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ABSTRACT The signaling that causes the leukocyte inte-
grin lymphocyte function-associated molecule (LFA-1) to bind
firmly to its ligand intercellular adhesion molecule 1 (ICAM-1)
is transduced indirectly through other T-cell receptors and is
termed inside-out signaling. We show here that the high-
affinity state of LFA-1 is characterized by expression of the
LFA-1 epitope detected by monoclonal antibody 24. This
epitope is expressed not in response to the initial agonist-
mediated signal but when LFA-1 binds to ICAM-1, indicating
that ligand binding induces an alteration in LFA-1. As would
be predicted, the monoclonal antibody 24 epitope is confined to
the LFA-1, which is located at the site ofcontact between T cells
and ICAM-1-expressing transfectants. When a fixation proto-
col for "freezing" receptors is used, only T cells that are fixed
after prior exposure to ICAM-1 bind frmly to ICAM-1 a
second time. This suggests that, in addition to the inside-out
signaling, a previously unrecognized requirement for full ac-
tivation ofthe leukocyte integrin LFA-1 is the initial interaction
with its ligand ICAM-1. Thus, activation of LFA-1 is in part
achieved by an induced fit imposed from without by interaction
with ligand.

The integrin lymphocyte function-associated molecule 1
(LFA-1) and immunoglobulin-like intercellular adhesion mol-
ecule 1 (ICAM-1) form a receptor/ligand pair of adhesion
molecules required for many leukocyte functions (1, 2).
Regulation of LFA-1/ICAM-1 adhesion resides with LFA-1,
which, under normal circumstances, binds only weakly to
ICAM-1 (3). On T cells, the affinity ofLFA-1 for ICAM-1 can
be increased transiently by cross-linking other membrane
receptors such as CD3 (XL-CD3) associated with the T-cell
receptor for longer periods of time by treatment with phorbol
esters such as phorbol dibutyrate (PdBu) (3, 4) or by incu-
bating T cells with the divalent cations required by LFA-1 for
function (5). We have described an epitope recognized by
monoclonal antibody (mAb) 24 that is present on the CD11 a
subunit and is expressed in a manner that correlates with
Mg2+ (and Mn2+) binding (5-7). This epitope has been
thought to be a "reporter" of the activated state ofLFA-1 in
that its expression parallels receptor activity (5-8). A role for
the mAb 24 epitope in LFA-1 activation was further sug-
gested by the ability of mAb 24 to inhibit some LFA-1
mediated functions, possibly by locking the integrin in acti-
vated form and preventing a return to the low binding state
(8). In the present study, we show that in addition to signals
such as XL-CD3, another necessary step in the induction of
fully active LFA-1 is fulfilled by the initial binding of ligand
ICAM-1 to LFA-1. This causes exposure of the activation
marker or epitope detected by mAb 24, which is character-
istic of LFA-1 when it is able to complex with ICAM-1 in a
stable manner.

MATERIALS AND METHODS
mAbs and ICAM-1. Production, isolation, and character-

ization of mAb 24 has been described (6). Other mAbs used
were mAb 38 (6) and MHM24 (9), both recognizing the LFA-1
a subunit (CDiia); RRi/1, recognizing ICAM-1 (CD54) (10);
CD3 mAb UCHT1 (11); and control mAbs 52U (IgGl) and 4U
(IgG2a) (unpublished data). mAbs 24, 38, RRi/1, 52U, and
4U were used as purified immunoglobulin and the other
mAbs were used as tissue culture supernatant. Fab fragments
of mAb 24 were prepared by pepsin digestion (1%; wt/wt) of
intact IgGl in order to generate F(ab')2 fragments, which
were subsequently reduced with 0.01 M cysteine for 1 h at
room temperature and blocked for a further hour with 0.03 M
iodoacetamide (8). Any intact IgG and F(ab')2 fragments
were separated from Fab 24 by extensive adsorption with
protein A-coupled Sepharose followed by fractionation using
gel-filtration chromatography. Analysis of 10 ,ug ofFab 24 by
SDS/PAGE showed it to be free of any such contaminants
(results not shown). Direct fluorescein isothiocyanate (FITC)
conjugates of mAb 24 were prepared as described and were
used at 10 p,g/ml (8, 12).
Recombinant ICAM-1-Fc protein consisted of the first

three domains of ICAM-1 and the hinge, CH2, and CH3
domains ofIgGl (Fc) (13). The expression plasmid containing
this construct was a gift from A. Craig and A. Berendt and
was used to produce ICAM-1-Fc protein by transient expres-
sion in COS-1 cells and protein A chromatography. The
ICAM-1-CHO transfectant was a gift from J. Trowsdale and
D. Sansom and was maintained in selection medium contain-
ing geneticin (0.5 mg/ml).
T Cells. Peripheral blood mononuclear cells (PBMCs) were

prepared from freshly drawn heparinized blood by centrifu-
gation over Ficoll/Hypaque (Pharmacia). As previously re-
ported, activated T cells were expanded from unstimulated
PBMCs by culture in RPMI 1640 medium containing 10%
fetal calf serum (FCS) plus treatment with phytohemagglu-
tinin (10 pg/ml) for 48 h (5, 8). Cells were then washed and
cultured in 10% FCS plus recombinant interleukin 2 (20
ng/ml) (Cetus).

T-Cell Binding Assay. Standard T-cell assay. The LFA-1-
dependent adhesion of cultured T cells to immobilized
ICAM-1-Fc has been described (5, 8). Briefly, 40 ul of
ICAM-1-Fc per well in phosphate-buffered saline (PBS) (5
,g/ml) was incubated overnight at 4°C, followed by satura-
tion of any remaining plastic sites with 2% bovine serum
albumin in PBS. T cells (2-5 x 107 cells per ml) were labeled
with 200 ,uCi (1 Ci = 37 GBq) of 51Cr for 1 h at 37°C.
Cross-linking of CD3 was accomplished by incubating an
aliquot of the T cells on ice for 20 min with UCHT1 mAb (1:5

Abbreviations: FITC, fluorescein isothiocyanate; ICAM-1, intercel-
lular adhesion molecule 1; LIBS, ligand-induced binding site(s);
LFA-1, lymphocyte function-associated molecule-i; mAb, mono-
clonal antibody; PdBu, phorbol dibutyrate.
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dilution of culture supernatant; IgG2a isotype), followed by
a second incubation period of 20 min on ice with goat
anti-mouse IgG2a in RPMI 1640 medium (1:100 dilution;
Nordic, Maidenhead, U.K.). Either the XL-CD3- or PdBu
(50 nM)-treated or control T cells (2 x 105 cells per well) were
added to the ICAM-1-Fc-precoated wells, centrifuged at 75 x
g for 2 min, and incubated at 37°C for the periods of time
indicated. After washing four times with warm RPMI 1640
medium to remove unbound T cells, the radioactivity of the
bound T cells was assayed with a Betaplate counter (LKB).
Fixed T-cell assay. Briefly, [3H]thymidine-labeled T cells

were incubated at 2.5 x 105 cells per well in flexiwell plates
for 20 min at 37°C in 40 nM PdBu/RPMI 1640 medium in
either the presence or absence of anti-ICAM-1 mAb RR1/1
at 40 pg/ml. After two washes, cells were fixed with the
indicated percentages of freshly prepared paraformaldehyde
in Hepes buffer for 10 min at 37°C and the fixation reaction
was terminated with 0.1% glycine for 10 min at room tem-
perature. Because the T cells were now fixed, Mg2+/EGTA
was used as a means of activating receptors from outside the
cell. After three washes, the fixed T cells were transferred
into ICAM-1-Fc-containing wells precoated at 60 pg/ml and
incubated a second time in Hepes buffer containing 1 mM
MgCl2 and 1 mM EGTA for 30 min at 37°C. Finally, the T cells
were washed three times with warm Hepes buffer and the
total radioactivity per well was assessed. LFA-i-specific
adhesion to ICAM-1 was calculated by treating samples with
CD1la mAb 38 at 10 ug/ml and determining the difference
between this value and the total counts per well. The level of
mAb 24 epitope expression was not significantly affected by
the fixation procedure (data not shown).
Flow Cytometric Analysis. Flow cytometric determination

of the mAb 24 epitope was performed as described (5-8). To
measure the mAb 24 epitope on adherent cells, 2 x 105T cells
in 50 ,ul were aliquoted into 96-well plates that had been
coated with recombinant ICAM-1-Fc, centrifuged, and incu-
bated at 37°C. At the appropriate time, 10 Al of FITC-mAb
24 (10 ,ug/ml in RPMI 1640 medium) was added to each well
for 20 min. The ICAM-1-Fc-bound T cells were then removed
from the wells by vigorous pipetting. Specifically for deter-
mining expression of the mAb 24 epitope in the presence of
specific divalent cations, the T cells (2 x 105 cells per well)
were washed three times in 20 mM Hepes/140 mM NaCl/2
mg ofglucose per ml, pH 7.4 (Hepes/NaCl buffer) in flexiwell
plates (Dynatech). Dilutions of either Mg2+ (in the presence
of 1 mM EGTA) or Mn2+ chlorides were made in Hepes/
NaCl buffer and 50 Al of the appropriate divalent cation
dilution was added to each well containing the cells (5, 8).
Cells were appropriately washed and fixed with 5% formal-
dehyde in PBS, and their fluorescence intensity was deter-
mined with a FACScan flow cytometer (Becton Dickinson).
Expression of the mAb 24 epitope detected with FITC-mAb
24 is represented as the mean fluorescence intensity ± SD.
As a control, the basal level of expression of the mAb 24
epitope on T cells kept at 4°C was determined at the initial
time point.

Analysis of Adherent Cells by Immunofluorescence. ICAM-
1-CHO transfectants were cultured in minimal essential me-
dium plus 10% FCS and 0.5 mg of geneticin per ml on round
13-mm coverslips. T cells (105 cells per well in RPMI 1640
medium) pretreated with either anti-CD3 mAb UCHT1
(IgG2a isotype) followed by crosslinking with goat anti-
mouse IgG2a antiserum (Nordic) or 50 nM PdBu were added
to each coverslip and allowed to bind to the ICAM-1-CHO
transfectants for 20 min at 37°C. The unbound T cells were
then removed by gently washing the wells three times with
RPMI 1640 medium. For single antibody staining, XL-CD3 T
cells were incubated for 20 min at 37°C with 25 /, of either
directly conjugated FITC mAb 24 (10 pg/ml) or anti-CD11a
mAb MHM24 (IgGl; 1:3 dilution of culture supernatant) with

the latter samples undergoing an additional incubation at 0°C
with tetramethylrhodamine B isothiocyanate (TRITC)-
conjugated goat anti-mouse IgGl antiserum (1:50 dilution).
The cells were then fixed with 5% formaldehyde in PBS for
20 min at room temperature. For double-antibody staining,
PdBu-treated T cells were incubated with 25 /4 of directly
conjugated FITC-mAb 24 (IgGl) at 10 ug/ml in RPMI 1640
medium followed by a second incubation with the anti-CD11a
mAb 38 (IgG2a) at 10 ,ug/ml and a final incubation with
TRITC-conjugated goat anti-mouse IgG2a antiserum (1:50
dilution in RPMI 1640 medium). Incubations with various
control mAbs showed the observed staining patterns to be
specific.

RESULTS
Expression of mAb 24 Epitope Correlates with Activation of

LFA-1. Although previous experiments suggested that the
presence of the mAb 24 epitope paralleled LFA-1 activity, its
expression had never been assessed in a system that mim-
icked physiological T-cell activation. Therefore, we triggered
cultured T cells in several ways and tested the activation
status of LFA-1 by its ability to bind to ICAM-1 using the
following two assays. (i) Cultured T cells express low levels
of ICAM-1 (14) and when activated by treatment with certain
agonists will form LFA-1/ICAM-1-dependent aggregates in
suspension. (ii) Activated T cells will bind via LFA-1 to
ICAM-1 immobilized on plastic, which acts as the preferred
substrate in this form, particularly when T cells are spun onto
it at the beginning of the incubation procedure. Therefore,
using this latter protocol, we followed the time course of
LFA-1 activation, which was brought about indirectly
through stimulation of the T-cell receptor/CD3 complex (3,
4). By cross-linking CD3, LFA-1 became transiently avid for
ICAM-1, reaching maximum levels of ligand binding by =30
min and returning to the nonavid state by =2 h (Fig. 1 Inset).
Expression of the mAb 24 epitope followed the same time
course (Fig. 1). Second, we investigated the increase in
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FIG. 1. Expression of mAb 24 epitope, induced by cross-linking
of CD3 or treatment with the phorbol ester PdBu, parallels binding
activity of T-cell LFA-1 for ICAM-1 immobilized on plastic. Tran-
sient induction of both mAb 24 epitope expression and LFA-1
binding to ICAM-1-Fc (13) (Inset; a representative experiment) is
observed upon cross-linking of CD3. Similarly, more prolonged
induction of mAb 24 epitope expression and LFA-1 activation is
induced by PdBu treatment.
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adhesion between LFA-1 and ICAM-1 mediated by PdBu,
which had similar "on" kinetics but was not transient and
persisted over a 2-h period. The expression of the mAb 24
epitope again reflected the more prolonged state of PdBu-
induced LFA-1 activation. Previous work had shown that the
mAb 24 epitope was expressed when LFA-1 was artificially
activated by using divalent cations Mn2+ and Mg2+ with
EGTA (5, 6). The results described here show that that
expression of the mAb 24 epitope mirrored the activation
status of LFA-1 in model conditions that more closely
resemble physiological T-cell activation.
The mAb 24 Epitope Is Expressed by LFA-1 Following

Binding to ICAM-1. Next it was of interest to explore the
factors that contribute to the expression of the mAb 24
epitope. For example, the epitope might be induced as a
result of the initial XL-CD3 or PdBu treatment or at a later
stage when binding of LFA-1 to ICAM-1 has occurred. To
separately assess these factors (particularly the role of
ICAM-1), T cells were treated with the activating protocols
in suspension, using the assay of homotypic aggregation (10,
15). Thus, cultured T cells expressing ICAM-1 formed LFA-
1/ICAM-1-dependent aggregates either transiently when ex-
posed to XL-CD3 conditions or for a longer time when
treated with PdBu with a time course similar to that shown in
Fig. 1 (Inset) (data not shown). Using this protocol, expres-
sion of the mAb 24 epitope followed the same time kinetics
(Fig. 2). However, in the presence of the anti-ICAM-1 mAb
RR1/1, the mAb 24 epitope was not expressed in spite of
treatment with XL-CD3 or PdBu over a time course of =3 h.
Thus, expression of the mAb 24 epitope on LFA-1 depended
on exposure to ICAM-1. As mAb RR1/1 blocks the binding
between LFA-1 and ICAM-1 (10), the expression of the mAb
24 epitope must depend on physical interaction between this
receptor/ligand pair. This is further confirmed by the fact
that nonblocking anti-ICAM-1 mAb 8F5 (13) allowed mAb 24
epitope expression (data not shown). The result is not ex-
plained by competitive antibody inhibition between anti-
ICAM-1 mAb and mAb 24 on individual T cells, as mAb
RR1/1 bound equally to T cells in the presence or absence of
mAb 24 (data not shown). The conclusion is that the mAb 24
epitope is induced not by the agonists XL-CD3 or PdBu but

by the interaction of ICAM-1 with LFA-1. Therefore, the
mAb 24 epitope represents a ligand-induced binding site
(LIBS) (16) expressed by LFA-1 following exposure to
ICAM-1.

Expression of mAb 24 Epitope Requires ICAM-1 in the
Presence ofMg2+ or Mn2+. The divalent cation Mg2+ or Mn2+
is required for LFA-1 activity (5, 17). Previously, we have
shown that the level of LFA-1 activity and expression of the
mAb 24 epitope can be artificially manipulated from outside
the T cell by increasing the concentration of these divalent
cations, suggesting an association with expression of the
mAb 24 epitope (5, 6). However, using LFA-i-activating
concentrations of Mg2+ and Mn2+, mAb 24 epitope expres-
sion is prevented by anti-ICAM-1 mAb (Fig. 3). This further
strengthens the argument that the mAb 24 epitope is a LIBS,
as exposure to ICAM-1 is required for its expression even
when LFA-1 is activated from outside the cell. These exper-
iments also suggest that the relationship between mAb 24
epitope expression and divalent cation binding may only be
an indirect one insofar as both events are part of the LFA-1
activation process.
ICAM-1 Is Required for Activation of LFA-1. The implica-

tion of previously published studies has been that signals
delivered by agonists such as XL-CD3 or PdBu were all that
was required for the observed increase in the affinity of
LFA-1 for ICAM-1 (3, 4). However, as ICAM-1 is widely
expressed on leukocytes and here shown to induce a con-
formational change in LFA-1 associated with its high-affinity
state, the question is raised as to whether ICAM-1 itself
participates in the activation of LFA-1. To investigate this
question, it was necessary to distinguish the role of ICAM-1
as ligand from its possible role as LFA-1 activator. Anti-
ICAM-1 mAb was used to block the possible activation of
LFA-1 by cell-associated ICAM-1 when the T cells were
treated with agonist. Thus, ICAM-1-expressing cultured T
cells were treated with agonist PdBu in the presence or
absence of anti-ICAM-1 mAb followed by fixation with
increasing amounts of paraformaldehyde (18, 19). Both sets
of T cells were then assessed for their ability to bind to
plastic-immobilized ICAM-1. Anti-ICAM-1-treated T cells
were diminished in their ability to bind to ICAM-1 on plastic,
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FIG. 2. Induction ofmAb 24 epitope expression on T cells is prevented by anti-ICAM-1 mAb. Flow cytometric determination of expression
of the mAb 24 epitope on T cells forming homotypic LFA-1/ICAM-1-dependent aggregates in response to treatment with PdBu or by
cross-linking CD3 as in Fig. 1. Purified anti-CD54 mAb RR1/1 (10) was added to each sample at the beginning of the time course at a final
concentration of 10 ig/ml.
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FIG. 3. Mg2+ and Mn2+ induction of mAb 24 epitope expression is inhibited by anti-ICAM-1 mAb. Dilutions of either Mg2+ in the presence
of 1 mM EGTA (A) or Mn2+ chlorides (B) were made in Hepes/NaCl buffer and 50 A4 of the appropriate divalent cation dilution was added
to each well containing the T cells (5, 6). Where appropriate, purified anti-CD54 mAb RR1/1 (o), control anti-CD8 mAb 14 (e), or no mAb (m)
was added at a final concentration of 10 pg/ml. At the same time, FITC-mAb 24 (10 jg/ml) was added to each well and the plate was incubated
for 30 min at 37°C.

suggesting either that LFA-1 had not been fully activated in
the first part of the experiment or that it had been damaged
by the fixation process (Fig. 4A). However, the T cells that
had prior exposure to cell-bound ICAM-1 were able to bind
normally to ICAM-1 on plastic except at the highest fixative
levels, indicating that their receptors had been fixed in an
activated state (Fig. 4B). This result suggested that exposure
to ICAM-1 (and agonist) was necessary for generating fully
active LFA-1. However, to show that the LFA-1 on the
anti-ICAM-1-treated cells was capable of being activated
(i.e., that anti-ICAM-1 treatment had not indirectly affected
the LFA-1), the necessary control for the experiment was to
omit the fixing step (Fig. 4, see 0% paraformaldehyde). Now
LFA-1 present on the anti-ICAM-1-treated T cells was able
to be activated via plastic immobilized ICAM-1 in a manner
analogous to T cells whose LFA-1 had prior exposure to
cell-bound ICAM-1. Finally, there was no significant binding
to ICAM-1 in the absence of PdBu treatment (data not
shown). This experiment shows that ICAM-1 has a necessary
role in agonist-mediated LFA-1 activation.
The mAb 24 Epitope Is Expressed at Sites of Contact

Between LFA-1 and ICAM-1. If ICAM-1 contributes to the
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FIG. 4. Anti-ICAM-1 mAb prevents agonist-mediated activation
of LFA-1. ICAM-1-expressing T cells were activated with 40 nM
PdBu in the presence (A) or absence (B) of anti-ICAM-1 mAb
followed by fixation with increasing amounts of paraformaldehyde.
The T cells were then exposed to ICAM-1 a second time in the form
of plastic immobilized ICAM-1-Fc and their adherence levels were
measured.

induction of the fully active form of LFA-1, the mAb 24
epitope should be expressed on T cells where they are in
physical contact with ligand. To test this hypothesis, we used
fluorescence microscopy to compare the surface distribution
of the mAb 24 epitope with that ofLFA-1 on T cells adherent
to ICAM-1-transfected CHO cells. For the single PdBu-
activated T cell shown, the distribution of LFA-1 is unclus-
tered and in an even distribution around the cell membrane
(Fig. SA, red fluorescence). In contrast, the same T cell,
double-labeled with mAb 24, shows this epitope to be local-
ized to a discrete area ofthe cell membrane directly in contact
with the ICAM-1 transfectant (green fluorescence). CD3-
cross-linked T cells exhibited an identical result, showing an
even distribution of LFA-1 around the cell membrane (Fig.
5B, red fluorescence) but expression of the mAb 24 epitope
only at the area of cell contact with the ICAM-1 transfectant
(green fluorescence). Control untreated T cells did not adhere
to the ICAM-1 transfectant, were unlabeled by mAb 24, and

FIG. 5. Fluorescence micrographs of T cells bound to ICAM-1-
CHO transfectants showing that distribution of staining with mAb 24
is restricted to T-cell contact areas with ICAM-1, whereas LFA-1
shows an even distribution around the T-cell membrane. (A) T cell
after stimulation with PdBu adhering to an ICAM-1-CHO transfec-
tant (phase) labeled by double mAb immunofluorescence to show
T-cell distribution ofboth mAb 24 epitope (green; for localization see
arrow in phase photo) and LFA-1 (CD11a mAb 38; red.) (B) CD3-
cross-linked T cells adhering to an ICAM-1-CHO transfectant
(phase) labeled by single mAb immunofluorescence to show either
mAb 24 epitope (green) or LFA-1 (red).
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had an even membrane distribution of LFA-1 (data not
shown). Thus, expression of the mAb 24 epitope is confined
to the sites of cell-cell contact between LFA-1 and ICAM-1,
consistent with the interpretation that ligand is required to
induce a conformational alteration in LFA-1 locally that is
coincident with its ability to bind firmly to ligand.

DISCUSSION
Previous studies have implied that the signals delivered by
agents such as XL-CD3 or phorbol ester were all that was
required for the increase in affinity of LFA-1 for its ligand
ICAM-1 (3, 4). The work described here supports the idea
that ICAM-1 itself also has an essential role in the activation
of LFA-1. Thus, anti-ICAM-1 mAb inhibits expression of the
activation reporter mAb 24 epitope on agonist-treated T cells,
expression of the mAb 24 epitope is confined on the T-cell
membrane to areas where LFA-1/ICAM-1 ligation causes
cell-cell contact, and, most critically, T cells that have their
LFA-1 receptors frozen by chemical fixation after agonist
treatment will not bind to ICAM-1 unless they have had prior
exposure to this ligand.
The speculation is that signaling via other surface receptors

together with an initial weak interaction with ligand ICAM-1
together produce a conformationally altered high-affinity
form of LFA-1, which is now capable of forming a stable
LFA-1/ICAM-1 complex, characterized by the mAb 24 epi-
tope. This sequence of events suggests the means by which
the adhesive strength provided by LFA-1/ICAM-1 pairing
can be restricted to situations where a productive but low
avidity interaction of cells has been stimulated by more
specific receptors. As would be predicted, activated LFA-1
is induced only at sites of cell contact, which contradicts a
study showing gross clustering ofLFA-1 following activation
of a T-cell line (20).
The mAb 24 epitope represents the only LIBS described so

far for the (32 integrins and is unique in characterizing the
LFA-1/ICAM-1 complex. Other LIBS are hidden when
ligand binds to integrin (21). It is speculated that upon initial
interaction with intact ligand ICAM-1, unfolding (or other
alterations) in the LFA-1 leads to exposure of additional sites
to which ICAM-1 itself can now bind with higher affinity
leading to more stable receptor/ligand pairing. This effect
resembles that observed with the peptide RGD, a motif
recognized by the P3 integrins in ligands such as fibrinogen,
vitronectin, and fibronectin. The binding of RGD peptide to
the P3 integrins GPIIbIIIa and vitronectin receptor causes
exposure of other types of LIBS-for example, that detected
by mAb PAC-1 on GPIIbIIIa (21) and enables these integrins
to bind intact soluble ligand (18, 19). As in the present study,
chemical fixation of the two P3 integrins has allowed an
intermediate RGD-bound stage of activation to be identified,
further confirming that conformational changes must occur in
these receptors during activation. Although ICAM-1 does not
have an RGD sequence, it must contain a similar triggering
sequence. However, it is possible that the activating features
of an RGD-containing matrix molecule like fibronectin might
differ from that of an immunoglobulin superfamily member
like ICAM-1 located on an opposing cell surface.
The process of ligand-induced integrin activation is similar

to the induced-fit model of interaction between substrate and

enzyme, whereby the active site of the enzyme assumes a
shape complementary to substrate only after it is bound (22).
Induced fit has recently been shown to have a key role in the
structural alterations leading to antigen/antibody binding
(23). It remains to be seen how general a mechanism it is for
receptor activation.

We are grateful to Drs. Tony Berendt and Alister Craig for
recombinant ICAM-1-Fc (Institute of Molecular Medicine, Oxford);
Drs. David Sansom and John Trowsdale, Imperial Cancer Research
Fund (ICRF) for the ICAM-1-CHO transfectant; Dr. Robert Rothlein
(Boehringer Ingelheim, Ridgefield, NJ) for ICAM-1 mAb RR1/1 and
Dr. Peter Beverley (ICRF) for the CD3 mAb UCHT1. We thank our
colleagues C. Landis, M. Owen, J. Trowsdale, and Mike Fried for
their helpful comments on this manuscript. C.C. is a recipient of a
Postdoctoral Fellowship from the Ministerio Espafiol de Educaci6n
y Ciencia and a Visiting Research Fellow from Departamento de
Bioqufmica y Biologfa Molecular, Facultad de Medicina, Univer-
sidad Complutense, Madrid.

1. Springer, T. A. (1990) Nature (London) 346, 425-434.
2. Hogg, N., Bates, P. A. & Harvey, J. (1991) Chem. Immunol.

50, 98-115.
3. Dustin, M. L. & Springer, T. A. (1989) Nature (London) 341,

619-624.
4. van Kooyk, Y., van de Wiel-van Kemenade, P., Weder, P.,

Kuijpers, T. W. & Figdor, C. G. (1989) Nature (London) 342,
811-813.

5. Dransfield, I., Cabafias, C., Craig, A. & Hogg, N. (1992) J. Cell
Biol. 116, 219-226.

6. Dransfield, I. & Hogg, N. (1989) EMBO J. 8, 3759-3765.
7. Dransfield, I., Buckle, A.-M. & Hogg, N. (1990) Immunol. Rev.

114, 29-44.
8. Dransfield, I., Cabafias, C., Barrett, J. & Hogg, N. (1992) J.

Cell Biol. 116, 1527-1535.
9. Dongworth, D. W., Gotch, F. M., Hildreth, J. E. K., Morris,

A. & McMichael, A. J. (1989) Eur. J. Immunol. 15, 888-892.
10. Rothlein, R., Dustin, M. L., Marlin, S. D. & Springer, T. A.

(1986) J. Immunol. 137, 1270-1274.
11. Beverley, P. C. L. & Callard, R. E. (1981) Eur. J. Immunol. 11,

329-334.
12. Harlow, E. & Lane, D. (1988) in Antibodies: A Laboratory

Manual (Cold Spring Harbor Lab., Plainview, N.Y.), pp.
628-629.

13. Berendt, A. R., McDowall, A., Craig, A. G., Bates, P. A.,
Stemnberg, M. J. E., Marsh, K., Newbold, C. I. & Hogg, N.
(1992) Cell 68, 71-81.

14. Buckle, A.-M. & Hogg, N. (1990) Eur. J. Immunol. 20, 337-341.
15. Patarroyo, M., Yogeeswaran, G., Biberfield, P., Klein, E. &

Klein, G. (1982) Int. J. Cancer 30, 707-717.
16. Frelinger, A. L., Lam, S. C.-T., Plow, E. F., Smith, M. A.,

Loftus, J. C. & Ginsberg, M. H. (1988) J. Biol. Chem. 263,
12397-12402.

17. Martz, E. (1980) J. Cell Biol. 84, 584-598.
18. Du, X., Plow, E. F., Frelinger, A. L., O'Toole, T. E., Loftus,

J. C. & Ginsberg, M. H. (1991) Cell 65, 409-416.
19. Orlando, R. A. & Cheresh, D. A. (1991) J. Biol. Chem. 266,

19543-19550.
20. Burn, P., Kupfer, A. & Singer, S. J. (1988) Proc. Natl. Acad.

Sci. USA 85, 497-501.
21. Shattil, S. J., Hoxie, J. A., Cunningham, M. & Brass, L. F.

(1985) J. Biol. Chem. 260, 11107-11114.
22. Koshland, D. E. & Neet, K. E. (1968) Annu. Rev. Biochem. 37,

359-410.
23. Rini, J. M., Schulze-Gahmen, U. & Wilson, I. A. (1992) Sci-

ence 255, 959-965.

Proc. Natl. Acad. Sci. USA 90 (1993)


