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separate from those which bind its natural ligands, then this
would present new possibilities for AIDS therapy.
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ICAM-1 a ligand for LFA-1-dependent
adhesion of B, T and myeloid cells
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Cell—ell adhesion is essential for many immunological func-
tions'™. The LFA-1 molecule, a member of a superfamily of
adhesion molecules, participates in adhesion which is critical to
the function of each of the three major subsets of leukocytes:
lymphocytes, monocytes and granulocytes®. Putative LFA-1
ligands have been identified functionally in different laboratories
using three different monoclonal antibodies that inhibit LFA-1-
mediated leukocyte adhesion in particular model systems; however,
there may be more than one LFA-1 ligand®®. We have directly
compared the three relevant monoclonal antibodies, and show that
each binds to the same molecule, intercellular-adhesion molecule-1
(ICAM-1). Most important, B, T and myeloid cells adhere
specifically to purified ICAM-1-coated surfaces; such adhesion
has distinctive requirements for Mg?* and Ca®*. This constitutes
biochemical evidence that ICAM-1 functions as a ligand for LFA-
1-dependent adhesion by a variety of leukocytes.

Recent functional studies indicate that ICAM-1, recognized
by the monoclonal antibody (mAb) RR1/1,is aligand for LFA-1
in several models of antigen-independent B- and T-cell adhesion
and in cytotoxic T-cell recognition®®. Several other mAbs have
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Fig.1 Inhibition of LFA-1-dependent conjugate formation. Con-

jugate formation was measured between the cytotoxic T-cell clone
8.2 and two antigen-negative targets, U937 and HeLa. Conjugates
were enumerated by two-colour cytometry as descrived’ 7 Ly
isolate the LFA-1 pathway of adhesion the LFA-3 mAb TS2/9 was
continuously present in all assays {except the ‘no block’) in saturat-
ing concentrations to inhibit adhesion via the CD2/LFA-3 path-
way'>?. Antibodies used were LFA-3 mAb TS2/9 (ref. 25), HLA
class I mAb w6/32 (ref. 26), IL-2 mAb 7G7.B (ref. 27), LFA-18
mAb MHM23 (ref. 28), RR1/1, 84H10 and LB-2. Antibodies were
continuously present during the assay at 100 ug ml™" purified 1gG
except for MHM23 and TS2/9 which were present as 300 ug ml™"
of Fab fragment.

recently been identified with properties suggesting that they also
define molecules which function as ligands for LFA-1 in
adhesion by different kinds of leukocytes. These include: (1)
LB-2, a B-cell activation marker'® which inhibits both B- and
myeloid homotypic-cell adhesion''; and (2) 84H10, which was
identified by screening for preferential binding to myeloid
leukaemic cells and subsequently shown to inhibit the adhesion
of such cells to bone-marrow stromal cells (P.M., unpublished
data). Furthermore 84H10 has been shown to inhibit homotypic-
B-cell aggregation‘z. Here we use three different approaches
which show that these three mAbs bind a single molecule
(ICAM-1) and that purified ICAM-1 functions as a ligand for
LFA-1 in cell adhesion.

We compared the ability of the three mAbs to inhibit LFA-1-
dependent conjugate formation between a cytotoxic T-cell clone
and two antigen-negative targets of different lineage: a myeloid
line (U937) and a cervical-carcinoma line (HeLa) (Fig. 1). Each
of the putative ICAM-1 antibodies inhibited LFA-1-dependent
conjugate formation with each target cell but control mAbs did
not. The residual conjugate formation between the T-cell clone
and Hela cells in the presence of each putative ICAM-1 mAbs
may reflect the existence of an additional LFA-1 ligand on Hela
cells as previously proposed®®.

To determine whether LB-2, 84H10 and RR1/1 mAbs bind
the same molecule, each was assayed for its ability to bind the
molecule immunoaffinity-purified on an 84H10 column (Fig. 2).
All three antibodies bound the purified 84H10 antigen even at
concentrations of Sng mi™*; the specificity of binding was shown
by lack of binding by irrelevant LFA-3 mAb. Results of competi-
tive-binding studies indicate that RR1/1 binds to an epitope
that is spatially separate from that to which 84H10 and LB-2
bind (data not shown). Thus, RR1/1, LB-2 and 84H10 bind to
epitopes on the same molecule, which we call ICAM-1 as
proposed by Rothlein ef al®. This finding unifies observations
from multiple laboratories regarding the function, structure,
tissue distribution and genetics of ICAM-1. Most important,
functional understanding of ICAM-1 is broadened by correlat-
ing the data reported for RR1/1, LB-2 and 84H10, and by our
studies using purified ICAM-1 (see below). RR1/1 detects a
single chain varying in its relative molecular mass (M,) from
90 to 114K®, LB-2 detects a chain of 76K'® or 84K'" and 84H10
to a chain of 105K'2. This variation is consistent with results
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Fig. 2 Binding of three mAb to purified ICAM-1. Triton X-100
solubilized material from 3> 10% cells of (1 1 228 Po. Sreen? p
tue™ s puriiied on a coiumn of 84Hi0mAb coupled to
Sepliarose-4B beads. After washing the column, material was eluted
at pH 2.5 in 0.01 M Tris/0.05 M glycine buffer. The eluate ran as
a single band of 95-97K on a 12.5% SDS-polyacrylamide gel
electrophoresis (PAGE) (a, lane 2). a, Lane 1 shows relative
moletular-mass standards. Purified ICAM-1 was applied to
g‘lutéraldchyde_/ poly-L-lysine-treated microtitre plates as follows:
96-well Nunc-Immunoplates were treated with 100 ul per well of
a 0.2% glutaraldehyde in 0.1 M sodium carbonate-HCl pHO9 for
1 h at room temperature. The plate was washed twice with distilled
water. 50 ul of poly-L-lysine (50 g per ml in 0.05M sodium
bicarbonate) were added to each well and left to incubate for 2 h.
The plate was washed twice with 0.05 M sodium bicarbonate. To
each well 25 pl of purified ICAM-1 and 25 pl of 0.2% glutaral-
dehyde (in 0.05 M sodium bicarbonate) were added. Incubation
was allowed to proceed for 8 h. Unbound sites were neutralized
by filling each well with 0.05 M Tris-HCl pH 7.8 plus 2.5% human
serum albumin (HSA) for 2 h. The plate was washed twice with
Tris-HSA. Antibody binding to the immobilized antigen b) was
measured by enzyme-linked immunosorbent assay (ELISA) using
purified mAb (IgG) as the first step, B-galactosidase-conjugated
F(ab), sheep anti-mouse IgG’ (heavy plus light chains) as the
second step, and measuring the rate of conversion of p-nitrophenyl-
B-galactoside to a coloured product (using Bethesda Research
Laboratories hybridoma screening reagent). Data are given as the
average of the optical density at'405 nm of duplicate wells after
subtraction of the OD in the absence of a first-step antibody;
standard errors were less than 10% of the mean. No specific binding
was observed in control wells, in which antibodies were incubated
in HSA-coated wells (data not shown).

showing that ICAM-1 is synthesized from a precursor of 73K,
of which 55K is protein, and that cell-type-dependent differences
in carbohydrate processing account for variation iri M,. Staining
shows that ICAM-1 is present in a variety of cells in tissue
sections, particularly endothelium®®, a pattern consistent with
the staining pattern of 84H10 (ref. 13). Our analysis of staining
on a variety of in vitro cell lines shows complete concordance
in binding of the antibodies RR1/1, LB-2 and 84H10 (MW.M,,
in preparation). Enhancement of antibody binding following
cell activation is characteristic .not only of LB-2 (ref. 11), but
also of RR1/1 (ref. 9) and 84H10 (data not shown). The gene
coding for ICAM-1 maps to chromosome 19, based on previous
studies with the LB-2 mAb'"®, . :
Inhibition of LFA-1-dependent binding by ICAM-1 mAb
RR1/1 at the target level®® has been the basis for the inference
that ICAM-1 is a ligand for LFA-1. But alternative explanatioris
are possible, for example that binding of ICAM-1 mAb delivers
an inhibitory signal which prevents target participation in LFA-
1-dependent adhesion. To test directly the hypothesis that
ICAM-1is a ligand involved in LFA-1-dependent adhesion, we
studied cell adhesion to purified ICAM-1 (Fig. 3). LFA-1-posi-
tive cells of three different lineages (a lymphoblastoid B cell,a
cytotoxic T-cell clone and a promonocytoid cell) bound to

Fig. 3 Antibody inhibition of cell binding to purified [CAM-1
imiobilized on microtitre plates. Plates were prepared as described
in the lepend to Tis 2. Control veil (designaied “nu ICAM-1)
wele coated with HSA; all other wells were coated with purified
ICAM-1. Cells of three different leukocyte lineages were labelled
with *'Cr and 10° cells added to each well in 100 ! of phosphate-
buffered saline (PBS) 0.5% HSA, and incubated for 20 min at
37°C. Antibodies being tésted for their ability to inhibit cell binding
were present continuously at S0 ug mi™! final concentration. The
plates were washed gently three times with PBS/0.5% HSA to
remove unbound cells. The bound cells were lysed with 5% Triton
X-100 and the lysate counted for radioactivity. Results are
expressed as the mean c.p.m. of duplicate wells; standard errors
are all less than 15% of the mean. Antibodies used were as
described in Fig. 1 legend, and CD2 mAb 95-5-49 (ref. 30).

ICAM-1 immobilized on plastic. Three lines of evidence show
that this adhesion is specific: (1) the adhesion is inhibited by
the three ICAM-1 mAbs and the LFA-1 mAbs but not by the
LFA-3,CD2 and class I histocompatibility locus antigeg.(HLA)
mAbs; (2) the cells did not adhere to other proteins immobilized
on plastic (for instance albumin, Fig. 3); (3) cells like L428 that
lack LFA-1 expression did not bind to plastic-immobilized
ICAM-1 (data not shown). These results confirm and extend
studies using purified ICAM-1 from a RR1/1 affinity column,
incorporated into phospholipid membranes, (S.D.M.and T.AS.
Cell, in press). These studies show directly that ICAM-1 is a
ligand for LFA-1-dependent cell adhesion. The simplest inter-
pretation of these data is that ICAM-1 is a ligand for LFA-1.
However, the possibility that ICAM-1is a ligand for some other
adhesion receptor whose function depends on LFA-1 cannot be
excluded.

LFA-1-dependent adhesion has been shown previously to
require divalent cations'*'>, We analysed the cation require-
ments of LFA-1-dependent adhesion to purified ICAM-1 and
directly compared them with the cation requirements of intercel-
lular adhesion via the molecules LFA-1 and ICAM-1 (Fig. 4).
The similarities between the results of the two assay systems are
striking: Mg?* alone is sufficient for optimal adhesion; Ca®*
alone is not, but can synergize with suboptimal concentrations
of Mg?*. For example, 1 mM Ca?* supports minimal (<10%
of optimal) adhesion in each system, however, in the presence
of 0.1mM Mg**, 1 mM Ca®* enhances adhesion from ~30%
t0 ~90% of the maximal adhesion. The similarities between the
two assay systems emphasize that the present assay of cell
binding to purified ICAM-1 faithfully reflects the biology of
LFA-1interactions which are involved in more complex intercel-
lular interactions. This pattern of cation requirement is charac-
teristic of LFA-1-dependent adhesion and not observed, for
example, with adhesion of the same cells via CD2/LFA-3 inter-
action'®, These data indicate that divalent cations are required

for the interaction of LFA-1 with ICAM-1. Two divalent-cation- -
binding sites may be involved: one requiring Mg?®*), which is-

saturated at Mg®* concentrations below 0.1 mM, and another
which binds either Mg?* or Ca?* but with somewhat lower
affinity than the first site.
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Fig. 4 Distinctive divalent-cation requirements of LFA-1-depen-
dent adhesion to ICAM-1. The ability of Ca?* and Mg?* to support
cell binding to purified ICAM-1 (a) was compared with the require-
ment for Ca>* and Mg?* in intercellular adhesion (b). Binding to
ICAM-1 was measured as outlined in Fig. 3 and T-cell conjugates
as described in Fig. 1 except that the buffer used in both assays
was HEPES-buffered saline consisting of 0.13M NaCl, 10 mM
HEPES, 2mgml™' glucose, Smgml™" HSA. MgCl, and CaCl,
were added at the concentrations indicated during the assay. Cells
used were B LCL in panel a and T-cell clone 8.2 with target U937
in panel b; U937 was chosen as the target cell because it uses
ICAM-1 almost exclusively as a ligand in LFA-1-dependent inter-
cellular adhesion (see also Fig. 1).

Multiple lines of evidence show that ICAM-1 is a ligand for
LFA-l-dependent adhesion of multiple lineages of
haematopoietic cells: T cells, B cells and myeloid cells bind to
purified ICAM-1 (Fig. 3); RR1/1 inhibits binding of T, B and
myeloid cells®®; LB-2 mADb inhibits adhesion of B and myeloid
cells''; 84H10 inhibits binding of myeloid cells (P.M., unpub-
lished) and B cells'?. In normal tissue sections, staining is most
intense on endothelium but is increased on many cells by such
factors as inflammation, exposure to cytokines and neoplastic
transformation®. Thus, the rolé of ICAM-1 as an LFA-1 ligand
may be critical in immune surveillance during inflammation or
neoplastic transformation.

Structural information on LFA-1 shows that it is part of a
large family of cell-interaction molecules highly conserved
throughout evolution. LFA-1 and the other molecules with which
it shares a 8 chain (MAC-1 and p150/95) are restricted in their
distribution to haematopoietic cells® but they are closely related
to more widely-distributed families of mammalian adhesion
molecules and even to the Drosophila position-specific protein
which is critical for cell positioning during embryogenesis and
morphogenesis'®-2. It remains to be shown whether ICAM-1,
like other ligands for many of these adhesion receptors, has a
critical RGD peptide in its sequence and whether it can be used
as a ligand by more than one receptor.
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Aggregation of chromaffin
granules by calpactin
at micromolar levels of calcium
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Department of Pharmacology, University of Virginia, Charlottesville,
Virginia 22908, USA

Several cytosolic proteins bind to secretory granule membranes
in a Ca**-dependent manner and thus may be involved in the
mediation of membrane interactions during exocytosis'?. One of
these proteins®, calpactin, is a tetramer consisting of two heavy
chains of relative molecular mass (M,) 36K (p36) and two light
chains of 10K (p10)*°. We report here that calpactin promotes
the Ca**-dependent aggregation and fatty acid-dependent fusion
of chromaffin granule membranes at a level of Ca?* that is lower
than that reported for other granule-aggregating proteins, and
which parallels the Ca>* requirement for secretion from permeabil-
ized chromaffin cells®’. We found subunits of calpactin to be
inactive in promoting granule aggregation. Two distinct 33K pro-
teolytic fragments of p36, differing at their N termini, also promote
granule aggregation but with different Ca®* sensitivities from
calpactin. These differences suggest that the N-terminal portion
of p36 modulates the Ca**/lipid binding sites in the core portion
of p36 (ref. 5).

The heavy chain of calpactin, p36, was originally isolated as
a major substrate for tyrosine kinases in vivo and in vitro®'°,
and it can also be phosphorylated by protein kinase C'''2. The
main sites of phosphorylation for these kinases are at the N
terminus of p36 (Tyr 23 and Ser 25)'"*'3. Little was known about
the possible function of p36 until it was discovered that p36 is
a subunit of a prominent Ca?*-dependent membrane-binding
protein (protein I) present in intestinal epithelium®. In addition
to binding to membranes, the p36,-p10, complex binds to actin
in the presence of Ca®* (ref. 4) and was therefore called calpactin
I'“. The sequence of p36 has recently been found to be ~50%
identical to lipocortin, a 37K phospholipase A, inhibitor isolated
from placenta's-'%,

A group of 23 cytosolic proteins, called chromobindins', have
been isolated based on their ability to bind to secretory vesicle
(chromaffin granule) membranes of the adrenal medulla in a
Ca“-depcndent way"z, and represent candidates for mediators
of membrane interactions in exocytosis. By peptide mapping
and immunological cross-reactivity, chromobindin No. 8 was
identified as p36 (ref. 3). This is one of a subgroup of chromobin-
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