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The activation of leukocyte function-associated antigen-1
(LFA-1) plays a critical role in regulating immune responses.
The metal ion-dependent adhesion site on the I-domain of
LFA-1 �L subunit is the key recognition site for ligand binding.
Upon activation, conformation changes in the I-domain can
lead LFA-1 from the low affinity state to the high affinity (HA)
state. Using the purifiedHA I-domain locked by disulfide bonds
for immunization, we developed an mAb, 2E8, that specifically
binds to cells expressing the HA LFA-1. The surface plasmon
resonance analysis has shown that 2E8 only binds to the HA
I-domain and that the dissociation constant (KD) for HA I-do-
main is 197 nM. The binding of 2E8 to the HA I-domain is metal
ion-dependent, and the affinity decreased asMn2� was replaced
sequentially by Mg2� and Ca2�. Surface plasmon resonance
analysis demonstrates that 2E8 inhibits the interaction of HA
I-domain and ICAM-1. Furthermore, we found that 2E8 can
detect activated LFA-1 on both JY and Jurkat cells using flow
cytometry and parallel plate adhesion assay. In addition, 2E8
inhibits JY cell adhesion to human umbilical vein endothelial
cells and homotypic aggregation. 2E8 treatment reduces the
proliferation of both human CD4� and CD8� T cells upon
OKT3 stimulation without the impairment of their cytolytic
function. Taken together, these data demonstrate that 2E8 is
specific for the high affinity form of LFA-1 and that 2E8 inhibits
LFA-1/ICAM-1 interactions. As a novel activation-specific
monoclonal antibody, 2E8 is a potentially useful reagent for
blocking high affinity LFA-1 andmodulating T cell activation in
research and therapeutics.

Leukocyte function-associated antigen-1 (LFA-1,3 �L�2 inte-
grin, CD11a/CD18) belongs to the �2 subclass of integrins and

is important for leukocyte adhesion and T cell activation (1, 2).
The ligands for LFA-1 are intercellular adhesion molecule-1
(ICAM-1), ICAM-2, and ICAM-3, which aremembers of the Ig
superfamily (1). Although LFA-1 is constitutively expressed on
the surface of leukocytes in an inactive state, binding to its
ligands requires cellular activation involving both affinity (con-
formational change within the molecule) and avidity (receptor
clustering) enhancement (3–5). The regulation of LFA-1 acti-
vation plays a critical role during inflammatory and immune
responses in mice and humans (6–9).
The �L subunit of LFA-1 has two prominent structural fea-

tures, an inserted-domain (I-domain) of about 200 amino acid
residues and three EF hand-like repeats containing putative
divalent cation binding sites (1). The I-domain of the LFA-1 �L
subunit is the ligand binding site and changes conformation
upon activation (10). The changes in the I-domain from the low
affinity state to the high affinity state lead to an increased affin-
ity for ligand binding (11–15). The key recognition site for
ligand binding is at the metal ion-dependent adhesion site
(MIDAS) on the I-domain of the LFA-1 �L subunit (1, 2). Con-
stitutively expressed on the surface of leukocytes in an inactive
state, LFA-1 activation undergoes two distinct conformational
changes that allow ligand binding: 1) a switchblade-like motion
that exposes the I-domain, which increases its accessibility; 2)
conformational changes in the I-domain that reorient the diva-
lent cation within the MIDAS to be exposed and thus increase
the affinity of LFA-1 to its ligand (10, 11). The conformational
states of the I-domain can be classified as low affinity (LA) and
high affinity (HA) when in the inactive and active state, respec-
tively. The I-domain exists in open and closed conformations
and a recently described intermediate affinity (IA) conforma-
tion, which differs in affinity for ligand (16). By introducing
disulfide bonds into the I-domain, LFA-1 can be locked in
either the open or the closed conformation, which represents
the HA (K287C/K297C) or LA (K287C/K294C) state, respec-
tively (13–15).We identified antibodies that are sensitive to the
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affinity changes in the I-domain of mouse LFA-1 and showed
that the activation-dependent epitopes were exposed upon
mouse T cell activation (17). Taken together, these data dem-
onstrated that the I-domain of LFA-1 changes to the high affin-
ity state upon leukocyte activation.
The I-domain of LFA-1 has been a therapeutic target for

regulating inflammatory responses (18–22). Efalizumab, an
mAb blocking non-selectively the HA and LA LFA-1, has been
approved for the treatment of psoriasis (21).However, thewith-
drawal of Efalizumab due to viral-induced progressive multifo-
cal leukoencephalopathy indicates that the effectiveness of
anti-LFA-1 therapy might be limited by the inability to target
the activated form of LFA-1 (23, 24). With recent advances in
understanding the structure and function of LFA-1 activation,
developing second generation mAbs that selectively target the
HA I-domain may prove clinically advantageous as a result of
improved specificity and potency. Herein, we report the gener-
ation and characterization of an anti-human LFA-1 mAb 2E8.
2E8 binds to the HA I-domain in a metal ion-dependent man-
ner and blocks the binding ofHA I-domain to ICAM-1. In addi-
tion, the binding of 2E8 is sensitive to the activation and affinity
up-regulation of LFA-1 on human cell lines. 2E8 has differential
effects on human T cell proliferation and cytotoxicity.

EXPERIMENTAL PROCEDURES

LFA-1 I-domain Constructs—Humanwild type (WT), locked
HA (K287C/K297C), and IA (L161C/F299C) mutant I-domain

constructs were kindly provided
by Dr. Timothy Springer and
expressed in supplemented M9
minimal media using Escherichia
coli BL21 (DE3) cells (16). The
recombinant proteins were subse-
quently refolded and purified as
described (25). Proteins were con-
centrated using a C10 Centriprep
(Millipore Corp.), and sample con-
centrations were determined by
both BCA (Pierce Chemicals, Inc.)
and A280 nm. Each LFA-1 I-domain
was 15N-labeled for acquisition of
1H/15N heteronuclear single quan-
tum coherence nuclear magnetic
resonance spectra for quality assur-
ance prior to surface plasmon reso-
nance (SPR) analysis.
Production and Screening of

2E8—The mAb 2E8 was generated
from a hybridoma fusion using
draining lymph node lymphocytes
from a BALB/c mouse immunized
with purified human locked HA
(K287C/K297C) mutant I-domain.
The mAb 2E8 was then screened by
flow cytometry analysis (FACS) for
the specific ability to bind only to
K562 cells expressing HA (K287C/
K297C) LFA-1, but not LA (K287C/

K294C) LFA-1 or WT LFA-1 (14).
Binding Specificity of 2E8 Measured by SPR—2E8 was puri-

fied by protein A column, fractions were combined, and sample
concentration was determined by A280 nm. The 2E8 mAb was
coupled to a CM5 sensor chip by amine coupling using the
manufacturer’s protocols (Biacore/GEHealthcare, Inc.). LFA-1
I-domains (WT, IA, andHA) at concentrations of 100, 200, 400,
or 800 nMwere subsequently injected over the chip at 10�l/min
with Running Buffer A (10 mM HEPES (pH 7.4), 150 mM NaCl,
2 mM MgSO4, 0.005% (v/v) Tween 20). The samples were run
under different metal ions, replacing the MgSO4 with 2 mM

CaSO4 or 2 mM MnSO4.
Inhibition of LFA-1 HA I-domain Binding to ICAM-1-Fc by

2E8—ICAM-1-Fc (R&D Systems) was coupled onto a CM5
sensor chip by amine coupling. LFA-1 HA I-domain at a con-
centration of 2 �Mwas injected over the chip at 10 �l/min with
Running Buffer A. Titrations of 0.5, 1, 2, and 4 �M 2E8 mAb
were incubated with LFA-1 HA simultaneously overnight and
injected over the chip as stated previously.
Biacore Binding Analysis—All Biacore sensorgrams were

analyzed from triplicate runs using a 1:1 Langmuir model by
Scrubber (version 2.0; Center for Biomolecular Interaction
Analysis, University of Utah). Binding studies were performed
using SPR on a Biacore 2000 instrument as described (26).
Parallel Plate Flow Detachment Assay—The parallel plate

flow detachment assaywasmodified from a previous procedure
(27). For cell adhesion tomAb, 2E8 at 5�g/ml was immobilized

FIGURE 1. Binding of 2E8 to K562 cells expressing HA LFA-1. The binding of isotype control, 2E8, or MHM24
mAb to K562 cells expressing locked HA (K287C/K297C), LA (K287C/K294C), or WT LFA-1 was determined by
flow cytometric analysis. The x axis depicts the relative fluorescence intensity of individual cells, and the y axis
represents the cell count. The percentage of gated cells positive for each mAb was displayed in each histogram.
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overnight at 4 °C to 24 � 50-mm plastic slides. The slides were
then washed with PBS and blocked with 2% BSA before being
assembled to a parallel plate flow chamber. For cell adhesion to
human umbilical vein endothelial cells (HUVECs) (Lonza,
Switzerland), slideswere coatedwithHUVECs in culturemedia
for 24 h and then stimulated with TNF-� (10 units/ml) in fresh
media for 24 h. 4� 106 cells in running buffer were treatedwith
Mn2� (5 mM) for 5 min at 37 °C and then injected into the flow
chamber and allowed to settle on the slides for 10 min. Using a
computer-controlled syringe pump (Harvard Apparatus), an
increasing linear gradient of shear flow was pulled over the
adhered cells for 300 s, and the number of cells remaining
adhered was recorded by digital microscopy. Shear stress cal-
culations were determined every 50 s where the sheer stress in
dynes/cm2was defined as (6�Q)/(wh2), where� is the viscosity
of the media (0.007), Q is the flow rate in cm3/s, w is the width
of the chamber (0.3175 cm), and h is the height of the chamber
(0.0254 cm). For each experimental condition, an untreated
sample was run on the same slide to assure uniformity between
slides tested.
Homotypic Aggregation Assay—The aggregation experiment

was performed in flat bottom 96-well plates and scored as
described (26). JY cells were washed twice and diluted in

medium at a final concentration of 0.5 � 107 cells/ml. Cells
were treatedwith various reagents and then incubated inmedia
at 37 °C in for 1 h. The scores were obtained based on the fol-
lowing criteria: 0 indicated that less than 10% of cells were
aggregated; 1 indicated that less than 50% of cells were aggre-
gated; 2 indicated that more than 50% of cells were aggregated;
3 indicated that nearly 100% of cells were in small, loose clus-
ters; 4 indicated that nearly 100% of cells were in large clusters.
T Cell Proliferation Assay—Peripheral blood mononuclear

cells (PBMCs) were obtained by sedimentation with His-
topaque-1077 (Sigma-Aldrich) using blood from healthy vol-
unteers. All cell preparations were �95% viable by trypan blue
exclusion. For the T cell proliferation assay, PBMCs were stim-
ulated with anti-CD3mAb (OKT3) at 300 ng/ml for 5 days. For
the CFSE experiments, PBMCs were washed and resuspended
in PBS with 1 �M CFSE (Molecular Probes-Invitrogen). Cell
division was monitored by using the FITC channel in a FACS-
canto II flow cytometer (BD Biosciences).
Cytotoxicity Assay—The effector cells were PBMCs gener-

ated and primedwithOKT3 stimulation for 5 days in vitro. The
cytotoxic specificity of human cytolytic T lymphocytes (CTLs)
was determined using the flow cytometry-based CTL assay
measuring the cleavage of caspase-3 in targets cells (28). The
target cells were P815 labeled with a far red fluorescent marker
dye, DDAO-SE (Invitrogen), and then incubated with CTLs at
different effector:target (E:T) ratios for 3–4 h and fixed, perme-
abilized, and stained with a phycoerythrin-conjugated anti-
cleaved caspase-3 rabbit mAb (BD Biosciences). The stained
cells were analyzed using a FACScanto II flow cytometer.

FIGURE 2. Biacore SPA analysis of 2E8 binding to HA I-domain. A, real time
SPR of 2E8 specificity to the HA (red), IA (magenta), or WT (blue) I-domain. 2E8
was coupled to a CM5 sensor chip by amine coupling. LFA-1 I-domains (WT,
IA, and HA) at concentrations of 400 nM were subsequently injected over the
CM5 chip at 10 �l/min with Running Buffer A. B, real time SPR of divalent
metal ion dependence of HA I-domain binding to 2E8. HA I-domain at con-
centrations of 400 nM was injected over the CM5 chip coupled with 2E8 with
Running Buffer A. The samples were run under different metal ions, replacing
the MgSO4 in Running Buffer A with CaSO4 or MnSO4. Black, Mn2�; blue, Mg2�;
green, Ca2�; red, EDTA.

FIGURE 3. The exponential decay of HA I-domain binding to ICAM-1-Fc in
the presence of 2E8. ICAM-1-Fc was immobilized on the SPR chip, and 2 �M

HA I-domain was run across the chip. Then 2 �M HA I-domain was titrated
simultaneously with 0.25, 0.50, 1.0, and 2.0 �M 2E8, and the binding of HA
I-domain binding to ICAM-1-Fc was measured. Data points were averages of
three experiments with error bars denoting S.D. The exponential decay fit was
computed by a first-order exponential decay fit using MicroCal Origin v6.0.

TABLE 1
Binding kinetics of 2E8 and HA I-domain

kon (M�1 � s�1) � 104 koff (s�1) � 10�3 KD

nM
2.62 � 0.22 5.16 � 0.36 197 � 7
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RESULTS

mAb 2E8 Specifically Binds to the HA LFA-1—To generate
mAb that targets the high affinity LFA-1, purified human HA

(K287C/K297C) mutant I-domain
was purified for the immunization.
350 hybridoma clones were
screened by FACS using K562 cells
expressing WT, HA, or LA LFA-1
(14).Only one clone, designated 2E8
with the subtype of IgG1, bound to
K562 cells expressing locked HA
LFA-1. As shown in Fig. 1, purified
2E8 bound to 97.7% of cells express-
ing HA LFA-1. There was minimal
detectable binding of 2E8 to cells
expressing LA (11.7%) and WT
(18.3%) LFA-1. MHM24, an mAb
for the I-domain of human LFA-1
and humanized for Efalizumab, was
used as control (27). In contrast to
2E8, MHM24 bound equally well to
cells expressing HA (98.7%), LA
(97.8%), or WT (99.4%) LFA-1.
Thus, mAb 2E8 specifically binds to
the HA LFA-1.
The Binding of 2E8 for HA I-do-

main Is Metal Ion-dependent—To
further determine the specificity for
the I-domain, 2E8 was immobilized
on aCM5 sensor chip. Various I-do-
mains (WT, IA, and HA) at concen-
trations of 100 nM were subse-
quently injected over the chip. As
shown in Fig. 2A of the SPR data,
2E8 only bound to the HA I-domain
but not to the WT or IA I-domain.
Because the IA I-domain is in the
inactive state in the absence of
ICAM-1 (16), 2E8 therefore specifi-
cally bound to the activated I-do-
main. We determined that the
kinetics and the dissociation con-
stant (KD) of 2E8 forHA I-domain is
197 nM (Table 1).

To examine whether the binding
of 2E8 to I-domain is metal ion-de-
pendent, HA I-domain was diluted
to a constant concentration of
400 nM with different HBS divalent
cation buffers (HBS-Mn2�, HBS-
Mg2�, HBS-Ca2�, and HBS-
EDTA). As shown in Fig. 2B, 2E8
bound to the HA I-domain in the
presence of divalent cations. The
affinity decreased as Mn2� was
replaced sequentially by Mg2� and
Ca2�, and the bindingwas abolished
in the presence of EDTA. Thus, the

binding of 2E8 to the HA I-domain is metal ion-dependent.
2E8 Inhibits the Binding of HA I-domain to ICAM-1—To

determine whether 2E8 can inhibit the binding of LFA-1 I-do-

FIGURE 4. Binding of 2E8 to activated LFA-1 on cell lines. Jurkat or JY cells were left untreated (NT) or
stimulated with Mn2� (5 mM) in the presence of 2E8, MHM24, or isotype control mAb at the concentration of 1
�g/ml and then incubated at 4 °C for 30 min. Cells were stained with secondary Alexa Fluor488-conjugated
goat anti-mouse IgG (Invitrogen) and then washed and resuspended in PBS with 2% paraformaldehyde for 20
min at 4 °C. All experimental conditions were performed in triplicate and analyzed by flow cytometry using a
FACSCalibur (BD Biosciences). A, binding of 2E8 and MEM24 to Jurkat cells. Staining of 2E8 and MHM24 is
shown in solid lines, and isotype control is shown in dashed lines. The mean fluorescence intensity (MFI) and the
percentage of gated cells positive for mAbs are representative of three independent experiments. B, the mean
fluorescence intensity of 2E8 binding to Jurkat and JY cells. Results were mean and S.D. of three independent
experiments. The asterisk represents data with p value less than 0.05 in the Student’s t test.
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main to its ligand ICAM-1, ICAM-1-Fc was coupled onto a
CM5 sensor chip. HA I-domain at a concentration of 2�Mwith
the titrated 2E8 was injected over the chip simultaneously. As
shown in Fig. 3, the SPR analysis showed an exponential decay
of the binding response of the HA I-domain to ICAM-1-Fc as
the 2E8 concentration increased. These data demonstrated that
2E8 inhibits the interaction of HA I-domain and ICAM-1.
2E8 Binds to Activated LFA-1 on Jurkat and JY Cells—Our

data demonstrated that 2E8 specifically bound the locked HA
mutant I-domains and blocked ICAM-1 interaction. We fur-
ther investigated whether the similar binding specificity can be
achieved for activated WT LFA-1 on human cell lines. As
shown in Fig. 4A, the percentage of Jurkat cells binding to 2E8
was significantly increased when LFA-1 was activated in the
presence of Mn2� when compared with untreated control
(70.6% versus 21.1%), whereas MHM24 binding remained
unchanged. The same trendwas observed for themean fluores-
cence intensity of 2E8 binding cells (mean fluorescence inten-
sity: 19 versus 8). Similar results were obtained from JY cells
with increased 2E8 binding for cells activated by Mn2� when
compared with the untreated cells (Fig. 4B). Thus, 2E8 is an
activation-sensitive mAb and recognizes Mn2�-activated
LFA-1.
In addition, we examined whether LFA-1 can bind to 2E8

under shear force using parallel plate flow, which is a physio-
logic model for the study of cell rolling and adhesion mediated
by integrins (29). JY cells were first injected into the flow cham-
ber and allowed to adhere to slides coatedwithmAbs.As shown
in Fig. 5A (top), when cells were treated with Mn2�, there was
no increased adhesion to isotype control when compared with
untreated sample (NT). In addition, JY cells persistently
adhered to MHM24 up to 45 dynes/cm2 in the absence and
presence ofMn2�. Although the adhesion of JY cells to 2E8was
similar to BSA control in the untreated sample, adding Mn2�

increased the adhesion to 100% at low shear forces, and the
adhesion slowly decreased to about 60% at 45 dynes/cm2 (Fig.
5A, bottom). Similar results were observed using Jurkat cells
(Fig. 5B). The data demonstrated that 2E8 binds to Mn2�-acti-
vated LFA-1 and that the binding is resistant to shear stress.
2E8 Inhibits the Adhesion and Homotypic Aggregation of JY

Cells—We further examined the effect of 2E8 on LFA-1-medi-
ated adhesion to HUVECs using a parallel plate flow assay.
HUVECs were first plated on the slides and cultured in media
overnight. Subsequently TNF-� (10 units/ml) was added in the
fresh media to stimulate HUVECs for 24 h before placing the
cells in the flow chamber. Activated JY cells were pretreated
withmAb and then injected into the flow chamber and allowed
to adhere to slides coated with HUVECs. As shown in Fig. 6A,
MHM24 blocked about 80% of JY cell adhesion to HUVECs at
low shear force of 15 dynes/cm2 and achieved near 100% block-
ade at high shear force of 45 dynes/cm2. Although 2E8 exhib-
ited the ability to inhibit JY cell adhesion under various shear

FIGURE 5. Adhesion of activated LFA-1 to 2E8 under shear force in parallel
plate flow assay. JY (A) or Jurkat (B) cells were either untreated (NT) or stim-
ulated with Mn2� (5 mM) before being injected into the flow chamber and
allowed to adhere to slides coated with mAbs or BSA. Top, a linear gradient of
shear flow increasing from 0 –51 dynes/cm2 was perfused over the adhered
cells, and the extent of adhesion was determined by the percentage of cells
remaining at particular shear forces. The baseline of cell adhesion for each
mAb was established with the untreated sample (NT), which showed a linear

steady rate of detachment as the shear forces increase over time. A linear gradi-
ent of shear flow was applied to the adhered cells, and the percentages of cells
remaining were enumerated every 50 s. The data represent the average of three
independentexperimentswith error bars. Bottom, thepercentageofcells remain-
ing adhered to the coated slides at 45 dynes/cm2. The error bars indicate the S.E.,
and the p value (**) was generated using the Student’s t test.
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forces, there were about 20% of cells adhered to HUVECs at 45
dynes/cm2. In addition, we examined the effect of 2E8 on cell
homotypic aggregation. JY cells were stimulated with Mn2� or
phorbol 12-myristate 13-acetate in flat bottom 96-well plates in
the presence of 2E8, MHM24, or isotype control. As shown in
Fig. 6B, both 2E8 andMHM24 blocked the homotypic aggrega-
tion of JY cells, but 2E8 was less efficient when compared with
MHM24 at equivalent concentrations. Thus, our data demon-
strated that 2E8 can inhibit JY cell adhesion to HUVECs and
homotypic aggregation.
2E8 Has Differential Effects on Human T Cell Proliferation

and Cytotoxicity—LFA-1, as a costimulatory molecule, is
important in regulating T cell activation and cytolytic function
in the context of the immunological synapse (30, 31).We exam-
ined whether 2E8 treatment affects human T cell proliferation
upon T cell receptor stimulation. First, we examined the effect
of 2E8 at various concentrations on the proliferation of both
CD4� and CD8� T cells using CFSE-labeled cells stimulated
with OKT3. As shown in Fig. 7A (solid line), the inhibition of T
cell proliferation by 2E8 is dose-dependent. With the increase
of 2E8 concentration from 0.5 �g/ml to 5 �g/ml and 50 �g/ml,
the frequency of dividing cells were decreased from 83% to 73
and 67% for CD4� T cells and from 88% to 78 and 62% for
CD8�Tcells, respectively. However, in the presence of 5�g/ml
MHM24 (shadow), the majority of T cells remained undivided
(the first peak on the left). The cell division index was deter-
mined based on the proliferation kinetics and normalized to the
isotype control (Fig. 7B). Although both 2E8 and MHM24 can
decrease the division index about 20% in CD4� T cells, the p
value was not significant. For CD8� T cells, 2E8 and MHM24
significantly reduced the division index to about 60 and 20% of
the isotype control, respectively. Thus, 2E8 can inhibit the pro-
liferation of humanT cells upon T cell receptor stimulation but
less efficiently than MHM24.
To determine whether 2E8 affects cytotoxicity, we assessed

the cytolytic capacity of effector cells from PBMCs primed and
expanded with OKT3. Using P815 cells as a target, we com-
pared the specific lysis in the presence of 2E8 and MHM24
using cytotoxicity assay (28). As shown in Fig. 8A, the specific
lysis of P815 by a representative human CTLs was measured in
the presence of 2E8 (20 �g/ml), and the killing of target cells at
various E:T ratios was not compromised. However, MHM24 at
the concentration of 0.2 �g/ml was already effective in inhibit-
ing the cytotoxicity, and we observed similar results using EL-4
as the target cells (data not shown). The inhibition of cytotox-
icity (relative percentage of caspase-3 positive cells normalized
to isotype control) by 2E8 andMHM24 at E:T ration of 20:1 was
summarized in Fig. 8B, showing that 2E8 treatment did not
affect the cytolytic function, whereas MHM24 significantly
inhibited the specific lysis of target cells.

DISCUSSION

Wereport a novelmAb, 2E8, that specifically binds to theHA
I-domain of LFA-1. In addition, 2E8 blocks the interaction of
LFA-1 to its ligand ICAM-1. The binding of 2E8 is metal ion-
dependent, and thus the binding site is likely associatedwith the
MIDAS. Furthermore, 2E8 recognizes Mn2�-activated LFA-1
but not LFA-1 in the resting state on human cells. Therefore,

FIGURE 6. Inhibition of JY cell adhesion and homotypic aggregation by
2E8. A, JY cell adhesion to TNF-� stimulated HUVECs. HUVECs were cultured
on the slides and stimulated with TNF-� (10 units/ml) for 24 h. JY cells were
pretreated with isotype control, 2E8, or MHM24 mAb (1 �g/ml) upon the
addition of Mn2� (5 mM). Activated JY cells were injected into the flow cham-
ber and allowed to adhere to slides coated with HUVECs. Top, a linear gradient
of shear flow increasing from 0 to 51 dynes/cm3 was perfused over the
adhered cells, and the extent of adhesion was determined by enumerating
the percentage of cells remaining at 50-s intervals. The data represent the
average of three independent experiments with error bars. Bottom, the per-
centage of cells remaining adhered to HUVECs at 45 dynes/cm2. The error bars
indicate the S.E., and the p value was generated using the Student’s t test.
B, homotypic aggregation. JY cells were treated with Mn2� (1 mM) or phorbol
12-myristate 13-acetate (PMA) (10 ng/ml) in the presence of 50 nM of isotype
control, 2E8, or MHM24 mAb. Cells treated with 1 mM Mn2�, 10 ng/ml phorbol
12-myristate 13-acetate, 1 mM Ca2�, or 1 mM EDTA, or cells without any treat-
ment were used as controls. Aggregation was scored as described under
“Experimental Procedures.” Three independent experiments showed identi-
cal results.
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2E8 is an activation-sensitive mAb
and demonstrates the appearance of
activation-induced conformational
changes in the I-domain. More
importantly, we have shown here
that 2E8 can inhibit human T cell
proliferation without affecting their
cytolytic function.
LFA-1 is an important molecule

in the immune system, and its acti-
vation state influences the outcome
of T cell activation (30, 31). There
has been long standing interest in
LFA-1 as a therapeutic target for
regulating immunity. Efalizumab
binds to LFA-1 with high affinity
(KD: 2 nM) for both active HA and
inactive LA I-domain and sterically
inhibits the binding of LFA-1 to
ICAM-1 (32). Although Efalizumab
showed promise in treating psoria-
sis patients, it was voluntarily
removed from the market due to
patients developing progressive
multifocal leukoencephalopathy,
possibly through completely down-
regulating T cell function. Develop-
ing the second generation of anti-
bodies, such as 2E8, that specifically
target the HA LFA-1 I-domain as
therapeutic inhibitors is the logical
next step.
AL-57, an mAb against both the

HA and the IA I-domain of LFA-1,
was developed recently by phage
display and recognizes the affinity-
up-regulated I-domain in a ligand
mimetic fashion (32, 33). The crys-
tal structures (3HI5 and 3HI6) of the
Fab fragment of AL-57 in complex
with the locked IA I-domain dem-
onstrates that AL-57 coordinates
with the MIDAS in a similar geom-
etry as ICAM-1 and that the binding
site of AL-57 overlaps the ICAM-1
binding site on the I-domain (34).
Additionally, a hydrophobic patch
further stabilizes the AL-57/I-do-
main interface to outcompete ICAM-
1 for theMIDAS site (32, 34).
Similar to ICAM-1, the binding of

2E8 to the I-domain requires the
presence of a divalent cation and
thus is metal ion-dependent (32).
This indicates that the 2E8/I-do-
main binding possibly acts in a typ-
ical ligand/integrinMIDAS interac-
tion, which requires an acidic

FIGURE 7. Effect of 2E8 and MHM24 on human T cell proliferation. PBMCs labeled with CFSE were stimu-
lated by OKT3 (300 ng/ml) for 5 days in the presence of various concentrations of 2E8 (solid line: 0.5, 5, or 50
�g/ml) or MHM24 (shadow: 5 �g/ml). A, T cell proliferation was assessed by CFSE dye dilution following
sequential gating on lymphocytes (by scatter) and CD4� or CD8� T cells. Each histogram plot represents the
cell division overlay in the presence of different concentrations of 2E8 (solid line) and 5 �g/ml MHM24 (shadow).
The percentage of dividing cells in the presence of various concentration of 2E8 was shown on the histogram.
Representative sample data of three independent experiments were presented. B, the relative division index of
CD4� and CD8� T cells in the presence of 2E8 and MHM24. The proliferation kinetics were analyzed by FlowJo,
and cell proliferation models were generated based on the CFSE histogram data. The cell division index was
calculated by FlowJo based on the proliferation kinetics. Data shown here are representative of three inde-
pendent experiments from three different samples. Results were mean and S.D. of three independent samples.
The asterisk represents data with p value less than 0.05 in the Student’s t test.
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residue interacting with themetal ion bound I-domain (16, 35).
2E8 may have a primary binding site located at theMIDAS and
is most likely mediated through a glutamic or aspartic acid car-
boxyl group. A comparison of binding kinetics demonstrates
that the KD of 2E8 to HA I-domain is an order of magnitude
weaker than that of AL-57 (197 versus 23 nM, respectively) but
close to the KD of ICAM-1 to HA I-domain at 310 nM (26).

An important attribute of 2E8 is the specificity for the HA
I-domain over both the IA and the WT forms. In contrast to
AL-57, 2E8 does not bind to the IA I-domain (Fig. 2A). More-
over, we have shown that 2E8 not only blocks the binding ofHA
I-domain to ICAM-1 but also prevents LFA-1-mediated cell
aggregation. 2E8 preferentially recognizes the active conforma-
tion of the I-domain and selectively binds activated LFA-1 on
cells; thus, the binding is in an activation-specific manner.
In addition to functioning as an adhesion molecule for leu-

kocyte migration and adhesion, LFA-1 plays a critical role in
regulating T cell function in the context of immunological syn-
apse. Specifically, LFA-1 is a costimulatory molecule mediating
T cell proliferation and cytotoxicity (30, 31). We demonstrated
the affinity changes in the I-domain of LFA-1 during mouse T
cell activation (17). However, little is known on the role of high
affinity LFA-1 in human T cell function, although Efalizumab

has been used in the clinic to target the I-domain of LFA-1 in
inflammatory responses (18–22). It binds to both the low and
the high affinity form of I-domain (23, 24). We found that 2E8
can block both human primary CD4� and human primary
CD8� T cell proliferation, albeit less efficiently than MHM24.
Interestingly, the cytolytic activity of human T cells remains
intact in the presence of 2E8, which is in contrast to MHM24,
which can significantly inhibit specific lysis of target cells. The
data suggest that there might be differential requirement of
LFA-1 activation in T cell proliferation and cytolytic function,
which remains to be investigated and understood in the future.
In summary, we developed and characterized 2E8 that spe-

cifically binds to theMIDAS site of the high affinity I-domain of
LFA-1. Our study improves the understanding of the structure
and function aspects of LFA-1 biology. Furthermore, 2E8 is a
potentially novel reagent for blocking high affinity LFA-1 and
modulating T cell activation.
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