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Abstract

Activated platelets express P-selectin and release leukocyte
chemoattractants; however, they have not been known to
express integrin ligands important in the stabilization of
leukocyte interactions with the vasculature. Wenow demon-
strate the presence of intercellular adhesion molecule-2
(ICAM-2) (CD102), and lack of expression of other P2-

integrin ligands, ICAM-1 (CD54) and ICAM-3 (CD50), on

the surface of resting and stimulated platelets. ICAM-2 iso-
lated from platelets migrates as a band of 59,000 Mr in
reducing sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis. Staining of bone marrow aspirates with anti-
ICAM-2 mAbdemonstrates strong reactivity to megakaryo-
cytes. Using frozen thin sections and immunogold labeling,
the antigen was shown to be present on the plasma mem-

brane and surface-connected canalicular system of resting
platelets. The average number of ICAM-2 molecules per

platelet is 3,000±230 and does not change after activation.
In adhesion assays, resting and stimulated platelets were

capable of binding through ICAM-2 to purified leukocyte
function-associated antigen-i. Activation of T lymphocytes
with PMAstimulated binding to platelets that was Mg2+
dependent and could be specifically inhibited by mAbs to
either ICAM-2 or leukocyte function-associated antigen-i.
ICAM-2 is the only known .82-integrin ligand present on

platelets, suggesting that it may play an important role in
leukocyte-platelet interactions in inflammation and throm-
bosis. (J. Clin. Invest. 1994. 94:1243-1251.) Key words:
CD102 * megakaryocyte * LFA-1 * CD11a/CD18

Introduction

Platelets play a central role in hemostasis involving complex
interactions among these cells, leukocytes, and the injured ves-

sel wall. Adhesion of platelets to exposed subendothelium re-

quires the concerted actions of extracellular matrix components,
the integrin family of adhesion receptors, and glycoprotein Ib
(1, 2). These molecules, in conjunction with the contents of
alpha granules and dense granules released during platelet acti-
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vation, serve to recruit and aggregate additional platelets to the
site of vascular injury. Human platelets express at least five
integrins which recognize extracellular matrix proteins such as
collagen (a2fl3), fibronectin (a5'61), laminin (a6',/, fibrinogen
(a0b/33), and vitronectin (av13 ) (3, 4); none are known to be
primarily involved in platelet-leukocyte interactions.

The recruitment of leukocytes from the blood, essential for
inflammation and the immune response, is an active process
requiring at least three sequential events. The initial interaction
(step 1) is mediated by the selectin family of molecules and
their oligosaccharide ligands, an event that is both transient and
reversible. Subsequent stabilization of leukocyte-endothelial
interactions requires both the activation of leukocyte adhesion
molecules by specific chemoattractants (step 2) and binding of
integrins on leukocytes to counterreceptors on the vascular wall
(step 3). Participants in the first two of these steps have been
defined on platelets. P-selectin, an integral membrane protein
translocated to the surface of activated platelets (5, 6), has
been shown to interact specifically with leukocytes under flow
conditions (7, 8). Platelets also release several leukocyte che-
moattractants after activation, including RANTES, and platelet
basic protein that is converted to neutrophil activating peptide-
2 (9, 10). The presence of an integrin ligand, important in the
third step of the adhesion process, has not been identified on
platelets. CD31, a member of the immunoglobulin superfamily
that is expressed on platelets, leukocytes, and endothelium, has
been suggested as a possible candidate, but has not been demon-
strated to mediate platelet-leukocyte adhesion (11). Another
study has provided evidence for recognition by /32-integrins of
a counter-structure on platelets that appears to be involved in
adhesion (12).

Understanding the different steps involved in platelet-leu-
kocyte interactions requires that the identity of all the adhesive
ligands be established. Therefore, we have evaluated the pres-
ence of intercellular adhesion molecules (ICAMs)' on the sur-
face of resting and activated platelets. Wepresent evidence that
ICAM-2, and not ICAM-1 or ICAM-3, is present on the surface
of resting and activated platelets. This 62-integrin ligand is con-
stitutively expressed on platelets and has a molecular weight
similar to that found previously on vascular endothelium and
certain T cell lines (13). Furthermore, ICAM-2 on platelets is
capable of supporting adhesion to purified leukocyte function-
associated antigen-i (LFA-1) and to LFA-1 on activated T
lymphocytes. ICAM-2 is the first ligand for an integrin to be
described on the platelet surface.

1. Abbreviations used in this paper: ICAM, intercellular adhesion mole-
cule; LFA, leukocyte function-associated antigen; RT, room tempera-
ture; SCCS, surface connected canalicular system.
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Methods

Preparation of platelets. Blood was obtained from healthy donors and
was diluted 9:1 with acid-citrate-dextrose (85 mMtrisodium citrate, 69
mMcitric acid, 111 mMglucose, pH 4.6) and 50 ng/mI prostaglandin El
(PGEI; Sigma Immunochemicals, St. Louis, MO). Platelet-rich plasma,
prepared by centrifugation of the blood at 180 g for 15 min, was applied
to a Sepharose CL-2B column (14) (Pharmacia LKB Biotechnology
Inc., Piscataway, NJ) equilibrated with Hepes buffer (145 mMNaCl,
10 mMHepes, 0.5 mMNa2HPO4, 5 mMKC1, 2 mMMgCl2, 0.1%
glucose, pH 7.4). Platelets collected in the excluded volume were either
left in the resting state or stimulated with human thrombin (Sigma
Immunochemicals, St. Louis, MO) at a final concentration of 0.2 U/ml
for 5 min at room temperature (RT). In all experiments, the activation
status of resting and activated platelets was confirmed with mAb to P-
selectin and immunofluorescence flow cytometry. If fixation was re-

quired, an equal volume of 2% paraformaldehyde in Hepes buffer was

added to the platelet suspensions, and the mixture was allowed to incu-
bate at 370C for 1 h. The samples were then washed twice in Hepes
buffer and resuspended at a concentration of 1-2 x 108/ml. Platelet
counts were performed on a cell counter (HI; Technicon Instruments
Corp., Tarrytown, NY) and showed < 0.1% contamination with leuko-
cytes or erythrocytes. All samples were used within 2 h of purification.

Monoclonal antibodies. The following previously described murine
mAbs to human antigens were used: RRl/1 (anti-ICAM-1, IgGl)
(15), CBR-IC2/1 (anti-ICAM-2, IgG2a) (13), CBR-IC2/2 (anti-
ICAM-2, IgG2a) (13), CBR-IC3/1 (anti-ICAM-3, IgGi) (16), TS1/
22 (anti-CDlla, IgGl) (17), and TS2/9 (anti-LFA-3, IgGl) (17)
were produced in our laboratory. BI (anti-CD20, IgG2a) (18), MY4
(anti-CD 14, IgG2b) (19), and T3 (anti-CD3, IgGi ) (20) were obtained
from Coulter Immunology (Hialeah, FL). The mAb 3G8 (anti-CD16,
IgG1) (21) was obtained from Amac, Inc. (Westbrook, ME). TP1 /15
(anti-CD31, IgG2a), 7E1 (anti-CD41, IgGl) (22), and S12 (anti-
CD62, IgGI) (23) were obtained from the Fifth International Workshop
on Human Leukocyte Differentiation Antigens. 187.1 mAb is an IgG
rat anti-mouse kappa chain (24). All mAbs, either dilutions of ascites
(1:200) or purified IgG (10 Mtg/ml), were used at saturating conditions.
In addition, all experiments included irrelevant isotype-specific IgG
mAbs as negative controls.

Flow cytometry. Monodispersed suspensions of paraformaldehyde
fixed or unfixed resting and thrombin-stimulated platelets were prepared
and used within 2 h. Cells (50 p1 at 1.0-2.0 x 108/ml) were added to

U-bottom microtiter plates (Linbro-Titertek Flow Labs, McLean, VA)
containing 50 Ml of the appropriate mAb. After a 30-min incubation at

RT, the cells were pelleted (900 g, 3 min, RT), washed with L15
medium containing 2.5% FCS and 2.0 mMEDTA, and subsequently
incubated with 30 tl of a 1:20 dilution of FITC-labeled goat anti-
mouse F(ab ' )2 Ig (Zymed Laboratories, Inc., South San Francisco, CA)
for 30 min at RT. The platelets were then rewashed, and the samples
were analyzed using a FACScang flow cytometer (Becton Dickinson
Immunocytometry Systems, Mountain View, CA).

Surface iodination. Surface labeling of cells with 1251 was performed
by the method of Tuszynski et al. (25) using lodogen (Pierce, Rockford,
IL). Platelets were labeled with 1251 (200 MCi Na 1251; Amersham Corp.,
Arlington Heights, IL) and lysed for 30 min at 4°C in 1 ml of lysis
buffer (10 mMTris/HCl, pH 8.0, 150 mMNaCl, 1% Triton X-100,
1% hemoglobin, 1 mMiodoacetamide, 1 mMPMSF, 0.24 TIU/ml
aprotinin, 0.025% NaN3). Insoluble cellular debris was removed by
centrifugation at 14,000 g for 20 min, and the lysate was precleared
overnight at 4°C with 100 tl of packed bovine IgG coupled-Sepharose.
Lysate (100 1l) was then incubated with either control mAb or anti-
ICAM-2 along with 187.1 mAb for 1 h at 4°C (26). The antigen-
antibody complex was then precipitated with 50,ul of protein A-Sepha-
rose (Sigma Immunochemicals) and then briefly centrifuged at 14,000
g. The beads were washed three times in 25 mMTris/HCl, pH 8.0, 150
mMNaCl, 0.1% Triton X-100, twice in 25 mMTris/HCl, pH 8.0, 150
mMNaCl, and once in 50 mMTris/HC1, pH 8.0. The beads were then

treated with an equal volume of 2 x SDS-PAGEsample buffer, heated
to 1000C for 2 min, and subjected to SDS 8% PAGE(27). Proteins
were visualized with intensifying screens for 3 d.

Labeling of proteins. Purified mAbto ICAM-2 was radioiodinated
with Na1"'I (10 piCil/g mAb) using lodogen and stored in PBS at 40C
(28). The labeled mAbwas used in quantitative binding studies within
2 wk.

Binding experiments. A direct solution-phase saturation assay was
used to evaluate '25I-labeled anti-ICAM-2 binding to unfixed gel-fil-
tered platelets. Resting or activated platelets (50 p1, 1.5-2.0 x 108
cells/ml) were incubated with 50 1Ld radiolabeled mAb at varying con-
centrations for 2 h at RT. The free and platelet-bound antibodies were
separated by centrifugation through a 1:9 (vol/vol) Apiezon oil A/n-
butyl phthalate mixture (29) and "25I-labeled ICAM-2 antibody binding
was measured in a Beckman Gamma8000 spectrometer (Beckman
Instruments, Inc., Fullerton, CA). Nonspecific binding was determined
in the presence of a 100-fold excess of unlabeled mAb and was sub-
tracted from total binding to yield the specific binding. The number of
binding sites per platelet was determined according to Scatchard (30).

Immunohistochemistry. Bone marrow smears, performed for evalua-
tion of idiopathic thrombocytopenia, were obtained with the permission
of The Children's Hospital (Boston, MA). They were air-dried and
subsequently fixed for 90 s in acetone/methanol/40% formalin
(19:19:2). The primary antibody, anti-ICAM-2, was used at dilutions
of 1:50 to 1:500. Subsequent steps were performed using reagents from
the Dako APAAPkit for mouse monoclonal antibodies (Dako Corp.,
Carpinteria, CA). The substrate solution contained levamisole to inhibit
endogenous alkaline phosphatase. Smears were counter-stained in Gill's
hematoxylin and mounted in aqueous medium. For electron microscopy,
citrated blood was dripped into a beaker containing 90 ml of fixative
(4% paraformaldehyde in McLean and Nakane's buffer [31]) for 1 h.
The mixture was spun at 150 g for 20 min at 20°C (32). The pellet
was embedded in 2.1 Msucrose, frozen, and stored in liquid nitrogen.
Frozen thin sections were cut as previously described (33-35). The
primary antibody, ICAM-2, was used at a dilution of 1:200, followed
by rabbit anti-mouse Ig (Zymed Laboratories, Inc.) as a bridge ( 1:100).
This was followed by the gold label, protein A-10, obtained from the
Department of Cell Biology, University of Utrecht (Utrecht, The Nether-
lands), at 1:50 dilution. The grids were then stained with uranyl acetate
and embedded in methyl cellulose. A nonbinding control mAbwas also
tested.

Cell adhesion assays. Immunoaffinity purified LFA-1 (36) was di-
luted 1:10 or 1:20 (20 mMTris/HCl, pH 8.0, 150 mMNaCl, 2 mM
MgCl2 [TSM]) and absorbed to either 60-mm polystyrene Petri dishes
(50 ul demarcated spot) or 96-well microtiter plates (50 ,l) for 2 h at
RT. LFA-I purified in this manner is constitutively active and capable
of binding to its ligands. Nonspecific binding sites were blocked with
two washes and on incubation in TSM, 1% human serum albumin for
2 h at RT. Binding was assayed with resting or thrombin stimulated
gel-filtered platelets resuspended in Hepes buffer to a final concentration
of 1.5 x 108 cells/ml. For Petri dish assays, 2 ml of unstimulated
platelets was added to the dishes and incubated for 30 min at 37°C.
During the incubation period, the platelet suspension was gently agitated
on an orbital shaker at 35 rpm. In addition, mAbpretreatment of cells
or purified protein consisted of incubation with 20 ,ug/ml of either
control antibody, anti-ICAM-2, or anti-LFA-1 monoclonal antibodies.
Unbound platelets were removed by four successive washes with 1 ml
of Hepes buffer. Subsequently, binding was evaluated by light micros-
copy, and photographs were taken using a Zeiss microscope with phase-
contrast optics.

For the 96-well plate assays, platelets were resuspended in 2 ml of
Hepes buffer containing 2 mMRGDS(Arg-Gly-Asp-Ser) (Peninsula
Laboratories, Inc., Belmont, CA) and labeled with 10 ,g/ml of 2',7'-
bis-(2-carboxyethyl)-5 (and-6) carboxyfluorescein (Molecular Probes,
Inc., Eugene, OR) for 30 min at 37°C. After washing twice, the platelets
were resuspended in Hepes buffer at a concentration of 2 x 108 cells/
ml. mAb pretreatment of the cells was performed as described above
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followed by the addition of 50 il of platelet suspension to the wells.
The plates were then briefly centrifuged (900 g, 3 min, 370C) and
incubated at 370C for 30 min. The wells were washed six times by
adding 200 MI of binding buffer and aspirating with a 23-gauge needle.
Fluorescence was directly quantitated from the 96-well plates using a
Pandex fluorescence concentration analyzer (Baxter Healthcare Corp.,
Mundelein, IL).

Purification of T lymphocytes. Human PBMCwere isolated from
citrate-anticoagulated whole blood after dextran sedimentation and den-
sity separation over Ficoll-Hypaque (37). Purified T lymphocytes were
prepared from PBMCby negative selection using magnetic cell sorting,
as described (38, 39). Briefly, PBMCwere resuspended to a concentra-
tion of 1 x 107/ml in PBS, 1%BSA, and 5 mMEDTA, pH 7.4 (PBE).
Then, the cells were incubated with a mixture of mAb(5 MSg/ml) capable
of reacting with monocytes (MY4), B lymphocytes (B1), and natural
killer cells (3G8) for 30 min on ice. After two washes in PBE, cells
were incubated with magnetic microbeads conjugated to rat anti-mouse
IgGI and IgG2a + 2b (MACS; Milteyni Biotec, Sunnyvale, CA) for
30 min on ice and then passed over a magnetic column. Immunofluores-
cence flow cytometry showed the purified T lymphocyte preparations
to contain > 95% T lymphocytes (CD3+) and < 1% monocytes
(CD14+), B lymphocytes (CD20+), or natural killer (CD16+) cells.
The presence of platelets associated with lymphocytes was evaluated
using mAbto CD41 and P-selectin and was undetectable. T lymphocytes
purified in this manner had > 95% cell viability as determined by trypan
blue exclusion and were used in assays within 6 h of purification. After
isolation, the cells were stored in Hanks' balanced salt solution (HBSS;
Gibco Laboratories, Grand Island, NY) supplemented with 10 mM
Hepes, 1.0 mMMgCl2, and 5 mMEGTA, pH 7.4.

Platelet binding to glass slides. Glass slides (75 x 50 mm; Coming
Glass Co., Coming, NY) were soaked over night in a chromic-sulfuric acid
cleaning solution (Fisher Scientific, Fair Lawn, NJ) and then rinsed with
distilled water for 4 h. The slides were dried with anhydrous acetone and
immersed once in a 4% solution of 3-aminopropylthriethoxysilane (Sigma
Immunochemicals) in acetone for 2 min (40). Then, the slides were rinsed
once with acetone, washed with distilled water, and dried for 2 h at 100"C.
Platelets were purified from the same donor as used in T cell isolation.

Briefly, platelet-rich plasma was centrifuged at 800 g for 5 min at 37°C and
washed twice in Hepes buffer containing 1%HSA. The platelets were diluted
to 5 x 108 cells/m-l in the same buffer, and 200 pl was aliquoted onto the
surface of the glass slides. Platelets were allowed to settle for 30 min at
370C before rinsing and incubating the slides with buffer for 30 min at 370C
to block nonspecific interactions. The platelets were then stimulated with 1
U/ml of human thrombin for 2 min before use in the flow chamber. A
confluent layer of spread platelets was formed and confirmed by light micros-
copy for each experiment.

Detachment assays. A glass slide containing adherent platelets was
assembled in a parallel-plate laminar flow chamber (260-pm gap thick-
ness) in which a uniform wall shear stress is generated (8). The flow
chamber was mounted on the stage of an inverted phase-contrast micro-
scope (Diaphot-TMD; Nikon Inc., Garden City, NY). To determine
the contribution of /2-integrins of T cells to adhesion to platelets, all
experiments were performed in the presence of 5 mMEGTAand 2.0
mMMgCl2. /32-Integrin/ICAM interactions have been shown to be
Mg2+ dependent unlike the Ca2+-dependent selectin interactions (41).
T cells (2 X 106 cells) were injected through a side port and allowed
to settle for 6 min. Controlled flow for 20 s at a shear force of 0.73
dyn/cm2 was applied, and the number of adherent cells was counted by
microscopic observation. All experiments were recorded on videotapes
and were performed in duplicate on three separate days. For activation
studies, T cells were treated with PMA(50 ng/ml, final concentration)
for 2 min before injection into the flow chamber. For antibody inhibition
studies, T cells or adherent platelets were incubated with 20 Pg/ml of
mAb for 30 min at RT before the detachment assay.

Results

Immunofluorescence flow cytometry of platelets. Flow cytome-
try showed that ICAM-2 but not ICAM- 1 or ICAM-3 is ex-
pressed on the surface of platelets (Fig. 1, A-F). Platelet activa-
tion with thrombin resulted in no significant increase in expres-
sion of ICAM-2 as shown consistently in five separate
experiments. By contrast, P-selectin (CD62P) is translocated
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Figure 1. Flow cytometry of platelets. Paraformaldehyde fixed resting (light line) and stimulated (bold line) platelets were incubated with isotype
controls (AB) or mAb to the indicated antigens (C-I). mAbs to ICAM-2 were CBR-IC2/2 (C) and CBR-IC2/1 (D).
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Figure 2. Immunoprecipitation
of ICAM-2. Lysates from '25I-
labeled SKW3cells (lane 3) and
resting platelets (lanes 2 and 4)
were immunoprecipitated with
the mAbCBR-IC2/2 to ICAM-
2 (lanes 3 and 4) or a nonbind-
ing control mAb(lane 2). Mate-
rial was heated in SDS sample
buffer with 5% ,6-mercaptoetha-
nol at 100°C and subjected to
SDS8%PAGEand radiography
with enhancing screens. Molec-
ular weight standards are shown
in lane 1.
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to the surface of platelets upon activation as described pre-
viously (Fig. 1 G). ICAM-2 was expressed substantially higher,
by about 1 log, than the immunoglobulin superfamily adhesion
molecule, LFA-3 (CD58) (Fig. 1). Surface expression of
ICAM-2 was lower than gpIIbIIIa (CD41) and P-selectin on
activated platelets (Fig. 1). Unfixed resting and stimulated
platelets gave similar results to fixed cells.

Biochemical characterization of ICAM-2. Immunoprecipita-
tion of ICAM-2 from '251-surface-labeled platelet lysates re-
vealed that it was 59,000 Mr under reducing conditions (Fig.
2, lane 4). ICAM-2 from platelets comigrated with ICAM-2
immunoprecipitated from the T lymphoblastoid cell line, SKW3
(Fig. 2, lane 3). mAb to ICAM-1 failed to immunoprecipitate
any labeled material from the platelet lysate (data not shown).

Site density determination. Binding of '251-labeled ICAM-
2 mAb to platelets was saturable (Fig. 3). Scatchard analysis
(Fig. 3, inset) indicated a single class of antibody-binding sites
on the platelet surface, with a Kd of 4.7 nM. Equivalent results
were obtained with activated platelets (data not shown). The
average number of binding sites per platelet is 2,960±256 for
resting and 3,048±+325 for stimulated platelets. These data, as
well as those obtained in flow cytometry, demonstrate that
ICAM-2 is constitutively expressed on the surface of platelets.

Immunocytochemistry. Expression of ICAMs on bone mar-
row cells was examined on smears stained with ICAM- 1,
ICAM-2, or ICAM-3 mAband APAAPimmunohistochemistry.
At a 1:500 dilution of the ICAM-2 mAb(5.3 ag/ml), a brilliant
red staining was observed for most megakaryocytes (Fig. 4 a)
and in spicules of marrow which contain clumps of endothelial
cells (not shown). At dilutions of 1:50 and 1:100, but not at

Figure 3. Saturation binding of
1251-labeled ICAM-2 mAb to rest-
ing platelets. Platelets were incu-
bated with the indicated concen-

tration of ICAM-2 mAb, and
bound antibody was measured as

described in Methods. Nonspe-
cific binding was determined by
incubation with a 100-fold excess

of unlabeled ICAM-2 mAband
was < 10% of the specific bind-
ing. A Scatchard plot of the data
obtained with activated platelets is
shown (inset). All experiments

T were performed in triplicate, and
the data shown here are the aver-

age of four separate experiments.
Bars show the standard deviation.
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1:500, developing and mature neutrophils, but not eosinophils,
were also stained (not illustrated). No staining of megakaryo-
cytes was observed with mAb to either ICAM-l or ICAM-3
(data not shown). The control mAb, X63, did not reveal any
nonspecific staining of cells (Fig. 4 b).

Subcellular localization of ICAM-2 was evaluated by using

Figure 4. Photomicrographs of human
bone marrow smears stained with
ICAM-2 mAband visualized with
APAAP. (a) ICAM-2 mAb. Mega-
karyocytes are positive for ICAM-2
as indicated by the red reaction prod-
uct. (b) Nonbinding control X63

50 pm mnAb. No staining was observed. A
megakaryocyte is in the center of the

- B y field. x400.

an immunogold procedure on frozen thin sections of resting
platelets. Immunogold label was evident not only on the plasma
membrane, but also along the membrane of the surface con-
nected canalicular system (SCCS) (Fig. 5). Other organelles
were not labeled above background. When the control mAb
X63 was used, labeling was rare (Fig. 5 B).
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Figure 5. (A) Transmission elec-
tron micrograph of human plate-
lets illustrating the presence of
ICAM-2 (arrows) on the plasma
membrane and in SCCS(*) as re-
vealed by immunogold labeling.
The alpha granules (a) and other
organelles are only rarely labeled,
consistent with background
(x65,000). (B) Transmission
electron micrograph of the same
tissue incubated with the control
antibody, x63. The random distri-
bution of a few grains of gold indi-
cates the level of background
staining (x45,000).

Functional characterization of ICAM-2 on platelets. Previ-
ous studies suggest that LFA-1 on leukocytes is capable of
binding to a ligand on platelets. However, characterization of
these interactions is complicated by the presence of multiple
adhesion receptors on both cells. To determine if ICAM-2 ex-
pressed on the surface of platelets was capable of interacting
with LFA-I, platelets were incubated in plates or microtiter
wells coated with purified LFA- 1. Platelets bind to purified
LFA-I (Figs. 6, a and b, and 7). Similar binding was seen in
the presence of control mAb TPI / 15 (anti-CD3 1), in the ab-
sence of this mAb, or if mAb to ICAM-1 or ICAM-3 was
preincubated with platelets (data not shown). This interaction
was almost completely inhibited by mAbs to ICAM-2 or LFA-
1 (Figs. 6, c and d, and 7). The equal inhibition by mAb to
ICAM-2 and LFA-1 suggests that ICAM-2 is the only ligand
on platelets for LFA-1. Binding in the presence of 2 mMMg2+

was abolished completely in the presence of 5 mMEDTAand
thus is Mg"2 dependent. Prior activation of platelets with throm-
bin resulted in binding that was equivalent to that observed for
resting platelets and inhibited to a similar extent (data not
shown). Background binding as determined by the amount of
nonspecific binding to either human serum albumin or purified
ICAM-1 was essentially nonexistent.

To determine if ICAM-2 was capable of binding to cellular
LFA- 1, purified T cells were allowed to settle on platelet-coated
glass slides for 6 min and then were subjected to shear flow at
0.73 dyn/cm2. Binding was carried out in the presence of EGTA
and Mg2+ to isolate integrin-dependent interactions from those
dependent on selectins. PMAstimulation of the T lymphocytes
greatly augmented (about fourfold) the binding to platelets
(Fig. 8). Lymphocytes were firmly attached to the platelets,
i.e., they did not roll. Essentially all of the PMA-stimulated
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Figure 6. Photomicrographs of gel-filtered platelets binding to LFA- I-coated plastic Petri dishes in the presences of: (a and b) control mAb; (c)
anti-ICAM-2 mAb(CBR-IC2/2); (d) anti-LFA-la chain mAb (TSl/22) (x25 [a], x60 [b-d]. In a, the border of the LFA-l-coated spot on
the Petri dish is shown.

binding was inhibited by mAb to ICAM-2 and LFA-1. Inhibi-
tion by mAb to LFA-1 and ICAM-2 was equal, and mAb to
ICAM-1 and ICAM-3 had no effect, suggesting that ICAM-2
is the only ligand on platelets recognized by LFA- 1. All binding
was abolished in the presence of EDTAdemonstrating depen-
dence on Mg2+. Whenunstimulated lymphocytes were allowed
to settle on platelet-coated glass slides in the presence of Mg2+
and Ca2+, a similar number of lymphocytes formed rolling
adhesions as compared with the PMA-induced firm attachments
described above; the former were abolished by treatment with
mAb to P-selectin (data not shown).

Discussion

This study demonstrates that ICAM-2 is expressed on the sur-
face of resting and thrombin-activated platelets. ICAM-2 is the
only currently known cell-surface integrin ligand expressed on
platelets. Activation of platelets resulted in no change in surface
expression of ICAM-2 as determined by flow cytometry and
saturation binding with mAb. The constitutive expression of this
adhesion molecule on platelets is analogous to its constitutive
expression on endothelium (13). This is in contrast to P-selec-
tin, which is rapidly translocated to the surface of platelets upon

activation. Immunohistochemistry and immunogold electron
microscopy showed that ICAM-2 is expressed in bone marrow
on megakaryocytes and in platelets is restricted to the plasma
membrane and SCCS. ICAM-2 from platelets migrates as a
band of 59,000 M, in SDS-PAGEunder reducing conditions,
identical to ICAM-2 isolated from the T cell line SKW3. The
average number of ICAM-2 binding sites per platelet is 3,000.
ICAM-2 expressed on platelets is functional, since it supports
adhesion to purified and cellular LFA-1. This interaction is
specifically inhibited by mAb to either ICAM-2 or LFA-1 and
was Mg2' dependent.

ICAM-2 is the only ligand on platelets for LFA-1, as shown
by equal inhibition by mAb to LFA-l and ICAM-2 of platelet
binding to purified LFA-1 and of T lymphocyte binding to
platelet monolayers. Furthermore, mAbs to ICAM-1 or ICAM-
3 have no effect on either assay.

When lymphocytes adherent to platelets through the LFA-
1 /ICAM-2 interaction were subjected to shear flow, they did not
roll, showing that firm attachments had developed. Lymphocyte
interaction with platelets through P-selectin is similar in binding
efficiency in the same assay system, but permits rolling when
the cells are subjected to shear flow (data not shown). Interac-
tion with P-selectin requires Ca2' and does not require PMA
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Figure 7. Quantitation of platelet binding to LFA-I. 2',7'-bis-(2-car-
boxyethyl)-5 (and 6) carboxyfluorescein-labeled platelets were incu-
bated on LFA-1-coated microtiter wells for 30 min at 37°C and then
washed eight times by aspiration. Results are expressed as the percentage
of platelets remaining after the washes. Before binding, platelets were
incubated with saturating concentrations of control mAb7E1 (anti-
CD31) or mAbCBR-IC2/2 (anti-ICAM-2). Alternatively, the ab-
sorbed purified LFA-l was pretreated with mAbTSI/22 (anti-LFA-
la), or EDTAwas included in the assay. Error bars denote the SD of
triplicates in one representative experiment.

stimulation of the lymphocytes, in contrast to the LFA- 1/
ICAM-2 interaction.

ICAM-2 is a member of the immunoglobulin superfamily of
adhesion molecules (42). ICAM-2 is constitutively expressed at
high levels on endothelial cells (13). On resting endothelial
cells, its level is estimated to be 10-15-fold higher than the
cytokine-inducible adhesion molecule, ICAM-1. ICAM-2 is the
most prominent LFA- 1 ligand on resting endothelia and a candi-
date for facilitating basal extravasation of lymphocytes and
monocytes (13). The important interactions between f32-inte-
grins and ICAM-l and ICAM-2 in adherence and subsequent
transmigration of leukocytes across endothelial cells have been
well characterized (43, 44). ICAM-2 on platelets may serve a
similar function. The adherence of platelets to damaged endo-
thelium and subsequent rapid expression of P-selectin would
result in the recruitment of leukocytes to such areas (45, 46).
P-selectin-mediated adhesion would result in the tethering of
leukocytes to activated platelets (step 1). This would allow
for subsequent local leukocyte activation and upregulation of
leukocyte surface integrins such as LFA-1 (step 2). Wehave
demonstrated in this report that stabilization of platelet-leuko-
cyte adhesion, step 3 in the adhesion cascade, can be mediated
by the LFA-1/ICAM-2 interaction. LFA-1 and ICAM-2 may
also participate in other functionally important interactions be-
tween leukocytes and platelets, such as transcellular leukotriene
synthesis and elevation by activated platelets of superoxide
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Figure 8. Detachment assay after static incubation of T cells on platelets
in the presence of EGTAand MgCl2. T cells were injected into the
flow chamber and allowed to settle. After 6 min of contact, a shear of
0.73 dyn/cm2 was applied. T cells remaining bound after 20 s of flow
are expressed as the percentage of cells that settled in the initial contact
period. For six of the experiments, PMAwas added to the T cell suspen-
sion before it was injected into the flow chamber (+). Antibody inhibi-
tion studies consisted of incubating the adherent platelets (P) or T cells
(T) with mAbas indicated. Error bars represent the SD of three to six
independent experiments.

anion production (47, 48). Thus, the interaction between LFA-
1 and ICAM-2 may have significant clinical consequences in
the facilitation of inflammatory and hemostatic processes at
sites of vascular injury.
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