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Ten years ago, we introduced a fluorescent probe that shed
light on the inside-out regulation of one of the major leukocyte
integrins, very late antigen-4 (VLA-4, CD49d/CD29). Here we
describe the regulation of another leukocyte integrin, lympho-
cyte function-associated antigen-1 (LFA-1, CD11a/CD18) using
a novel small fluorescent probe in real time on live cells. We
found that multiple signaling mechanisms regulate LFA-1 con-
formation in a manner analogous to VLA-4. LFA-1 can be rap-
idly activated by G�i-coupled G protein-coupled receptors
(GPCRs) and deactivated by G�s-coupled GPCRs. The effects of
G�s-coupled GPCR agonists can be reversed in real time by
receptor-specific antagonists. The specificity of the fluorescent
probebindinghas been assessed in a competition assayusing the
natural LFA-1 ligand ICAM-1 and the LFA-1-specific � I allo-
steric antagonist BIRT0377. Similar to VLA-4 integrin, modu-
lation of the ligand dissociation rate can be observed for differ-
ent LFA-1 affinity states. However, we also found a striking
difference in the binding of the small fluorescent ligand. In the
absence of inside-out activation ligand, binding to LFA-1 is
extremely slow, at least 10 times slower than expected for diffu-
sion-limited binding. This implies that an additional structural
mechanism prevents ligand binding to inactive LFA-1. We pro-
pose that such a mechanism explains the inability of LFA-1 to
support cell rolling, where the absence of its rapid engagement
by a counterstructure in the inactive state leads to a requirement
for a selectin-mediated rolling step.

LFA-13 (�L�2) and VLA-4 (�4�1) are the two major and,
probably, two best studied leukocyte integrins. Together with

Mac-1 (�M�2, CD11b/CD18, complement receptor 3 (CR3)
subunit), they play an important role in the pathogenesis of
inflammatory and autoimmune diseases (1, 2). Anti-adhesion
therapy is also believed to be a promising concept for the treat-
ment of hematologic malignancies that include malignant lym-
phoma, acute and chronic leukemias, and others (3–5). A num-
ber of LFA-1 and VLA-4 antagonists (antibodies, peptides, and
small molecules) have been developed and are undergoing clin-
ical trials (6, 7). Thus, the ability to understand and to regulate
VLA-4- and LFA-1-dependent cell adhesion may be critical for
the development of successful therapeutic approaches.
In general, integrin-dependent cell adhesion is regulated by

rapid conformational changes within the molecule as well as
molecular redistribution (clustering), which result from cellu-
lar signaling. Numerous proinflammatory immune ligands,
chemoattractants, and chemokines can initiate this signaling
cascade, often acting through heterotrimeric G proteins
(8–11). This, so-called inside-out signaling pathway serves as
the basis for rapid cell adhesion and chemotaxis toward sites of
inflammation and secondary lymphoid tissues. Rapid integrin
activation represents a mechanism for the arrest of rolling leu-
kocytes on the endothelial surface under shear flow (12). Infor-
mation about the intricate real-time conformational regulation
of the VLA-4 integrin and the inside-out signaling pathway was
obtained with a fluorescent ligand-mimicking probe (10,
13–17). The goal of these current studies was the development
of a fluorescent probe for the assessment of LFA-1 conforma-
tional regulation upon triggering of the inside-out signaling
pathway.
LFA-1 and VLA-4 exhibit important differences in 1) their

expression profile (LFA-1 is exclusively a leukocyte integrin,
whereas VLA-4 is also expressed onCD34� stem cells and non-
hematopoietic cells) (1, 18); 2) structural features (LFA-1 con-
tains an additional �A domain (� I domain), where the ligand
binding site is localized) (19, 20); 3) different ligand binding
motifs and ligands (VLA-4 binds to an alternatively spliced
region of fibronectin called the connecting segment 1 (CS-1),
VCAM-1, and JAM-2, whereas LFA-1 binds to intercellular
adhesion molecules 1–5 (ICAM-1 to -5) and JAM-1) (1, 21);
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and 4) some well known functional processes (e.g. LFA-1 can
only support leukocyte firm adhesion (22–24), whereas VLA-4
can support both rolling and firm adhesion) (22, 25–27).
Despite these differences, both integrins are implicated as ther-
apeutic targets in diseases, where immunosuppression is envi-
sioned to be beneficial (1, 2). Both VLA-4 and LFA-1 are tar-
geted because of their role in the recruitment of immune cells to
an inflamed region. Comparative studies of the two major
integrins will provide invaluable information about similarities
and differences in the regulation of integrin-dependent cell
adhesion. Similarities will identify common signaling pathways
that can be modulated upstream of integrin activation. Differ-
ences will help our understanding of the specific role of each
leukocyte integrin. The current study 1) presents an LFA-1-
specific, small fluorescent molecule probe; 2) illustrates the
kinetics of probe binding upon triggering of inside-out signal-
ing on live cells in real time; and 3) compares these results with
a previously studied VLA-4-specific probe.

EXPERIMENTAL PROCEDURES

Materials—The LFA-1-specific ligands 5-(3-(2-carboxy-2-
[2-chloro-4-(3-hydroxy-benzylcarbamoyl)-benzoylamino]-
ethyl)-thioureido)-2-(6-hydroxy-3-oxo-3H-xanthen-9-yl)-
benzoic acid (compound 1) and 2-[2-chloro-4-(3-hydroxy-
benzylcarbamoyl)-benzoylamino]-succinamic acid, (compound
3) (fromRefs. 28 and 29) and 5-(4-bromo-benzyl)-3-(3,5-dichloro-
phenyl)-1,5-dimethyl-imidazolidine-2,4-dione (BIRT0377) (a
LFA-1 allosteric antagonist from Ref. 30) were synthesized at
the Department of Chemistry and Chemical Biology, Univer-
sity of New Mexico, by Dr. Wei Wang. The VLA-4-specific
ligand 4-((N�-2-methylphenyl)ureido)-phenylacetyl-L-leucyl-
L-aspartyl-L-valyl-L-prolyl-L-alanyl-L-alanyl-L-lysine (LDV) and
its FITC-conjugated analog (LDV-FITC probe) (15, 31, 32)
were synthesized at Commonwealth Biotechnologies. Mouse
anti-humanCD11a/LFA-1�, cloneHI111 (PE), mouse anti-hu-
man fMLP receptor, formyl peptide receptor (FPR) clone 5F1
(PE), mouse anti-human CD184 PE, CXCR4, fusin, clone 12G5
(PE), mouse anti-human CD14 clone M5E2 (PE), and isotype
control (mouse IgG1 � PE) clone MOPC-21 were purchased
from BD Biosciences and used according to the instructions of
the manufacturer. Human recombinant CXCL12/SDF-1�,
recombinant human CXCL8/IL-8, and human recombinant
ICAM-1-Fc chimera were fromR&DSystems, Inc. Amthamine
dihydrobromide (highly selective histamine H2 receptor
agonist), tiotidine (histamine H2 receptor antagonist), isoprot-
erenol hydrochloride (selective �-adrenoreceptor agonist),
and 118,551-hydrochloride (selective �2-adrenergic receptor
antagonist) were purchased from Tocris Bioscience. Phos-
phate-buffered saline (PBS) was purchased from Mediatech,
Inc. All other reagents were from Sigma-Aldrich. For integrin-
specific compounds, stock solutions were prepared in DMSO,
at concentrations �1000-fold higher than the final concentra-
tion. Usually, 1 �l of stock solution was added to 1 ml of cell
suspension, yielding a final 0.1%DMSOconcentration. Control
samples were treated with an equal amount of pure DMSO
(vehicle). Stock solutions of G�s-coupled receptor agonists and
antagonists were prepared in water, and control samples were
treated with an equal amount of water (vehicle).

Cell Lines and Transfectant Construct—The human histio-
cytic lymphoma cell line U937 and the human lymphoblastoid
cell line JY were purchased from ATCC. Wild type CXCR4
(CD184) receptor-stably transfected U937 cells, wild type
CXCR2 (IL8RB)-stably transfected U937 cells, and the non-
desensitizing FPR �ST mutant in U937 cells were prepared as
described (33) and were a gift of Dr. Eric Prossnitz (University
of New Mexico). High receptor-expressing cells were sorted
using a MoFlo flow cytometer (Beckman Coulter). Histamine
H2 receptor and �2-adrenergic receptors are constitutively
expressed on U937 cells (34, 35). Cells were grown at 37 °C in a
humidified atmosphere of 5% CO2 and 95% air in RPMI 1640
(supplemented with 2 mM L-glutamine, 100 units/ml penicillin,
100 �g/ml streptomycin, 10 mMHEPES, pH 7.4, and 10% heat-
inactivated fetal bovine serum). Cells were harvested and resus-
pended in 1 ml of HEPES buffer (110 mM NaCl, 10 mM KCl, 10
mM glucose, 1 mM MgCl2, 1.5 mM CaCl2 (or 10 mM MgCl2 and
1mM EGTA forMg/EGTA activation experiments) and 50 mM

HEPES, pH 7.4) containing 0.1% human serum albumin and
stored on ice. The buffer was depleted of lipopolysaccharide by
affinity chromatography over polymyxin B-Sepharose (Detoxi-
gel, Pierce). Cells were counted using theCoulterMultisizer/Z2
analyzer (Beckman Coulter). For experiments, cells were sus-
pended in the same HEPES buffer at 1 � 106 cells/ml and
warmed to 37 °C.Alternatively, cells were resuspended inwarm
RPMI (37 °C) and used immediately.
Kinetic Analysis of Binding and Dissociation of LFA-1-specific

Ligand—Kinetic analysis of the binding and dissociation of the
LFA-1 probe (compound 1) was performed in a manner analo-
gous to the binding of the VLA-4-specific probe described pre-
viously (31). Briefly, cells (1 � 106 cells/ml) were preincubated
in HEPES buffer containing 0.1% human serum albumin at dif-
ferent conditions for 10–20 min at 37 °C. Flow cytometric data
were acquired continuously using a FACScan (BD Biosciences)
flow cytometer for up to 1024 s at constant temperature (37 °C)
while the samples were stirred continuously at 300 rpm with a
5 � 2-mm magnetic stir bar (Bel-Art Products). Samples were
analyzed for 30–120 s to establish a base line. The fluorescent
ligandwas added, and acquisitionwas re-established, creating a
5–10-s gap in the time course, which can be observed in the
figures. For real-time activation experiments, the LFA-1 probe
was added at the concentrations indicated in the figure legends
after establishing a base line for unstained cells marked as
“autofluorescence.” Then data were acquired for 2–3 min, and
cells were treated with the indicated GPCR ligands at a recep-
tor-saturating concentration. In several experiments, cells were
treated sequentially with two or more compounds. Acquisition
was re-established, and data were acquired continuously up to
1024 s.
For kinetic dissociation measurements, cell samples were

preincubated with the indicated concentration of LFA-1 probe
and treatedwithGPCR ligands and, as appropriate, excess unla-
beled competitor (compound 3, 2 �M). The dissociation of the
fluorescent probe was followed. The resulting data were con-
verted toMCF versus time using the FCSQuery software devel-
oped by Dr. Bruce Edwards (University of NewMexico). Disso-
ciation rate constants (koff) were obtained by fitting dissociation
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curves to a single exponential decay equation using GraphPad
Prism software (GraphPad Software, Inc.).
GPCR ligand concentrationswere chosen based upon known

binding affinities (36–41). Ligandswere used at concentrations
at least 2-fold higher than their respective dissociation con-
stants (Kd). This results in 66% or greater coverage of the recep-
tor sites. For G�s-coupled receptor binding site competition
experiments (Fig. 4, A and B), lower agonist concentrations
were chosen to limit potential rebinding after the addition of a
large excess of antagonist (20-fold or more). The concentra-
tions of antagonistswere chosen based on their respective affin-
ities, to covermore than 99% of the receptor binding sites (200-
fold greater than Kd) (36–41). In the absence of G�i-coupled
receptor activation, these G�s-coupled receptor agonists and
antagonists did not have significant effects upon probe binding.
Estimation of Total LFA-1 (CD11a/LFA-1�) Expression—

The expression of CD11a was measured with primary labeled
(phycoerythrin) fluorescent mAbs and quantified by compari-
son with a standard curve generated using Quantum Simply
Cellular anti-mouse IgG beads (Bangs Laboratories, Inc.)
stained in parallel with the same mAb. This produces an esti-
mate of the total mAb binding sites/cell. Typically, we find
200,000–250,000 LFA-1 sites/JY cell and 90,000–130,000
LFA-1 sites/U937 cell. These numbers were used to estimate
maximal binding of the ligand to LFA-1 (i.e. Bmax) in binding
curves.
To estimate the effect of inside-out activation upon expres-

sion of LFA-1/CD11a, U937 cells were treated with 100 nM
fMLFF for 5–10 min at 37 °C under conditions identical to
those of the real-time activation experiments. Next, the cells
were transferred to ice and stained with anti-CD11a or iso-
type control antibodies according to the manufacturer’s
instructions. For histogram analysis, 5000–10,000 events
were collected.
Determination of the Relative Fluorescence Quantum Yield—

Conjugation (coupling) of fluorophores typically decreases the
fluorescence quantum yield. Therefore, to quantify the number
of fluorescent molecules bound to the cell surface, we deter-
mined the relative quantum yield of the LFA-1 fluorescent
probe. Absorption-matched samples of carboxyfluorescein and
the fluorescent LFA-1 probe (at 490 nm) were used to acquire
emission spectra (supplemental Fig. 1). The relative amount of
light transmitted through a 530/30 band pass filter (FL1 chan-
nel of the BD FACScan flow cytometer) was �0.56. This coef-
ficient was used to calibrate the binding of the probe.
Calibration of LFA-1 Probe Binding—The quantum FITC

MESF (molecules of equivalent soluble fluorochromes) micro-
sphere kit medium level (Bangs Laboratories, Inc.) was used to
quantitate the fluorescence intensity of cells bearing the LFA-1
probe. Drops of beads were added to 0.5 ml of isotonic phos-
phate-buffered saline (pH 7.2), and the MCF for all calibrated
microbeads was collected. The MESF was plotted versus the
MCF for the four fluorescent microbeads. The graph was used
to estimate the total number of molecules of equivalent soluble
fluorochromes/cell corresponding to the specific binding of the
probe. Next, to calculate MESF values corrected for the differ-
ences in the relative quantum yield between fluorescein and
LFA-1 probe, values corresponding to LFA-1 probe fluores-

cence were divided by the coefficient 0.56 (see “Determination
of the Relative Fluorescence Quantum Yield”). These MESF
values were used to estimate probe dissociation (Kd) constants.
Purification of Human Peripheral Blood Mononuclear Cells

(PBMCs)—Human PBMCs were isolated by density gradient
centrifugation. Venous blood anticoagulated with heparin or
EDTAwas obtained fromhealthy volunteers, and the buffy coat
was layered over Ficoll Hypaque (Amersham Biosciences) and
centrifuged at 1162� g to obtainmononuclear leukocytes. Leu-
kocytes were washed in DMEM (Invitrogen), resuspended in
RPMI 1640 supplemented with 10% heat-inactivated fetal
bovine serum, and used immediately. PBMCs were stained
using anti-human CD14 PE, anti-human fMLP receptor, anti-
human CD184 PE, and isotype control to identify cell subsets
according to the manufacturer’s instructions.
Statistical Analysis—Curve fits and statisticswere performed

using GraphPad Prism (GraphPad Software, Inc.). Each exper-
iment was repeated at least three times. The experimental
curves represent the mean of two or more independent runs.
The S.E. was calculated using GraphPad Prism.

RESULTS

LFA-1-specific Fluorescent Probe—Previously, we developed
a VLA-4-specific fluorescent probe based upon BIO 1211 (Bio-
gen, Inc.), a selective VLA-4 antagonist (42, 43). This probe
contains LDV, an acidic binding motif, which mimics the pro-
totype LDV ligand within the type III connecting segment of
fibronectin and VCAM-1 that employs related, IDS motif
sequence (21). Because this molecule represents a competitive
antagonist that binds to the same ligand binding site as natural
ligands and thus reports the state of the ligand binding pocket,
it has been utilized in a number of applications for VLA-4-
related studies (10, 13, 15–17, 31, 44, 45).
The vast majority of LFA-1 antagonists are allosteric (6). To

develop a probe that reports the state of the ligand binding
pocket, it was necessary to identify a direct competitive antag-
onist for LFA-1. 2-[2-Chloro-4-(3-hydroxy-benzylcarbamoyl)-
benzoylamino]-succinamic acid, the compound designed by
the transfer of the ICAM-1 three-dimensional epitope to a
small molecule (29), was reported to exhibit “classical direct
competitive binding behaviorwith ICAM-1” (28).Weproposed
to use it as an LFA-1-specific probe (Fig. 1A). A non-fluorescent
analog was used to determine the nonspecific binding of the
probe (Fig. 1B). BIRT0377, a highly selective LFA-1-specific � I
allosteric antagonist (6, 30) (Fig. 1C), was used to assess binding
specificity of the LFA-1-specific probe. The evidence that the
probe binds to the ICAM-1 binding site is further addressed
and substantiated below.
Real-time Binding Kinetics in the Absence of Inside-out Acti-

vation Revealed a Slow Step in the Probe Binding—Binding of
ligands to LFA-1 requires activation. We were unable to detect
any real-time specific binding of the probe in the regular buffer
containing 1.5 mM Ca2� plus 1 mMMg2� or RPMImedium for
up to�700–800 s and concentrations up to�200 nM (data not
shown). This was not surprising because a high concentration
of calcium ion is known to be inhibitory for several I-domain-
containing integrins (19). A buffer containing MgCl2 and
EGTA is usually used for studies of LFA-1-ICAM-1binding (46,
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47). Mg2� is known to enhance ICAM-1 binding especially
when Ca2� is chelated using EGTA (48). In the presence of
Mg2�/EGTA, we observed a very slow but statistically signifi-
cant real-time accumulation of the probe (Fig. 2A). The addi-
tion of excess unlabeled probe resulted in rapid probe dissoci-
ation (koff �0.035 � 0.003 s�1 (Fig. 2B)). Thus, the slow
accumulation of the probewas not related to its uptake or inter-
nalization because the probe binding was reversible. It is worth
noting that, after the addition of the unlabeled competitor, the
probe dissociated to the level corresponding to the nonspecific
binding of the probe indicated by dashed lines in Fig. 2A. The
real-time kinetics of nonspecific probe binding is virtually
instantaneous, and it also has a linear dependence on concen-
tration; the MCF value doubles as the probe concentration
doubles.
Next, using data shown in Fig. 2A, we generated an “equilib-

rium” binding curve. MCF values corresponding to the specific
probe binding after equilibrium was reached (shown in Fig. 2A
by the vertical double-headed arrow) were used to estimate
MESF according to the calibration line generated using the
Quantum FITC MESF kit (medium level), corrected for fluo-
rescence quantum yield (49) as described under “Experimental

Procedures.” This allowed us to estimate LFA-1 receptor occu-
pancy by the probe at equilibrium. Because the plot did not
reach a plateau, in order to estimate themaximal probe binding
(Bmax), we also determined the total number of LFA-1 receptors
using anti-CD11amonoclonal antibodies andQuantumSimply
Cellular anti-mouse IgG beads (see “Experimental Procedures”
for details). This number was found to be �250,000 sites on JY
cells. The fit (supplemental Fig. 2A) resulted in a dissociation
constant (Kd) of �60 nM. This number is comparable with the
previously reported Kd value for both molecules (compounds 1
and 3, 24 and 95 nM, respectively) in the buffer containing
Ca2� and Mg2� (see Table 1 in Ref. 28). To estimate the kon
value, we used the dissociation rate obtained in a direct com-
petition (0.036 s�1) (Fig. 2B). The calculated kon value was
�6 � 105 M�1 s�1.
To estimate the LFA-1 probe association rate using a differ-

ent approach, curves corresponding to the specific binding of
the probe and obtained by subtracting values corresponding to
the nonspecific binding from the raw data were fitted to the
single phase exponential association equation. Observed k val-

FIGURE 1. Structures of compounds used in the current study. A, com-
pound 1 (analogous to compound 1 from Ref. 28), LFA-1 probe, a fluorescent
analog of compound 3; B, compound 3, a non-fluorescent LFA-1-specific
probe, used as unlabeled competitor; C, BIRT0377, highly selective LFA-1 � I
allosteric antagonist (6, 30). All compounds were synthesized at the Depart-
ment of Chemistry and Chemical Biology, University of New Mexico, by Dr.
Wei Wang.

FIGURE 2. Real-time binding kinetics of the LFA-1 probe (compound 1) in
buffer supplemented with Mg2� and EGTA. A, JY cells were consecutively
treated with the indicated concentrations of compound 1 (LFA-1 probe), and
excess unlabeled competitor (compound 3, 2 �M blocking concentration).
The number of LFA-1 sites (MESF), corresponding to the specific binding of
the probe, calculated as described under “Experimental Procedures” and in
supplemental Fig. 1, is indicated beside each curve. Each line represents a
mean of two independent determinations calculated on a point-by-point
basis. The MCF value corresponding to cell autofluorescence is indicated by
the horizontal arrow. The binding is shown as MCF versus time. A representa-
tive experiment of five experiments is shown. B, a single exponential fit to the
dissociation segment of the experimental curves shown in Fig. 2A (notice the
difference in the abscissa scale). Dissociation rates (koff values) are indicated
beside each curve. The calculated mean � S.E. koff is shown under the experi-
mental curves.
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ues (kobs, s�1) were plotted versus free ligand concentration
(supplemental Fig. 2B). In this graphical analysis, the slope of
the line represents the association rate constant (kon), and the y
intercept is equal to the ligand dissociation rate (koff). The cal-
culatedKd of�31 nMwas also comparable with theKd reported
for this compound in the buffer containingCa2� andMg2� (see
Table 1 in Ref. 28).
Rate constants, obtained using this analysis, were signifi-

cantly slower than expected. The koff value (0.0017 s�1) was
�20 times slower than the koff determined in a direct compet-
itive assay (0.036 s�1) (Fig. 2B). The estimated association rate
was slower than expected for diffusion-limited binding. For
example, for the VLA-4-specific probe (LDV-FITC) that has a
higher molecular weight, the kon value is �3–5 � 106 M�1 s�1

(molecular mass of �1370 Da) (31). Association rate constant
values of �5–6 � 104 M�1 s�1 are usually reported for large
proteins (e.g. single-chain variable fragments of antibodies)
(50). Moreover, the overall shape of the curves (Fig. 2A), con-
sisting of very slow probe association and rapid dissociation,
suggested that the binding of the probe is more complex than
simple ligand-receptor binding kinetics. Extremely slow bind-
ing indicates the presence of a “slow step,” which can consist of
a receptor conformational change. Identical kinetics (slow
probe associationwith rapid dissociation) was also obtained for
U937 cells in buffer supplemented with Mg2�/EGTA. How-
ever, because the expression of LFA-1 onU937 cell is about half
that of the JY cell, the specific binding signal was significantly
lower. Therefore, only data for the JY cell are shown.
Thus, the dissociation of the LFA-1 probe was significantly

faster than the approach to equilibrium. One possible interpre-
tation of this phenomenon is that the LFA-1 ligand binding site
is shielded by other parts of this or another molecule (e.g. in a
manner similar to the “endogenous ligand” described in Ref.
51). An additional “slow step” (hypothetically a conformational
change resulting in the opening of the ligand binding site) is
necessary for ligand binding. Once the ligand is bound, its dis-
sociation is relatively fast. Because the binding of the LFA-1
probe appears to have complex binding kinetics, the rate con-
stants determined in our experiments should be considered as
apparent constants. Additional studies are necessary to deter-
mine the role of molecular conformation in the regulation of
the ligand binding kinetics.
Response Kinetics of LFA-1-specific Fluorescent Probe to Cell

Stimulation; Inside-out Activation throughG�i-coupledGPCRs
(FPR, CXCR2, and CXCR4)—Integrin affinity and conforma-
tion can be rapidly modulated by signaling through G protein-
coupled receptors (52), and the majority of receptors involved
in leukocyte trafficking and recirculation are pertussis toxin-
sensitive G�i-coupled GPCRs (53). Using the VLA-4-specific
probe in ourmodel system,which consists of themonocytic cell
line U937 stably transfected with several GPCRs (33), we and
others observed rapid receptor-induced affinity changes, rapid
molecular unbending (extension), and real-time changes in cel-
lular aggregation and disaggregation (10, 13–16, 31, 44). Here,
we employed the same model system to study effects of GPCR
signaling on LFA-1 regulation. This is especially feasible
because U937 cells were shown to express a significant amount

of LFA-1 and virtually no Mac-1 or (CD11c/CD18, CR4 sub-
unit) �X�2 integrins (54).

The kinetics of LFA-1 probe binding and dissociation was
consistent with the kinetics of previously established receptor
signaling for wild type CXCR4 (Fig. 3A), wild type IL-8RB

FIGURE 3. Response kinetics of LFA-1 probe (compound 1) binding fol-
lowing stimulation of CXCR4, CXCR2, and a non-desensitizing mutant of
FPR in U937 transfectants. Cell suspensions were incubated with the indi-
cated concentrations of the LFA-1 probe (compound 1) and stimulated with
CXCL12/SDF-1� (A), CXCL8/IL-8 (B), and fMLFF (C). A, rapid and transient
response of CXCR4-transfected U937 cells to SDF-1. Excess unlabeled com-
petitor (compound 3, 2 �M blocking concentration) was added to determine
the nonspecific binding of the probe. B, rapid and transient response of
CXCR2-transfected U937 cells to IL-8. C, rapid and sustained response of FPR
�ST transfectants. Unstimulated control samples (black lines) were treated
with an equal volume of vehicle (DMSO). The MCF value corresponding to cell
autofluorescence is indicated by the horizontal arrow. The binding of the
probe is shown as MCF versus time. Each line represents the mean of two
independent runs calculated on a point-by-point basis. One representative
experiment of three experiments is shown.
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(CXCR2) (Fig. 3B), and a non-desensitizing mutant of formyl
peptide receptor (FPR �ST) (Fig. 3C) (55). The probe binding
was rapid and reversible for wild type receptors and rapid and
sustained after activation of a non-desensitizing GPCR (FPR
�ST). Without activation, the binding of the probe was mini-
mal (see untreated samples; black lines in Fig. 3). No slow probe
binding, comparable with the kinetics observed for cells treated
with Mg2�/EGTA (Fig. 2A), was seen in buffer with Ca2�/
Mg2�. However, after activation, the binding of the LFA-1
probe was almost as fast as the kinetics of the VLA-4-specific
probe (LDV-FITC) (compare Fig. 3 in the current paper with
Fig. 4 in Ref 31). This suggests that inside-out signaling facili-
tates binding of the probe and significantly diminishes the “slow
step,” which is necessary for ligand binding without inside-out
activation.
No Significant Change in CD11a (�L-Integrin Subunit)

Expression Was Detected After Inside-out Activation—In order
to exclude the possibility that stimulation of G�i-coupled
receptors rapidly changes surface expression of LFA-1, cells
were treated with fMLFF in a manner that was identical to
experiments described above (Fig. 3C). Next, cells were placed
on ice and stained with primary labeled anti-CD11a mAbs and
isotype control mAbs (supplemental Fig. 3). The surface
expression of CD11a did not change. Thus, G�i-coupled recep-
tor signaling had no significant effect upon LFA-1 expression
during the time of binding experiments (10–20 min).
ResponseKinetics of LFA-1-specific Fluorescent ProbeBinding

to G�s-coupled GPCR (�2-Adrenergic Receptor, Histamine H2
Receptor) Signaling—Pharmacologic agents that elevate the
level of intracellular cAMP down-regulate LFA-1-depedent
avidity after T-cell receptor activation (56) and block CXCL8-
induced activation of VLA-4 and Mac-1 (12). Ligation of G�s-
coupled GPCRs, which activates adenylyl cyclase, leads to a
rapid down-modulation of VLA-4 affinity after activation
through G�i-coupled receptors and subsequent cell de-aggre-
gation (17). Therefore, we tested whether the G�s-coupled
GPCR signaling pathway canmodulate the binding of the LFA-
1-specific probe.

To study the effect of G�s-coupled receptors, we took advan-
tage of two G�s-coupled receptors that are constitutively
expressed on U937 cells: histamine H2 receptor and �2-adre-
nergic receptor (34, 35). The use of a non-desensitizing mutant
of FPR allowed us to study the effect of G�s-coupled GPCR
signaling in real time. Without FPR receptor desensitization,
the binding of the LFA-1 probe remained elevated for 1000 s or
more (Fig. 4, red lines). The addition of specific G�s-coupled
receptor agonists (amthamine, a histamineH2 receptor agonist
(Fig. 4A), or isoproterenol, a �2-adrenergic receptor agonist
(Fig. 4B)) led to the rapid dissociation of the LFA-1 probe to the
level corresponding to the probe binding before cell activation
(Fig. 4, green lines). Next, to verify that the observed effects are
receptor-specific, we used two specific G�s-coupled receptor
antagonists, tiotidine (histamine H2 receptor antagonist) and
ICI-118,551 (�2-adrenergic receptor antagonist), at concentra-
tions sufficient to block the binding of receptor agonists and,
thus, to terminate receptor-mediated signaling (17, 57, 58). The
addition of receptor antagonists after cells were treated with
G�s-coupled receptor agonists completely reversed the sup-
pressive effect of G�s-coupled receptor signaling (Fig. 4, A and
B, blue lines). At the end of the experiment, the binding of the
LFA-1 probe often returned back to the level of the untreated
control (Fig. 4, red lines, labeled fMLFF only). It is worth noting
that G�s-coupled receptor antagonists by themselves had no
effect on fMLFF-activated cells (supplemental Fig. 4); nor did
the G�s-coupled receptor agonists or antagonists stimulate or
inhibit the LFA-1 probe binding when added alone (data not
shown). Thus, G�s-coupled receptors provide a signal that
results in LFA-1 deactivation. This effect is highly receptor-
specific because receptor-specific antagonists reversed the
effects of G�s-coupled receptor agonists. These results were
similar to the deactivation kinetics of VLA-4 (compare Fig. 4
with Fig. 2, A and B, in Ref. 17).
Next, to study LFA-1 regulation on primary peripheral blood

leukocytes, we treated PBMCs with forskolin, a specific activa-
tor of adenylyl cyclase. Forskolin is known to elevate the con-
centration of intracellular cyclic adenosine monophosphate in

FIGURE 4. Binding and dissociation of the LFA-1 probe in response to stimulation and inhibition of G�s-coupled receptors constitutively expressed on
U937 cells. U937 cells stably transfected with a non-desensitizing mutant of FPR �ST were sequentially treated with the LFA-1 probe (63 nM), fMLFF (100 nM),
and either histamine H2 receptor ligands (amthamine (500 nM), receptor agonist, and tiotidine (10 �M) receptor antagonist) (A) or �2-adrenergic receptor
ligands (isoproterenol (1 nM) receptor agonist and ICI-118,551 (10 �M) receptor antagonist) (B). Red lines, control samples (no G�s-coupled receptor ligands
were added); green lines, samples where only G�s-coupled receptor agonists were added; blue lines, samples where both G�s-coupled receptor agonists and
antagonists were added sequentially. The MCF value corresponding to cell autofluorescence is indicated by the horizontal arrow. Data are plotted as MCF versus
time. Each line represents the mean of two independent runs calculated on a point-by-point basis. One representative experiment of three experiments is
shown.
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a manner similar to G�s-coupled receptors and thus is consid-
ered to mimic signaling through these receptors.
As a result, forskolin significantly diminished binding of the

LFA-1 probe to peripheral bloodmonocytes in response to acti-
vation with formyl peptide and to mixed lymphocytes in
response to activation using CXCL12 (SDF-1) (supplemental
Fig. 5). Thus, the inhibiting effect of cAMP-elevating treatment
on inside-out LFA-1 activation can be observed on primary
human cells.
Specificity of LFA-1 Probe BindingAssessedUsing theNatural

LFA-1Ligand (rhICAM-Fc) and the LFA-1-specific� I Allosteric
Antagonist (BIRT0377)—Because the location of the binding
site and the mechanism of action of compounds 1 and 3 (28)
represent a topic of ongoing interest (see Ref. 59 and references
therein), we tested whether the natural LFA-1 ligand (ICAM-1)
and � I domain allosteric antagonist (BIRT0377) would affect
binding of the LFA-1 probe. Specificity andbinding affinity data
for the LFA-1 ligand (compound 3) obtained in the equilibrium
competition assay using soluble ICAM-1 have been reported
previously byKeating et al. (28).Weused a recombinant human
ICAM-1-Fc chimera (R&D Systems, Inc.) as an unlabeled
competitor with the LFA-1-specific fluorescent probe to per-
form real-time kinetic measurements. The addition of excess
rhICAM-1-Fc to cells treated with the LFA-1 probe and acti-
vated by fMLFF resulted in the dissociation of compound 1 (Fig.
5A). The dissociation rates obtained using rhICAM-1-Fc and
excess unlabeled competitor (compound 3, block) were identi-
cal (koff � 0.011 � 0.001 s�1 and 0.010 � 0.001 s�1) (Fig. 5, A
and B). Because an unlabeled competitor prevents rebinding of
the fluorescent probe simply by binding to the same ligand

binding site, an exponential decrease in cell fluorescence
reflects the dissociation of the fluorescent probe. This suggests
that rhICAM-Fc competes directlywith the LFA-1 probe (com-
pound 1). Thus, real-time competition of unlabeled soluble
human ICAM-1 with the fluorescent probe further supports
the idea that compound 1 is a direct LFA-1 antagonist (28, 59).
Next, we used BIRT0377 (Fig. 1C), an LFA-1-specific � I

allosteric antagonist (6, 30, 60), to probe its effect on binding of
compound 1. The addition of BIRT0377 to the �ST FPR-ex-
pressing cells, pretreatedwith the LFA-1 probe and activated by
fMLFF, induced rapid dissociation of the probe (koff �0.1 s�1)
(Fig. 1D). The rate of probe dissociation in this case was �10
times faster than the koff induced by excess unlabeled compet-
itor (Fig. 5B) or natural LFA-1 ligand (Fig. 5A). This suggests
that the binding of BIRT0377 by itself (no unlabeled competitor
was added) triggers dissociation of the probe by lowering the
affinity of the ligand binding pocket. Faster ligand dissociation
rates (koff values) correspond to the states of lower affinity for at
least one previously studied integrin fluorescent probe (LDV-
FITC) (17, 31). Recently discovered allosteric antagonists of
VLA-4 integrin also induce rapid probe dissociation (61). Thus,
these data are in agreement with the observation that � I allo-
steric antagonists stabilize a low affinity conformation of the �
I domain (6, 62). It is worth noting that the addition of
BIRT0377 caused probe dissociation to a level similar to the
level of binding before cell activation (see the base line in Fig.
5C). The probe dissociation rate was also similar to the koff for
resting cells (Table 1). Taken together, these results suggest
that the conformational state induced by BIRT0377 is quanti-
tatively similar to the LFA-1 resting state. It has been reported

FIGURE 5. Response kinetics of LFA-1 probe binding to the addition of LFA-1-specific ligands, recombinant human soluble ICAM-1, and LFA-1 allo-
steric antagonist BIRT0377 (30). U937 cells stably transfected with the non-desensitizing mutant of FPR �ST were sequentially treated with the LFA-1 probe
(15 nM), fMLFF (100 nM), and human recombinant ICAM-1-Fc chimera (100 nM) (A), unlabeled competitor (2 �M block, compound 3) (B), or LFA-1-specific
allosteric antagonist BIRT0377 (10 �M) (C and D). Single exponential fits to the dissociation segment of the curves are shown in A for ICAM-1, in B for compound
3, and in D for BIRT0377. Dissociation rates (koff values) are indicated beside the curves. Data are plotted as MCF versus time. Each line represents the mean of two
independent runs calculated on a point-by-point basis. One representative experiment of three experiments is shown.
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that the effect of BIRT0377 on LFA-1-mediated events is highly
selective, that it has no effect on Mac-1/ICAM-1- or VLA-4-
mediated events (30), and that BIRT0377 specifically binds to
LFA-1 � I-domain (6, 60) containing the ICAM-1 binding site.
In combination, these data support the idea that the LFA-1
probe (compound 1) is highly selective and can be used as an
artificial LFA-1 ligand reporting the state of the LFA-1 binding
pocket. This conclusion is especially notable in light of the tech-
nique that was employed to design this molecule, namely by a
transfer of the ICAM-1 binding epitope to a small molecule
(29).
Additionally, we tested whether binding of the LFA-1 probe

can be blocked by a VLA-4-specific, LDV-containing small
molecule (unlabeled) previously used to detect changes in the
VLA-4 affinity and conformation and, vice versa, whether the
binding of VLA-4 probe (LDV-FITC) can be blocked by com-
pound 3 (LFA-1 probe, unlabeled competitor) (13, 16, 17). As
expected, no significant competition was observed (data not
shown). Thus, binding of the LFA-1 probe is specific because it
can be blocked by a natural LFA-1 ligand (soluble human

ICAM-1) or by an LFA-1-specific � I allosteric antagonist
(BIRT0377) but not by VLA-4-specific ligands.
Binding Affinity of the LFA-1 Probe after Inside-out

Activation—To estimate the probe binding affinity after inside-
out activation, we used an experimental approach described in
supplemental Fig. 2. Cells expressing a non-desensitizing
mutant of FPRwere treatedwith different concentrations of the
probe and activated using fMLFF (Fig. 6A). To determine the
MCFvalue corresponding to the specific binding for each probe
concentration, BIRT0377 was added after equilibrium was
reached. Because the plot did not reach a plateau, the maximal
probe binding (Bmax) was also estimated based on LFA-1
expression on U937 cells, which was determined using anti-
CD11a monoclonal antibodies and Quantum Simply Cellular
anti-mouse IgG beads as described above. On U937 cells this
numberwas found to be�130,000 sites, and therefore, theBmax
for the fit (Fig. 6B) was constrained to 130,000. The dissociation
constant (Kd) was �62 nM. This number is similar to a Kd value
for the binding of the probe in Mg2�/EGTA-containing buffer
(supplemental Fig. 2A). To estimate the kon, we used the value

FIGURE 6. Determination of LFA-1 probe binding affinity for cells activated by sustained G�i-coupled GPCR signaling using real-time binding kinetics
of the LFA-1 probe (compound 1) in buffer supplemented with Mg2� and Ca2�. A, U937 cells stably transfected with the non-desensitizing mutant FPR �ST
were consecutively treated with the indicated concentrations of the LFA-1 probe (compound 1), fMLFF (100 nM), and LFA-1-specific allosteric antagonist
BIRT0377 (10 �M) to determine specific binding of the probe. Each line represents the mean of two independent runs calculated on a point-by-point basis. The
binding is shown as MESF versus time. The number of LFA-1 sites (MESF), corresponding to the specific binding of the probe, is calculated as described under
“Experimental Procedures” and in supplemental Fig. 1. The MESF value corresponding to cell autofluorescence is indicated by the horizontal arrow. A repre-
sentative experiment of three experiments is shown. B, equilibrium binding curve generated using experimental data shown in Fig. 6A. The number of LFA-1
sites (MESF) corresponding to specific binding of the probe was plotted versus free probe concentration. Because the overall concentration of LFA-1 is less than
0.3 nM (�130,000 CD11a sites/U937 cell (estimated as described under “Experimental Procedures”); 106 cells/ml results in �0.27 nM), no significant ligand
depletion is expected. Because the curve did not reach a plateau, the maximal probe binding was constrained to 130,000 (the total number of LFA-1s/U937
cell). The on-rate (kon) was estimated as the ratio koff/Kd.

TABLE 1
Summary of LFA-1 probe (compound 1) dissociation rates for different activation states of LFA-1 induced using different LFA-1-specific ligands
and antagonists

Cell treatment (activation) koffa

s�1

Resting state, in buffer supplemented with Ca2� and Mg2�, induced by the addition of compound 3 after
reversible activation through CXCR4 (see Fig. 7, A and B)

0.180 � 0.092

Activated through a non-desensitizing mutant of FPR, induced by the addition of compound 3 (see Fig. 5B)b 0.015 � 0.006
Activated through a non-desensitizing mutant of FPR, induced by the addition of BIRT0377 (see Fig. 5C, D)c 0.100 � 0.020
Activated through a non-desensitizing mutant of FPR, induced by the addition of rhICAM-1-Fc (see Fig. 5A) 0.011 � 0.009

a Rates were determined using the single exponential fit equation and GraphPad Prism software. Mean � S.E. from 2–3 independent experiments performed on different
days are shown.

b After receptor ligation, wild type GPCRs are rapidly desensitized and internalized, making it difficult to estimate integrin ligand dissociation rates (see Fig. 3, A and B). The
�ST FPR mutant lacks all of the potential serine or threonine phosphorylation sites in the carboxyl terminus, and it has been shown to mediate a sustained ligand-induced
signaling without ligand-induced internalization or desensitization (80, 81). It remains in the signaling conformation for 1000 s or longer, allowing the determination of
ligand dissociation rates for the activated integrin state (see Figs. 3C and 5 (A and B)).

c Formally, the rate of probe dissociation induced by the addition of BIRT0377 does not represent the probe dissociation rate. It is composed of the rate of the BIRT0377
binding, the rate of the BIRT0377-induced conformational change, and the rate of the probe dissociation as a result of this conformational change. However, it can be con-
sidered a lower limit of koff.
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of the dissociation rate obtained in a direct competition assay
(the average from multiple experiments was �0.015 s�1) (Fig.
5B). The calculated kon value was �2.4 � 105 M�1 s�1.

The analysis of the probe binding affinity after sustained
inside-out activation revealed similar binding constants com-
paredwith the activated state induced in theMg2�/EGTA-con-
taining buffer. The Kd and koff values are only 2-fold different.
Therefore, calculated kon values are also similar. However, the
probe real-time binding kinetics appears dramatically different
(compare Fig. 2A and Fig. 3C or 5 (A–C)). In the Mg2�/EGTA
buffer, the approach to equilibrium takes�600 s or more (half-
time�200–300 s), whereas in the Ca2�/Mg2� buffer, after G�i
receptor ligation, it requires less than 100 s (half-time �30–40
s). We postulate that this difference is caused by significantly
different integrin conformations. Determination of the resting
dissociation constant (Kd) in the Ca2�/Mg2� buffer, which is
close to normal physiological conditions, using our tools was
not possible because of the lack of significant specific binding in
the absence of inside-out activation (see Fig. 3, black lines).
LFA-1 Activation Results in the Modulation of the Ligand

Dissociation Rate—The VLA-4 integrin exhibits multiple affin-
ity states, which can be detected in real time using ligand disso-
ciation rate analysis (31, 32, 42). Therefore, we specifically
focused on the analysis of the LFA-1 probe dissociation rates at
rest and upon activation. The binding of the LFA-1 probe to the
receptor in the absence of inside-out activation in a buffer con-
taining Ca2� and Mg2� is very small (see Fig. 3). Therefore, to
obtain an estimate of the dissociation rate for the resting LFA-1
receptor, we took advantage of a rapidly desensitizing wild type
GPCR. Cells expressing wild type CXCR4 were treated consec-
utively with LFA-1 probe and CXCL12 (Fig. 7A). This resulted
in rapid probe binding followed by spontaneous probe dissoci-
ation due to receptor desensitization. Excess unlabeled com-
petitor was added close to the time when the binding of the
probe returned to the level corresponding to the base line,
before the addition of CXCL12. The dissociation rate deter-
mined at this moment should be considered a lower estimate
(Fig. 7B). The “actual” resting koff should be faster because of the
small number of integrin receptors in the active conformation
that are still present on the cell surface at this time. Activation
through a constitutively active�ST FPRmutant results in 5–8-

fold slower dissociation rates (Table 1). The difference in the
probe koff for the resting versus activated cells is comparable
with the relative change in the dissociation rates for a VLA-4-
specific (LDV-FITC) probe on inside-out activation (31). This
suggests a quantitatively similar ability of the inside-out signal-
ing pathway to modulate ligand dissociation rates of the integ-
rin ligand binding pocket for two different integrins. Cell treat-
mentwithBIRT0377 resulted in a koff similar to the resting state
of the LFA-1 onU937 cells. This result is not surprising because
BIRT0377 is known to stabilize the low affinity conformation of
LFA-1 � I domain (6, 62). Taken together, our data suggest that
the LFA-1 probe dissociation rate is regulated in amanner sim-
ilar to the rate for the other leukocyte integrin, VLA-4.

DISCUSSION

The idea that a fluorescent smallmolecule, which specifically
binds to an integrin ligand binding site, can be used for real-
time detection of rapid conformational changes of the integrin
ligand-binding pocket on live cells is not novel. Previously, we
used a low molecular weight ligand-mimicking fluorescent
probe to study the conformational regulation of VLA-4, a
non-� I domain containing leukocyte integrin (15, 16, 31, 32,
44, 63). One advantage of this approach is that, because of its
size, small molecule binding is rapid and sensitive to integrin
affinity changes. For example, compare LFA-1 probe binding
here with the binding of soluble recombinant ICAM-1 (64).
This allows the detection of short lived and transient changes in
ligand binding in singlet cell populations regardless of cell-cell
interactions. Because of the ability of a regular flow cytometer
to discriminate between free and bound fluorescent ligand in
solution, these experiments are performed as a homogeneous
assay by simply addingmultiple ligands to a live cell suspension.
The continuous sampling before, during, and after receptor sig-
naling provides unique information about real-time signaling
kinetics. The current work presents data acquired using the
same well characterized model system, which consists of U937
cells stably transfected with different GPCRs, to study the real-
time conformational regulation of LFA-1. A comparison of the
real-time binding kinetics of VLA-4- and LFA-1-specific
probes revealed multiple similarities and a difference.

FIGURE 7. Determination of the LFA-1 probe dissociation rate on “resting” U937 cells in the buffer supplemented with Mg2� and Ca2� using the
rapidly desensitizing wild type CXCR4 receptor. A, U937 cells stably transfected with the wild type CXCR4 receptor were consecutively treated with the
LFA-1 probe (30 nM, compound 1), fMLFF (100 nM), and excess unlabeled competitor (compound 3; 2 �M blocking concentration). B, the dissociation segment
of the curve was fitted to a single exponential equation. The dissociation rate (koff) is shown beside the curve. The binding is shown as MCF versus time. Each line
represents the mean of two independent runs calculated on a point-by-point basis. One representative experiment of three experiments is shown.
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In a manner similar to VLA-4, multiple signaling mecha-
nisms are capable of regulating LFA-1: 1) activation through
G�i-coupled GPCR (CXCR4, FPR1, and CXCR2) signaling
pathways with the kinetics of activation dependent upon recep-
tor desensitization; 2) LFA-1 deactivation upon ligation of G�s-
coupled GPCRs (HRH2 and ADRB2), which can be reversed in
real time by the receptor-specific antagonists; 3) modulation of
the ligand dissociation rate after the inside-out signal. All of
these are not surprising, considering an evolutionary similarity
between these two major leukocyte integrins. According to a
phylogenetic tree, the �4-integrin subunit is most closely
related to the I-domain-containing integrin subunit cluster that
includes �L (see Fig. 2 in Ref. 65). This suggests that the major-
ity of inside-out activation and deactivationmechanismswould
be preserved because leukocyte-specific, � I domain-contain-
ing integrin subunits (�D, �E, �L, �M, and �X) appear after
non-� I domain-containing integrins (66). However, there is a
well documented physiological difference between the two
molecules. VLA-4 is a “variable capture receptor.” It can sup-
port both rolling and firm adhesion (22, 25–27). LFA-1 is pre-
dominantly a firm attachment receptor, and therefore, it
requires selectins for the rolling step prior to activation and
adhesion (22–24).
Our data suggest that in the absence of inside-out activation,

binding of a small ligand to LFA-1 is extremely slow. In con-
trast, binding of a small molecule ligand (LDV-FITC) to VLA-4
is fast, and the LDV-FITC association rate (kon) is largely inde-
pendent of the integrin activation state (see Table 2 in Ref. 32).
This implies that an additional structural mechanism prevents
ligand binding to inactive LFA-1. Such a “protective mecha-
nism” could explain 1) the absence of LFA-1 engagement by its
counterstructure (ICAM-1 and others) in the inactive (resting)
state; 2) its inability to support cell rolling; and thus 3) a require-
ment for a selectin-mediated rolling step.
It is postulated that the kinetics of “bond” formation and

dissociation is critical for adhesive interactions. The rapid on-
rate is specifically important for cell rolling, because a fast inter-
action is required between rapidly flowing cells and a substrate
(24). Our present data indicate that the on-rates for the binding
of a small ligand toVLA-4 andLFA-1 are dramatically different.
The on-rate for the small ligand binding toVLA-4 is close to the
diffusion-limited rate for a small ligand of this size (32). For the
LFA-1-specific probe, this rate is at least 10 times slower. This
explains the inability of LFA-1 to support tethering and rolling.
Notably, the possibility of such a difference was predicted by
Alon et al. in 1995 (see “Discussion” in Ref. 25).
It is tempting to attribute the difference in ligand binding to

a major structural difference between VLA-4 and LFA-1
because LFA-1 has an additional “inserted” � I domain (�A
domain), which contains the ICAM-1 binding site. “Shielding”
of the ligand binding site by a part of the molecule would be an
ideal mechanism to explain this difference (e.g. a mechanism
similar (but not identical) to an “endogenous ligand” described
by Alonso et al. (51) that blocks the �/� I-like allosteric antag-
onist binding site). The putative ligand binding site “protec-
tion” can be rapidly released through a well documented large
conformational rearrangement (e.g. unbending or extension) of
LFA-1 upon activation (67), which results in rapid binding of

the ligand. Without inside-out activation, extension of the
LFA-1 molecule can be induced by XVA143, an �/� I-like allo-
steric antagonist. Because binding of XVA143 does not up-reg-
ulate LFA-1 affinity, the XVA143-induced conformational
change supports rolling on ICAM-1 (68), presumably through a
release of the LFA-1 ligand binding site “protection.” We
hypothesize that this mechanism requires expression of the
whole LFA-1molecule, becausewhen isolated and immobilized
on particles, the I-domain, by itself, is capable of mediating
capture and rolling on ICAM-1-coated surfaces under shear
flow in a manner very similar to selectin-carbohydrate interac-
tions (69).
Integrin Antagonists, Direct (Competitive) Versus Allosteric—

Another remarkable difference between integrins lies within
the type of small molecules, developed and reported to modu-
late integrin dependent cell adhesion, small integrin antago-
nists. Themajority of �IIb�3, �v�3, and �4�1 integrin-specific
smallmolecule ligands are competitive antagonists. In contrast,
LFA-1 (�L�2) integrin-specific smallmolecules aremostly allo-
steric antagonists (6, 70). Is there a specific reason for this dis-
tinction? The data presented here suggest a plausible explana-
tion for this phenomenon.
Competitive antagonists would be inefficient in blocking

LFA-1-dependent cell adhesion if on resting cells the LFA-1
binding domain is “hidden” and only exposed after inside-out
activation. A competitive LFA-1 antagonist would not bind to
the cell surface prior to activation, and therefore, only after
activation would it compete in real time with a natural integrin
ligand. There could be especially inefficient competition at
sites, where immobilized chemokines and natural integrin
ligands coexist in proximity on the surface of endothelia (12, 67,
71). Therefore, allosteric antagonists, with unobstructed bind-
ing to sites distinct from the ligand binding pocket, could effi-
ciently stabilize the inactive (resting) integrin conformation
(e.g. see Ref. 72 for BIRT0377 data). Allosteric antagonists could
be the most efficient way to prevent cell adhesion for those
integrins with a hidden ligand binding site in the resting state.
As a result, in screening assays aimed at identifying LFA-1
antagonists, the number of allosteric “hits” should be artificially
enriched. Thus, taken together, these ideas suggest two suitable
approaches to identify competitive LFA-1 antagonists. These
would include 1) analysis of the structure of the ICAM-1/LFA-1
binding epitope as in the design of compounds 1 and 3 (28, 29)
used in the current paper or 2) the use of these compoundswith
activated LFA-1 in high throughput screens.
Integrin Deactivation and Cell Deadhesion—Historically, the

major focus of cell adhesion studies was on leukocyte receptors
that up-regulate cell adhesion and stimulate cellmigration. The
majority of chemotactic receptors in hematopoietic cells are
G�i/o-coupledGPCRs (73, 74).However, recent reports suggest
that in addition to G�i/o-coupled GPCR-triggered activation,
inactivating signaling pathways that trigger down-regulation of
integrin affinity can play a role in modulation of immune cell
adhesion and cell mobilization. The G�s-coupled GPCR/
cAMP-dependent pathway actively down-modulates VLA-4
activation and thus induces cellular disaggregation (17). Pre-
sumably, this type of signaling provides a mechanism for
stress-induced leukocytosis (75–77) and results in the mobi-
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lization of multiple leukocyte subsets that include
CCR7�CD45RA�CD8� effector T cells, CD4�CD8� �/� T
cells, CD3�CD56� NKT-like cells, CD16�CD56dim cyto-
toxic NK cells, and CD14dimCD16� proinflammatory
monocytes, all with a cytotoxic effector function that defines
a first line of immunological defense (78, 79).
Data presented here suggest that LFA-1 can be inactivated by

G�s-coupled GPCR/cAMP-dependent signaling in a manner
similar to VLA-4. This implies that LFA-1-dependent immune
cell-cell interactions that include interaction of immune cells
with antigen-presenting cells, T- and B-cell interactions, and
others can be directly affected by inside-out integrin deactiva-
tion. This can shift the focus of future research from studies of
integrins and innate immunity mechanisms (usually related to
VLA-4) toward the regulation of adaptive immune responses
that are dependent on antigen-specific cell-cell interaction sup-
ported by LFA-1. Moreover, our recent data suggest that in
addition to the G�s-coupled GPCR/cAMP-dependent path-
way, other signaling pathways can actively down-modulate
integrin activation.4 This creates additional diversity in the net-
work of immune cell signaling and interactions.
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