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Background: Activation of integrins may improve cell retention rates in stem cell transplantation.
Results: The first small molecule agonist of integrin �4�1 is generated and enhances cell adhesion mechanisms in vitro.
Conclusion: The agonist binds at the subunit interface, inducing ligand binding with consequent displacement of compound.
Significance: The agonist may improve progenitor cell retention as an adjunct to cell-based therapy.

Activation of the integrin family of cell adhesion receptors on
progenitor cells may be a viable approach to enhance the effects
of stem cell-based therapies by improving cell retention and
engraftment. Here, we describe the synthesis and characteriza-
tion of the first smallmolecule agonist identified for the integrin
�4�1 (also known as very late antigen-4 or VLA-4). The agonist,
THI0019, was generated via two structural modifications to a
previously identified �4�1 antagonist. THI0019 greatly en-
hanced the adhesion of cultured cell lines and primary progen-
itor cells to �4�1 ligands VCAM-1 and CS1 under both static
and flow conditions. Furthermore, THI0019 facilitated the roll-
ing and spreading of cells onVCAM-1 and themigration of cells
toward SDF-1�. Molecular modeling predicted that the com-
pound binds at the �/� subunit interface overlapping the
ligand-binding site thus indicating that the compound must be
displaced upon ligand binding. In support of thismodel, an ana-
log of THI0019 modified to contain a photoreactive group was
used to demonstrate that when cross-linked to the integrin, the
compound behaves as an antagonist instead of an agonist. In
addition, THI0019 showed cross-reactivity with the related
integrin �4�7 as well as �5�1 and �L�2. When cross-linked to
�L�2, the photoreactive analog of THI0019 remained an ago-
nist, consistent with it binding at the �/� subunit interface and
not at the ligand-binding site in the inserted (“I”) domain of the
�L subunit. Co-administeringprogenitor cellswith a compound
such as THI0019 may provide a mechanism for enhancing stem
cell therapy.

Clinical trials have shown that stem/progenitor cell therapy
for cardiovascular indications is well tolerated and may
improve heart function (1, 2). However, low rates of cell reten-
tion and engraftment after cell delivery may be problematic in

achieving maximal benefits from the therapy. Studies have
shown that fewer than 10% of cells are retained in the heart
within hours after intracoronary administration of bone mar-
row progenitor cells in patients who have had a myocardial
infarction (3). Despite low retention rates, recent studies in ani-
mal models of myocardial infarction (4) and in patients with
dilated cardiomyopathy (5) have indicated that the early reten-
tion of transplanted stem cells directly correlates to improved
functional outcomes. Thus, finding a means to increase cell
retention would lead to more robust cell therapy (6).
One approach to increase cell retention has been to target the

integrin family of adhesion receptors expressed on the surface
of stem and progenitor cells (6). Integrins are a family of 24
distinct heterodimeric cell surface receptors composed of an �
and a � subunit (7). Integrins mediate the adhesion of cells to
extracellularmatrix proteins or to ligands expressed on the sur-
face of neighboring cells. They have been validated as drug tar-
gets in humans in that inhibition of integrin function has led to
the development of therapeutics for cardiovascular and auto-
immune indications (8, 9). Half of the � subunits contain an
extra “inserted” or “I” domain, which is responsible for ligand
binding. In those integrins that lack an I domain, the binding
site includes regions of both the � and � subunits (10). Integrin
activity depends on the coordination of divalent cations at the
metal ion-dependent adhesion site (MIDAS).2 A primary deter-
minant of ligand binding is the coordination of the cation at the
MIDAS site by an acidic residue supplied by the ligand itself
(11). Thus, most peptide or small molecule competitive antag-
onists of integrin function contain an acidic group that inter-
acts at the MIDAS site (10). Integrin activity also depends on
conformation; integrins exist in an equilibrium between differ-
ent conformational states that dictate their relative affinity for
ligand (12).
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The up-regulation of integrin activity or expression on the
surface of progenitor cells has been used to increase the reten-
tion of progenitor cells both in vitro and in disease models in
vivo. These approaches have targeted integrins either directly
by using activating antibodies (13) or indirectly by genetically
manipulating or preconditioning cells with recombinant pro-
teins (14–16). Targeting key integrins directlywith a smallmol-
ecule agonist may be an effective means to enhance cell reten-
tion in stem cell therapy. An attractive target for such an
approach is the integrin �4�1, which is expressed on the sur-
face of several progenitor cell types, including endothelial pro-
genitor cells (EPCs) and hematopoietic progenitor cells (HPCs)
(17, 18). �4�1 has been shown to be critical for progenitor cell
homing to sites of ischemia, as well as for cell fusion, in animal
models of stem cell therapy (17, 19). The predominant ligands
for �4�1 are vascular cell adhesion molecule-1 (VCAM-1) and
the alternatively spliced connecting segment-1 (CS1) sequence
of fibronectin (7). Importantly, expression of both VCAM-1
and fibronectin is up-regulated after tissue injury, including
after a myocardial infarction (20, 21).
One way in which integrins are activated physiologically is

through outside-in signaling via ligand binding; this was ini-
tially demonstrated when small RGD peptides that bind�IIb�3
were found to be partial agonists, as well as competitive antag-
onists, of cell adhesion (22). More recently, a small molecule
antagonist of �L�2 was found to be a partial agonist of cell
adhesion under low affinity conditions (23). These findings led
us to hypothesize that we can convert a known integrin antag-
onist to a full agonist. In this study, we describe the generation
and characterization of the first known small molecule agonist
of �4�1, an integrin that lacks an I domain. This small mole-
cule agonist promotes �4�1-mediated cell adhesion, rolling,
spreading, and migration. As such, it has significant effects on
stem/progenitor cell adhesion under both static and flow con-
ditions and therefore may prove to be a useful adjunct to stem
cell therapy.

EXPERIMENTAL PROCEDURES

Reagents and Cell Lines—The synthesis of THI0019,
THI0003 (also known as TBC3567), TBC3486, and THI0455
has been previously described (24–26). For all assays described,
THI0019 was dissolved in DMSO to make a 1 mM stock solu-
tion, and dilutions were made in assay buffer or media to yield
the desired final working concentrations in 1% DMSO (vehi-
cle). Synthesis of BIO5192 and its methyl ester has been previ-
ously described (27). Human collagen types II and IV, serum
fibronectin, and vitronectin were purchased from Sigma.
Human VCAM-1, MAdCAM-1 Fc chimera, ICAM-1, and
SDF-1 were purchased from R&D Systems (Minneapolis, MN).
TheCS1-BSA conjugate has previously been described (28) and
was synthesized at New England Peptide (Gardner, MA). Anti-
bodies were purchased from the following: ABD Serotec
(Raleigh,NC) (HP2/1 (anti-�4) and 38 (anti-�L)); R&DSystems
(Minneapolis, MN) (P5D2 (anti-�1) and BBIG-I1 (anti-ICAM-
1)); Invitrogen (SAM-1(anti-�5), anti-MAdCAM-1, and don-
key anti-goat-647); Pharmingen (FIB27 ((anti-�7), HUTS-21
(anti-�1), WM59 (anti-CD31), 581 (anti-CD34), 89106 (anti-
VEGFR2), and 9EG7 (anti-�1)); BDBiosciences (L25 (anti-�4));

Millipore (Temecula, CA) (B44 (anti-�1)); and Santa Cruz Bio-
technology (Santa Cruz, CA) (WW-9 (anti-Flk-1), C-20 (goat
polyclonal anti-�4)). The anti-VCAM-1 mAb P3C4 and
anti-�1 mAb TS2/16 were purified from hybridomas pur-
chased from the Developmental Studies Hybridoma Bank at
University of Iowa and American Type Culture Collection,
respectively. mAb 33B6 and the HPB-ALL T cell line were gifts
from B. McIntyre (M. D. Anderson Cancer Center, Houston,
TX). The cell lines Jurkat, K562, human umbilical vein endo-
thelial cells, M2-10B4, HSB, and TF-1 were obtained from
American Type Culture Collection (Manassas, VA) and were
maintained in recommended culturemedia. Themutant Jurkat
cell line not expressing�4 integrin (Jurkat (�4�)) (29) was a gift
from Dr. David Rose, University of California at San Diego, La
Jolla, CA.
Generation of EPCs—Human EPCs were generated from

peripheral blood essentially as described previously (13). Buffy
coats from human donors were obtained from Gulf Coast
Regional Blood Center, Houston, TX, and were separated over
a Ficoll gradient to isolate the mononuclear cell layer. Cells
were plated in tissue culture flasks coatedwith human fibronec-
tin (Sigma) in EC basal medium-2 (Clonetics, San Diego) sup-
plemented with EGM-2 SingleQuots. After 4 days, nonadher-
ent cells were removed by washing with phosphate-buffered
saline. Fresh medium was added, and adherent cells were
expanded in culture for 5 weeks. Endothelial progenitor cells
were characterized by flow cytometry for surface expression of
CD34, CD133, Flk-1 (KDR), CD31, and the �4 subunit of
VLA-4. For confocal microscopy, cells were seeded onto a col-
lagen-coated coverslip for 3 h at 37 °C, 5% CO2 and were incu-
bated with 2�g/ml Alexa Fluor 488-conjugated acetylated LDL
(Invitrogen) in complete medium for 1 h at 37 °C. Cells were
fixed in 2% paraformaldehyde and were stained with 4 �g/ml
lectin from Ulex europaeus-Atto 594 conjugate (Sigma) for 1 h
at room temperature. Images were captured on a Leica TCS
SPE confocal fluorescent microscope (Mannheim, Germany)
by using Leica Application Suite Advanced Fluorescence soft-
ware version 2.5.2-6939.
Static Cell Adhesion Assays—Ligands (CS1-BSA, VCAM-1,

MAdCAM-1, fibronectin, ICAM-1, vitronectin, and collagen I
and IV) in 50 �l of 50 mM Tris-HCl (pH 7.4), 150 mM NaCl
(TBS) were added to wells of a 96-well plate and allowed to coat
overnight at 4 °C. To maximize the window to evaluate agonist
activity, a suboptimal coating concentration of ligandwas used.
This ligand concentration corresponded approximately to that
which would yield �5% adhesion as determined by dose-re-
sponse curves of ligand binding to the appropriate cell type. For
assays inwhich both antagonismand agonismeffectswere to be
measured (e.g. Fig. 10, D, E, G, and H), the concentration of
ligand corresponded to that which would yield roughly 50%
adhesion. Exact ligand concentrations were as follows: Fig. 1, B,
0.03 �g/ml CS1-BSA, and C, 0.3 �g/ml CS1-BSA; Fig. 2B, 0.6
�g/ml CS1-BSA; Fig. 3, A, 0.2 �g/ml CS1-BSA, C, 0.5 �g/ml
VCAM-1, and E, 0.1 �g/ml VCAM-1; Fig. 6, A and B, 1 �g/ml
VCAM-1; Fig. 9, A, 1 �g/mlMAdCAM-1, C, 1 �g/ml fibronec-
tin, andD, 5�g/ml ICAM-1; and Fig. 10,C, 0.5�g/mlVCAM-1,
D and E, 3 �g/ml VCAM-1, F, 5 �g/ml ICAM-1, and G and H,
15 �g/ml ICAM-1. All assays were performed as described pre-
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viously (30). Briefly, 2 � 106 cells were labeled for 30 min with
calcein-AM (Molecular Probes), washed, resuspended in bind-
ing buffer, and added to ligand-coated plates (2 � 105 cells/
well) that had been blocked with 2% BSA. After a 30-min incu-
bation at 37 °C, the plateswerewashed three timeswith binding
buffer; the adherent cells were lysed, and fluorescence was
measured on a Tecan Safire2 plate reader. Because of the high
background adhesion of TF-1 cells, assays with this cell line
were performed at room temperature. Standard curves were
run for each assay to convert fluorescence units to cell number.
For each assay, the cells expressed the appropriate integrin
receptor either endogenously (Jurkat/�4�1, Jurkat/�2�1, EPC/
�4�1, TF-1/�4�1, K562/�5�1, K562/�1�1, human umbilical
vein endothelial cells/�v�3, Jurkat (�4�)/�L�2, and HSB/
�L�2) or in recombinant form (K562/�4�1, K562/�4�7, and
K562/�1�1). Generation of the recombinant K562 cell lines has
been described previously (31). The binding buffer was TBS
with 1 mM MgCl2 and 1 mM CaCl2 for low affinity �4�1 assays
or TBSwith 1mMMnCl2 for high affinity �4�1 assays. For cells
in which the �4�1 integrin was empirically determined to be in
a very low affinity state (K562 (�4�1) andEPCs), TBSwith 1mM

MnCl2 was used as the buffer. Cross-screening assays for�4�7/
MAdCAM-1, �5�1/fibronectin, �v�3/vitronectin, and �1�1/
collagen IV were performed in TBS with 1 mM MnCl2. Assays
for �L�2/ICAM-1 were conducted in TBS with 2 mM MgCl2
and 5mMEGTA. Assays for�2�1/collagen I were performed in
TBS with 1 mM MgCl2.
FACS Analysis—Jurkat, Jurkat (�4�), K562, K562(�4�1), or

TF-1 cells (5 � 105) were suspended in 100 �l of buffer
(Tyrode’s containing 1 mg/ml glucose, 1 mM MgCl2, and 1 mM

CaCl2). Primary mAb (10 �g/ml) was added, and cells were
incubated for 1 h on ice. For LIBS experiments, vehicle or com-
pounds were added at the same time as primary mAb. Cells
were washed and resuspended in 50 �l of buffer containing
FITC-conjugated GAM secondary antibody and were then
incubated on ice for 30 min. After another three washes with
buffer, cells were resuspended in 500 �l of buffer and were
analyzed on a Beckman Coulter Epics XL-MCL.
Parallel Plate Flow Detachment Assays—Detachment assays

were performed as described previously (30). Recombinant
human VCAM-1 (10 �g/ml (Fig. 3, G and H) or 5 �g/ml (Fig.
5E) in 0.1 M NaHCO3 (pH 9.5)) was immobilized overnight at
4 °C onto 24 � 50-mm slides cut from 15 � 100-mm polysty-
rene Petri dishes. The slides were washed with PBS, blocked
with 2% (w/v) BSA for 2 h at room temperature, and assembled
into a parallel plate flow chamber. For detachment assays, vehi-
cle, 10�MTHI0019, 10�g/mlmAbTS2/16, or combinations of
eachweremixedwith Jurkat cells in low affinity running buffer,
and then 2.0 � 106 cells were injected into the flow chamber
and allowed to settle on the slides for 10 min. An increasing
linear gradient of shear flow was pulled over the adherent cells
for 300 s with the use of a computer-controlled syringe pump
(Harvard Apparatus). Shear stress calculations were deter-
mined every 50 s. The shear stress in dynes/cm2 is defined as (6
�Q)/(wh2), where � is the viscosity of the medium (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 (0.01524 cm). The
number of cells attached was recorded by digital microscopy

(VI-470 charge-coupled device video camera; Optronics Engi-
neering) at�20 on an invertedNikonDIAPHOT-TMDmicro-
scope every 50 s and was plotted against time.
Cell RollingAssays—Stromal cells (M2-10B4)were seeded on

24 � 50-mm slides cut from 125-ml tissue culture flasks, cul-
tured overnight under standard tissue culture conditions, and
assembled to a parallel plate flow chamber. TF1 cells (2.0� 106)
were mixed with vehicle or 10 �M THI0019 in running buffer
and then injected into the parallel plate flow chamber system. A
constant shear flow of 0.5 dynes/cm2 was applied to the system
for 300 s, and theTF1 cells rolling across the stromal cellmono-
layer were recorded by digital microscopy. The digital record-
ings were then analyzed by using the Imaris Bitplane software
(version 7.6.1) to determine the velocity of individual cellsmov-
ing across themonolayer. The viewing area is 500 �m, and only
cells that traveled at least 400�mwere included. The velocity of
a cell is defined as the distance traveled divided by the time to
travel that distance.
Cell Spreading Assays—VCAM-1 (50 �l of 6 �g/ml) was

coated in TBS overnight at 4 °C onto high binding 96-well
plates (Costar). Plates were blocked with 2% BSA for 1 h at
room temperature and were washed with complete media
(RPMI 1640 supplemented with 10% FBS, 100 units/ml penicil-
lin, and 100 �g/ml streptomycin). HPB-ALL cells (104 cells in
complete media) were added to wells and incubated for indi-
cated time points at 37 °C. Images of cells were captured at�10
magnification on an Olympus IX71 inverted microscope
(Olympus America, Inc., Center Valley, PA) equipped with an
AHHO39020 CCD camera. For each treatment group, images
from three separate wells were quantitated (four fields counted
per well) in a blinded fashion, and the data were presented as
the percentage of cells spreading. For confocal images, HPB-
ALL cells were incubated on glass slides coated with VCAM-1
for 10 min. Cells were stained for actin in red (phalloidin) and
�4 integrin in green (goat polyclonal anti-�4 C-20 followed by
donkey anti goat-647). Nuclear staining is shown in blue
(Hoechst 33342).
Migration Assays—Migration assays were performed in

3-�M pore size Transwells (24 wells, Costar, Cambridge, MA).
The upper chambers were pre-coated with 3 �g/ml fibronectin
or 10�g/mlVCAM-1 in 50�l of TBSovernight at 4 °C andwere
then blocked with 2% BSA for 1 h at room temperature. After
washing with migration medium (RPMI 1640 medium supple-
mented with 1% FBS, 100 units/ml penicillin, and 100 �g/ml
streptomycin), the upper chambers were loaded with Jurkat
cells (2 � 105 cells) in 160 �l of migration medium. The lower
chambers contained 600 �l of migration medium supple-
mented with 10 �g/ml SDF-1� to induce chemotaxis. Jurkat
cells were mixed with vehicle (1% DMSO) or THI0019 at the
indicated concentrations immediately prior to being added to
the upper chamber. After a 4-h incubation at 37 °C, 5%CO2, the
upper chambers were removed, and cells in the lower chamber
were collected and counted on a hemocytometer. Results are
expressed as the total number of cells migrated.
In Silico Docking of THI0019 in �4�7 Crystal Structure—

Modeling Suite 2012 (Schrödinger LLC,NewYork)was used on
a 16-core 2.4 GHz AMD Operon system to visualize THI0019
binding to an integrin model. A Glide (version 5.8) docking
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model was generated starting with a crystal structure of �4�7.
The structure 3v4v was downloaded from the Protein Data
Bank (32) and read into a Maestro (version 9.3). All chains
except A (�4) and B (�7) were deleted. A basic protein prepa-
rationwas performed using programdefaults, with the addition
of filling in missing side chains and deleting water molecules
beyond 5Å fromheteroatoms.Missing atomswere identified in
Ser-559 in chain A and Cys-455 in chain B. The complete prep-
aration of the protein portion of themodel involved the follow-
ing: 1) basic protein preparation; 2) assignment of heteroatom
states; 3) H-bond assignment, including PROPKA; 4) deletion
of waters with less than threeH-bonds to non-waters; 5) Impref
“H-only” minimization; and 6) Impref “Minimize All” to root
mean square deviation� 0.5. For THI0019, a Lig PREP (version
2.6) calculation was performed on the structure (imported as a
SDF file) by using default criteria and Epik (version 2.3) ioniza-
tion. AGlideGridwas generated using default settings based on
the crystal structure ligand. In addition, a constraint was spec-
ified for metal ion. A virtual screening workflow was submitted
for the crystal structure ligand and then for THI0019. The vir-
tual screening workflow involved docking with Glide XPmode,
starting with three extra conformations and rescoring with the
Prime MMGBSA �Gbind.
Cross-linking Experiments—Cells and buffers were selected

to maximize the interaction of compounds with integrin. K562
(�4�1) cells or compounds in 150 �l of TBS (pH 7.4), 1 mM

MnCl2 were placed in wells of a 48-well plate coated with 0.5%
polyHEMA. Alternatively, cells were premixed with vehicle or
10 �M compound before being adding to wells. Plates were
placed in a SpectroLinker XL-1000 (Spectronics Corp., West-
bury, NY) 4.5 cm from the UV source and exposed to UV radi-
ation at 312 nm for 3 min. Cells, compounds, or mixtures were

removed from the plates and transferred to 96-well plates (5 �
104 cells/well) for the static adhesion assay. We conducted the
�L�2/ICAM-1 cross-linking studies in an identical manner,
except that we used HSB cells (2 � 105 cells/well) in TBS (pH
7.4), 2 mM MgCl2, and 5 mM EGTA.
Statistical Analysis—Anunpaired Student’s t test was used to

determine statistical significance between treatment groups.
Differences were considered significant at p � 0.05.

RESULTS

IntegrinAntagonist Is Converted to anAgonist—TBC3486 is a
potent (IC50 � 9 nM), selective antagonist of the integrin �4�1
(31) and was used as a template for the design of an �4�1 ago-
nist (Fig. 1A). Using cell-based adhesion assays, we measured
the extent of binding of the human T cell line Jurkat to wells
coatedwith theCS1 sequence of fibronectin conjugated toBSA.
We screened compounds at concentrations from 0.1 to 30 �M,
a range in which TBC3486 completely abrogated cell adhesion
under both high and low affinity conditions (Fig. 1, B and C).
Insertion of an oxymethylene group into the backbone of
TBC3486 yielded a compound (THI0003) that was substan-
tially less active than its parent; the reduced activity was likely
due to sub-optimal alignment of themolecule upon interaction
of the acid group with the MIDAS site (Fig. 1B). Under low
affinity conditions, however, THI0003 showed agonist activity
(Fig. 1C). Subsequent conversion of the carboxylic acid group of
THI0003 to a methyl ester resulted in the formation of a com-
pound (THI0019) that showed agonist activity under both high
and low affinity conditions (Fig. 1, B andC). Thus, we chose the
compound THI0019 for further evaluation. It is important to
note that modification of the key carboxylic acid residue to a
methyl ester does not convert all classes of �4�1 antagonists to

FIGURE 1. Agonist THI0019 is generated from �4�1 antagonist TBC3486. A, two structural modifications resulted in the conversion of TBC3486 to THI0019.
Compounds were evaluated for their effect on binding of Jurkat cells to CS1-BSA under high (B) and low (C) affinity conditions. Adhesion was measured by
fluorescence; 100% control adhesion (dotted line) was defined as the binding of cells in the presence of vehicle alone. Results are expressed as fluorescence
units � S.D. from triplicate wells.
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agonists. For example, applying this same modification to the
antagonist BIO5192 (KD � 10 pM) (33) resulted in the forma-
tion of a compound that retained its ability to inhibit �4�1-
mediated adhesion, albeit to a weaker extent than that of the
parent compound (Fig. 2).
We performed subsequent adhesion assays by using subop-

timal ligand concentrations to maximize the window for
observing increases in cell binding. In cell adhesion assays in
which Jurkat cells bound to CS1-conjugated BSA, THI0019
showed a dose-dependent enhancement in cell binding with an
effective concentration giving half-maximal binding (EC50) of
1.7 �M (Fig. 3A). In this assay format, the compound increased
the number of cells bound to CS1 by 20–30-fold. However,
THI0019 did not induce cell adhesion to a CS1-BSA conjugate
in which the CS1 sequence had been modified by changing the
key aspartic acid residue (LDV) to alanine (LAV). Furthermore,
neutralizing antibodies to the�4 or�1 integrin subunit blocked
the adhesion-inducing effects of THI0019, whereas antibodies
to the�5,�L,�7, or�2 integrin subunits had no effect (Fig. 3B).
These findings indicated that the binding of cells to CS1-BSA
was integrin-dependent and thatTHI0019 did not induce adhe-
sion to other regions of the CS1 sequence or to the BSA conju-
gate.When VCAM-1was used as the ligand (Fig. 3C), THI0019
induced an even more pronounced 100-fold increase in Jurkat
cell binding, with an EC50 of 1.2 �M. However, this effect of
THI0019 was not observed when using amutant Jurkat cell line
that does not express �4 integrins (Fig. 3C) or by pretreating
Jurkat cells with antibodies to VCAM-1 or the�4 or�1 integrin
subunits (Fig. 3D).
To determine whether THI0019 had a similar effect on cells

that are candidates for regenerative medicine, we isolated
human EPCs from peripheral blood and characterized them by
confocal microscopy and flow cytometry. The cells showed two
hallmark characteristics of human EPCs as follows: acetylated
low density lipoprotein uptake andU. europaeus lectin binding
(data not shown). Furthermore, the cells showed a heterogene-
ous expression of the progenitor cell marker CD34 and were
positive for the endothelial markers CD31 and VEGFR2, and
they had little or no expression of CD133, suggesting a late EPC
phenotype (data not shown). Importantly, the cells were posi-
tive for �4 integrin. Similar to our findings with Jurkat cells,
THI0019 induced a dose-dependent increase in EPC binding to

VCAM-1 (EC50 of 3.7 �M), increasing the number of cells
bound by 10–30-fold above base line (Fig. 3E). This effect was
blocked by antibodies to the�4 or�1 integrin subunits (Fig. 3F).
Cells Treated with THI0019 Are Resistant to Shear Stress—

To determine whether THI0019 affects cells under conditions
of shear stress, we evaluated Jurkat cells or EPCs in parallel plate
flow chambers. Cells were mixed with either vehicle or 10 �M

THI0019 and infused onto slides coated with VCAM-1. After
allowing the cells to settle for 10min, we determined the rate of
cell detachment as the flow rate increased. Under these condi-
tions, the calculated shear stress ranged from 0 to 45 dynes/
cm2. Jurkat cells treated with vehicle gradually detached with
�25% remaining at 15 dynes/cm2, a rate approximating arterial
shear stress (Fig. 3G). In contrast, Jurkat cells treated with
THI0019 detached at a much slower rate, with 63% of cells still
attached at 15 dynes/cm2. The results were evenmore dramatic
with EPCs (Fig. 3H). Vehicle-treated EPCs rapidly detached
from the VCAM surface, most likely because of the low basal
activity of the �4�1 integrin expressed on EPCs compared with
Jurkat cells. In contrast, THI0019-treated EPCs detached at a
very slow rate, andmost cells remained attached even under the
highest level of shear stress tested.
THI0019 Does Not Induce Ligand-induced Binding Site

Epitopes—Because of the short duration of the adhesion assays,
we believe the enhanced cell adhesion was probably not due to
an increase in cell surface expression of the integrin. To con-
firm this, we used flow cytometry to show that treatment of
Jurkat cells with THI0019 for 30 min had no effect on the bind-
ing of the monoclonal antibodies (mAbs) HP2/1 and 33B6,
which recognize the �4 and �1 integrin subunits, respectively
(Fig. 4A). Similar results were obtained after cells were incu-
bated for 4 hwith THI0019 before processing (data not shown).
To determine whether THI0019 alters integrin conforma-

tion, we used flow cytometry to examine the effect of the com-
pound on the binding of a series of mAbs that recognize LIBS
epitopes. Binding of ligand induces a conformational rear-
rangement in the �1 subunit that results in the exposure of
these epitopes and increased antibody binding. In a similar
fashion, the antagonist TBC3486, a ligand mimetic, has been
shown to also increase binding of LIBS antibodies (31). Flow
cytometry experiments (Fig. 4B) demonstrated that although
TBC3486 induced the binding of the LIBS mAbs B44, HUTS-

FIGURE 2. Methyl ester of BIO5192 is an antagonist of �4�1. A, structure of BIO5192 and its methyl ester. B, compounds were evaluated for their ability to
affect the binding of Jurkat cells to CS1-BSA under low affinity conditions, as described in Fig. 1 and under “Experimental Procedures.” Results are expressed as
relative fluorescence units � S.D. from triplicate wells. Both BIO5192 (circles, solid line) and its methyl ester form (triangles, dashed line) inhibited adhesion.
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21, and 9EG7, the agonist compound THI0019 did not increase
or decrease the exposure of these epitopes relative to the vehicle
control.
THI0019 Is Synergistic with Mn2� and Activating mAb

TS2/16—Mn2� cation and the mAb TS2/16 both activate
integrins experimentally but by different mechanisms. For
integrins such as �4�1, Mn2� binds to the cation-binding sites
in the � subunit and up-regulates integrin affinity (34). The
epitope for activating TS2/16 is located in the � subunit, and
upon binding, TS2/16 induces a high affinity conformation of
�1 integrins (35). Because THI0019 did not induce major con-
formational changes in the � subunit, as shown by the LIBS
analysis, we evaluated the effect of the compound when com-
bined with these agents. For these experiments, we used a
human K562 cell line engineered to express recombinant �4
because the resulting �4�1 integrin was empirically deter-
mined to be in a very low affinity state. Fig. 5,A andB, shows the

dose-response curves of these cells adhering to the CS1 ligand.
Cell binding was clearly enhanced in the presence of Mn2� or
TS2/16. If suboptimal concentrations of CS1 were used, either
of these agents or THI0019 had little or no effect on cell adhe-
sion (Fig. 5, C and D). However, when the cells were treated
with a combination of THI0019 and Mn2� or TS2/16, we
observed a synergistic effect on cell adhesion. No increase in
adhesion was seen when Mn2� or TS2/16 was used in combi-
nation with vehicle or when BSA was used as substrate. These
findings indicate that the mechanism of THI0019 agonism is
different from that of Mn2� or TS2/16.

The synergistic effect we observed under static conditions
translated to increased adhesion under flow conditions. In par-
allel plate flow experiments using Jurkat cells, the detachment
curves for cells treated with TS2/16 or THI0019 alone were
shifted far to the right relative to those for vehicle-treated cells
(Fig. 5E and supplemental Movies S1–S3). When THI0019 and

FIGURE 3. THI0019 enhances binding of Jurkat and EPCs under both static and flow conditions. A, C, and E, dose-response curves showing the effects of
THI0019 on binding of Jurkat cells to CS1-BSA containing either the wild-type LDV or a mutated LAV binding sequence (A), Jurkat cells or a mutant Jurkat line
that does not express �4 integrin (�4�) to VCAM-1 (C), and EPCs to VCAM-1 (E). Results are expressed as the number of cells attached � S.D. from triplicate
wells. B, D, and F, specificity was determined by preincubating the cells with buffer (none) or antibodies (10 �g/ml) to integrin subunits or isotype control
antibodies. *, p � 0.05, versus respective Ig controls. Cell detachment assays under conditions of flow were performed with Jurkat (G) or EPCs (H) and VCAM-1.
Results are expressed as the mean percentage of cells attached � S.D. from triplicate runs. *, p � 0.05, versus vehicle-treated cells.
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TS2/16 were combined, few cells detached, even under very
high shear stress (supplemental Movie S4).
THI0019 Facilitates Cell Rolling, Spreading, and Migration—

In static adhesion assays, the binding of the hematopoietic pro-
genitor cell line TF-1 to VCAM-1 was greatly enhanced by
THI0019 in an �4�1-dependent manner (Fig. 6, A and B). To
further delineate the components of cell trafficking affected by
the agonist, we performed rolling assays using these cells in
parallel plate flow chambers. TF-1 cells were infused across the
surface of M2-10B4 stromal cells expressing VCAM-1, and a

constant shear flow of 0.5 dynes/cm2 was applied.We analyzed
video images to identify rolling cells (total of 200–600 events),
and we determined the relative velocity of the rolling cells on
the basis of the number of frames required for a cell to travel a
specified distance. Of the rolling cells, a significantly higher
percentage of THI0019-treated cells traveled at slower rates
than vehicle-treated cells (Fig. 6C). This translated to a 27%
decrease in the average velocity of the rolling cell population as
a whole (Fig. 6D). As a decrease in velocity typically precedes
cell arrest and firm attachment, these data indicate that the

FIGURE 4. THI0019 does not induce expression of �4�1 or LIBS epitopes. Flow cytometry analysis of Jurkat cells was performed to measure the effect of
THI0019 on the expression levels of �4 and �1 (A) and binding of LIBS mAbs (B). Results are expressed as mean fluorescence intensity (MFI) � S.D. from triplicate
runs. Mean fluorescence intensity values for respective IgG controls for each antibody are shown in black within the same bar. TBC3486 was used as a positive
control in B. *, p � 0.05, versus vehicle-treated cells; ns, not significant.

FIGURE 5. Mechanism of THI0019 is distinct from that of Mn2� or TS2/16. Adhesion of K562 (�4�1) cells to CS1-BSA was measured in TBS containing 1 mM

MgCl2, 1 mM CaCl2 with or without the addition of 1 mM MnCl2 (A) or 10 �g/ml mAb TS2/16 (TS2) (B). *, p � 0.05, versus buffer alone. B, lines for buffer and IgG1
overlap one another. C and D, CS1-BSA was coated at suboptimal concentrations as determined in A and B (arrows). Cells were treated with vehicle (v) or 10 �M

compound (19) immediately before being added to the plate. Results are expressed as the number of cells bound � S.D. from triplicate runs. E, results from
parallel plate flow detachment assays are expressed as the mean percentage of cells attached � S.D. from triplicate runs. C–E, *, p � 0.05, versus either
treatment alone (see also supplemental Movies S1–S4).
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agonist is facilitating early events in the cell extravasation pro-
cess, including rolling.
To determine whether THI0019 promotes cell spreading, we

incubated HPB-ALL cells with vehicle or THI0019 in 96-well
plates coated with BSA or VCAM-1. HPB-ALL cells were used
as �4�1-dependent spreading is readily detected in this cell
type (36). Images were captured and quantitated at 30, 90, and
240 min (Fig. 7A). The cells did not spread on BSA but readily
spread on VCAM-1. A significantly higher percentage of
THI0019-treated cells spread at 30 and 90min than did vehicle-
treated cells, and the spreading was more robust (Fig. 7B). At
240 min, the percentage of cells that spread on VCAM-1 was
similar between the two groups. In a qualitative assessment of
cell spreading, HPB-ALL cells were incubated on glass slides
coated with VCAM-1 and evaluated by confocal microscopy.
Although overall spreading was accelerated in this format rela-
tive to the 96-well plate regardless of treatment, THI0019 pro-
moted substantially more cell spreading than did vehicle treat-
ment (Fig. 7C). Vehicle-treated cells were generally more
rounded, whereas THI0019-treated cells weremore elaborately
spread with �4 integrin localized in some cases to the filopodia.

We next examined whether the THI0019-induced enhance-
ment in cell adhesion and spreading promoted or adversely
affected cell migration. Stromal cell-derived factor �1 (SDF-1)
is a primary chemokine involved in progenitor cell trafficking,
both in the bonemarrow and in homing to sites of ischemia and
inflammation (21, 37). Jurkat cells were treated with vehicle or
THI0019 and placed in the upper compartment of a Transwell
chamber in which the membranes were coated with either

fibronectin orVCAM-1; SDF-1was placed in the bottomcham-
ber. The results of the assay were similar for both ligands (Fig.
8). SDF-1 induced migration of cells above background levels.
When cellswere treatedwithTHI0019, the number ofmigrated
cells increased significantly above that observed with SDF-1
alone. As typically seen in these assays, the positive effect on cell
migration resulted in a bell-shaped dose-response curve. The
optimal migration was reached at 0.1 �M THI0019. The extent
ofmigration seen at the highest dose of THI0019 tested (10�M)
was not significantly different from that seen with SDF-1 alone.
THI0019 Cross-reacts with Other Integrins—THI0019 was

derived from the antagonist TBC3486, which is highly selec-
tive for �4�1 (31). Because the agonist was active in the micro-
molar range, cross-reactivity with other integrins was possible.
THI0019 had negligible effects on cell binding mediated by
�v�3, �1�1, and �2�1 (data not shown); however, it enhanced
the binding of cells expressing the related integrin �4�7 to
mucosal addressin cell adhesion molecule (MAdCAM)-1, with
an EC50 similar to that previously measured for the binding of
�4�1 to VCAM-1 (Fig. 9A). This effect was blocked by antibod-
ies to �4, �7, and MAdCAM-1 but not �1 (Fig. 9B). Surpris-
ingly, THI0019 also showed agonist activity in assaysmeasuring
�5�1- and �L�2-mediated adhesion to fibronectin and inter-
cellular adhesion molecule (ICAM)-1, respectively (Fig. 9, C
andD). The latter was particularly unexpected because�L con-
tains an I domain that is the primary determinant of integrin
binding. Neutralizing antibodies against �4 did not inhibit
these effects (Fig. 9, E and F). Using flow cytometry, we ensured
that the cell lines used expressed little or no �4 integrin (data

FIGURE 6. THI0019 promotes rolling of HPC on VCAM-1-expressing stromal cells. A, dose-response curve showing the effects of THI0019 on binding of TF-1
cells to VCAM-1 under low affinity conditions. Adhesion assays were performed as described under “Experimental Procedures.” Results are expressed as the
mean number of cells attached � S.D. from triplicate runs. B, specificity of the effect of THI0019 on cell adhesion was determined by preincubating the cells with
buffer (none) or antibodies (10 �g/ml) to various integrin subunits or isotype controls. *, p � 0.05, versus respective Ig controls. C, velocity of rolling TF-1 cells
on a stromal cell monolayer. The percentage of cells traveling at defined velocities is shown. D, average velocity � S.D. from triplicate runs of the cells in C is
shown. *, p � 0.05, versus vehicle-treated cells.
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not shown) so that any effects of possible cross-talk between �4
integrins and �5�1 or �L�2 would be minimized.
THI0019 Overlaps with the Ligand-binding Site of �4

Integrins—To further elucidate the mechanism by which
THI0019 acts as an agonist of integrin activity, we docked the
compound into the recently published x-ray crystal structure of
�4�7 (38) because no crystal structure forms of�4�1 have been
determined. The �4�7 integrin shares the same � subunit as
�4�1, and, as described above, the agonist THI0019 enhanced
the binding of�4�7-expressing cells to the ligandMAdCAM-1.
THI0019 is a structural analog of the ligand mimetic TBC3486
and, not surprisingly, docked favorably into the ligand-binding
site (�Gbind score of�75.9) (Fig. 10A). Themodel predicts that
THI0019 bridges both the� and� subunits, which is consistent
with previous x-ray structures of integrins co-crystallized with
small molecules (10, 38). Unlike most antagonists, however,
there was no interaction with the MIDAS site in the � subunit,
which is consistent with the LIBS antibody results. The model

does predict hydrogen bonding between the amide NH group
of residue Ser-238 of the� subunit with the carbamate carbonyl
of the compound. In addition, the amide carbonyl and NH
groups of Asn-235 are predicted to form hydrogen bonds with
one of the urea NH groups and the ester carbonyl of the com-
pound, respectively. There was clearly interaction between one
of the thiophene rings and the � subunit, including �-� stack-
ing interactions with residues Tyr-187 and Phe-214. Site-di-
rected mutagenesis has shown that Tyr-187 is critical for �4�1
binding to VCAM-1 and CS1 (39) and for �4�7 binding to
MAdCAM-1 (40). In addition, the analogous residue in the �5
subunit, Phe-187, is required for optimal binding of fibronectin
to �5�1 (39).This may explain in part how THI0019 can inter-
actwith all three of these integrins.However, this bindingmode
results in the paradox that the binding site for the small mole-
cule agonist overlaps with that of the ligand, at least for integ-
rins that do not contain an I domain. As such, the compound
must be displaced from the binding pocket upon ligand bind-

FIGURE 7. THI0019 facilitates cell spreading on VCAM-1. A, HPB-ALL cells were incubated with vehicle or THI0019 in wells coated with BSA or VCAM-1 for 30,
90, or 240 min. At each time point, images were captured, and representative images from each time point are shown. B, images were quantified, and the results
are expressed as the mean percentage of cells that spread � S.D. from triplicate wells (only the 240-min time point is shown for BSA control). *, p � 0.05, versus
vehicle-treated cells. C, confocal images of vehicle-treated or THI0019-treated HPB-ALL cells incubated on glass slides coated with VCAM-1 for 10 min. Cells are
stained for actin (red) and �4 integrin (green). Nuclear staining is shown in blue.
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ing. This scenario seems plausible for �4�1 because the EC50 of
THI0019 is �1 �M, whereas the KD of VCAM-1 binding to
�4�1 has been reported as�10 nM (41). To test this hypothesis,
we synthesized an analog of THI0019 in which one of the thio-
phene rings was replaced with a phenyl azide (THI0455) (Fig.
10B). Based on the model, we predicted that, similar to the
thiophene, the phenyl azide would interact with the �4 subunit
and thus promote adhesion. Upon exposure to ultraviolet (UV)
light, the phenyl azide forms a nitrene group that can initiate
reactions to cross-link the compound to the receptor. If the two
binding sites overlap, cross-linking THI0455 to the integrin
should inhibit rather than enhance cell adhesion. As predicted,
THI0455 was as potent an agonist as THI0019 in the absence of
UV treatment (Fig. 10C). When THI0455 and cells were sub-
jected to UV light separately before mixing, THI0455 had no
effect on cell adhesion, although theTHI0019 control remained
active (Fig. 10D). This is consistent with the hydrophobic phe-
nyl azide being converted to a more hydrophilic photoproduct
in buffer, which is not predicted to bind favorably to the integ-
rin. For these experiments, VCAM-1 was coated at a dose that
would allow detection of both agonism and antagonism. Cells
treated with UV radiation in the presence of THI0455, how-
ever, showed a 50% inhibition of cell adhesion to VCAM-1
compared with cells treated with UV radiation in the presence
of vehicle (Fig. 10E). When analogous experiments were per-
formed with �L�2-expressing cells and ICAM-1, THI0455 was
again an agonist in the absence of UV treatment (Fig. 10F) and
was inactivated upon exposure to UV radiation (Fig. 10G).
However, in contrast to the�4�1 results, THI0455 remained an
agonist after cross-linking to �L�2 (Fig. 10H), most likely

because the ligand-binding site is contained within the I
domain of �L�2 and not at the �/� subunit interface, where we
predicted the compound to bind. The extent of agonism was
reduced after cross-linking, most likely because any free com-
pound was quickly inactivated by UV radiation so the effective
concentration of compound is decreased (Fig. 10G).

DISCUSSION

One of themajor hurdles to achievingmaximal benefits from
stem cell therapy is the low retention of administered cells at
the target site. The integrin �4�1 plays a key role in the homing
of progenitor cells to sites of injury and mediates cell adhesion
to expressed ligands (17, 18). In this study, we describe the
development of the first small molecule agonist of �4�1 or any
integrin lacking an I domain. We generated this agonist,
THI0019, by making two structural modifications to a known
�4�1 antagonist. THI0019 enhanced rolling, spreading, adhe-
sion, and migration of cells in an �4�1-dependent fashion.
Although these studies were performed in vitro, our finding
that THI0019 significantly increased the adhesion of EPCs and
HPCs under both static and flow conditions suggests that this
compound may potentially improve cell therapy by helping to
home and retain cells at the site of injury.
There are similarities and key differences between THI0019

and previously described integrin agonists. Studies have shown
that an RGD peptide can trigger activation of integrin �IIb�3,
which allows it to bind fibrinogen after washout of the peptide
(22). Binding of the peptide induces a conformational change in
the integrin that promotes binding to fibrinogen, possibly by
facilitating recognition of synergy sequences present in the
ligand. TheRGDpeptide also functions to inhibit integrin func-
tion, yet the partial agonist and antagonist effects are due to
occupation of the same binding site (22). We speculate that
similar events are applicable to THI0019, except that it is a full
agonist. The small molecule agonist binds with relatively low
affinity and induces a subtle conformational switch that facili-
tates ligand binding with consequent displacement of the com-
pound. Such a conformation may promote recognition of
accessory binding sites known to be present in VCAM-1 and
fibronectin (42, 43).
Agonists have also been described for the �2 family of integ-

rins (23, 44, 45), which contain I domains. A partial agonist of
�L�2 integrin has been identified that is an allosteric antagonist
when screened in the presence of Mn2� but functions as an
agonist in the presence of Mg2� and Ca2� (23). The authors
speculate that both activities are mediated by binding to the
same pocket and that the interaction of the compound with the
I domain is altered depending on whether Ca2� or Mn2� is
bound. In the presence of Ca2�, the compound can bind to the
I domain in a manner that induces an active conformation. By
inducing sustained adhesion to substrate, the partial agonist
effectively inhibited leukocyte migration by preventing detach-
ment of the trailing edge of cells (23). In addition, two research
groups have used high throughput screening to identify ago-
nists of�M�2 (44, 46). These compounds share common struc-
tural features and are thought to stabilize the high affinity con-
formation of the �M�2 integrin (44, 45). Moreover, these
compounds have been proposed for use as anti-inflammatory

FIGURE 8. THI0019 enhances SDF-1-mediated cell migration. Results of
SDF-1-induced migration of Jurkat cells in Transwell chambers coated with
fibronectin (FN) or VCAM-1. Cells were treated with THI0019 or vehicle (�) as
indicated. After 4 h, the number of cells in the lower chamber were counted.
Results are expressed as the total number of cells migrated � S.D. *, p � 0.05.
versus SDF-1 alone.
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agents because they inhibit leukocytemigration by not allowing
detachment of cells once bound firmly to their counter-recep-
tors (44, 45). Proof-of-concept studies have demonstrated the
efficacy of these compounds in animal models of peritonitis,
nephritis, and coronary angioplasty (44, 45). In contrast,
THI0019 promotes rather than inhibits cell migration. There-
fore, THI0019 would be used clinically in a different manner.
We believe it could be used as an adjunct to cell-based therapy;
premixing cells with THI0019 immediately before injection
may enhance the homing and engraftment of delivered cells,
and potential mechanistic side effects would be minimized
because the total dose injected would be low, thus limiting the
circulating levels of free compound.
THI0019 is synergistic with two other known integrin acti-

vators, Mn2� andmAb TS2/16, both of which interact with the
�1 subunit. Thus, the agonist functions through a mechanism

distinct from that of either Mn2� or TS2/16. In addition,
THI0019 does not induce epitopes recognized by three differ-
ent LIBS mAbs, all of which bind the � subunit. This finding
indicates that the compound does not engage the MIDAS
site, which is consistent with the lack of a carboxylic acid
group on THI0019 and THI0019’s inability to induce a global
conformational change in the � subunit. Unlike other known
integrin activators, THI0019may induce subtle conformational
changes, and the primary effects may be mediated through the
� subunit. Previous molecular docking studies of its parent
antagonist molecule, TBC3486, into a model of the �1 subunit
indicate that the carboxylic acid group and surrounding motifs
bind to the �1 subunit, leaving the bis(arylmethyl)aminocar-
bonyl group available to interact with the � subunit (47). Activ-
ity data frommultiple analogs indicate that the bis(arylmethyl)-
aminocarbonyl motif of THI0019 is much more sensitive to

FIGURE 9. THI0019 enhances �4�7, �5�1, and �L�2-mediated cell adhesion. A, C, and D, dose-response curves of THI0019-treated cells showing the
binding of K562 (�4�7) cells to MAdCAM-1 (A), K562 cells to fibronectin (C), and mutant Jurkat (�4�) cells to ICAM-1 (D). Results are expressed as the number
of cells attached � S.D. from triplicate wells. B, E, and F, specificity was determined by preincubating the cells with buffer (none) or antibodies (10 �g/ml) to
integrin subunits or isotype controls. *, p � 0.05, versus respective Ig controls.
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structuralmodifications than is the rest of themolecule.3Dock-
ing of the compound into the recently published crystal struc-
ture of �4�7 predicts that although portions of THI0019 inter-
act with the � subunit through hydrogen bonding, one of the
key binding determinants is through �-� stacking of the thio-
phene rings with Tyr-187 and Phe-214 in the�4 subunit. These
two residues have recently been shown to interact with a class
of small molecule antagonists of �4�7 that were co-crystallized

with the integrin (38). A precedent for the importance of the
interaction with the � subunit was recently shown in studies of
RUC-1, a small molecule antagonist of integrin �IIb�3 that has
a unique mode of binding (48). X-ray crystal structure data
indicate that RUC-1 binds exclusively to the� subunitwith only
minor bridging to the � subunit through water molecules. In
contrast to antagonists that are ligand mimetics that bind and
induce a high affinity conformation, RUC-1 appears to bind and
maintain the integrin in a closed low affinity conformation.
Similar to THI0019, RUC-1 does not induce LIBS epitopes in
the � subunit and has activity in the low micromolar range,

3 R. J. Biediger, C. W. Gundlach IV, S. Khounlo, N. Warier, R. Market, P. Vander-
slice, and R. A. F. Dixon, manuscript in preparation.

FIGURE 10. THI0019 overlaps with the ligand-binding site of �4 integrins but not �L�2. A, THI0019 docks into the ligand binding pocket of integrin �4�7.
Molecular surfaces of the integrin are shown in blue (�4) and light tan (�7); key residues are labeled and shown in stick form. Mg2� bound at the MIDAS site is
shown as a dark red sphere, and the Ca2� ions bound at the SyMBS and ADMIDAS sites are shown in yellow. THI0019 is shown with a dark gray carbon backbone.
As a point of reference, one of the key residues (Ser-144) for coordinating the Mg2� cation in the MIDAS site is shown. B, structure of the cross-linking compound
THI0455. The phenyl azide modification is circled. C, in the absence of UV treatment, THI0455 has similar agonist activity as THI0019 in a static adhesion assay.
D, cells and compounds were treated separately with UV radiation and then mixed for the assay (UV). Irradiated cells that were mixed with compounds that had
not been exposed to UV treatment were used as controls (no UV). E, cells were pre-mixed with compounds before exposure to UV treatment to induce
cross-linking of the compound to the integrin (x-link). As control groups, compounds were added to the cells after the cells were exposed to UV treatment (no
x-link). F–H, identical experiments were performed with �L�2-expressing cells and ICAM-1. D and E and G and H, results are expressed as the number of cells
attached � S.D. from triplicate wells; *, p � 0.05, versus respective vehicle control (ns, not significant).
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probably because it does not engage in a high affinity interac-
tion with the MIDAS site of the integrin (48). Unlike THI0019,
however, RUC-1 is an antagonist of integrin function and does
not induce ligand binding. Further studies, including co-crys-
tallization of the integrin with the compound, will be required
to delineate the details of the interaction between the agonist
THI0019 and the integrin.
The mode of binding predicted by our docking experiments

indicates that THI0019 binds at a site that overlaps the ligand
binding pocket. Thus, we hypothesized that the compound
would have to be displaced from this site upon ligand binding.
To test this prediction, we synthesized a structural analog of
THI0019 inwhich one of the thiophene rings was replacedwith
a photoreactive phenyl azide. If the sites overlapped, cross-link-
ing of the compound to the integrin would inhibit rather than
enhance cell adhesion. Mixing the cells with the analog com-
pound followed by UV treatment converted the compound
from an agonist to an antagonist, thus supporting our model.
Ironically, this suggests that if a compound binds to the integrin
with too high affinity, thereby preventing its displacement by
ligand, it would not be able to function as an agonist. This idea
is supported by the fact that additional analoging did not re-
sult in a compound that was significantly more potent than
THI0019.3 This alsomay be the reasonwhy theweak antagonist
THI0003 (the transition compound between TBC3486 and
THI0019) was a suitable intermediate to generate an agonist. In
contrast, neither TBC3486 nor BIO5192, which contains a
diphenyl urea motif that confers potent binding to �4�1 (49),
could be converted directly to a full agonist by simply esterify-
ing the carboxylic acid group.
THI0019 shows agonist activity against integrin �4�1 and

�4�7 with an EC50 value in the 1–2 �M range. At these concen-
trations, it is not uncommon to detect cross-reactivity with
other integrins (50, 51). In contrast to the potent parent com-
pound, TBC3486, which was highly selective for �4�1,
THI0019 also regulates adhesion mediated by �5�1 and �L�2.
Small cyclic RGD peptides have been identified previously that
inhibit both �4�1 and �5�1 with IC50 values in the low micro-
molar range (50). Furthermore, regions of the �-propeller
domain of the�5 subunit contain extensive homology to the�4
subunit, including the region surrounding residue Tyr-187. In
fact, mutations to the analogous residue in �5 significantly
reduce adhesion of �5�1 to fibronectin (39). Assuming a simi-
lar binding mode, any ligand (or ligand mimetic)-induced acti-
vation of the integrin by the agonist may also apply to �5�1.

The activity toward �L�2 was somewhat surprising because
this integrin contains an I domain in the � subunit. This is not
without precedent because small molecule integrin antagonists
have been identified that inhibit both �4�1 and �L�2 at micro-
molar concentrations (51). If THI0019 occupies a site in �L�2
that is analogous to that of �4�1, it would not be predicted to
overlap with the ICAM-1-binding site, which is located in the I
domain. Rather, THI0019 may bind to the �-propeller domain
of the �L subunit and influence the orientation and therefore
the activity of the I domain. The results of the cross-linking
studies support this hypothesis. When THI0455 was cross-
linked to �4�1, it competed with VCAM-1 for the ligand-bind-
ing site , behaving as an antagonist. In the case of �L�2, how-

ever, THI0455 remained an agonist even after cross-linking, as
predicted if binding occurs at the �/� interface and not within
the ligand-binding site of the I domain. Previously, an epitope
mapping study of antibodies that interact with the I domain of
�L�2 showed that antibodies that were antagonists of the
integrin bound in proximity to the ICAM-1 contact site,
whereas an antibody that had agonist activity bound distal to
the ligand-binding site, closer to where the I domain contacts
the �-propeller domain (52). These cross-target activities may
enhance the ability of THI0019 to promote the retention of
stem/progenitor cells in vivo. HPCs and EPCs have been
reported to express �5�1 and �L�2, which have been shown to
be important for the homing of these cells to the bone marrow
and to sites of ischemia, respectively (13, 53).
As a therapeutic agent, THI0019 has advantages over other

reported activators of integrins for stem cell therapy. First, it
binds the target integrin directly and does not require any
extensive preconditioning or geneticmanipulation of cells. Sec-
ond, THI0019 does not induce the binding of any of three dif-
ferent LIBSmAbs. This characteristic could be advantageous in
the clinical setting because the induction of LIBS neoepitopes
has been associated with acute thrombocytopenia in patients
treated with �IIb�3 integrin antagonists such as tirofiban and
eptifibatide (54). Third, the synergy seen with mAb TS2/16
allows for the potential of combination therapy to enhance the
overall effect. Finally, large scale production of a lowmolecular
weight small molecule such as THI0019 is likely to be less
expensive than the production of previously reported biologic
agents.
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