrophils may use distinct B,-integrins for arrest and
spreading, thereby making up for the lack of 8;-integrins.
Future studies examining monocyte interactions with TNF-a-
or IL-1B-activated HUVEC monolayers, which express
elevated levels of E-selectin as well as ICAM-1 and VCAM-1,
may provide additional insight into the molecular mecha-
nisms of the differential function of 8- and B,-integrins in
monocyte arrest under flow.

Recent reports have identified endothelial cell molecules
from lymphoid tissues that may function as ligands for a chi-
meric L-selectin molecule. Lasky et al. (28) have cloned a
c¢DNA from a murine lymph node cDNA library that en-
codes a serine/threonine-rich protein core, termed glyCAM-1
(glycosylation-dependent cell adhesion molecule), that func-
tions as a ligand for L-selectin. Expression of this ligand was
constitutive and restricted to peripheral lymph node and
mesenteric HEV endothelial cells in mice; glyCAM-1 ex-
pression was not upregulated with an inflammatory stimu-
lus. More recently this group has identified CD34, another
mucin-like molecule, as a ligand for a L-selectin chimeric
molecule (3). It will be important to determine the distribu-
tion and expression of this molecule in various tissues (both
lymphoid and non-lymphoid and at peripheral vascular beds
at sites of inflammation) and to determine its role in L-selec-
tin dependent monocyte as well as other leukocyte cell type
rolling on vascular endothelium. In addition, Salmi and
Jalkanen (46) reported the immunopurification of a 90-
kD ligand, termed VAP-1, from tonsillar extracts that sup-
ports lymphocyte adhesion. VAP-1 was absent from normal
HUVEC and treatment with various cytokines (TNF-o, IL-
18 and LPS) for 4 or 24 h did not induce expression of
this molecule in cultured HUVEC. Thus, it appears that
the ligand on an activated peripheral vascular endothelium
for L-selectin is distinct from VCAM-1, E-selectin, and
ICAM-1, and that it also is distinct from the constitutively
expressed lymphocyte homing receptor ligand expressed on
HEV endothelial cells glyCAM-1 or other previously de-
scribed molecules (28). The results from our time-course
study under rotation (Fig. 2) indicate that this endothelial
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ligand for L-selectin is induced by 4 h and remains elevated
for at least 48 h. Previous studies have demonstrated that
TNF-« or IL-1 treatment of cultured HUVEC also induced
an endothelial ligand(s) for L-selectin that contributes to
lymphocyte, monocyte, and neutrophil adhesion (55, 56). At
this time, we have no direct evidence that the L-selectin
ligand(s) induced by IL-4, IL-1, or TNF-« are distinct, and
the results from our mAb epitope mapping experiments and
our previous studies (54, 55, 56) would suggest that similari-
ties exist in the region of the L-selectin involved in interac-
tions with the endothelial ligand for L-selectin. L-selectin in-
teraction with its endothelial ligand(s) is an important
adhesion pathway that facilitates monocyte attachment to ac-
tivated endothelium; molecular characterization of vascular
endothelial ligand(s) will be an important goal for dissecting
the role of monocyte emigration in such inflammatory re-
sponses as transplant rejection, and in atherosclerosis.

The data presented in Fig. 1 indicate that elutriated mono-
cytes are not significantly activated during the isolation pro-
tocol. This is an important consideration in the study of
monocyte-endothelial interactions. Using a modification of
the protocol of Doherty et al. (14, 15), monocytes were
elutriated in less than 20 min and were consistently 289%
pure with very low neutrophil or lymphocyte contamination
and essentially no platelet contamination. Previous studies
have demonstrated that during neutrophil and monocyte acti-
vation L-selectin is shed concomitant with a 2-5-fold in-
crease in CDI18 expression (18, 24, 26, 27, 51, 55, 57). Ex-
pression of L-selectin and CDI18 on elutriated monocytes
were essentially identical to monocytes in the mononuclear
fraction isolated by density gradient. The preparations of
monocytes used in these experiments also did not bind
significant levels of mAb 15/7, which recognizes an activa-
tion epitope of a8, (Pizcueta, P., F. W. Luscinskas, and T.
Yednock, manuscript in preparation). Moreover, the basal
adhesion of monocytes to unactivated endothelium under ro-
tation or flow was consistently low, again suggesting that
elutriated monocytes were not activated.

At 1.8 dynes/cm?, most monocytes in contact with the ac-
tivated endothelium were rolling at ~80 pm/s, and some of
these rolling monocytes had velocities in the range of 3-10
pm/s (Fig. 4). This population of slowly rolling monocytes
exhibited features similar to that previously described for
neutrophils interacting with activated endothelium under
flow (51): transient adhesion to endothelium (<5 s) followed
by release and resumption of rolling at ~3-10 um/s. That
monocytes roll rather than slide or tumble under flow was
clearly distinguished under a 40X objective; the large nu-
cleus rotated as the cell traveled across the surface of the
endothelial monolayer. Another feature of monocyte-endo-
thelial interactions under flow was that adherent monocytes
locally altered the laminar flow profile. Initially, monocytes
bound to endothelial cells in a random fashion, but once a
monocyte bound, attachment of subsequent cells in the vicin-
ity occurred preferentially just downstream from the first cell
rather than to areas with no attached cells. This pattern of
adhesion may be due to flowing monocytes following local
disturbances in the flow above or behind adherent cells and/
or because adherent cells protruded above the monolayer
surface and therefore were in contact with a greater number
of flowing monocytes. This alteration in laminar flow also
has been observed with neutrophils interacting with immo-
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bilized P-selectin (29). Finally, the pattern of monocyte at-
tachment under increasing levels of wall shear stress (Fig.
3) indicates that between 1.8 and 4.4 dynes/cm?, the proad-
hesive attachment forces generated by L-selectin interacting
with its endothelial ligand(s) alone were unable to sustain
monocyte contact with endothelium. Although the pump
used with the flow plate apparatus was unable to produce
flow rates intermediate between 1.8 and 4.4 dynes/cm?, the
data presented is sufficient to allow comparison to previous
published results with neutrophils. Lawrence et al. (30) re-
ported that neutrophil adhesion to unactivated endothelium
was negligible above 1.0 dynes/cm? whereas neutrophil ad-
hesion to IL-1- or LPS-activated endothelium was sustained
at 2.0 dynes/cm?, but was negligible at 3.0 dynes/cm?. These
results thus are similar to the data shown in Fig. 3 for mono-
cytes.

Monocytes attached and spread on the luminal surface of
the IL-4-activated endothelium under flow, but few migrated
underneath the monolayer. In contrast, neutrophils readily
transmigrated across TNF-a-activated HUVEC monolayer
under flow (51, 52). In preliminary experiments using 6 h
TNF-a-activated HUVEC, monocytes do roll, attach, and
transmigrate in large numbers under the endothelial mono-
layer. This result suggests that the lack of emigration is not
because monocytes are unable to migrate under flow in this
system, but, rather that IL.-4 does not induce sufficient levels
of endothelial accessory molecules or other factors which
are necessary for transmigration. For example, Lo et al. (33)
reported that E-selectin, which is induced by TNF-¢, IL-1,
and LPS but not IL-4, selectively activates neutrophil CD11b/
CD18 function and migration, processes which could facili-
tate transmigration. IL-4 also induces approximately one-
third the level of VCAM-1 expression and MCP-1 production
as compared to TNF-« ([44] Ding, H., and F. W. Luscinskas,
unpublished observations).

In summary, using IL-4-activated HUVEC monolayers
which selectively express VCAM-1 and an L-selectin ligand
but not E-selectin, and appropriate function blocking mAb,
we have examined monocyte-endothelial interactions in an in
vitro flow model. We found that monocytes rolled on and
stably bound to IL-4-activated endothelium under flow;
L-selectin mediated monocyte rolling and facilitated a.f:-
integrin-dependent arrest under flow. Subsequent monocyte
spreading required $3,- but not B;-integrins. These findings
extend current models of leukocyte-endothelial recognition
to reveal additional steps, mediated by specific adhesion re-
ceptors, involved in the interactions of blood monocytes with
endothelium under defined flow conditions.

The authors gratefully acknowledge Mr. William Atkinson and Ms. Kay
Case for providing cultured HUVEC and maintenance of the U937 cell
line. We thank Dr. Kenneth M. Yamada, Laboratory of Developmental
Biology; National Institutes of Health (NIH) for kindly providing monoclo-
nal antibody MAB13 for our studies; Dr. Dennis Doherty (Denver, CO)
for his technical advice on monocyte isolation by elutriation; and Dr.
Robert Melder, Massachusetts General Hospital, Boston, MA, Dr. Mary
Gerritsen (Miles, Inc., West Haven, CT), and Dr. David Milstone,
Brigham and Women’s Hospital for assistance in generating the digitized
images presented in this manuscript. We also thank members of the Vascular
Research Division for helpful discussions during the course of this work.

This research was supported by grants HL-47646, PO1-HL-36028, CA-
36167, CA-34184, CA-54464 and AI-26872 from NIH. T. F. Tedder is
a Scholar of the Leukemia Society of America. P. Pizcueta is the recipient

The Journal of Cell Biology, Volume 125, 1994

of a Fulbright Fellowship/Spanish Ministry of Education and Science
(MEC) Fellowship.

Received for publication 29 September 1993 and in revised form 9 March
1994,

References

1. Akiyama, S. K., S. S. Yamada, W. T. Chen, and K. M. Yamada. 1989.
Analysis of fibronectin receptor function with monoclonal antibodies:
roles in cell adhesion, migration, matrix assembly and cytoskeletal orga-
nization. J. Cell Biol. 109:863-875.

2. Arnaout, M. A,, L. L. Lanier, and D. V. Faller. 1988. The relative contri-
bution of the leukocyte molecules Mo-1, p150/95 (Leu MS5) in adhesion
of granulocytes and monocytes to vascular endothelium is tissue and
stimulus specific. J. Cell. Physiol. 137:305-309.

3. Baumhueter, S., M. S. Singer, W. Henzel, S. Hemmerich, M. Renz, S. T.
Rosen, and L. A. Lasky. 1993. Binding of L-selectin to the vascular
sialomucin CD34. Science (Wash. DC). 262:436-438.

4. Bevilacqua, M. P. 1993. Endothelial-leukocyte adhesion molecules. Annu.
Rev. Immunol. 11:767-804.

5. Bevilacqua, M. P., J. S. Pober, D. L. Mendrick, R. S. Cotran, and M. A.
Gimbrone, Jr. 1987. Identification of an inducible endothelial-leukocyte
adhesion molecule. Proc. Natl. Acad. Sci. USA. 84:9238-9242.

6. Bevilacqua, M. P., J. S. Pober, M. E. Wheeler, R. S. Cotran, and M. A.
Gimbrone, Jr. 1985. Interleukin-1 acts on cultured human vascular en-
dothelium to increase the adhesion of polymorphonuclear leukocytes,
monocytes, and related leukocyte cell lines. J. Clin. Invest. 76:2003-
2011.

7. Butcher, E. C. 1991. Leukocyte-endothelial cell recognition: three (or
more) steps to specificity and diversity. Cell. 67:1033-1036.

8. Carlos, T., N. Kovach, B. Schwartz, M. Rosa, B. Newman, E. Wayner,
C. Benjamin, L. Osborn, R. Lobb, and J. Harlan. 1991. Human mono-
cytes bind to two cytokine-induced adhesive ligands on cultured human
endothelial cells: endothelial-leukocyte adhesion molecule-1 and vascular
cell adhesion molecule-1. Blood. 77:2266-2271.

9. Carlos, T. M., A. Dobrina, R. Ross, and J. M. Harlan. 1990. Multiple
receptors on human monocytes are involved in adhesion to cultured hu-
man endothelial cells. J. Leuk. Biol. 48:451-456.

10. Carlos, T. M., and J. M. Harlan. 1992. Membrane proteins involved in
phagocyte adherence to endothelium. Jmmunol. Rev. 114:5-28.

11. Cybulsky, M. L., J. W. U. Fries, A. J. Williams, P. Sultan, R. Eddy, M.
Byers, T. Shows, M. A. Gimbrone, Jr., and T. Collins. 1991. Gene
structure, chromosomal location, and basis for alternative mRNA splic-
ing of the human VCAM1 gene. Proc. Natl. Acad. Sci. USA. 88:7859-
7863.

12. Cybuisky, M. 1., and M. A. Gimbrone, Jr. 1991. Endothelial expression
of a mononuclear leukocyte adhesion molecule during atherogenesis.
Science (Wash. DC). 251:788-791.

13. Cybulsky, M. 1., and Gimbrone, M. A., Jr. 1992. Endothelial-leukocyte
adhesion molecules in acute inflammation and atherogenesis. /n En-
dothelial Cell Dysfunctions. N. Simionescu and M. Simionescu, editors.
Plenum Press, New York. p. 129-140.

14. Doherty, D. E., G. P. Downey, G. S. Worthen, C. Haslett, and P. M. Hen-
son. 1988. Monocyte retention and migration in pulmonary inflamma-
tion; requirements for neutrophils. Lab. Invest. 59:200-213.

15. Doherty, D. E., C. Haslett, M. G. Tonnesen, and P. M. Henson. 1987.
Human monocyte adherence: a primary effect of chemotactic factors on
the monocyte to stimulate adherence to human endothelium. J. fmmunol.
138:1762-1771.

16. Elices, M. J., L. Osborn, Y. Takada, C. Crouse, S. Luhowskyj, M. E.
Hemler, and R. Lobb. 1990. VCAM-1 on activated endothelium interacts
with the leukocyte integrin VLA-4 at a site distinct from the VLA-
4/fibronectin binding site. Cell. 60:577-584.

17. Goldman, A. J., R. G. Cox, and H. Brenner. 1967. Slow viscous motion
of a sphere parallel to a plane wall. II. Couette flow. Chem. Eng. Sci.
22:653-660.

18. Griffin, J. D., O. Spertini, T. J. Ernst, M. P. Belvin, H. B. Levine, Y.
Kanakura, and T. F. Tedder. 1990. Granulocyte-Macrophage colony-
stimulating factor and other cytokines regulate surface expression of the
leukocyte adhesion molecule-1 on human neutrophils, monocytes, and
their precursors. J. Immunol. 145:1-9.

19. Grober, J. S., B. L. Bowen, H. Ebling, C. B. Thompson, D. A. Fox, and
L. M. Stoolman. 1993. Monocyte-endothelial adhesion in chronic rheu-
matoid arthritis. In situ detection of selectin and integrin-dependent inter-
actions. J. Clin. Invest. 91:2609-2619.

20. Hakkert, B. C., T. W. Kuijpers, J. F. M. Leeuwenberg, J. A. Van Mourik,
and D. Roos. 1991. Neutrophil and monocyte adherence to the migration
across monolayers of cytokine-activated endothelial cells: the contribu-
tion of CD18, ELAM-1, and VLA-4. Blood. 78:2721-2726.

21. Harlan, J. M. 1985. Leukocyte-endothelial interactions. Blood. 65:513-
525.

22. Heisig, N. 1968. Functional analysis of the microcirculation in the exocrine

1426



23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

3s.

36.

37.

38.

39.

4].

42,

43.

45.

Luscinskas et al. Monocyte Adh.

pancreas. Adv. Microcirc. 1:89-94.

Howard, M., J. Farrar, M. Hilfiker, B. Johason, K. Takatsu, T. Hamaoka,
and W. E. Paul. 1982. Identification of a T cell-derived B cell growth
factor distinct from interleukin-2. J. Exp. Med. 155:914.

Kansas, G. S., O. Spertini, F. W. Luscinskas, M. A. Gimbrone, Jr., and
T. F. Tedder. 1993. Interaction of LAM-1 with an inducible ligand sup-
ports leukocyte adhesion to endethelinm. P. F. Lipsky, R. Rothlein,
T. K. Kishimoto, R. B. Faanes, and C. W. Smith, editors. Springer-
Verlag, NY. p. 168-181.

Kansas, G. S., O. Spertini, L. M. Stoolman, and T. F. Tedder. 1991. Mo-
lecular mapping of functional domains of the leukocyte adhesion mole-
cule, LAM-1. J. Cell Biol. 144:351-358.

Kishimoto, T. K., M. A. Jutila, E. L. Berg, and E. C. Butcher. 1990. Neu-
trophil Mac-1 and MEL-14 adhesion proteins inversely regulated by
chemotactic factors. Science (Wash. DC). 245:1238-1241.

Kishimoto, T. K., M. A. Jutila, and E. C. Butcher. 1990. Identification of
a human peripheral lymph node homing receptor: a rapidly down-regu-
lated adhesion molecule. Proc. Natl. Acad. Sci. USA. 87:2244-2248.

Lasky, L. A., M. S. Singer, D. Dowbenko, Y. Imai, C. Fennie, N. Gillett,
S. R. Watson, and S. D. Rosen. 1992. An endothelial ligand for L-selec-
tin is a novel mucin-like molecule. Cell. 69:927-938.

Lawrence, M. B., and T. S. Springer. 1991. Leukocytes roll on a selectin
at physiological flow rates: distinction from the prerequisite for adhesion
through integrins. Cell. 65:859.

Lawrence, M. B., C. W. Smith, S. G. Eskin, and L. V. MclIntire. 1990.
Effect of venous shear stress on CD18-mediated neutrophil adhesion to
cultured endothelium. Blood. 75:227-237.

Ley, K., and P. Gaehtgens. 1991. Endothelial, not hemodynamic, differ-
ences are responsible for preferential leukoeyte rolling in rat mesenteric
venules. Circ. Res. 69:1034-1041.

Ley, K., P. Gaehtgens, C. Fennie, M. S. Singer, L. A. Laskey, and S. D.
Rosen. 1991. Lectin-like cell adhesion molecule-1 mediates leukocyte
rolling in mesenteric venules in vivo. Blood. 77:2553.

Lo, 8. K., S. Lee, R. A. Ramos, R. Lobb, M. Rosa, G. Chi-Rosso, and
S. D. Wright. 1991. Endothelial-leukocyte adhesion molecule-1 stimu-
lates the adhesive activity of leukocyte integrin CR3 (CD11b/CD18,
Mac-1, an,8;) on human neutrophils. J. Exp. Med. 173:1493-1500.

. Luscinskas, F. W., A. F. Brock, M. A. Arnaout, and M. A. Gimbrone,

Jr. 1989. Endothelial-leukocyte adhesion molecule-1-dependent and leu-
kocyte (CD11/CD18)-dependent mechanisms contribute to polymor-
phonuclear leukocyte adhesion to cytokine-activated human vascular en-
dothelium. J. Immunol. 142:2257-2263.

Luscinskas, F. W., M. 1. Cybulsky, J.-M. Kiely, C. S. Peckins, V. M.
Davis, and M. A. Gimbrone, Jr. 1991. Cytokine-activated human en-
dothelial monolayers support enhanced neutrophil transmigration via a
mechanism involving both Endothelial-leukocyte Adhesion Molecule-1
(ELAM-1) and Intercellular Adhesion Molecule-1 (ICAM-1). J. Im-
munol. 146:1617-1625.

Masinovsky, B., D. Urdal, and W. M. Gallatin. 1990. IL-4 acts synergisti-
cally with IL-18 to promote lymphocyte adhesion to microvascular en-
dothelium by induction of vascular cell adhesion molecule-1. J. Immunol.
145:2886-2895.

Matsushima, K., C. G. Larsen, G. C. DuBois, and J. J. Oppenheim. 1989.
Purification and characterization of a novel monocyte chemotactic and ac-
tivating factor produced by a human myelomonocytic cell line. J. Exp.
Med. 169:1485-1490.

Mentzer, S. J., S. J. Burakoff, and D. V. Faller. 1986. Adhesion of T lym-
phocytes to human endothelial cells is regulated by the LFA-1 membrane
molecule. J. Cell. Physiol. 126:285-290.

Muller, W. A., S. A. Weigel, X. Deng, and D. M. Phillips. 1993.
PECAM-1 is required for transendothelial migration of leukocytes. J.
Exp. Med. 178:449-460.

. Pawlowski, N. A., W, A, Scott, S. Pontier, and Z. A. Cohn. 1985. Human

monocyte-endothelial cell interaction in vitro. Proc. Natl. Acad. Sci.
USA. 82:8208-8212.

Rice, G. E., J. M. Munro, and M. P. Bevilacqua. 1990. Inducible cell adhe-
sion molecule 110 (INCAM-110) is an endothelial receptor for lympho-
cytes: a CD11/CD18-independent adhesion mechanism. J. Exp. Med.
171:1369-1374.

Rollins, B. J., and J. S. Pober. 1991. Interleukin-1 induces the synthesis
and secretion of MCP-1/JE by human endothelial cells. Am. J. Path.
138:1315-1319.

Rollins, B. J., A, Walz, and M. Baggiolini. 1991. Recombinant human
MCP-1/JE induces chemotaxis, calcium flux, and the respiratory burst
in human monocytes. Blood. 78:1112-1116.

- Rollins, B. J., T. Yoshimura, E. J. Leonard, and J. S. Pober. 1990.

Cytokine-activated human endothelial cells synthesize and secrete a
monocyte chemoattractant, MCP-1/JE. Am. J. Path. 136:1229-1233.
Ross, R. 1993. The pathogenesis of atherosclerosis: a perspective for the

1990°s. Nature (Lond.). 362:801-809.

. Salmi, M., and S. Jalkanen. 1992. A 90-kilodalton endothelial cell mole-

to Endothelium under Flow

47.

48.

49,

50.

51.

52.

53.
54.

55.

56.

57.
58.

59.

61.

62.

63.

65.

67.

cule mediating lymphocyte binding in humans. Science (Wash. DC).
257:1407-1409.

Sanchez-Madrid, F., A. M. Krensky, C. F. Ware, E. Robbins, J. L.
Strominger, S. J. Burakoff, and T. S. Springer. 1982. Three distinct anti-
gens assocjated with human T lymphocyte mediated cytolysis: LFA-1,
LFA-2 and LFA-3, Proc. Natl. Acad. Sci. USA. 79:7489-7493.

Sanders, W. E., R. W. Wilson, C. M. Ballantyne, and A. L. Beaudet,
1992. Molecular cloning and analysis of in vivo expression of murine
P-selectin. Blood. 3:795-800,

Schleimer, R. P., S. A. Sterbinsky, J. Kaiser, C. A. Bickel, D. A. Klunk,
K. Tomioka, W. Newman, F.W. Luscinskas, M. A. Gimbrone, Jr., W.
Mclntyre, and B. S. Bochner. 1992, IL4 induces adherence of human
eosinophils and basophils but not neutrophils to endothelium. J. Im-
munol. 148:1086-1092.

Shen, J., F. W, Luscinskas, A. Connolly, C. F. Dewey, Jr., and M. A.
Gimbrone, Jr. 1992. Fluid shear stress modulates cytosolic free calcium
in vascular endothelial ceils. Am. J. Physiol. 262:C384-C392.

Smith, C. W., T. K. Kishimoto, Q. Abbass, B. Hughes, R. Rothlein, L. V.
Mclntire, E. Butcher, and D. C. Anderson. 1991. Chemotactic factors
regulate lectin adhesion molecule-1 (LECAM-1)-dependent neutrophil
adhesion to cytokine-stimulated endothelial cells in vitro. J. Clin. Invest.
87:609-618.

Smith, C. W., S. D. Marlin, R. Rothlein, C. Toman, and D. C. Anderson.
1989. Cooperative interactions of LFA-1 and Mac-1 with intercellular
adhesion molecule-1 facilitating adherence and transendothelial migra-
tion of human neutrophils in virro. J. Clin. Invest. 83:2008-2017.

Smyth, S. 8., C. C. Joneckis, and L. V. Parise. 1993. Regulation of vascu-
lar integrins. Biood. 81:2827-2843,

Spertini, O., G. S. Kansas, K. A. Reimann, C. R. Mackay, and T. F. Ted-
der. 1991. Function and evolutionary conservation of distinct epitopes on
the leukocyte adhesion molecule-1 (TQ-1, Leu-8) that regulate leukocyte
migration. J. Immunol. 147:942-949,

Spertini, O., F. W. Luscinskas, M. A. Gimbrone, and T. F. Tedder. 1992.
Monocyte attachment to activated endothelium in vitro is mediated by leu-
kocyte adhesion molecule-1 (L-selectin) under non-static conditions. J.
Exp. Med. 175:1789.

Spertini, O., F. W. Luscinskas, G. S. Kansas, J. M. Munro, J. D. Griffin,
M. A. Gimbrone, Jr., and T. F. Tedder. 1991. Leukocyte adhesion
molecule-1 (LAM-1, L-Selectin) interacts with an inducible endothelial
cell ligand to support leukocyte adhesion. J. Immunol. 147:2565-2573.

Springer, T. A. 1990. Adhesion receptors of the immune system. Nature
(Lond.). 346:425-434.

Taichman, D. B., M. I. Cybulsky, I. Djaffar, B. M. Longencker, J. Teix-
ido, E. Rice, A. Aruffo, and M. P. Bevilacqua. 1991. Tumor cell surface
auf3, integrin mediates adhesion to vascular endothelium: demonstration
of an interaction with the N-terminal domains of INCAM-110/VCAM-1.
Cell Regulation. 2:347-355.

Tedder, T. B., C. M. Isaacs, T. J. Ernst, G. D. Demetri, D. A. Adler, and
C. M. Disteche. 1989. Isolation and chromosomal localization of
CDNAS encoding 2 novel human lymphocyte cell surface molecule,
LAM-1. J. Exp. Med. 170:123-133.

- Thornhill, M. H., and D. O. Haskard. 1990. IL-4 regulates endothelial cell

activation by IL-1, Tumor Necrosis Factor-a, or IFN-7. J. Immunol.
145:865-872.

Thornhill, M. H., U. Kyan-Aung, and D. O. Haskard. 1990. IL4 increases
human endothelial cell adhesiveness for T-cells but not for neutrophils.
J. Immunol. 144:3060-3065.

Von Andrian, U. H., J. D. Chambers, L. M. McEvoy, R. F. Bargatze,
K. E. Arfors, and E. C. Butcher. 1991. Two-step model of leukocyte-
endothelial cell interaction in inflammation: distinct roles of LECAM-1
and the leukocyte B,-integrins in vivo. Proc. Natl. Acad. Sci. USA. 88:
7538-7542.

Wallis, W. J., D. D. Hickstein, B. R. Schwartz, C. H. June, H. D. Ochs,
P. G. Beatty, S. J. Klebanoff, and J. M. Harlan. 1986. Monoclonal antj-
body-defined functional epitopes on the adhesion-promoting glycoprotein
complex (Cdw18) of human neutrophils. Blood. 67:1007-1013.

. Watson, S. R., C. Fennie, and L. A. Lasky. 1991. Neutrophil influx into

an inflammatory site inhibited by a soluble homing receptor-IgG chimera.
Nature (Lond.). 349:164-167.

Weller, A., S. Isenmann, and D. Vestweber. 1992. Cloning of the mouse
endothelial selectins. J. Biol. Chem. 267:15176-15183.

. Yokota, T., N. Arai, J. DeVries, H. Spits, J. Banchereau, A. Zlotnik, S.

Rennick, M. Howard, Y. Takebe, S. Miyatake, F. Lee, and K. Arai.
1988. Molecular biology of interleukin 4 and interleukin 5 genes and biol-
ogy of their products that stimulate B cells, T cells and hemopoietic cells.
Immunol. Rev. 102:137-187.

Yoshimura, T., E. A. Robinson, S. Tanaka, E. Appella, J. Kuratsu, and
E.J. Leonard. 1989. Purification and amino acid analysis of two human
glioma-derived monocyte chemoattractants. J. Exp. Med. 169:1449-
1459.

1427



