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Purpose. The interaction of cell-adhesion molecules LFA-1/ICAM-1
is critical for many inflammatory and immune responses. Blockades
of this interaction using antibodies or peptide analogs are being de-
veloped as therapeutic approaches for inflammatory and autoim-
mune diseases. The aim of this study is to examine the binding and
internalization mechanisms of LFA-1 peptide [cLAB.L or cyclo-
(1,12)-PenITDGEATDSGC] mediated by ICAM receptors on the
surface of lymphocytes.
Methods. The binding and internalization of cLAB.L were evaluated
using fluorescence-labeled cLAB.L on activated Molt-3 cells, mea-
sured by flow cytometry. Confocal fluorescence microscopy was also
used to image the distribution of peptide binding and internalization.
Results. The binding of FITC-cLAB.L exhibited bimodal cell distri-
bution and was enhanced by Ca2+ and Mg2+. Marked differences in
peptide binding were found between 37 and 4°C, as well as between
activated and non-activated cells. Unlabeled peptide, low tempera-
ture, and the absence of cell activation suppress the peptide binding.
The presence of peptide in the cytoplasm was detected in 37 but not
4°C binding. Peptide cLAB.L inhibited the binding of monoclonal
antibodies to domain D1 of ICAM-1 and domain D1 of ICAM-3.
Conclusions. Peptide cLAB.L can bind to the D1-domain of ICAM-1
and, to a lesser extent, to ICAM-3 on activated T-cells. Peptide bind-
ing indicates responses to the multiple and dynamic states of acti-
vated receptor ICAMs; this peptide may also be internalized by
ICAM receptors on T-cells. This work suggests that cLAB.L has a
therapeutic potential to target drugs to ICAM-1 expressing cells in-
cluding autoreactive lymphocytes and inflamed tissues.

KEY WORDS: adhesion-molecule peptide; lymphocyte function-
associated antigen-1; intercellular adhesion molecule-1; Molt-3 T-
cells.

INTRODUCTION

One major complementary signal for sustaining T-cell
activation is the interaction of lymphocyte function-
associated antigen-1 (LFA-1; CD11a/CD18) and intercellular
adhesion molecule-1 (ICAM-1; CD54) and B7/CD28. These
complexes induce the movement of actin molecules in the
cytoskeleton, which produces an accumulation of surface re-
ceptors such as LFA-1 and ICAM-1 at the interface between
T-cells and antigen-presenting cells (APC) (1). LFA-1 also
interacts with ICAM-2 and ICAM-3, in addition to ICAM-1,

for different functions. ICAM-2 predominantly is expressed
on resting endothelium and interacts more with LFA-1 on
non-activated than activated circulating-T-cells while
ICAM-3 is expressed by monocytes and resting lymphocytes
with a major role in initiating the immune response (2). Ac-
tivation of LFA-1/ICAM-1 interaction can be triggered by
CD2, CD3, phorbol esters, and MHC class II molecules
through stimulation of protein kinase (3,4). Divalent cations
are essential for LFA-1/ICAM-1 interactions in enhancing the
functional activity of the adhesion molecules (4), and the ion
type requirement relates to the specific domains of LFA-1
and ICAM-1 (5).

Immune response can be modulated using inhibitors of
LFA-1/ICAM-1 interaction. Monoclonal antibodies (mAbs)
against these cell adhesion-molecules have been successfully
investigated as potential immunosuppressants (6–8). How-
ever, the relative efficacy/safety ratio of mAbs application
often faces challenges in its systemic administration and im-
munogenic potential. Adhesion-molecule peptides offer bet-
ter physicochemical stability than do antibodies and may not
have any immunogenic properties. Small peptide fragments
derived from ICAM-1 sequences have been shown to inhibit
LFA-1/ICAM-1 interaction (9–11). The conformation of an
adhesion-molecule peptide may play an important role in its
selectivity for the receptor (12). We have shown that a cyclic
peptide (cIBR) derived from the sequence of ICAM-1 can
inhibit homotypic T-cell adhesion (13–15); it can bind and be
internalized by surface receptors of T-cells (11). Several stud-
ies have also observed the internalization of adhesion mol-
ecules and other surface receptors (16–19); receptor internal-
ization can be a complementary mechanism of the inhibition
of cell-cell adhesion. The internalization of ligand to cell ad-
hesion receptor can be used to target drugs to the cells ex-
pressing these receptors. In this case, the drugs can be con-
jugated to the ligand of the cell adhesion receptors for selec-
tively delivering drug to the targeted cells.

Here, we investigate the binding and internalization char-
acteristics of cLAB.L [cyclo-(1,12)-PenITDGEATDSGC], a cy-
clic LFA-1 peptide containing 10 amino acids. This peptide is
derived from the I-domain of the a-subunit of LFA-1. The
understanding of binding and internalization characteristics
of cyclic peptide cLAB.L combined with the strategic conju-
gation of this peptide to anti-cancer or anti-inflammatory
drugs may provide the basis of future therapeutics for T-cell
mediated immune disorders or inflammatory diseases that are
characterized by elevated ICAM-1 expression. Penicillamine
and cystein residues were added to the N- and C-termini (14)
to form the cyclic peptide cLAB.L via a disulfide bond be-
tween the Pen1 and Cys12 residues. The formation of a cyclic
peptide restricts the peptide conformation to produce confor-
mational stability; thus, it has a better selectivity for cell sur-
face receptors than its linear counterpart (13). We have
shown that cLAB.L can inhibit homotypic T-cell adhesion in
a concentration-dependent manner (13,14), presumably via
inhibition of LFA-1/ICAMs interactions. The mechanisms
may involve binding of the cLAB.L to the LFA-1-binding
region of ICAM-1 and ICAM-3, thus blocking the LFA-1/
ICAMs interactions. Alternatively, the cLAB.L may bind to
the b-subunit of LFA-1, disrupting the heterodimeric forma-
tion of the a- and b-subunits of LFA-1 necessary for ICAM
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binding. An in vivo study of a collagen-induced rheumatoid
arthritis (CIA) mice model showed that cLAB.L effectively
lowered the arthritis score in a reproducible manner (unpub-
lished work). In this study, fluorescence-labeled and unla-
beled cLAB.L peptides were used to evaluate the mecha-
nisms of action of the peptide on the surface receptors of
activated and non-activated Molt-3 T-cells. The binding sites
to ICAMs and the influence of divalent cations (i.e., Ca2+ and
Mg2+) were also determined.

MATERIALS AND METHODS

Cell Culture and Cell Activation

Molt-3 cells obtained from the American Type Culture
Collection (Rockville, MD) were maintained and grown as
previously described (11). For the purpose of cell activation,
phorbol 12-myristate-13-acetate (PMA) from Sigma (St.
Louis, MO) or anti-CD3 antibody from Chemicon (Tem-
ecula, CA) were used in concentrations of 0.2 mM and 10
mg/ml, respectively. Incubation with PMA was varied (1, 2, 4,
16, 24, 40, and 48 hours) to study the effect of time on recep-
tor activation.

Peptide Labeling

Cyclic peptide cLAB.L was purchased from Multiple
Peptide Systems (San Diego, CA). The pure product was ana-
lyzed by NMR and fast atom bombardment mass spectrom-
etry (FABMS). Peptide cLAB.L (50 mg) was dissolved in a
minimal amount of Milli-Q water and added with fluorescein-
5-isothiocyanate (FITC) at two times the molarity of the pep-
tide. The FITC reacted with the N-terminus of cLAB.L. The
pH mixture was adjusted to 9 with 1 N NaOH and the reac-
tion was allowed to proceed for 1 h; the pH was then brought
to 7 by adding 10% acetic acid. The mixture was lyophilized
and purified using preparative reversed-phase high-
performance liquid chromatography (RP-HPLC). The mo-
lecular weight of the fraction containing FITC-cLAB.L was
confirmed by FABMS to give M+1 4 1586.

Peptide Binding Experiment

Cells were centrifuged at 3000 g for 5 min and resus-
pended in serum-free medium to reach a concentration of 3.5
× 106/ml. Peptide stock solution was prepared in phosphate-
buffered saline (PBS). Binding experiments were carried out
in a 48-well cell culture cluster (Corning) and incubated at
either 4 or 37°C. In experiments to block FITC-cLAB.L bind-
ing, the cell suspension was pre-incubated with unlabeled
cLAB.L for 1 hour at 4°C. The FITC-cLAB.L was then
added, followed by incubation for another hour. At the end of
incubation, cell suspensions were centrifuged at 3000 g for 3
minutes, decanted, and rinsed with 10 mM Hepes/PBS. The
cell pellet was fixed using 4% paraformaldehyde/PBS for 20
minutes at room temperature, washed twice with 10 mM
Hepes/PBS, and resuspended in PBS. Samples were analyzed
with a flow cytometer (Becton-Dickinson) and median values
of fluorescence intensity were taken as the binding intensities.
As many as 10,000 cells were counted for every sample during
acquisition and each experiment was done at least in tripli-
cate. Cells without peptide addition were used as controls, by
which measurements samples histograms were subjected to

automatic subtraction. The control histogram was placed
within 100 to 101 on the log scale of FL1-Height by adjusting
the FL1 detector. The binding intensities were represented as
their relative values to the reference conditions.

Antibody Binding Experiment

Peptide cLAB.L was used to block the binding of satu-
rated concentrations of FITC-labeled mAbs against LFA-1,
ICAM-1, or ICAM-3 on Molt-3 cells in a one-step direct
analysis. MAbs against LFA-1 were anti-human CD11a
(LFA-1 integrin aL) clone 38 and anti-human CD18 (b2 in-
tegrin) clone IB4 from Ancell (Bayport, MN). MAbs against
ICAMs were clone 15.2 and clone 8.4A6 (Ancell), which rec-
ognize the D1 and D2 domains of ICAM-1, respectively, and
clone 186-2G9 of the D1 domain of ICAM-3. Molt-3 cells
were treated with peptide for 1 hour before the addition of
the antibody. Flow cytometric analysis was as described for
peptide binding experiments. Irrelevant murine IgG (Sigma,
St. Louis, MO) was used as a control for non-specific binding.
A cyclic 11-amino acid peptide containing an RGD sequence
(20) was used as a control peptide. This peptide was chosen
because ICAMs and LFA-1 (unlike other integrins i.e., b3

integrins, avb3, allbb3 and b1 integrins) do not recognize the
tripeptide sequence RGD (21).

Calculation of Kd Like Values

The total number of cell ICAM-1 receptors was esti-
mated from the fluorescence intensity of FITC-labeled mAb
against ICAM-1 at saturated concentration. It was specified
in the product information that the ratio of antibody/FITC
conjugate was 0.55 mg/ml and the FITC/IgG molar ratio was
10.4. The molar ratio of FITC: peptide was measured as 1.0.
By correlating the peptide binding signals with the above pa-
rameters, the number of moles of cell-bound peptide was
determined. The ratio of bound peptide to the total number
of receptors (y) was then plotted against the number of free
peptides (A) and fitted to the following Eq. (1):

y = @A#/$Kd + @A#% (1)

Kd-like values were obtained from the analysis of the hyper-
bolic equation of the plot in Figure 3A using Sigma Plot soft-
ware. Alternatively, Kd-like values were calculated using the
equation adapted from previously published work on the
binding of myasthenogenic peptides on human T-cells (22), in
which reciprocal conversion of flow-cytometric readings of
peptide binding described as median fluorescence intensities
(MFI) was plotted versus the reciprocal of the peptide con-
centrations [D]. The double reciprocal conversions of two
parameters were fitted to Eq. (2). Linear regressions of the
plots were then calculated using Sigma Plot software. Kd-like
values from Eqs. (1) and (2) were very similar.

1/MFI = Kd/~MaxSignal! × 1/@D# + 1/~MaxSignal! (2)

Fluorescence and Confocal Microscopy Studies

Samples from peptide-binding experiments at 4 and 37°C
were photographed using an epi-fluorescence microscope Ni-
kon Eclipse TE300 and a confocal microscope (Biorad
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MRC100 Laser Scanning Confocal Imaging System con-
nected to a Nikon Diaphot 2000 microscope).

RESULTS

Inhibition of Antibody Binding to LFA-1, ICAM-1,
and ICAM-3

To determine whether the peptide binds to LFA-1,
ICAM-1, or ICAM-3, the ability of cLAB.L peptide to inhibit
binding of saturated concentrations of FITC-labeled mAbs
against LFA-1, ICAM-1, and ICAM-3 was evaluated (Fig. 1).
Binding of mAb against the D1-domain of ICAM-1 was
blocked by cLAB.L peptide in a concentration-dependent

manner. However, the cLAB.L peptide did not inhibit bind-
ing of mAb against the D2-domain of ICAM-1 nor the bind-
ing of all the mAbs against LFA-1. This result suggests that
the cLAB.L peptide binds to the D1-domain of ICAM-1, but
not to the D2-domain of ICAM-1 nor to the LFA-1. Inter-
estingly, the cLAB.L peptide can also bind to the D1-domain
of ICAM-3 because it can block the binding of anti-ICAM-3
binding to the D1-domain. At a concentration of 160 mM, the
peptide blocks binding of anti-ICAM-1 (D1) and anti-
ICAM-3 (D1) to 59% and 74%, respectively. Thus, cLAB.L
prefers binding to ICAM-1 rather than to ICAM-3, suggest-
ing that the major mechanism of activity of the peptide is
inhibition of LFA-1/ICAM-1.

Binding Specificity of FITC-cLAB.L

Flow cytometry analyses showed that the binding of
FITC-cLAB.L to Molt-3 cells exhibited two-population dis-
tribution (Fig. 2, A and B); in contrast, binding of FITC-
labeled mAbs against ICAM-1 or LFA-1 show only one cell
population (Fig. 2C). The first population (population-1) in
Figs. 2A and B has a high number of cells with low fluores-
cence intensity while the second population (population-2)
has low cell numbers but high fluorescence intensity. This
suggests that the receptors in population-2 facilitate more
peptide binding than do those in population-1.

To characterize receptor-mediated binding of the pep-
tide, two different experiments were performed—binding
saturation of FITC-cLAB.L and blocking of FITC-cLAB.L
binding by the unlabeled cLAB.L. FITC-cLAB.L binding
over a wide range of peptide concentrations (0–1000 mM)
exhibited multiple-equilibrium characteristics (data not
shown). The saturation curve was found to be within 0–25 mM
as shown in Figure 3A; the Kd-like-values were calculated to
be 1.8 and 6.0 mM for population-1 and -2, respectively. The
higher Kd-like-value of population-2 may reflect the recycle
mode of binding and receptor internalization on population-
2. The calculated Kd-like value in this work is intended only
to describe the relative binding efficiencies of population-1
and population-2 and not in any way to quantify the potency

Fig. 1. Blocking on the binding of FITC-conjugate antibodies against
ICAM-1, ICAM-3 and LFA-1 by control peptide and cLAB.L. Bars
1 and 2 represent the average binding of all the tested adhesion-
molecule antibodies upon blocking by the control peptide at 80 and
160 mM, respectively. Bars 3 to 12 are the results of blocking by
cLAB.L peptide. Bars 3 and 4 are the binding of anti-ICAM-1 (D1
domain) upon blocking by cLAB.L at 80 and 160 mM, respectively.
Bars 5 and 6, ICAM-1 (D2 domain); bars 7 and 8, ICAM-3 (D1
domain); bars 9 and 10, LFA-1 (CD11a, aL); bars 11 and 12, LFA-1
(CD18, b2). Data represent mean of six determinations ± SE.

Fig. 2. Distribution of Molt-3 cell-population in response to the binding to FITC-cLAB.L whereby cells were activated with PMA for 4 hours
(A) or 48 hours (B); distribution of Molt-3 cell population in response to the binding of FITC-conjugate antibody against the D1 domain of
ICAM-1 (C). Peptide concentration was 25 mM and antibody was used at the dilution suggested by the manufacturer.
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of the peptide in impairing the interaction of purified pro-
teins. Blocking of the FITC-cLAB.L binding by the unlabeled
peptide was conducted using cells that had been activated for
4 and 48 hours (Fig. 3B). The results in Figure 3B showed that
the unlabeled cLAB.L inhibits the binding of FITC-cLAB.L
on cell population-1 and -2 in a concentration-dependent
fashion. Cell activation times of 4 and 48 hours indicated
comparable inhibitory profiles on population-1 but a slightly
different trend on population-2; 48 hour-activated cells were
more prone to blocking by unlabeled peptide than were those
of 4-hour activation. When FITC-cLAB.L bindings on cells of
both 4- and 48-hour activation were further studied, it was
apparent that binding on 4-hour activation was always higher
than those on 48h-activation (Fig. 4, A and B). These data
suggest that 4-hour activation produces a more active state of
the receptors.

Effect of Cell Activation, Temperature, and Cations

The proportion and fluorescence intensities between the
two cell populations as indicated in Fig. 2(A and B) changed
at various time of PMA activation. The cell numbers of popu-
lation-2 increased with increasing activation time while the
cell numbers in population-1 decreased proportionately (Fig.
5A). At the same time, the fluorescence intensity in popula-
tion-1 increased sharply in the first four hours, then it reached
a steady state at 40 hours of PMA activation (data not
shown).

The effect of PMA as an activator was further examined
along with that of anti-CD3 and a mixture of cations Ca2+ and
Mg2+. The peptide binding was evaluated at 4 and 37°C. Re-
sults for population-1 are shown in Fig. 5B; similar profiles
were observed for population-2 (data not shown). It is clear
that at either 4 or 37°C, the peptide binds significantly on
PMA- or CD3-activated Molt-3 cells. The fluorescence inten-
sities of peptide binding at 37°C increased over 4 hours of
experiments wheras a nearly constant pattern was found at
4°C. This suggests that at 37°C both binding and uptake of the
peptide by the receptors occurred on activated cells. Fig. 5B
also showed that little or no binding was observed on non-
activated cells and that Ca2+ and Mg2+ were not sufficient to
promote peptide binding on non-activated cells. However,
when a mixture of Mg2+ and Ca2+ was added to the PMA-
activated cells, binding of FITC-cLAB.L to population-1 and
-2 improved 3.4- and 1.8-fold, respectively (Fig. 5C). It is also
apparent that divalent cations have a greater influence on
FITC-cLAB.L binding to the receptors in cell population-1
than to the receptors in population-2. Addition of Ca2+ cat-
ions caused a 1.5-fold binding enhancement of FITC-cLAB.L
on population-1, but no effect was detected on population-2.
No peptide binding was observed with the addition of Mg2+

alone. These data suggest that binding of cLAB.L to surface
receptors is influenced by synergistic effects of Ca2+ and
Mg2+.

The difference in binding at 4 and 37°C was further

Fig. 3. Concentration-dependent profile of FITC-cLAB.L on popu-
lation-1 and -2 of Molt-3 cells (A), and the binding of FITC-cLAB.L
following cell incubation with unlabeled cLAB.L (B). Peptide bind-
ing in Fig. 3A was relative to the binding intensity of 3.12 mM FITC-
cLAB.L. In Fig. 3B, comparison was made between cells activated
with PMA for 4 and 48 hours. Percentage of peptide binding was
taken in reference to the binding intensity of 25 mM FITC-cLAB.L
without the addition of unlabeled cLAB.L. Four determinations were
carried out for both Figs. 3A and 3B. Error bars are eliminated when
the values are very small or less than the size of the symbol.

Fig. 4. The ratio of binding intensities between 4- and 48-h activation
on cell-population 1 (A) and cell-population 2 (B). Binding of 25 mM
FITC-cLAB.L on Molt-3 cells at 4 and 37°C was followed every 30
minutes for up to 240 minutes. Peptide binding in both Figs. 4A and
4B was relative to the binding intensity of 25 mM FITC-cLAB.L on
48-hour activated-cells. Each value represents the mean of four de-
terminations ± SE. Error bars are eliminated when the values are
very small.
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evaluated by visualization using an epi-fluorescence micro-
scope (Fig. 6, A–C) and a confocal-fluorescence microscope
(Fig. 6, D–F). Surface binding of FITC-cLAB.L on an aggre-
gate of Molt-3 is indicated by the green fluorescence seen
with the epi-fluorescence microscope (Fig. 6A), and by the
white-to-gray color observed with the confocal-fluorescence
microscope (Fig. 6D). Observation of single cells clearly
showed a higher binding intensity at 37°C (Fig. 6B) than at
4°C (Fig. 6C). Sectional images of cells from the two different
temperatures suggested the presence of peptide in the cyto-
plasm after binding at 37°C (Fig. 6E) but not at 4°C (Fig. 6F).

DISCUSSION

This study was designed to evaluate the characteristics
and mechanisms of the action of cLAB.L peptide, derived
from the I-domain of LFA-1 a-subunit, in inhibiting LFA-1/
ICAM-1-mediated homotypic T-cell adhesion. As mentioned
above, there are two possible mechanisms of action of this
peptide in inhibiting homotypic T-cell adhesion. One is that
the cLAB.L binds to ICAMs (ICAM-1 and ICAM-3) and
inhibits LFA-1/ICAMs interactions. Alternatively, the
cLAB.L peptide can bind to the b-subunit (CD18) of LFA-1
and disrupt the integrity of LFA-1, thus inhibiting the LFA-
1/ICAMs interactions. The use of intact cells rather than pu-
rified substrates in this work is based on two important native
characteristics of ICAM-1 on the cell surface. First, the native
structure of ICAM-1 is a dimer. Soluble ICAM-1 may expe-
rience an alteration of the oligomeric native biochemical nec-
essary for its activity to bind to integrin and to inhibit cell
adhesion events; this form is conserved when using mem-
brane-bound ICAM-1 (23). Secondly, certain adhesion mol-
ecules (including ICAM-1) interact with the cytoskeleton
through their cytoplasmic tails. This interaction supports cel-
lular functions that include receptor-ligand interactions and
receptor internalization (17).

We found that cLAB.L peptide binds primarily to the D1
domain of ICAM-1 and to a lesser extent to the D1 domain of
ICAM-3 (Fig. 1); this is supported by the ability of this pep-
tide to inhibit the binding of mAbs against the D1 domain of
both ICAM-1 and ICAM-3. A weaker blocking effect of
cLAB.L on the binding of anti-ICAM-3 compared to anti-
ICAM-1 may be due to the higher sequence and/or confor-
mational selectivity of cLAB.L for ICAM-1 than for ICAM-3.
Peptide cLAB.L contains at least three important residues
claimed to be involved in LFA-1/ICAM-1 interaction, Thr243

and Ser245 (24) and Glu241 (25). Although the binding sites in
the I-domain of LFA-1 for ICAM-1 and ICAM-3 have been
suggested as distinct but partially overlapping (26), none of
the reported residues is part of the cLAB.L sequence.
ICAM-1 and ICAM-3 have 52% homology between them
that is largely contributed by domain D2 (77%), but the im-
portant residues for LFA-1 binding to ICAM-1 as well as
ICAM-3 are in domain D1 (27,28). Thus, the non-conserved
residues in the D1 domain contribute to integrin binding.
Furthermore a weaker blocking of cLAB.L on the binding of
anti-ICAM-3 may also be attributed by the fact that LFA-1/
ICAM-1 and LFA-1/ICAM-3 interactions function at differ-
ent stages during immune response (the predominant role of
LFA-1/ICAM-3 occurs during the initiation of immune re-
sponse), and that the LFA-1/ICAM-3 interaction has a much
lower affinity than LFA-1/ICAM-1 (26,29). We carried out

Fig. 5. Proportions of cell population-1 and -2 in response to the
duration of PMA activation (A). Effect of activators on the binding
of 25 mM FITC-cLAB.L to cell population-1 (B). Binding experi-
ments were carried out in the presence of activators anti-CD3, PMA,
or divalent cations (mixture of Ca2+ and Mg2+ at a final concentration
of 1.5 mM) at 4 or 37°C. Peptide binding on non-activated cells at 4°C
was used as a reference. Data in Figs. 5A and B represent the mean
of four determinations ± SE. Error bars are eliminated when less than
the size of symbol. Effect of cation addition on the binding intensity
of FITC-cLAB.L to PMA-activated Molt-3 cells (C). Final concen-
trations of Ca2+, Mg2+, and Ca2+ Mg2+ were 1.5 mM. Control was the
binding intensity of FITC-cLAB.L to PMA-activated cells without
added cations. Data represent the mean of three determinations ±
SE. Error bars are eliminated when the values are very small.
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additional experiments using CD, NMR and molecular dy-
namics simulation (MD) and a computational docking using
the program AUTODOCK. The combined results of CD,
NMR and MD show that cLAB.L can bind to Ca2+ and Mg2+.
The results of computational docking show that the peptide
can bind to the D1 domain of ICAM-1 via peptide residues of
Pen1, Ile2, Glu6, and Ser10 (unpublished work). Our results
support the work by other groups on the inhibitory activity of
a linear peptide containing nine amino acids similar to
cLAB.L (30) in which 2 mM of this linear peptide was able to
reduce 30% of T-cells binding to ICAM-1, thus making it the
most potent of the tested I-domain peptides. Although a di-
rect comparison cannot be made, it is worth noting that we
used a much lower concentration (160 mM) of cLAB.L to
reduce anti-ICAM-1 binding to T-cells by 41% (Fig. 1). This
may suggest that the conformational rigidity of cyclic peptide
cLAB.L contributes to its binding selectivity to ICAM-1 (14).

The bimodal distribution characteristics of FITC-
cLAB.L binding (Figs. 2 and 5A) suggest the occurrence of
multiple and dynamic states of receptors, i.e., ICAM-1 and/or
ICAM-3. This is in agreement with earlier reports on the
other adhesion-molecule receptors LFA-1 (31) and a5b1 in-
tegrin (32). The latter indicated that activation led to two or
more different conformational states and reflects distinct
stages in adhesion signaling. Thus, a similar explanation may
be used for FITC-cLAB.L binding to ICAMs whereby short
(4 hours) and long (48 hours) activation times produced two
different activated states of ICAMs and, hence, different
binding intensities of FITC-cLAB.L. It is plausible that a
longer activation time may provide membrane receptor and
cytoskeleton rearrangements, thereby increasing the propor-

tion of popoulation-2. Population-2 may have cluster forms of
active ICAMs, whereas population-1 has active ICAMs that
are spread out through the cell surface

The ability of PMA and anti-CD3 to promote binding is
an indication that this LFA-1-derived peptide binds selec-
tively to the activated T-cells in which the pathway of the
protein kinase is directly or indirectly regulated. The use of
divalent cations was found to be beneficial only in enhancing
peptide binding to already activated T-cells (Fig. 5C); this
supports the earlier finding that a section of the I-domain
binds to the ICAM-1 via divalent cations (5).

A higher binding intensity on activated cells at 37°C than
at 4°C suggested an ATP-dependent process (Fig. 5B). Com-
bining the latter with images from the confocal microscope
(Fig. 6, D–F) and the dynamic responses of peptide binding to
cell activation provides indirect evidence of receptor-
mediated internalization of the peptide. Internalization in
terms of receptor recycling to control the cell-receptor activ-
ity is common in the case of adhesion molecules; receptor-
ligand binding is often followed by endocytosis as one of the
mechanisms for the termination of receptor activity (17,18).
The plausible characteristic of receptor-mediated internaliza-
tion, combined with other methods such as drug conjugation,
may lead to a useful application of peptide cLAB.L in target-
ing leukocyte-related diseases. To date, we have successfully
conjugated an anti-inflammatory drug with an ICAM-1 cyclic-
peptide through its N-terminal. Work is currently in progress
to determine the efficacy of the conjugate.

In conclusion, direct binding between cLAB.L on the
surface of activated Molt-3 T-cells is via binding to ICAM-1
and to a lesser extent to ICAM-3. The bimodal cell-

Fig. 6. Microscopy of FITC-cLAB.L binding and internalization on Molt-3 cells from two different temperatures of binding. Epi-fluorescence
and confocal-fluorescence microscopes were used to observe surface binding and internalization, respectively. Epi-fluorescence microscopy of
Molt-3 cell-clump after incubation at 37°C (A), single Molt-3 cell at 37°C (B), and single cell at 4°C (C). Confocal microscopy of surface
projection of Molt-3 cell following 37°C incubation (D), single confocal section showing the distribution of the FITC-cLAB.L in the cytoplasm
following 37°C incubation (E), and single confocal section showing a minimal distribution of the FITC-cLAB.L on the cell peripheral following
4°C incubation (F).
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population distribution of peptide binding suggests the re-
sponses to the occurrence of multiple and dynamic state of
activated receptor ICAMs. The peptide binding is influenced
by a mixture of Ca2+ and Mg2+, and the peptide may also be
internalized by ICAMs. This work suggests that cLAB.L pep-
tide is a potent inhibitor of LFA-1/ICAM-1 interaction and its
selective binding mechanism may be used to designate a drug
conjugate to target cells having elevated ICAM-1 expression.

ACKNOWLEDGMENTS

This work was supported by the Arthritis Foundation
and American Heart Association. We gratefully acknowledge
Jon Hunt of the Hybridoma Laboratory (University of Kan-
sas) for providing technical support in FACScan flow cytom-
etry and Dr. Bruce Cutler of the Electron Microscope Labo-
ratory (University of Kansas) for his assistance in confocal
microscopy. We would like to thank Nancy Harmony for her
help in manuscript preparation.

REFERENCES

1. C. Wülfing and M. M. Davis. A receptor/cytoskeletal movement
triggered by costimulation during T cell activation. Science 282:
2266–2269 (1998).

2. A. R. de Fougerolles, X. Qin, and T. A. Springer. Characteriza-
tion of the function of intercellular adhesion molecule (ICAM)-3
and comparison with ICAM-1 and ICAM-2 in immune responses.
J. Exp. Med. 179:619–629 (1994).

3. R. Rothlein and T. A. Springer. The requirement for lymphocyte
function associated antigen-1 in homotypic leukocyte adhesion
stimulated by phorbol ester. J. Exp. Med. 163:1132–1149 (1986).

4. Y. van Kooyk, P. Weder, K. Heije, R. De Waal Malefijt, and C.
G. Figdor. Critical amino acids in the lymphocyte function-
associated antigen-1 I domain mediate intercellular adhesion
molecule 3 binding and immune function. Cell Adhesion. Comm.
1:21–32 (1993).

5. P. Stanley and N. Hogg. The I-domain of integrin LFA-1 interacts
with ICAM-1 domain-1 at residue glu-34 but not gln-73. J. Biol.
Chem. 273:3358–3362 (1998).

6. E. K. Nakamura, R. A. Shorthouse, B. Zheng, S. M. McCabe, P.
M. Jardieu, and R. E. Morris. Long-term survival of solid organ
allografts by brief anti-lymphocyte function-associated antigen-1
monoclonal monotherapy. Transplantation 62:547–552 (1996).

7. L. S. Davis, A. F. Kavanaugh, L. A. Nichols, and P. E. Lipsky.
Induction of persistent T cell hyporesponsiveness in vivo by
monoclonal antibody to ICAM-1 in patients with rheumatoid
arthritis. J. Immunol. 154:3525–3537 (1995).

8. D. O. Willenborg, M. A. Staykova, and M. Miyasaka. Short tes-
tament with soluble neuroantigen and anti-CD11a (LFA-1) pro-
tects rats against autoimmune encephalomyelitis: Treatment ab-
rogates autoimmune disease but not autoimmunity. J. Immunol.
157:1973–1980 (1996).

9. L. Ross, F. Hassman, and L. Molony. Inhibition of Molt-4 endo-
thelial adherence by synthetic peptides from the sequence of
ICAM-1. J. Biol. Chem. 267:8537–8543 (1992).

10. J. V. Fecondo, N. C. Pavuk, K. A. Silburn, D. M. Y. Read, A. S.
Mansell, A. W. Boyd, and D. A. McPhee. Inhibition of Molt-4
endothelial adherence by synthetic peptides from the sequence of
ICAM-1. AIDS Res. Hum. Retrovirus. 9:733–740 (1993).

11. R. N. Gürsoy and T. J. Siahaan. Binding and internalization of an
ICAM-1 peptide by the surface receptors of T-cells. J. Peptide
Res. 53:414–421 (1999).

12. R. N. Gürsoy, S. D. S. Jois, and T. J. Siahaan. Structural recog-
nition of an ICAM-1 peptide by its receptor on the surface of T cells:
conformational studies of cyclo (1,12)-Pen-Pro-Arg-Gly-Gly-Ser-
Val-Leu-Val-Thr-Gly-Cys-OH. J. Peptide Res. 53:422–431 (1999).

13. T. J. Siahaan, S. A. Tibbets, S. D. S. Jois, M. A. Chan, and S. A.
Benedict. Counter receptor-binding domains that block or en-
hance binding to LFA-1 or ICAM-1. In P. T. P. Kaumaya and R.
S. Hodges (eds.), Peptides: Chemistry, Structure and Biology,
Mayflower Scientific, England, 1996 pp. 792–793.

14. S. H. Benedict, T. J. Siahaan, M. A. Chan, and S. A. Tibbetts.
ICAM-1/LFA-1 short-chain peptides and method of using same.
US Patent 229, 531 (1994).

15. S. A. Tibbetts, C. Chirathaworn, M. Nakashima, S. D. S. Jois, T.
J. Siahaan, M. A. Chan, and S. H. Benedict. Peptides derived from
ICAM-1 and LFA-1 modulate T cell adhesion and immune function
in a mixed lymphocyte culture. Transplantation 68:685–692 (1999).

16. T. J. Raub and S. L. Kuentzel. Kinetic and morphological evi-
dence for endocytosis of mammalian cell integrin receptors by
using anti-fibronectin receptor beta subunit monoclonal anti-
body. Exp. Cell. Res. 184:407–426 (1989).

17. A. Almenar-Queralt, A. Duperray, L. A. Miles, and D. C. Altieri.
Apical topography and modulation of ICAM-1 expression on
activated endothelium. Am. J. Pathol. 147:1278–1288 (1995).

18. I. Ricard, M. D. Payet, and G. Dupuis. VCAM-1 is internalized
by a clathrin-related pathway in human endothelial cells but its
a4b1 integrin counter-receptor remains associated with the
plasma membrane in human lymphocytes. Eur. J. Immunol. 28:
1708–1718 (1998).

19. C. D. Buckley, D. Pilling, N. V. Henriquez, G. Parsonage, K.
Threlfall, D. Scheel-Toellner, D. L. Simmons, A. N. Akbar, J. M.
Lord, and M. Salmon. Role of ligands in the activation of LFA-1.
Nature 397:534–539 (1999).

20. S. D. S. Jois, U. S. F. Tambunan, S. Chakrabarti, and T. J. Sia-
haan. Solution structure of a cyclic RGD peptide that inhibits
platelet aggregation. J. Biomol. Struct. Dyn. 14:1–11 (1996).

21. P. A. Detmer and S. D. Wright. Adhesion-promoting receptors
on leukocytes. Curr. Op. Immunol. 1:10–15 (1988).

22. E. Zisman, Y. Katz-Levy, M. Dayan, S. L. Kirshner, M. Paas-
Rozner, A. Karni, O. Abramsky, C. Brautbar, M. Fridkins, M.
Sela, and E. Mozes. Peptide analogs to pathogenic epitopes of the
human acetylcholine receptor a subunit as potential modulators of
myasthenia gravis. Proc. Natl. Acad. Sci. USA 93:4492–4497 (1996).

23. P. L. Reilly, J. R. Woska Jr., D. D. Jeanfavre, E. McNally, R.
Rothlein, and B. J. Bormann. The native structure of intercellular
adhesion molecule-1 (ICAM-1) is a dimer. Correlation with bind-
ing to LFA-1. J. Immunol. 155:529–532 (1995).

24. C. Huang and T. A. Springer. A binding interface on the I do-
main of lymphocyte function-associated antigen-1 (LFA-1) re-
quired for specific interaction with intercellular adhesion mol-
ecule (ICAM-1). J. Biol. Chem. 270:19008–19016 (1995).

25. C. P. Edwards, K. L. Fisher, L. G. Presta, and S. C. Bodary.
Mapping the intercellular adhesion molecule-1 and -3 binding site
on the inserted domain of leukocyte function-associated antigen-
1. J. Biol. Chem. 273:28937–28944 (1998).

26. M. E. Binnerts, Y. van Kooyk, C. P. Edwards, M. Champe, L.
Presta, S. C. Bodary, C. G. Figdor, and P. W. Berman. Antibodies
that selectively inhibit leukocyte function-associated antigen 1 bind-
ing to intercellular adhesion molecule-3 recognize a unique epitope
within the CD11a I domain. J. Biol. Chem. 271:9962–9968 (1996).

27. C. L. Holness, P. A. Bates, A. J. Littler, C. D. Buckley, A. McDow-
all, D. Bossy, N. Hogg, and D. L. Simmons. Analysis of the binding
site on intercellular adhesion molecule 3 for the leukocyte integrin
function-associated antigen 1. J. Biol. Chem. 270:877–884 (1995).

28. E. D. Bell, A. P. May, and D. L. Simmons. The leukocyte func-
tion-associated antigen-1 (LFA-1)-binding site on ICAM-3 com-
prises residues on both faces of the first immunoglobulin domain.
J. Immunol. 161:1363–1370 (1998).

29. J. R. Woska, Jr., M. M. Morelock, D. D. Jeanfavre, G. O. Cavi-
ness, B. Bormann, and R. Rothlein. Molecular comparison of
soluble intercellular adhesion molecule (sICAM)-1 and sICAM-3
binding to lymphocyte function-associated antigen-1. J. Biol.
Chem. 273:4725–4733 (1998).

30. A. McDowall, B. Leitinger, P. Stanley, P. A. Bates, A. M. Randi,
and N. Hogg. The I domain of integrin leukocyte function-
associated antigen-1 is involved in a conformational change lead-
ing to high affinity binding to ligand intercellular adhesion mol-
ecule 1 (ICAM-1). J. Biol. Chem. 273:27396–27403 (1998).

31. K. Kurzinger, T. Reynolds, R. N. Germain, D. Davignon, E.
Martz, and T. A. Springer. A novel lymphocyte function-
associated antigen (LFA-1): Cellular distribution, quantitative
expression, and structure. J. Immunol. 127:596–602 (1981).

32. A. J. Garcı́a, J. Takagi, and D. Boettiger. Two-stage activation for
a5b1 integrin binding to surface-adsorbed fibronectin. J. Biol.
Chem. 273:34710–34715 (1998).

Binding and Internalization of an LFA-1-Derived Cyclic Peptide 335


