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ABSTRACT Although primarily recognized for its role in
hemostasis, fibrinogen is also required for competent inflam-
matory reactions in vivo. It is now shown that fibrinogen
promotes adhesion to and migration across an endothelial
monolayer of terminally differentiated myelomonocytic cells.
This process does not require chemotactic/haptotactic gra-
dients or cytokine stimulation of the endothelium and is
specific for the association of fibrinogen with intercellular
adhesion molecule 1 (ICAM-1) on endothelium. Among other
adhesive plasma proteins, fibronectin fails to increase the
binding of leukocytes to endothelium, or transendothelial
migration, whereas vitronectin promotes the binding but not
the migration. The fibrinogen-mediated leukocyte adhesion
and transendothelial migration could be inhibited by a pep-
tide from the fibrinogen y-chain sequence N117NQKIVNL-
KEKVAQLEA'33, which blocks the binding of fibrinogen to
ICAM-1. This interaction could also be inhibited by new
anti-ICAM-1 monoclonal antibodies that did not affect the
ICAM-1-CD11a/CD18 recognition, thus suggesting that the
fibrinogen binding site on ICAM-1 may be structurally dis-
tinct from regions previously implicated in leukocyte-
endothelium interaction. Therefore, binding of fibrinogen to
vascular cell receptors is sufficient to initiate (i) increased
leukocyte adhesion to endothelium and (ii) leukocyte trans-
endothelial migration. These two processes are the earliest
events of immune inflammatory responses and may also con-
tribute to atherosclerosis.

Fibrinogen plays a crucial role in primary hemostasis and
platelet function, as highlighted by the bleeding disorders of
afibrinogenemic individuals (1). However, fibrinogen is also
required for efficient inflammatory responses in vivo, as orig-
inally recognized during delayed-type hypersensitivity (2).
More recent studies have demonstrated that defibrinated an-
imals fail to accumulate an inflammatory cell infiltrate after
intraabdominal purulent challenges (3), or at the site of bio-
material implant (4), and that such animals are protected from
glomerular lesions during the acute phase of immune-complex
nephrotoxic nephritis (5). The molecular mechanisms under-
lying fibrinogen-dependent inflammatory responses are poorly
understood. Although fibrinogen fragments generated upon
blood activation of coagulation exert chemotactic (6) and
immunosuppressive effects (7), a role for the intact fibrinogen
molecule in vascular injury and inflammation has been pos-
tulated as well.

General inflammatory responses and tissue-specific im-
mune effector functions begin with a regulated "cascade" of
adhesive interactions between leukocytes and vascular endo-
thelium, followed by leukocyte extravascular migration across
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the endothelial cell monolayer (8, 9). In a previous study, we
have shown that fibrinogen and normal human plasma en-
hance the attachment of leukocytes to endothelium by acting
as a molecular bridge between the two cell types (10). The
endothelial cell fibrinogen receptor mediating this bridging
pathway with leukocytes was identified as intercellular adhe-
sion molecule 1 (ICAM-1) (10).

In this study, we show that the fibrinogen-ICAM-1 inter-
action can also mediate transendothelial migration of leuko-
cytes and identify the sequence in fibrinogen that serves as a
binding site for ICAM-1. We also show that fibrinogen binds
to a site on ICAM-1 that is spatially distinct from that impli-
cated in the recognition of CD11a/CD18 (9).

MATERIALS AND METHODS
Cells and Cell Cultures. Peripheral blood mononuclear cells

(PBMCs) and polymorphonuclear leukocytes (PMNs) were
isolated from heparinized blood drawn after informed consent
from normal healthy volunteers by differential centrifugation
on Ficoll/Hypaque gradient and dextran sedimentation as
described (11). The promyelocytic cell line HL-60 was termi-
nally differentiated to a monocyte-like phenotype by a 4- to
5-day culture in the presence of 0.1 ,uM 1,25-dihydroxyvitamin
D3 (Biomol, Plymouth Meeting, PA) and indomethacin (17.8
,ug/ml) (Calbiochem) according to published protocols (12).
Previous studies have demonstrated that vitamin D3-
differentiated HL-60 cells constitute a reliable model for in
vitro monocyte function (13). Human umbilical vein endothe-
lial cells (HUVECs) were prepared by collagenase treatment
(14), or purchased from Clonetics (San Diego), and main-
tained in culture according to the supplier's specifications. For
most experiments, HUVECs were used between passages 2
and 5. The integrity of the endothelial cell monolayer was
confirmed before each experiment of leukocyte adhesion and
transendothelial migration by phase-contrast microscopy and
crystal violet staining.

Proteins and Synthetic Peptides. Human fibronectin and fi-
bronectin-depleted fibrinogen were purified according to pub-
lished protocols (11, 15). Human vitronectin was purchased from
GIBCO or kindly donated by Helena Hessle (Telios Pharmaceu-
ticals, San Diego). Control proteins transferrin and bovine serum
albumin were purchased from Sigma and dissolved in phosphate-
buffered saline (pH 7.2). Partially overlapping synthetic peptides
derived from the fibrinogen y chain, and characterized in
previous studies (11), were screened for their ability to inhibit
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binding of 125I-labeled fibrinogen to resting HUVEC mono-

layers. In these experiments, a synthetic peptide designated y3

(N117NQKIVNLKEKVAQLEA133) completely abolished in a

dose-dependent manner the interaction of 1251-fibrinogen with
ICAM-1-expressing cells (IC50, "60 AM) and physically asso-

ciated with genetically engineered ICAM-1 transfectants in

direct 125I-labeled peptide binding studies. In contrast, none of

the other fibrinogen y-chain-derived peptides (11), or a con-

trol peptide containing a scrambled y3 sequence (ALENA-

EVQNLVKKIQKN), was effective under the same experi-

mental conditions (unpublished observations).
Monoclonal Antibodies (mAbs). A panel of murine mAbs

was generated against the B-lymphoblastoid cell line Daudi.

Hybridoma culture supernatants were initially screened by

flow cytometry for their reactivity with Daudi lymphoblasts or

with resting or 4-h type a tumor necrosis factor (TNF-a)-

activated HUVECs. Three mAbs (2D5, 1G12, and 6E6) spe-

cifically bound to genetically engineered ICAM-1 transfec-

tants by flow cytometry and immunoprecipitated a single

-95-kDa molecule from 125I-surface-labeled detergent-
solubilized Daudi lymphocyte extracts.
Leukocyte-Endothelium Interaction and Transendothelial

Migration. The experimental procedures for leukocyte adhesion

to HUVEC monolayers in the presence of plasma proteins has

been described in detail (10). The effect of adhesive proteins on

leukocyte transendothelial migration was investigated as follows.

HUVEC monolayers were grown to confluency onto gelatin-

coated porous membranes (diameter, 3-8 ,um; Transwell;

Costar) for 1-3 days at 37°C and incubated in duplicate with

aliquots (1 x 105 cells per well) of vitamin D3-differentiated
HL-60 cells, PMNs, or PBMCs in the presence or absence of

fibrinogen (300-600,ug/ml), vitronectin (40,ug/ml), autologous

normal human plasma (1:5 dilution), or serum (1:2 dilution) for

2 h at 37°C. Vitamin D3-differentiated HL-60 cells, PMNs, or

PBMCs were stimulated with 10,tM fMet-Leu-Phe before in-

cubation with HUVECs. After three washes in serum-free RPMI
1640 medium, migrated leukocytes were recovered from the

bottom of the well, washed, stained with 0.2% trypan blue, and

counted microscopically. Similar experiments were also repeated

with HUVEC monolayers stimulated with TNF-a (100 units/ml)

for 4 h at 37°C. No difference in leukocyte transendothelial
migration was observed when comparable concentrations of

fMet-Leu-Phe were simultaneously added to both the lower and

the upper Transwell chambers under these experimental condi-

tions. In synthetic peptide ormAb inhibition experiments, vita-

min D3-differentiatedHL-60 cell or PMN suspensions were sep-

arately preincubated with fibrinogen y-chain-derived synthetic

peptide -y3 or DIII (K162QSGLYFIKPLKAN175) (100-400,ug/
ml) or with anti-ICAM-1 mAbs LB-2 (10), 1G12, 2D5, and 6E6,

or control mAb 6A11 (25,ug/ml) before addition of fibrinogen

(300,ug/ml) or autologous plasma and quantitation of leuko-

cyte-endothelium interaction and transendothelial migration. In

another series of experiments, aliquots of 5tCr-labeled HL-60

cells were added in the presence or absence of anti-ICAM-1

mAbs 2D5 and 6E6, anti-CD18 mAb 60.3, or control mAb 6A11

(25,ug/ml) to confluent monolayers of ICAM-1 transfectants or

wild-type CHO cells and measurement of specific cell adhesion

in the absence of fibrinogen after a 30-min incubation at 22°C was

as described (10).

RESULTS

Regulation of Leukocyte-Endothelium Interaction by

Plasma Adhesive Proteins. Previous studies have demon-

strated that fibrinogen enhances leukocyte adhesion to endo-

thelium by acting as a molecular bridge between the two cell

types (10). The possible participation in this mechanism of

additional plasma proteins with cell adhesion-promoting prop-

erties-i.e., vitronectin and fibronectin-was investigated.
While no specific adhesion of undifferentiated HL-60 promy-

elocytes to resting HUVEC monolayers was observed in the
presence of soluble adhesive proteins (data not shown), fi-
brinogen or vitronectin enhanced by 3- to 4-fold the adhesion
of vitamin D3-differentiated monocyte-like HL-60 cells (12,
13) or PBMCs to resting endothelium (Fig. 1; data not shown).
In contrast, comparable concentrations of fibronectin were
consistently ineffective under the same experimental condi-
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FIG. 1. Leukocyte-endothelium interaction mediated by plasma
adhesive proteins. (A) Suspensions of vitamin D3-differentiated 51Cr-
labeled HL-60 cells in serum-free RPMI 1640 medium at 1.5x 106
cells per ml were stimulated with 10,uM fMet-Leu-Phe and equili-
brated with fibrinogen, vitronectin, or fibronectin (150j,g/ml) in the
presence of 1 mM CaCl2 for 20 min at 22'C. The cell suspension was
added to resting HUVEC monolayers for an additional 30-min incu-
bation at 22'C, washed, and solubilized in 10-20% SDS, and radio-
activity associated under the various conditions was determined in a
scintillation13-counter. (B) Experimental conditions are the same as in
A except that vitamin D3-differentiated 51Cr-labeled HL-60 cells were
equilibrated with vitronectin or control protein transferrin (40,ug/ml)
and added to resting HUVECs for increasing time intervals at 22'C
before measurement of leukocyte adhesion. (C) Vitamin D3-
differentiated 51Cr-labeled HL-60 cells were incubated with the indi-
cated increasing concentrations of vitronectin before addition to HU-
VEC monolayers for 30 min at 22'C. Data for all panels are means
SD of triplicate determinations from a representative experiment.
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tions, despite the ability of differentiated HL-60 cells to
strongly adhere to fibronectin substrate (Fig. 1; data not
shown). As shown in Fig. 1, vitronectin enhanced monocytic
HL-60 cell adhesion to HUVECs in a time- and dose-
dependent reaction (Fig. 1 B and C), approaching saturation
at 50 ,ug/ml, in the range of the physiologic plasma concen-
trations of vitronectin (Fig. 1C). These results are in agree-
ment with a recent study showing that vitronectin specifically
binds to the luminal side of endothelial cells (16). Vitronectin
did not further increase adhesion of differentiated HL-60 cells
to TNF-a-stimulated HUVECs, as compared with control
incubation reactions in the presence of transferrin (data not
shown).

Effect of Plasma Adhesive Proteins on Leukocyte Transendo-
thelial Migration. Tight adhesion of leukocytes to endothelium is
followed by leukocyte transendothelial migration and tissue-
specific homing (9, 17). The possibility that plasma adhesive
proteins mediating leukocyte-endothelium bridging might also
direct leukocyte migration across the endothelium monolayer
was investigated. As shown in Fig. 2, in the absence of adhesive
proteins or chemotactic gradients, PMNs or vitamin D3-
differentiated HL-60 cells did not migrate across resting HUVEC
monolayers, in agreement with previous observations (18) (Fig.
2). In contrast, physiologic concentrations of fibrinogen or nor-
mal human plasma, but not vitronectin or serum, stimulated
transendothelial migration of both cell types under the same
experimental conditions (Fig. 2). Similar results were obtained
with PBMCs (data not shown). The effect of cytokine activation
of HUVECs on leukocyte transmigration mediated by adhesive
proteins was investigated. In agreement with previous observa-
tions (18, 19), TNF-a-stimulated HUVECs supported transmi-
gration of 3000 ± 1000 PMNs in the absence of adhesive proteins,
as compared with the undetectable values observed for resting
endothelium. Under these experimental conditions, fibrinogen
promoted migration of 20,500 ± 500 PMNs through TNF-a-
stimulated HUVECs, while, consistent with the data presented
above, 4000 ± 1000 PMNs migrated through cytokine-activated
HUVEC monolayers in the presence of vitronectin.

Structural Requirements ofFibrinogen-Dependent Leukocyte
Transendothelial Migration. The potential participation of

ICAM-1 and of its recognition for fibrinogen (10) in leukocyte
transendothelial migration was investigated in synthetic peptide
and mAb inhibition studies. Survey of a large number of fibrin-
ogen t-chain-derived synthetic peptides identified a peptide des-
ignated -y3 (N117NQKIVNLKEKVAQLEA133) that was capable
of inhibiting leukocyte-endothelium interaction mediated by fi-
brinogen. The y3 peptide completely inhibited binding of 125I-
fibrinogen to ICAM-1-expressing cells and specifically bound to
ICAM-1 transfectants. Other fibrinogen y-chain-derived pep-
tides, including peptides shown to bind to the aM(32 integrin (11),
were not active under the same experimental conditions (unpub-
lished observations). As shown in Fig. 3A, increasing concentra-
tions of y3 completely inhibited in a concentration-dependent
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FIG. 2. Effect of plasma adhesive proteins on leukocyte transen-
dothelial migration. Resting HUVEC monolayers were grown to
confluency on gelatin-coated porous membranes (Transwell; Costar;
diameter, 3-8 gm) and separately incubated with serum-free suspen-
sions ofPMNs or vitamin D3-differentiated HL-60 cells in the presence
of 1 mM CaCl2 and 1mM MgCl2. After separate addition of fibrinogen
(Fg) (300 ,g/ml), vitronectin (Vn) (40 ,ug/ml), autologous human
plasma (1:5 dilution), or serum, the various incubations were contin-
ued for 2 h at 37°C. Cells were washed with three rapid changes of
serum-free RPMI 1640 medium, and transmigrated leukocytes at the
bottom of the well were recovered and counted in a hemocytometer.
Data are expressed as means ± SD of three independent experiments.

FIG. 3. Effect of antagonists of ICAM-1-fibrinogen interaction on
fibrinogen-dependent leukocyte adhesion to HUVECs. (A) Serum-
free suspensions of 51Cr-labeled vitamin D3-differentiated HL-60 cells
were preincubated with the indicated increasing concentrations of
fibrinogen-derived peptide y3-(117-133) or a single concentration
(400 ,ug/ml) of control peptide L10-(402-411) for 10 min at 22°C
before addition to resting HUVEC monolayers in the presence of
fibrinogen (Fg) (300 ,ug/ml). Specifically attached cells under the
various conditions tested were calculated after a 30-min incubation at
22°C as described in Fig. 1. (B) Experimental conditions are the same
as in A, except that serum-free suspensions of 5tCr-labeled PBMCs
were incubated with saturating concentrations (25 Zg/ml) of anti-
ICAM-1 mAb 2D5 or LB-2 or control mAb 6A11 for 15 min at 22°C
before addition to resting HUVEC monolayers in the presence of
fibrinogen (300 ,ug/ml) or control protein transferrin and measure-

ment of cell adhesion. Data for both panels are expressed as means

SD of at least two independent experiments.
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fashion the adhesion of vitamin D3-differentiated HL-60 cells to
resting HUVEC monolayers mediated by fibrinogen. Similar
results were obtained with PBMCs (data not shown). Control
peptide L10 (Fig. 3A) or a scrambled control peptide based on
the y3 sequence (data not shown) were not inhibitory.

In parallel experiments, an anti-ICAM-1 mAb panel was
generated by selecting for inhibition of binding of 125[_
fibrinogen to ICAM-1-expressing cells. One of these anti-
ICAM-1 mAbs, 2D5, inhibited fibrinogen-mediated adhesion
of PBMCs and vitamin D3-differentiated HL-60 cells to resting
HUVEC monolayers to the background values observed in the
presence of control protein transferrin (Fig. 3B; data not
shown). Consistent with previous observations (10), saturating
concentrations of anti-ICAM-1 mAb LB-2 inhibited by -50%
the leukocyte-endothelium interaction, while control mAb
6A11 was ineffective (Fig. 3B). In another series of experi-
ments, saturating concentrations of mAb 2D5 failed to dimin-
ish HL-60 cell adhesion to monolayers of ICAM-1 transfec-
tants in the absence of fibrinogen (Table 1). In contrast,
anti-CD18 mAb 60.3, or the anti-ICAM-1 mAb 6E6, which
does not affect fibrinogen recognition, completely inhibited
HL-60 cell adhesion to ICAM-1 transfectants (Table 1).
The effect of these two classes of antagonists on fibrinogen-

dependent leukocyte transendothelial migration was investi-
gated. As shown in Fig. 4A, inhibitory concentrations of yy3
blocked transendothelial migration of vitamin D3-differenti-
ated HL-60 cells mediated by fibrinogen or by autologous
human plasma by 60-70%, respectively, while control peptide
DIII (Kl62QSGLYFIKPLKAN175) was ineffective (Fig. 4A). In
parallel experiments, anti-ICAM-1 mAb 2D5 also inhibited by
50-75% fibrinogen- or plasma-dependent migration of vita-
min D3-differentiated HL-60 cells across resting HUVEC
monolayers (Fig. 4B). In contrast, leukocyte preincubation
with control mAb 6A11, or with anti-ICAM-1 mAb 6E6 (Table
1), did not diminish leukocyte transendothelial migration me-
diated by fibrinogen or plasma (Fig. 4B).

DISCUSSION
Soluble Adhesive Ligands Regulate Leukocyte-Endothe-

lium Interaction and Leukocyte Transendothelial Migration.
In this study, we have shown that the association of fibrinogen
with vascular cells is sufficient to promote two among the
earliest events of immune inflammatory responses: (i) in-
creased adhesion of leukocytes to endothelium, and (ii) mi-
gration of leukocytes across the endothelial cell monolayer.
This adhesion pathway does not require chemotactic/
haptotactic gradients, or endothelial cell stimulation by in-
flammatory cytokines, and is ligand specific for fibrinogen
since fibronectin was ineffective in mediating leukocyte-
endothelium interaction and both fibronectin and vitronectin
failed to mediate transendothelial migration.

Table 1. Effect of anti-ICAM-1 mAbs on HL-60 cell adhesion to
ICAM-1 transfectants

mAb % attached cells % inhibition

None 28.1 ± 1.7 0
6A11 24.5 ± 1.9 13
2D5 38.3 ± 0.3 -
6E6 8.1 + 5.5 72
60.3 0 100

Aliquots of 51Cr-labeled HL-60 cells were added in the presence or
absence of anti-ICAM-1 mAb 2D5 or 6E6, anti-CD18 mAb 60.3, or
control mAb 6A11 (25 ,ug/ml) to confluent monolayers of ICAM-1
transfectants or wild-type CHO cells. Specific HL-60 cell attachment
under the various conditions tested was calculated after a 30-min
incubation at 22°C by subtracting the background adhesion observed
with wild-type CHO cells. Data are means + SE of three independent
experiments.
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FIG. 4. Effect of antagonists of ICAM-1-fibrinogen interaction on
fibrinogen-dependent leukocyte transendothelial migration. (A) Se-
rum-free suspensions of vitamin D3-differentiated HL-60 cells (1 x
105 cells per well) were preincubated with the fibrinogen y-chain-
derived synthetic peptide y3-(117-133) (400 ,ug/ml) or control peptide
DIII-(162-175) for 10 min at 22°C before addition of fibrinogen (Fg)
(300 ,ug/ml) or plasma (1:5 dilution) and measurement of leukocyte
transendothelial migration. (B) Experimental conditions are the same
as in A, except that vitamin D3-differentiated HL-60 cells were pre-
incubated with anti-ICAM-1 mAb 2D5 or 6E6 or control mAb 6A11
(25 ,ug/ml) for 15 min at 22°C before addition of fibrinogen (300
,g/ml) or plasma (1:5 dilution) and measurement of leukocyte
transendothelial migration. Transmigrated leukocytes in the absence
of antagonists (100% of control) were 2715 + 777 (n = 3) in the
presence of fibrinogen and 9037 ± 2190 in the presence of autologous
human plasma. Data for both panels are expressed as means + SD of
three independent experiments.

Recent evidence accumulated with systemically defibrinated
animals indicates that fibrinogen is absolutely required for
inflammatory responses in vivo (3-5). The ability of fibrinogen
to act as a bridging molecule to enhance leukocyte attachment
to endothelium (10, 20), and to direct leukocyte transendo-
thelial migration (this study), might provide a molecular basis
for fibrinogen dependency of inflammatory responses in vivo.
These observations have profound pathogenetic implications
in the onset and progression of the atherosclerotic lesion,
which is invariably characterized by increased attachment of
leukocytes to endothelium followed by intraintimal leukocyte
infiltration (21, 22). This possibility is further highlighted by
the large deposition of fibrin(ogen) on injured and athero-
sclerotic endothelium (23) and by the overexpression of
ICAM-1 and other leukocyte adhesion-promoting molecules
in all types of atherosclerotic lesions (24, 25). Stimulation of
ICAM-1 expression by locally generated thrombin (26) or by
cytokines released by in situ macrophages (27) would further
amplify this leukocyte adhesion cascade initiated by fibrinogen
at the site of vascular injury.

Proc Natl. Acad Sci. USA 92 (1995)
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Structure-Function Relationship of ICAM-1-Fibrinogen
Interaction. Based on synthetic peptidyl mimicry of the fibrin-
ogen y chain, a peptide sequence designated ry3 (N117NQKIV-
NLKEKVAQLEA133) was identified as responsible for leuko-
cyte-endothelium bridging and transendothelial migration.
This structural motif is partially contained within the epitope
of the anti-fibrinogen mAb 9F9, which reacts with the con-
formationally rearranged molecule immobilized on plastic or
bound to its platelet receptor (28). Therefore, fibrinogen-
mediated leukocyte-endothelium bridging may occur through
a sequential docking cascade, in which initial fibrinogen bind-
ing to leukocyte CD11b/CD18 (11) may result in spatial con-
formational changes (28) that render the y3 sequence more
accessible for a secondary interaction with ICAM-1 (10). This
model would also be consistent with the ability of this pathway
to mediate intercellular bridging in a physiologic plasma milieu
(10), containing large concentrations of soluble, competing
fibrinogen. The topography of ICAM-1 recognition of fibrin-
ogen was further dissected by generating a panel of anti-
ICAM-1 mAbs. Functional characterization of these mAbs has
demonstrated that inhibitors of fibrinogen-ICAM-1 interac-
tion-i.e., mAb 2D5-did not affect ICAM-1 association with
its counterreceptor CD11a/CD18, as demonstrated by HL-60
cell adhesion to monolayers of ICAM-1 transfectants. Con-
versely, the anti-ICAM-1 mAb 6E6, which completely inhib-
ited ICAM-1-CD11a/CD18 interaction had no effect on rec-
ognition of fibrinogen. Based on these differential and mutu-
ally exclusive functional blocking properties, it seems plausible
to hypothesize that the fibrinogen binding site on ICAM-1 may
be spatially distinct from the complementary CD11a/CD18
recognition site, which also mediates leukocyte adhesion and
transendothelial migration (8, 9, 17). This suggests that the
fibrinogen-dependent pathway of intercellular bridging may
provide an additive and complementary mechanism to the
general process of leukocyte-endothelium interaction (9).

In summary, we have delineated a two-step pathway of cell
adhesion and leukocyte locomotion mediated by fibrinogen
and recapitulated by a physiologic plasma milieu that may
contribute to various inflammatory responses in vivo. Current
experiments performed under flow conditions and analysis of
ICAM-1-fibrinogen antagonists-i.e., y3 and mAb 2D5-in
animal models of inflammation should help elucidate the
contribution of this pathway to the early molecular mecha-
nisms of vascular injury in vivo.

This work was supported by National Institutes of Health Grants
ROI HL-43773 and HL-54131. This work was done during the tenure
of Established Investigatorship award from the American Heart As-

sociation to D.C.A. The Molecular Cardiobiology Program at Yale
University is supported by American Cyanamid.

1. Furie, B. & Furie, B. C. (1988) Cell 53, 505-518.
2. Colvin, R. B., Johnson, R. A., Mihm, M. C., Jr., & Dvorak, H. F.

(1973) J. Exp. Med. 138, 686-698.
3. McRitchie, D. I., Girotti, M. J., Glynn, M. F. X., Goldberg, J. M.

& Rotstein, 0. D. (1991) J. Lab. Clin. Med. 118, 48-55.
4. Tang, L. & Eaton, J. W. (1993) J. Exp. Med. 178, 2147-2156.
5. Wu, X., Helfrich, M. H., Horton, M. A., Feigen, L P. & Lefkowith,

J. B. (1994) J. Cln Invest. 94, 928-936.
6. Skogen, W. F., Senior, R. M., Griffin, G. L. & Wilner, G. D.

(1988) Blood 71, 1475-1479.
7. Plow, E. F. & Edgington, T. S. (1986) J. Immunol. 137, 1910-

1915.
8. Kuijpers, T. W. & Harlan, J. M. (1993) J. Lab. Clin. Med. 122,

641-651.
9. Springer, T. A. (1994) Cell 76, 301-314.

10. Languino, L. R., Plescia, J., Duperray, A., Brian, A. A., Plow,
E. F., Geltosky, J. E. & Altieri, D. C. (1993) Cell 73, 1423-1434.

11. Altieri, D. C., Plescia, J. & Plow, E. F. (1993)J. Biol. Chem. 268,
1847-1853.

12. Collins, S. J. (1987) Blood 70, 1233-1244.
13. Hickstein, D. D., Smith, A., Fisher, W., Beatty, P. G., Schwartz,

B. R., Harlan, J. M., Root, R. K & Locksley, R. M. (1987) J.
Immunol. 138, 513-519.

14. Languino, L. R., Gehlsen, K, Wayner, E., Carter, W. G., Engvall,
E. & Ruoslahti, E. (1989) J. Cell Biol. 109, 2455-2462.

15. Engvall, E. & Ruoslahti, E. (1977) Int. J. Cancer 20, 1-5.
16. Zanetti, A., Conforti, G., Hess, S., Martin-Padura, I., Ghibaudi,

E., Preissner, K T. & Dejana, E. (1994) Blood 84, 1116-1123.
17. Smith, C. W. (1993) Curr. Top. Microbiol. Immunol. 184, 201-

212.
18. Furie, M. B. & McHugh, D. D. (1989) J. Immunol. 143, 3309-

3317.
19. Moser, R., Schleiffenbaum, B., Groscurth, P. & Fehr, J. (1989)

J. Clin. Invest. 83, 444-455.
20. Elemer, G. S. & Edgington, T. S. (1994) J. Immunol. 152, 5836-

5844.
21. Ross, R. (1993) Nature (London) 362, 801-809.
22. Munro, J. M. & Cotran, R. S. (1988) Lab. Invest. 58, 249-261.
23. Bini, A., Fenoglio, J. J., Mesa-Tejada, R., Kudryk, B. & Kaplan,

K. L. (1989) Atherosclerosis 9, 109-121.
24. Poston, R. N., Haskard, D. O., Coucher, J. R., Gall, N. P. &

Jonson-Tidey, R. R. (1992) Am. J. Pathol. 141, 1427-1433.
25. van der Wal, A. C., Das, P. K, Tigges, A. J. & Becker, A. (1992)

Am. J. Pathol. 141, 1427-1433.
26. Sugama, Y., Tiruppathi, K, Janakidevi, K, Andersen, T. T.,

Fenton, J. W., II, & Malik, A. B. (1992)J. Cell Biol. 119,935-944.
27. Tipping, P. G. & Hancock, W. W. (1993) Am. J. Pathol. 142,

1721-1728.
28. Ugarova, T. P., Budzynski, A. Z., Shattil, S. J., Ruggeri, Z. M.,

Ginsberg, M. H. & Plow, E. F. (1993)1. Biol. Chem. 268,21080-
21087.

Immunology: Languino et aL


