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INTRODUCTION

The migration and recruitment of leukocytes is essential for their normal
immune response to injury and infection and for various inflammatory
and autoimmune disorders. Leukocyte functions are modulated by b2
integrins, including the highly abundant integrin CD11b/CD18 (also known
as Mac-1 and CR3), which is a heterodimer of the aM (CD11b) and b2
(CD18) subunits (1–3). CD11b/CD18 is normally present in an inactive
conformation in circulating leukocytes, but it is rapidly activated (4–6) to
mediate leukocyte adhesion, migration, and accumulation at the sites of
inflammation. Indeed, blocking CD11b/CD18 and its ligands (7–9) and
ablation of the genes encoding CD11b (3) or CD18 (10) decrease the severity of inflammatory responses in many animal models; however, such
blocking agents have had limited success in treating inflammatory or autoimmune diseases in humans (11, 12). This may be because complete blockade of CD11b/CD18 with antibodies is difficult owing to the availability
of a large intracellular pool of CD11b/CD18 that can be mobilized to the
cell surface (13, 14), or because the suppression of leukocyte recruitment
with blocking agents requires >90% occupancy of active integrin receptors
(15). Antibodies against b2 integrins also have unexpected side effects (16).
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Here, we took an alternative approach to the treatment of inflammatory diseases that involves the activation, rather than the blockade, of
CD11b/CD18. Our premise was based on the finding by Harlan and coworkers more than 15 years ago that the trapping of integrin a4b1 in a highavidity state with an activating antibody increases cell adhesion and decreases
eosinophil migration (17). Experiments with knock-in animals that express
activating mutants of the integrins aLb2 (18, 19) and a4b7 (20) provide in
vivo support for this hypothesis. We asked whether small molecules, which
are easily delivered in vivo and can be readily optimized for use in different
mammals, could be an effective approach for activating integrins. Agonists
have an additional advantage in that they need to activate only a fraction of
cellular receptors to elicit a functional response in vivo (21). Whether transient activation of a fraction of native receptors in vivo, as is expected from
small-molecule treatment, can have a biological effect also remains an open
question. Here, in multiple physiologically relevant experimental models in
different species, we showed that the severity of inflammatory diseases was
reduced by the activation of CD11b/CD18 with small molecules. These findings suggest that integrin activation might be a useful pharmacological approach to the treatment of inflammatory and autoimmune diseases in humans.

RESULTS

Leukadherins are newly characterized, small-molecule
agonists of CD11b/CD18
We previously used a cell-based, high-throughput screening (HTS) assay
to screen a chemical library of >100,000 molecules for compounds that
affected the adhesion of K562 cells that expressed CD11b/CD18 at the
cell surface (K562 CD11b/CD18 cells) to fibrinogen, the physiological
ligand of CD11b/CD18 (22–24). Focusing our search on compounds that
increased cell adhesion (agonists), we identified a series of compounds,
which we termed leukadherins, that contained a core furanyl thiazolidinone
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The integrin CD11b/CD18 (also known as Mac-1), which is a heterodimer of the aM (CD11b) and b2 (CD18)
subunits, is critical for leukocyte adhesion and migration and for immune functions. Blocking integrinmediated leukocyte adhesion, although beneficial in experimental models, has had limited success in
treating inflammatory diseases in humans. Here, we used an alternative strategy of inhibiting leukocyte
recruitment by activating CD11b/CD18 with small-molecule agonists, which we term leukadherins. These
compounds increased the extent of CD11b/CD18-dependent cell adhesion of transfected cells and of
primary human and mouse neutrophils, which resulted in decreased chemotaxis and transendothelial
migration. Leukadherins also decreased leukocyte recruitment and reduced arterial narrowing after injury
in rats. Moreover, compared to a known integrin antagonist, leukadherins better preserved kidney function
in a mouse model of experimental nephritis. Leukadherins inhibited leukocyte recruitment by increasing
leukocyte adhesion to the inflamed endothelium, which was reversed with a blocking antibody. Thus, we
propose that pharmacological activation of CD11b/CD18 offers an alternative therapeutic approach for
inflammatory diseases.

RESEARCH ARTICLE
chemical structural motif that was common in all the identified compounds
(22). We explored the structure-activity relationship of various substitutions
of chemical residues in the central core common to leukadherins (23) and
identified three compounds, leukadherin-1 (LA1), leukadherin-2 (LA2),
and leukadherin-3 (LA3) (Fig. 1, A to D), which showed enhanced activity
in vitro. LA1, LA2, and LA3 separately increased CD11b/CD18-dependent
cell adhesion to fibrinogen with 50% effective concentration (EC50, the effective concentration for a 50% increase in adhesion) values of 4, 12, and
14 mM, respectively. Cells that did not express CD11b/CD18 did not show

any substantial binding to fibrinogen. The binding of CD11b/CD18 to its
ligands is mediated by divalent cations, with calcium ions (Ca2+) inhibiting
the interaction (thus acting as antagonists), whereas magnesium (Mg2+) and
manganese (Mn2+) ions facilitate the interaction (thus acting as agonists)
(25, 26). A study described an inverse agonist of the integrin lymphocyte
function-associated antigen–1 (LFA-1, also known as the aLb2 integrin) that
increased LFA-1–mediated adhesion under basal conditions but inhibited
it under activating conditions (27). To evaluate whether leukadherins could
similarly inhibit preactivated CD11b/CD18, we measured the binding of
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Fig. 1. Leukadherins increase
CD11b/CD18-dependent cell adhesion. (A to D) Dose-response curves
showing the percentages of input
K562 CD11b/CD18 cells (filled circles) and K562 cells (open circles)
that adhered to immobilized fibrinogen in the presence of increasing
amounts of LA1, LA2, LA3, or LA-C.
The chemical structures of LA1, LA2,
LA3, and LA-C are also shown. Data
are means ± SEM (n = 3 to 6 replicates per data point) from one of at
least three independent experiments.
(E) Histograms showing the adhesion of K562 CD11b/CD18 cells to
fibrinogen in response to LA1, LA2,
or LA3 in the absence or presence
of the blocking antibodies IB4 and
44a. Also shown is the extent of adhesion in the presence of physiologic concentrations of Ca2+ and Mg2+
(Con) and that in the presence of the
known agonist Mn2+. Data are means ±
SEM (n = 4 to 9 replicates per condition) from one of at least three independent experiments. (F) Histograms
showing the percentage adhesion of
wild-type (WT, CD11b+/+) and CD11b−/−
neutrophils to immobilized fibrinogen
in the absence (DMSO) or presence of LA1, LA2, or LA3 as compared to that of control cells (Con). Data are means ± SEM (n = 5 replicates per condition) from
one of at least three independent experiments. (G) Histograms showing the percentage of binding of K562 E320A cells to immobilized fibrinogen induced by
LA1, LA2, or LA3. Also shown is the extent of K562 E320A adhesion with Ca2+ and Mg2+ ions (Con) and Mn2+. Data are means ± SEM (n = 6 replicates per
condition) from one of at least three independent experiments. (H) Histograms showing the percentage binding of recombinant GST-fused aA domain
constructs to immobilized fibrinogen (normalized to the amounts of input aA) in the absence of leukadherin (DMSO) or in the presence of LA1 or LA2. Also
shown is the background binding obtained in the absence of any protein (−) or with the GST construct alone (GST). Data are means ± SEM (n = 3 replicates
per condition) from one of at least three independent experiments.
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Leukadherins bind to the ligand-binding aA domain
and allosterically activate CD11b/CD18
To identify the binding site of LA1, LA2, and LA3, which are predicted to bind to the ligand-binding aA (or aI) domain in CD11b/CD18
(22, 23, 32), we generated K562 cells stably expressing the mutant integrin
CD11bE320A/CD18 (K562 E320A cells). The conserved residue Glu320
(E320) in the linker region that follows the activation-sensitive a7 helix
in the CD11bA domain (aA domain) acts as an endogenous ligand of
the von Willebrand factor type A (vWFA) domain of CD18 (bA or I domain) (33). The E320A mutation abolishes the Mn2+-mediated increase in
ligand binding by CD11b/CD18; however, the stabilization of aA in a highaffinity conformation by additional activating mutations overcomes this
deficit and induces ligand binding by the E320A mutant protein (34). LA1,
LA2, and LA3 (but not Mn2+) selectively increased the binding of K562
E320A cells to fibrinogen (Fig. 1G), suggesting that these compounds also
bind to and stabilize the aA domain in a high-affinity conformation. To confirm this, we performed experiments with purified recombinant aA (35) and
found that LA1 and LA2 increased the binding of the wild-type aA domain
to immobilized ligand (Fig. 1H) to an extent similar to that observed with a
mutant aA domain that contains a constitutionally activating mutation
(I316G) (36). The lower solubility of LA3 compared to those of LA1 and
LA2 precluded its use in this experiment.
In silico docking studies with high-resolution, three-dimensional (3D)
structures of the aA domain in its low- and high-affinity conformations

(36–38) suggested that LA1, LA2, and LA3 preferentially bound to the
open, high-affinity conformation of the aA domain, near the activationsensitive a7 helix region, thereby allosterically stabilizing the aA domain
in its high-affinity conformation (fig. S8) (23). Flow cytometric analysis
showed an increase in the binding of the activation-sensitive mAb 24 to
K562 CD11b/CD18 cells in the presence of LA1, confirming that LA1 activated full-length integrin on live cells (fig. S9). Björklund et al. described
an agonist of CD11b/CD18, termed IMB-10, that targets the aA domain of
CD11b/CD18 (32). We compared the relative affinities of LA1 and IMB-10
for CD11b/CD18 with our cell-based adhesion assay and found that LA1
showed the higher affinity (fig. S10), perhaps because of its more rotationally constrained furanyl thiazolidinone central scaffold.

Leukadherins reduce leukocyte migration by increasing
the extent of CD11b/CD18-mediated cell adhesion and
reducing de-adhesion of the uropod
Leukocyte chemotaxis on 2D surfaces involves sequential integrin-mediated
adhesion and de-adhesion steps (39). Cells that have constitutively active
mutant integrins show increased adhesion and reduced cell migration in
chemotactic gradients, compared to those of their wild-type counterparts,
through the trapping of the mutant integrins in a ligand-bound conformation
(40, 41). To test whether the increased cell adhesion induced by leukadherins
affected cell migration, we performed experiments with murine neutrophils,
which undergo chemotaxis in response to a gradient of the chemoattractant
peptide N-formyl-Met-Leu-Phe ( f MLP) (42). Live-cell imaging showed
the smooth migration of neutrophils in a physiologic buffer (Fig. 2A); however, treatment of the cells with LA1, LA2, or LA3 resulted in a substantial
decrease in lateral migration and migration velocity (Fig. 2, A to C). Although the cells treated with LA1, LA2, or LA3 showed some movement
toward the chemoattractant, they displayed reduced directional persistence
(Fig. 2D) and reduced mean square displacement (MSD) (Fig. 2E), which
was suggestive of their constrained motility, compared to the more directed
motility of control cells treated with dimethyl sulfoxide (DMSO).
In addition, unlike neutrophils undergoing chemotaxis in the absence
of leukadherins, which displayed a typical flattened leading edge and a
short, narrow tail, cells that migrated in the presence of LA1, LA2, or
LA3 showed elongated uropods (Fig. 2A and movies S1 to S4), suggesting that a defect in cell de-adhesion was the key mechanism responsible
for defective cell migration, as has been observed in cells with activating
mutations of their integrins (18, 20). To investigate this, we used confocal
microscopy to show that CD11b/CD18 clustered in the extended uropods
of cells treated with LA1, LA2, or LA3 (Fig. 2F), suggesting that the failure to release integrin-substrate interactions in the uropod was responsible
for the defective migration of these cells. Leukadherins had no effect on
neutrophil migration in 3D collagen gels (fig. S11 and movies S5 and S6),
supporting findings that leukocyte migration in 3D substrates is integrinindependent (43). However, leukadherins reduced the efficiency of transendothelial migration (TEM) by THP-1 cells across a layer of human umbilical
vein endothelial cells (HUVECs) activated by tumor necrosis factor–a (TNF-a)
in vitro by increasing cell adhesion to the HUVEC layer (Fig. 2, G to I). Together, these data suggest that leukadherins increase cell adhesion and reduce their lateral motility, thereby inhibiting TEM.

Leukadherins reduce recruitment of leukocytes during
acute peritonitis in mice
To determine the effects of LA1, LA2, and LA3 on inflammatory responses
in vivo, we used the acute, thioglycolate-induced peritonitis model in mice
(3). LA1, LA2, and LA3 showed no in vitro cytotoxicity (figs. S12 and
S13) at concentrations as high as 50 mM. In addition, LA1, LA2, and LA3
did not induce integrin clustering (fig. S14) or outside-in signaling (fig. S15),
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K562 CD11b/CD18 cells to immobilized fibrinogen in the presence of
Mn2+. We found that LA1, LA2, and LA3 did not inhibit cell adhesion
in the presence of the agonist Mn2+ (fig. S1), suggesting that they are true
agonists. We also identified a structurally related compound, leukadherincontrol (LA-C), which showed no effect on CD11b/CD18-dependent cell
adhesion (Fig. 1D). Increased adhesion of CD11b/CD18-expressing cells,
induced by Mn2+ (28) and LA1, LA2, or LA3, was blocked by the monoclonal antibodies (mAbs) IB4 (29) and 44a (30), which are specific for
CD18 and CD11b, respectively (Fig. 1E), further confirming that these compounds mediate CD11b/CD18-dependent cell adhesion.
Neutrophils contain a large, intracellular pool of CD11b/CD18 that
can be mobilized to the cell surface (13, 14), which, in addition to a conformational switch in CD11b/CD18 from an inactive to an active form,
helps to increase the extent of adhesion of neutrophils to the extracellular
matrix. To rule out an enhancement in the abundance of CD11b/CD18 at
the cell surface as a means by which LA1, LA2, and LA3 might increase
cell adhesion, we measured the relative amounts of surface CD11b/CD18
on K562 cells (fig. S2) and neutrophils (fig. S3) and found that they were
not increased by any of these compounds. The increase in CD11b/CD18dependent cell adhesion stimulated by LA1, LA2, and LA3 was independent of the type of integrin ligand, because all three also increased the extent
of adhesion of cells to the CD11b/CD18 ligands iC3b (fig. S4) and intercellular adhesion molecule–1 (ICAM-1) (fig. S5). Human monocytic THP-1
cells also showed a similar leukadherin-induced increase in cell adhesion,
suggesting that the effects of leukadherins are independent of cell type
(fig. S6). LA1, LA2, and LA3 also increased the binding of wild-type, but
not CD11b−/−, neutrophils to immobilized fibrinogen (3) (Fig. 1F), further
demonstrating that these compounds target CD11b/CD18. To determine
whether leukadherins also affected CD11b/CD18-mediated phagocytosis,
we incubated K562 CD11b/CD18 cells with iC3b-coated sheep red blood
cells (EiC3bs) (31). We found that LA1, LA2, and LA3 all substantially increased the capture of EiC3bs and rosetting (the binding of multiple EiC3bs,
which are much smaller than a typical human cell, to a phagocytic cell forms
a rosette), suggesting that these agonists can also stimulate CD11b/CD18mediated phagocytosis (fig. S7).
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Fig. 2. Leukadherins decrease cell migration by stabilizing integrin-substrate
binding in the uropod. (A) Track plots
showing the analysis of migrating WT
neutrophils in Zigmond chambers in response to a gradient of f MLP in the absence of leukadherin (DMSO) or in the
presence of LA1, LA2, or LA3. Data are
from >50 cells per condition and from
three or more independent experiments
for each condition. Representative cell
images at various time points from timelapse video microscopy are also shown.
Scale bar, 25 mm. (B to E) Quantitative
analysis of (B) the mean displacement,
(C) the mean velocity, (D) the directional
persistence, and (E) the mean displacement square plots shows the effects of
leukadherins on cell motility. Lines indicate means ± SEM. ***P < 0.0001. (F) Fluorescence images of CD11b localization
in WT neutrophils undergoing chemotaxis
in response to f MLP and in the absence
of leukadherins (DMSO) or in the presence
of LA1, LA2, or LA3. Representative confocal and phase-contrast images of migrating neutrophils analyzed for the presence
of CD11b (green) and F-actin (red) are
from one of at least three independent experiments. Scale bar, 5 mm. (G to I) Transendothelial migration of THP-1 cells across
a layer of HUVECs. (G) Representative confocal images (10× magnification) showing THP-1 cells (green) transmigrating
across a layer of HUVECs stimulated with
TNF-a (red) in response to a gradient of the
chemokine MCP-1 in the absence (DMSO)
or presence of LA1. Data are representative of at least five independent experiments.
(H) Histogram showing the quantification of
THP-1 that had adhered to the HUVECs. (I)
Histograms showing the quantification of
transmigrated THP-1 cells. Data are the
means ± SEM. ***P < 0.0001.

suggesting that they are not ligand mimics. Intraperitoneal injection of thioglycolate resulted in substantial accumulation of neutrophils in the peritoneum
compared to that in mice injected with saline (Fig. 3A). Administration of LA1
30 min before injection with thioglycolate significantly reduced the amount
of neutrophil accumulation by 40% (P < 0.05) compared to that in mice pretreated with vehicle, whereas LA2 reduced neutrophil accumulation by 65%
(P < 0.0001), and LA3 reduced it by 55% (P < 0.05) (Fig. 3A).
We could not detect any difference in the numbers of circulating leukocytes between leukadherin-treated mice and control, vehicle-treated mice
(table S1). This suggested that LA1, LA2, and LA3 did not cause leuko-

cyte cytotoxicity in vivo, thus ruling this out as a reason for the observed
reduction in the number of neutrophils in leukadherin-treated animals. We
also found that LA1, LA2, and LA3 did not substantially reduce the number of neutrophils recruited to the peritoneum of thioglycolate-treated
CD11b−/− mice (Fig. 3B), which showed increased neutrophil accumulation compared to that in wild-type mice, because CD11a compensates for
the lack of CD11b (3). This further suggests that LA1, LA2, and LA3
target CD11b/CD18 in vivo.
In experiments with LA1 as the representative leukadherin, we also
analyzed the kinetics of neutrophil recruitment. We found that the number
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of peritoneal neutrophils increased 4 hours after administration of thioglycolate in animals pretreated with vehicle, peaked after 12 hours, and
declined thereafter (Fig. 3C). In LA1-treated animals, neutrophil accumulation was substantially reduced at 4 hours after administration of thioglycolate and stayed reduced at 12 hours, suggesting that leukadherins
substantially inhibited neutrophil recruitment. We observed comparably
reduced numbers of peritoneal neutrophils 24 hours after thioglycolate
administration in both groups of animals. Furthermore, analysis of tissue
histology of various organs and neutrophil enumeration confirmed that
leukadherins did not lead to neutrophil sequestration in any organ (Fig. 3D),
ruling this out as a cause of the reduced neutrophil influx into inflamed

Leukadherins reduce neointimal thickening upon
vascular injury in rats
Percutaneous transluminal coronary angioplasty (PTCA) is the most effective way to unblock occluded coronary arteries (44); however, PTCA causes
denudation of the endothelial cell lining and deposition of fibrin and platelets at the site of injury. The inflammatory response to this injury induces
vascular smooth muscle cell growth into the innermost layer of the vessel

Downloaded from http://stke.sciencemag.org/ on January 9, 2015

Fig. 3. Leukadherins reduce the recruitment of leukocytes during inflammation
and preserve organ function in vivo. (A
and B) Bar graphs showing the total number of neutrophils in the peritoneal fluid of
(A) WT and (B) CD11b−/− mice 4 hours after intraperitoneal injection of thioglycolate
alone or of thioglycolate subsequent to the
administration of vehicle (C), LA1, LA2, or
LA3. Saline was used as a control (n = 4 to
9 mice per treatment). Data are means ±
SEM. *P < 0.05; **P < 0.001; ***P < 0.0001;
ns, not significant (by one-way ANOVA).
(C) Graph showing the number of neutrophils in the peritoneal fluid of WT animals
4, 12, and 24 hours after thioglycolate injection in the absence (filled black square)
or presence of LA1 (open red circles) (n =
3 to 4 mice per treatment). Peritoneal neutrophils in the absence of thioglycolate are
also shown (open black squares). **P <
0.001; ***P < 0.0001; ns, not significant.
(D) Bar graph showing the ratios of neutrophils detected in various organs 4 hours after treatment of WT mice (n = 3 mice per
group) with DMSO or LA1 in the absence
(−Thio) or presence of thioglycolate-induced
inflammation (+Thio). BM, bone marrow; LI,
liver; SP, spleen; LU, lung; H, heart; AM, abdominal muscle; P, pancreas; BO, bowel;
SK, skin; and K, kidney. Data are means ±
SD (n = 3 mice per treatment). (E and F)
Representative photomicrographs of arteries 21 days after balloon injury in rats
treated with vehicle (DMSO) or LA1. Arrows indicate neointimal thickening. (G
and H) Photomicrographs of representative
arteries 3 days after balloon injury in rats
treated with DMSO or LA1. Arrows point
to CD68+ macrophages. (I) Bar graph showing the neointima-to-media ratio as determined by morphometric analysis
of the injured arteries from DMSO- or LA1-treated rats (n = 7 to 9 rats per
group). Data are means ± SEM. *P < 0.05. (J) Bar graph showing quantification of macrophage infiltrates in injured arteries (3 days after injury) from
rats treated with DMSO or LA1 (n = 12 mice per treatment). Data are
means ± SEM. ***P < 0.0001. (K and L) The effect of agonist LA1 on ameliorating kidney injury is better than that of the antagonist M1/70. (K)

tissues. This suggests that increased neutrophil adhesion near sites of inflammation, which decreased their motility and extravasation, was the
likely reason for their decreased recruitment to the peritoneum.

Graph displaying the number of glomerular neutrophils in untreated (saline),
antagonist-treated (M1/70), and LA1-treated mice at various time points
(n = 3 to 4 mice per group, except at the day 0 time point, where n = 2).
Data are means ± SEM. *P < 0.05. (L) Graph plotting measured proteinuria
in untreated (saline), antagonist-treated (M1/70), and LA1-treated mice at
various time points (n = 3 to 8 mice group, except at the day 0 time point,
where n = 2). Data are means ± SEM. *P < 0.05.
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Leukadherins are more efficient
than integrin antagonists in
treating inflammatory injury
To determine whether CD11b/CD18 agonists have any therapeutic advantages over
antagonists, we performed a head-to-head
comparison between a well-characterized
CD11b/CD18 antagonist, the M1/70 antibody against CD11b (48), and LA1 in experiments with an established mouse model
of kidney disease, anti–glomerular basement membrane (anti-GBM) nephritis (49).
This model is characterized by neutrophil
infiltration that mediates urinary protein
loss, including that of albumin. Consistent with a role for CD11b in this disease,

Fig. 4. Leukadherins decrease leukocyte recruitment in vivo by increasing the extent of slow rolling and
the number of adherent cells, thereby decreasing leukocyte TEM. (A) Schematic representing the zebrafish tailfin injury model. (B to D) Photomicrographs (left) and fluorescence images (right) of (B) the
larvae tail without injury, (C) the tail with injury, and (D) 4 hours after the removal of LA1 from treated,
injured larvae. Images show accumulation of neutrophils (green) in the injured tail. (E) Graph showing
quantification of the number of neutrophils near the site of tailfin injury in zebrafish larvae treated with
DMSO (Control) and LA1 (n = 12 to 16 larvae per group). Data are means ± SEM. ***P < 0.0001; ns, not
significant (by one-way ANOVA). (F to M) Intravital microscopy–based determination of the effects of
LA1 on leukocyte migration in vivo. (F) Graph showing the rolling velocities of individual neutrophils
in the venules of TNF-a–treated mouse cremaster muscle without (DMSO) or with LA1. Lines indicate
medians and 25 to 75% interquartile ranges. *P < 0.05. (G) Cumulative histograms of the rolling velocities
of 100 leukocytes from DMSO-treated (black dots) and LA1-treated (red dots) animals. (H) Numbers of
adherent neutrophils in venules without (DMSO) or with LA1. Data are means ± SEM. *P < 0.05. (I)
Graph showing relative efficiency of neutrophil TEM (as determined by the number of transmigrated
neutrophils/the number of adherent neutrophils) in the absence (DMSO) or presence of LA1. Data are
means ± SEM. ***P < 0.05. (J) Rolling velocities of neutrophils in TNF-a– and M1/70-treated venules
without (DMSO) or with LA1. Lines indicate median and interquartile ranges. ns, not significant. (K)
Cumulative histograms of rolling velocity of 100 leukocytes from M1/70-treated mice in the absence
(black dots) or presence of LA1 (red dots). Representative video micrograph images of cremaster
muscle venules treated with (L) LA1 or (M) M1/70 and LA1. The lengths of the red arrows indicate
neutrophil movement during a 25-s period.
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(neointima) and, ultimately, arterial renarrowing (restenosis). Leukocyte recruitment
and infiltration, through selective binding
between CD11b/CD18 expressed on the surface of leukocytes and the platelet cell surface receptor glycoprotein (GP) Iba (45),
precedes neointima formation and restenosis
(46). Indeed, antibody-mediated blockade of CD11b/CD18 or loss of CD11b
(for example, in CD11b−/− mice) decreases
intimal thickening after angioplasty or stent
implantation in experimental models (8).
To further test the anti-inflammatory properties of LA1 in vivo, we used it in an arterial balloon injury model in rats (47). The
extent of disease (remodeling or hyperplasia) was determined by calculating the ratio
between areas of the neointima (the newly
formed innermost layer) and the media (the
vessel wall) at the site of injury. We administered LA1 or vehicle (DMSO) to Fischer
male rats 30 min before injury and continued injections every other day for 3 weeks.
Injured arteries of the LA1-treated rats developed significantly reduced neointimal
thickening (Fig. 3, E and F) (neointimato-media ratio of 0.16 ± 0.02 versus 0.23 ±
0.01, P < 0.05) (Fig. 3I), whereas the control compound LA-C showed no effect (fig.
S16). To determine whether leukadherin
treatment leads to reduced leukocyte accumulation, which precedes vascular remodeling, we performed immunohistochemical
analyses of arteries 3 days after injury. We
observed a significant reduction in the number of macrophages in the arteries of LA1treated animals (17.7 ± 3.1 versus 42.2 ±
6.7, P < 0.0001) (Fig. 3, G to J); LA3 showed
similar protective effects (fig. S17). Together, these results suggest that leukadherins
lead to reduced leukocyte accumulation at
the site of vascular injury and a subsequent
decrease in neointimal thickening.
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CD11b−/− mice (49) and rats treated with mAb against CD11b (50) show
decreased leukocyte infiltration and protection from proteinuria relative
to their wild-type counterparts. We found that induction of disease in mice
led to a peak influx of neutrophils into the kidney and maximal proteinuria
at day 3 (Fig. 3, K and L), whereas M1/70 substantially decreased neutrophil influx and reduced proteinuria. However, LA1 produced a maximal
decrease in both the number of infiltrating neutrophils and the extent of
proteinuria in treated mice, suggesting a therapeutic advantage of agonists
over antagonists in this disease model.

The effects of leukadherins can be reversed by
removing them from the circulation

DISCUSSION

Leukocyte infiltration is a common finding in most inflammatory diseases, and the leukocytic integrin CD11b/CD18 plays an important role
in this process (1, 2). CD11b/CD18-mediated leukocyte rolling and firm
adhesion to the vascular wall lead to leukocyte transmigration across the
vasculature and accumulation in the tissue as part of a multistep infiltration
process (Fig. 5) (52). Current approaches that treat leukocyte infiltration are
focused on blocking the adhesion of leukocytic integrins to their respective
ligands (“anti-adhesion” therapy) (53, 54). Antibodies against integrins,
such as the M1/70 mAb, block the binding of integrins to ligands found
on the vascular wall, thus reducing the infiltration of leukocytes into the
tissue (Fig. 5). Although such strategies have proven beneficial in certain
animal models, many agents that block the binding of integrins to their
ligands have failed in clinical trials (11, 53), had substantial side effects,
or have had to be withdrawn from the market (55).

Leukadherins reduce
the extravasation of
leukocytes in vivo
Finally, to determine the mechanism of
action of leukadherins in vivo, we performed
intravital microscopic analysis of mouse
cremaster muscle. CD11b/CD18 binds to
ICAM-1 on the surface of TNF-a–activated
endothelium to mediate slow rolling and arrest of leukocytes (52). We found that LA1
substantially decreased the rolling velocity
of leukocytes in TNF-a–stimulated venules

Fig. 5. Schematic showing how integrin antagonists and agonists differ in their ability to reduce inflammatory disease. Integrin antagonists (central panel), such as blocking mAbs, prevent leukocyte adhesion
to the inflamed endothelium, thereby reducing leukocyte migration and tissue recruitment as compared to
the untreated situation (left panel). On the other hand, integrin agonists (such as leukadherins), promote the
adhesion of leukocytes, which reduces their lateral and transendothelial migration and leads to an even
greater decrease in the tissue recruitment of leukocytes. Thus, small-molecule integrin agonists (such as
our prototype compounds, leukadherins) represent an alternative strategy for modulating leukocyte recruitment and inflammatory diseases.
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To visualize the effects of leukadherins on leukocyte accumulation in vivo,
we used transgenic Tg(mpx::eGFP) zebrafish that express the gene encoding enhanced green fluorescent protein (eGFP) under a myeloid-specific
peroxidase gene (mpx) promoter to specifically fluorescently label neutrophils (51). Tailfin transection in zebrafish larvae at 3 days post fertilization
(dpf ) (Fig. 4A) revealed a rapid and robust recruitment of neutrophils to
the site of tissue injury (Fig. 4, B and C to E) (51). LA1 had no observable
effects in uninjured larvae (Fig. 4B); however, LA1 significantly reduced
the number of neutrophils at the injured zebrafish tailfin 4 hours after injury compared to that in control larvae (15.6 ± 1.7 versus 34.6 ± 4.5, P <
0.0001) (Fig. 4, C and E).
Furthermore, to determine whether the effects of leukadherins in vivo
were reversible, we administered LA1 to uninjured zebrafish for 4 to 8
hours, rinsed the zebrafish, induced tailfin injury, and quantified neutrophil accumulation 4 hours later. We found that the removal of LA1 led to
neutrophil accumulation at the injured tailfins to an extent similar to that observed in
untreated zebrafish larvae (Fig. 4, D and
E). LA2 showed protective effects similar
to those of LA1 (fig. S18). Fluorescence
imaging of the injured whole zebrafish larvae showed no difference in total neutrophil numbers between leukadherin-treated
and untreated larvae (fig. S19), which suggested that the leukadherin-mediated reduction in neutrophil accumulation was not
due to a reduction in the overall number of
neutrophils. This result is consistent with
our experiments in mice that showed that
leukadherins did not cause cytotoxicity in
vivo (table S1). Together, these data demonstrate that leukadherins inhibit the accumulation of neutrophils at the sites of tissue
injury and that their effects in vivo are reversible by their removal.

(Fig. 4, F and G), which led to a substantial increase in the number of
adherent cells (Fig. 4H); however, the number of transmigrated cells adjacent to the vessel in LA1-treated mice was similar to that in the DMSOtreated animals (fig. S20), suggesting that LA1 substantially reduced the
overall efficiency of leukocyte TEM (Fig. 4I). Injection of M1/70, which
blocks CD11b, reversed the effects of LA1 on leukocyte rolling (Fig. 4, J
to M), confirming that the effects of LA1 were CD11b/CD18-specific.
Thus, these in vivo measurements mirror the in vitro data on the effects
of leukadherins on leukocyte motility.

RESEARCH ARTICLE
such an increase in leukocyte adhesion is only transient. Previous studies
with knock-in animals that express constitutively active mutants of the
integrins aLb2 (18, 19) and a4b7 (20) have also not reported any signs of
vascular injury. We analyzed animals that received compounds for more
than 3 months, and we found no systemic signs of vascular injury or
leakage—no signs of edema or systemic vascular compromise. Whereas these observations mitigate the concern of systemic vascular toxicity
associated with integrin agonists, detailed future studies will be needed
to fully address some of these concerns. In conclusion, we showed that
CD11b/CD18 agonists increased the adhesion and decreased the motility
of leukocytes, which resulted in reduced leukocyte TEM, recruitment
into the tissues, and inflammation. We suggest that integrin-specific,
small-molecule agonists represent an effective pharmacological approach
for the treatment of inflammatory and autoimmune diseases.
MATERIALS AND METHODS

Reagents and antibodies
The 44a mAb against CD11b [an immunoglobulin G (IgG) 2a (IgG2a) isotype] (30) and the heterodimer-specific IB4 mAb against CD18 (IgG2a)
(29, 58) were from the American Type Culture Collection (ATCC). M1/70,
a rat mAb against mouse CD11b (IgG2b) (48), was from the mAb core at
University of California, San Francisco. We obtained mAb 24 (IgG1) (59)
from Abcam, and the isotype control antibodies clone X40 (IgG1) and
clone X39 (IgG2a), fluorescein isothiocyanate (FITC)–conjugated mAb
A85-1 (rat anti-mouse IgG1), FITC-conjugated R19-15 (rat anti-mouse
IgG2a), FITC-conjugated goat antibody against mouse immunoglobulin,
rat antibody against mouse GR-1, GR-1–FITC, and phycoerythrin (PE)–
conjugated rat antibody against mouse Mac-1 were from BD Pharmingen.
Human fibrinogen (depleted of plasminogen, von Willebrand factor, and
fibronectin) was from Enzyme Research Laboratories, bovine serum albumin (BSA) was from Sigma, recombinant human ICAM-1–Fc was from
R&D Systems, and iC3b was from Calbiochem. MaxiSorp and High Bind
384-well plates were obtained from Nalgene and Corning, respectively.
Nonfat milk was obtained from Bio-Rad. The cell quantitation reagent MTS
[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)2H-tetrazolium salt] was from Promega. Polymerase chain reaction (PCR)
assay reagents, as well as restriction and modification enzymes, were obtained
from New England Biolabs Inc. Glutathione beads were purchased from
Sigma. All cell culture reagents were from Invitrogen Corp. and Mediatech.
Fetal bovine serum (FBS) was purchased from Atlanta Biologicals Inc. The
antibiotic G418 was purchased from Invivogen. The sheep antibody against
rabbit GBM was a gift from S. Shankland and J. Pippin.

Mice

The C57BL/6J (B6) wild-type and the B6 CD11b−/− (Jax 3991) (3) GFP
mice were purchased from The Jackson Laboratory. Lys-eGFP mice have
been described previously (60). The wild-type Fischer 344 rats were purchased from Harlan Laboratories. Animal care and procedures were approved by the Institutional Animal Care and Use Committee and were
performed in accordance with institutional guidelines.

Cell lines
K562 cells (ATCC) stably transfected with plasmid encoding wild-type
integrin CD11b/CD18 (K562 CD11b/CD18 cells) have been described
previously (22, 31). The mutant integrin subunit CD11bE320A has been
described previously (33). K562 cells stably transfected with mutant integrin
CD11bE320A/CD18 (K562 E320A cells) were generated according to previously published protocols (22, 31). All cell lines were maintained in
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Our data demonstrate that an alternative approach to inhibiting leukocyte migration by enhancing the activation of integrins with small molecules is highly effective in reducing leukocyte infiltration and subsequent
inflammation in vivo (Fig. 5). We used a cell-based HTS assay (22, 24) to
identify and optimize small-molecule agonists of CD11b/CD18, which we
have termed leukadherins. The leukadherin compounds LA1 to LA3 have
similar chemical structures, and they bind to the ligand-binding aA domain and convert CD11b/CD18 into its active conformation. We showed
that leukadherins, but not the structurally similar compound LA-C, promoted CD11b/CD18-dependent cell adhesion and decreased leukocyte
motility, which led to a substantial reduction in leukocyte TEM and recruitment into tissues.
In addition, we found that leukadherins had a higher affinity for
CD11b/CD18 than did a CD11b/CD18 agonist (32), perhaps because of
their more rotationally constrained furanyl thiazolidinone central ring
structure. Furthermore, through experiments with various disease models
and multiple animal species, we demonstrated that these CD11b/CD18
agonists reduced inflammation in physiologically relevant settings, suggesting that they are viable therapeutic leads for future optimization.
Our data also reveal that when directly compared with a known antagonist,
CD11b/CD18 agonists better preserve organ function upon inflammatory
injury (Fig. 5). Finally, the in vivo effects of leukadherins were transient
and were reversed by removing them from the circulation. Our results suggest that integrin-specific, small-molecule agonists represent an effective
pharmacological approach for the treatment of inflammatory and autoimmune diseases.
Our results are consistent with previous studies that showed that
integrin activation leads to increased cell adhesion and decreased migration (17–20, 27, 32). Additionally, knock-in mice expressing constitutively
active mutants of the integrins aLb2 (18, 19) and a4b7 (20) in the germline
show reduced recruitment of inflammatory cells because of an increase in
cellular adhesion and a reduction in cell migration through constitutively
active integrins. However, unlike the knock-in animals, in which all of the
mutant integrin receptors are expressed in a constitutively active form,
whether activation of a fraction of wild-type receptors (as is expected upon
treatment with a small-molecule agonist) could have a similar phenotype
in vivo and could reduce inflammation in physiologically relevant disease
models was not known. Not all of the studies of knock-in animals with
active integrin mutants have presented the same response in vivo. Notably,
homozygous knock-ins carrying an activating D759A mutation in the cytoplasmic tail of the integrin b1 subunit show no obvious phenotype and
no functional changes under physiological conditions (56). Additionally,
keratinocytes from these knock-in mice show comparable adhesion,
spreading, and migration in vitro to those of cells expressing wild-type
integrins. On the other hand, introduction of active mutants of the integrin
a2 subunit in mice results in a marked reduction (in the case of leukocytes)
or a complete loss (in the case of platelets) of activated a2 on the cell
surface during thrombopoiesis, and the expression of active integrin a2
on progenitor cells has no effect on their migration in vivo (57). It is possible in this case that some compensatory mechanisms during animal development overcame the adhesion and migration deficiencies of the
introduced mutations. In that respect, we believe that the chemical-biological
approach highlighted in this study, in which the function of endogenous,
wild-type protein is perturbed by a specific agonist, represents a way forward
to analyze the effects of integrin activation on cellular functions in vivo.
A potential concern with the use of integrin agonists as therapeutics
in vivo is that increased adhesion of inflammatory cells to the vascular
endothelium may harm the vascular cells, leading to vascular damage
and leakage. However, we have not observed any signs of vascular injury
in the various experimental models that we have studied, perhaps because
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Iscove’s modified Dulbecco’s medium (IMDM) supplemented with 10%
heat-inactivated FBS, penicillin and streptomycin (50 U/ml each), and
G418 (0.5 mg/ml). THP-1 cells (ATCC) were maintained in RPMI 1640
supplemented with 10% heat-inactivated FBS and b-mercaptoethanol
(50 mM) according to the manufacturer’s instructions.

Cell adhesion assays
Cell adhesion assays with immobilized ligands were performed as previously described (22). Assays with all cell lines were performed in an identical fashion. A stock solution of the leukadherin family of small-molecule
agonists was prepared by dissolving the compounds in DMSO at a concentration of 2 to 10 mM. The final concentration of DMSO in the assay
was ~1%. Assays were performed in three to six replicate wells. Data are
from one of at least three independent experiments. The HTS assay to
identify previously uncharacterized agonists with a library of >100,000
small molecules was performed as previously described (22, 61).
Neutrophils from 8- to 10-week-old wild-type and CD11b−/− B6 mice
were isolated from thioglycolate-stimulated peritonea as previously described (62). Cells were suspended in serum-free IMDM and incubated
with leukadherins in ligand-coated wells in a 384-well plate for 10 min
at 37°C. The assay plates were then gently inverted and kept in the inverted position for 30 min at room temperature to dislodge the nonadherent
cells. The remaining adherent cells were quantified by imaging microscopy
as previously described (22, 63). Assays were performed in triplicate wells.
Data reported are from one of at least three independent experiments.

Chemotaxis assay and time-lapse video microscopy
Neutrophil chemotaxis on 2D surfaces was performed with Zigmond chambers (Neuro Probe) as described previously (42, 64) on acid-cleaned glass
or fibrinogen-coated glass coverslips. Cell migration was studied in a gradient of f MLP (Sigma), which was generated by placing buffer alone in
one well of the chamber and f MLP (10 mM) in the other well, in the absence or presence of leukadherins (15 mM). Cell migration was recorded
at 5- to 30-s intervals for a period of 25 min with a Nikon Eclipse 90i or
a Leica DMI16000 deconvolution microscope. Images from the Nikon
microscope were acquired with a Nikon DS camera with a PLAN APO
20× differential interference contrast (DIC) microscope objective and
captured with Nikon Imaging software. Leica DIC images were acquired
with an HCX PL APO 40×/0.75 numerical aperture (NA) objective with a
DCF360FX camera driven by LAS-AF software. Analysis of neutrophil
migration was performed with the motile population that had moved more
than 10 mm (64) with ImageJ software [National Institutes of Health (NIH)]
using manual cell tracking by the Ibidi chemotaxis and migration tool
plug-in for ImageJ. Motility parameters, such as migration velocity, the
total cellular displacement (distance from the origin), and directional persistence, were analyzed for individual cell tracks with the Ibidi chemotaxis
plug-in for ImageJ. At least 50 cells under each condition from at least
three independent experiments were quantified.

Neutrophil migration in 3D collagen gels
Wild-type B6 neutrophils were suspended in a collagen gel solution (BD
Biosciences) with a final collagen concentration of 1.6 mg/ml in the presence of vehicle (1% DMSO) or LA1 (15 mM) and cast in custom-built migration chambers with a thickness of 0.5 to 1 mm as described previously
(65). Final neutrophil concentrations in the assay were 1 × 106 cells/ml of
gel. After polymerization of the collagen fibers at 37°C for 30 min, gels
were overlaid with 50 ml of culture medium containing f MLP (10 mM) and
subsequently imaged with a Leica DMI16000 deconvolution microscope

Imaging TEM of cells across a layer of activated HUVECs
To measure the effects of leukadherins on the TEM capacity of THP-1
cells, we performed vertical collagen gel invasion assays as described previously (66). Briefly, we prepared collagen gel chambers containing the
chemokine monocyte chemotactic protein–1 (MCP-1, also known as CCL2)
(200 ng/ml, Sigma) as described earlier. HUVECs (1 × 105, Millipore)
were incubated with a cell-permeable red fluorescent dye (CellTracker
Red CMTPX, Invitrogen) and then seeded on top of the collagen gels. After 16 hours in culture, THP-1 cells (2 × 104 cells) incubated with a cellpermeable green fluorescent dye (CellTracker Green CMFDA, Invitrogen)
were placed on top of a layer of HUVECs that were activated with TNF-a
(10 mg/ml) for 4 hours, and their adhesion to HUVECs and TEM across the
HUVEC layer were determined with a Leica TCS SP5 confocal microscope or a Leica DMI16000 deconvolution microscope with an HCX PL
APO 10×/1.3 NA objective driven by Leica LAS-AF software. At least 25
images were taken for each condition, and we determined the numbers of
cells that adhered to the HUVEC layer and those that completely migrated
through the HUVEC layer by manual counting.

Immunofluorescence microscopy
To examine the localization of CD11b/CD18 and polymerized actin (F-actin)
in migrating neutrophils, we stimulated 1 × 104 cells with f MLP (10 mM) in
serum-free RPMI 1640 on glass coverslips for 15 min at 37°C in the absence
or presence of leukadherins (15 mM). The cells were fixed, permeabilized
with 0.1% Triton X-100, and incubated with the M1/70 mAb against
CD11b followed by Alexa Fluor 488–conjugated goat antibody against mouse
Ig (Invitrogen) and rhodamine-labeled phalloidin (Invitrogen). A z series
of fluorescence images was recorded with a Leica TCS SP5 confocal microscope and an HCX PL APO 63×/1.4 NA objective and with Leica LAS-AF
software. The images presented are from a z stack projection of 15 confocal
sections from the basal to the apical side of the cell (stack z spacing, 0.29 mm).
Images presented are representative of at least 20 cells analyzed for each
condition from at least two independent experiments. To examine clustering
of CD11b/CD18 on the cell surface, we suspended 1 × 104 K562 CD11b/CD18
cells in serum-free IMDM and incubated the cells without or with fibrinogen (100 mg) for 3 hours at 37°C, as described previously (67), in the absence
or presence of leukadherins (15 mM). The cells were fixed in suspension and
incubated with the IB4 mAb, which is specific for CD11b/CD18, followed
by Alexa Fluor 488–conjugated goat antibody against mouse Ig (Sigma).
Fluorescence images were recorded with a Leica DMI16000 deconvolution
microscope and an HCX PL APO 63×/1.3 NA objective with a DCF360FX
camera and with Leica LAS-AF software. The CD11b/CD18 clusters were
analyzed in ImageJ, and a 3D representation of fluorescence intensity was
also generated in ImageJ. The images presented are representative of at
least 20 cells analyzed for each condition from at least three independent
experiments.

Purification of recombinant CD11b A domain (aA domain)
Recombinant human aA domains were constructed and purified according to published protocols (68). Briefly, the aA domain in its inactive
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Neutrophil adhesion assay

with DIC. Cell migration was recorded at 60-s intervals for a period of
45 min and was captured with an HC PL FLUOTAR 20×/0.5 NA objective with a DCF360FX camera and Leica LAS-AF software. Cell motility
data were derived by constructing individual cell tracks with the manual
tracking plug-in tool for ImageJ. Analysis of individual cell tracks was performed to determine migration velocity, the total cellular displacement (distance from the origin), and directional persistence with the chemotaxis
plug-in tool for ImageJ. We quantified at least 40 independent cells under
each condition from three independent experiments.

RESEARCH ARTICLE

aA domain ligand-binding assay
MaxiSorp 96-well plates were coated overnight with fibrinogen (1 mg per
well) in 10 mM phosphate-buffered saline (PBS, pH 7.4) and blocked with
1% BSA in PBS. Binding of purified, GST-tagged aA domain (50 ml per
well of a 5 mg/ml solution) to immobilized fibrinogen was performed in
TBS-based assay buffer (TBS containing 0.1% BSA, 1 mM MgCl2,
1 mM CaCl2, and 0.05% Tween 20) (TBS-Ca/Mg buffer) for 1 hour at room
temperature. The aA domain was also added to uncoated wells on the
plate to estimate the maximum amount of protein that could be captured
and detected in each well for data normalization. Unbound aA domain
was removed by washing the wells twice with TBS-Ca/Mg buffer. Subsequently, the amount of bound protein was determined by incubation with
horseradish peroxidase–conjugated antibody against GST (GE, 1:2000 dilution) for 1 hour. Unbound antibody was removed by washing the wells
twice with TBS-Ca/Mg buffer. Detection of bound protein was performed
with 3,3′,5,5′-tetramethylbenzidine (TMB) substrate kit (Vector Labs)
according to the manufacturer’s protocol. Absorbance was read with a
SpectraMax M5 spectrophotometer (Molecular Devices). Absorbance
values were normalized such that the mean absorbance from the input
aA domain wells was set at 100%, and the results are presented as the
percentage of the total input amounts of the wild-type aA domain. Assays
were performed in triplicate wells, and the data shown are from one of at
least three independent experiments.

Flow cytometry
Flow cytometric analysis of K562 cells and human neutrophils for the
surface expression of CD11b/CD18 was performed as previously described (69, 70). Briefly, cells were suspended in the assay buffer [TBS
containing 1 mM each of Ca2+ and Mg2+ ions (TBS++) and 0.1% BSA].
Cells (5 × 105) were incubated with primary mAb [a 1:100 dilution of IB4
or 44a ascites, or of mAb 24 (15 mg/ml)] in the absence or presence of
leukadherin (25 to 50 mM) in 100 ml of TBS++ on ice (except for mAb 24
and the isotype control antibody, for which incubations were performed at
37°C in TBS++) for 30 min. Subsequently, the cells were washed three
times with the assay buffer and incubated with allophycocyanin (APC)–
conjugated goat antibody against mouse Ig (Invitrogen) for 20 min at 4°C.
Cells were washed twice with the assay buffer and analyzed with a FACSCalibur flow cytometer (BD Biosciences), counting at least 10,000 events
(cells). Data were analyzed with CellQuest software (BD Biosciences).
Assays were performed in triplicate and the data shown are from one of

at least three independent experiments. Human neutrophils contain an
intracellular pool of CD11b/CD18 that is rapidly brought to the cell surface upon activation (13, 14, 71). To determine whether leukadherins had
any effect on the mobilization of the intracellular pools of CD11b/CD18,
we purified human neutrophils in a quiescent state from whole blood and
kept the cells on ice, as previously described (72). For analysis, cells were
suspended in the assay buffer [Hanks’ balanced salt solution (HBSS)
containing 1 mM each of CaCl2 and MgCl2 (HBSS-Ca/Mg) and 0.1%
human serum albumin (HSA)]. Cells (5 × 105) were incubated with the
mAbs described earlier in the absence or presence of LA1, LA2, or LA3
(25 mM) for 30 min. The cells were then washed three times with assay
buffer, labeled with secondary antibody (APC-conjugated goat antibody
against mouse Ig), and analyzed by flow cytometry. As a positive control,
neutrophils were activated by incubating the cells with lipopolysaccharide
(100 ng/ml) or phorbol myristate acetate (20 nM) (72, 73) at 37°C in assay
buffer, after which they were labeled and analyzed as described earlier.

Phagocytosis assay with complement iC3b-coated
sheep erythrocytes (EiC3bs)
Sheep erythrocytes coated with complement iC3b were prepared and
used in the phagocytosis assay as described previously (31). Coated
erythrocytes (EiC3bs) were diluted to a concentration of 1.5 × 107 to
6 × 107 cells/ml. K562 CD11b/CD18 cells were washed twice in TBS and
resuspended to 1 × 106/ml, of which 40 ml (4 × 104 cells) was incubated in
suspension with EiC3bs (1.2 × 106) in a total volume of 100 ml at 37°C for
25 min in the presence of 1 mM each of CaCl2 and MgCl2 (in the absence
or presence of 50 to 100 mM LA1, LA2, or LA3), in 1 mM MnCl2, or in
10 mM EDTA. Binding was detected by visually analyzing the formation
of rosettes [the binding of multiple erythrocytes (EiC3bs) to individual
K562 cells] by phase-contrast microscopy, as has been described previously (31). For scoring, only those K562 cells that were bound to ≥3 EiC3bs
were scored as positive, and >200 cells were examined in multiple fields
under each condition. Binding results, showing the percentages of all cells
showing rosettes in a field, are reported as histograms representing the
mean ± SEM of triplicate experiments; the data shown are from one of
at least three independent experiments.

Cell viability assays
Cell viability assays were performed with commercially available reagents
and kits. Briefly, 1 × 104 K562 CD11b/CD18 cells or wild-type B6 neutrophils were incubated in each well of a 96-well plate (Corning) with increasing amounts of the indicated compounds, and the number of viable cells was
determined with the MTS reagent (Promega), according to the manufacturers’ instructions, after 4 hours (neutrophils) or 24 hours (K562 cells) of
incubation. A SpectraMax M5 spectrophotometer was used to read the assay
plates. Data are representative of at least two independent experiments.

Western blotting analysis
K562 CD11b/CD18 cells were incubated with LA1, LA2, or LA3 (15 mM)
or fibrinogen (200 mg) in serum-free medium for 1 hour at 37°C. Cell
lysates were resolved on a 10% SDS-PAGE gel and transferred to a polyvinylidene difluoride membrane (Thermo Scientific) by means of established protocols. Membranes were incubated with a 1:1000 dilution of an
antibody against phosphorylated extracellular signal–regulated kinase 1/2
(ERK1/2) (Thr202/Tyr204, Cell Signaling), stripped with Reblot mild
stripping solution (Millipore), and then incubated, first with an antibody
against total ERK1/2 (Cell Signaling) and then with an antibody against
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Cell Signaling), and
developed according to the manufacturer’s instructions (Thermo Scientific).
Data presented are representative of at least three independent experiments.
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conformation was generated by cloning and expressing protein fragments
spanning residues Gly111 to Gly321 (321WT) (forward primer, 5′-ggttccgcgtggatccgagaacctgtactttcaaggaggatccaacctacggcag-3′; reverse primer, 5′gaattcccggggatccaccctcgatcgcaaagat-3′) with the Infusion Cloning Kit
(Clontech) into the Bam HI site in the vector pGEX-2T according to the
manufacturer’s protocol. The aA domain in its active conformation was
generated by replacing Ile316 with glycine [I316G (36)] using the forward
primer 5′-ggttccgcgtggatccgagaacctgtactttcaaggaggttttcaggaatgt-3′ and the
reverse primer 5′-atatccccgggattaaccctcgatcgcaaagcccttctc-3′. The insert
was digested with Bam HI and Sma I and inserted into the pGEX-2T vector that was digested with Bam HI and Sma I. All constructs were confirmed
by direct DNA sequencing. All recombinant proteins were expressed as
glutathione S-transferase (GST) fusion proteins in Escherichia coli and purified by affinity chromatography (glutathione beads, Sigma) according to
the manufacturer’s instructions. Purified protein preparations were dialyzed
against tris-buffered saline (TBS) [20 mm tris-HCl (pH 7.5), 150 mm NaCl],
subsequently concentrated with Amicon-10 columns (Millipore), and stored
at −80°C. Purity was confirmed by SDS–polyacrylamide gel electrophoresis
(SDS-PAGE) analysis.

RESEARCH ARTICLE
Blood cell count
Complete peripheral blood leukocyte counts from the different mice were
quantified by the University of Miami mouse pathology core by flow
cytometry.

In vivo peritonitis model
Thioglycolate-induced peritonitis in 8- to 10-week-old wild-type B6
and CD11b−/− B6 mice was performed as previously described (62).
Leukadherins were administered 30 min before intraperitoneal injection
with 3% thioglycolate. LA1 and LA2 (200 ml of a 50 mM solution in
saline) were administered intravenously, whereas LA3 was administered
intraperitoneally (500 ml of a 50 mM solution in saline). To evaluate peritoneal neutrophil recruitment, we euthanized mice at 4, 12, or 24 hours
after thioglycolate injection; the peritoneal lavage was collected, and the
number of emigrated neutrophils was quantified by flow cytometric
analysis for cells expressing both GR-1 and Mac-1 on the surface, as described previously (18).
All surgeries were performed under isoflurane anesthesia (Baxter).
Compounds were administered intramuscularly (1 ml of a 50 mM solution
in saline). Balloon injury in the right iliac artery was inflicted with a 2F
Fogarty catheter (Baxter) adapted to a custom angiographic kit (Boston
Scientific, Scimed) (47). An aortotomy in the abdominal aorta was made
to insert a catheter to the level of the right iliac artery. The balloon was
inflated to 1.5 to 1.6 atm and retracted to the arteriotomy site three times.
The aortic excision was repaired with eight sutures. The abdominal cavity
was closed by planes with an interrupted suture pattern. Arterial specimens
were collected 3 to 30 days after injury, fixed in 4% formalin–PBS (SigmaAldrich) for 5 min, and analyzed by histology and immunostaining.

Anti-GBM nephritis
Experimental anti-GBM nephritis was induced in wild-type B6 mice (n =
4 mice per group) by intraperitoneal injection of sheep antibody against
rabbit GBM (0.5 ml per 20 g body weight per day for 2 consecutive days)
as previously described (74, 75). One group of animals was treated with
leukadherins by daily intraperitoneal injection of LA1 (500 ml of a 50 mM
solution in saline) starting at 2 hours before induction of nephritis and
continuing until the end of the experiment. A group of animals was treated
with a known antagonist, the blocking antibody M1/70, as described previously (76). Briefly, M1/70 (100 mg per injection) in a saline solution was
injected intraperitoneally every other day starting at 2 hours before induction of nephritis and continuing until the end of the experiment. Urine
collections were performed every 24 hours and analyzed for evidence of
proteinuria on SDS-PAGE gels with BSA standards, as described previously (77). The amounts of creatinine were determined with a creatinine
assay kit (Cayman Chemical) according to the manufacturer’s instructions.
Mice were killed on days 0, 3, and 7, and renal biopsies were obtained
from each animal. Tissue sections were fixed with 4% paraformaldehyde
and were used for histochemical analyses and leukocyte enumeration.

Evaluation of neutrophil sequestration
To evaluate whether leukadherins induced tissue sequestration of neutrophils, we fixed various organs from wild-type B6 mice (n = 3 mice per
group) with formalin and stained them with hematoxylin and eosin (H&E).
The numbers of neutrophils in untreated and LA1-treated animals were
quantified from four random fields for each specimen at either 40× or
1000× magnification in a blinded fashion. Bone marrow was isolated as
described previously (78). Briefly, mice were euthanized, and the femurs
and tibia from both hind legs were removed and freed of soft tissue. The

Histology and immunostaining
Elastica van Gieson staining was used for histochemical analysis to evaluate the formation of neointima. Morphometric analysis was performed in
a blinded fashion with NIH ImageJ. Immunostaining with antibody against
rat CD68 (1:50 dilution, AbD Serotec) was used to detect macrophages in
the tissue. To examine renal histology in mice from experiments involving
anti-GBM nephritis, we stained kidney sections with H&E stain or periodic
acid and Schiff’s reagent. The number of infiltrating neutrophils was enumerated by immunostaining with antibody against GR-1 according to the
manufacturer’s instructions. The cells were counted by the same operator
in a blinded fashion.

Intravital microscopy
Mice were given an intrascrotal injection of TNF-a (500 ng, PeproTech) in
0.25 ml of saline 3 hours before cremaster muscle exteriorization. Some
animals also received intravenous injections of the blocking mAb M1/70
(30 mg per mouse) in 0.1 ml of saline and intraperitoneal injections of LA1
(100 mM) or DMSO in 0.5 ml of saline 30 min before injection with
TNF-a. Mice were anesthetized with an intraperitoneal injection of ketamine (125 mg/kg), xylazine (12.5 mg/kg), and atropine sulfate (0.025 mg/kg)
and placed on a 38°C heating pad. After tracheal intubation and cannulation of one carotid artery, the cremaster was exteriorized, pinned to
the stage, and superfused with thermocontrolled bicarbonate-buffered
saline (131.9 mM NaCl, 18 mM NaHCO3, 4.7 mM KCl, 2.0 mM CaCl2,
and 1.2 mM MgCl2) equilibrated with 5% CO2 in N2. Cremaster muscles
were illuminated with stroboscopic flash epi-illumination (DPS-1, Rapp
OptoElectronic) and halogen transillumination. Microscopic observations were made on postcapillary venules with a diameter of between 20
and 40 mm by means of an intravital microscope (Axioskop; Carl Zeiss
MicroImaging Inc.) with a saline immersion objective (SW 40/0.75). A
charge-coupled device (CCD) camera (model SIT66, DAGE-MTI) was
used for recording. In a limited analysis, cells adjacent to the venules were
counted to determine the number of transmigrated neutrophils. The surface
area (S) was calculated for each vessel as S = pdIn, where d is the diameter
of the vessel and In is the length of the vessel. Adherent leukocytes were
defined as those cells that were stationary for more than 30 s.

Zebrafish tailfin injury assays
Transgenic Tg(mpx::eGFP) zebrafish (51) were maintained according to
standard protocols (79). Tailfin injury in larvae 3 days after fertilization
was performed as described previously (51). Larvae were anesthetized
by immersion in E3 with 4.2% tricane, and tails were completely transected
with a sterile microdissection scalpel, in accordance with the approved
protocols, and were recovered at the indicated time points. Zebrafish larvae
(3 dpf ) were treated with the appropriate compounds as described (80).
Briefly, small-molecule compounds were administered by immersing the
larvae in a solution of the compounds in E3. The final concentration of
DMSO was kept at <1%. For the assessment of the inflammatory response,
injured larvae were analyzed 4 hours after injury. For the post-wash assay,
uninjured larvae incubated with the compounds in E3 for 4 to 8 hours were
washed in E3 and injured. Larvae were analyzed with a Leica DMI6000B
microscope and a Hamamatsu Orca-3CCD camera with Volocity. Excitation
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Balloon-induced arterial injury in rats

extreme ends of the bones were cut off, and a solution of RPMI 1640 containing 10% FBS was forced through the bone with a 27-gauge syringe
needle. Cell clumps were dispersed, passed through an 80-mm filter, and
collected by centrifugation. Red blood cells (RBCs) were removed by hypotonic lysis buffer followed by two washes with HBSS buffer containing
0.1% BSA. Neutrophil numbers were determined by flow cytometry as
described earlier.

RESEARCH ARTICLE
was performed with the laser set at 488 nm, and the images were analyzed
with Volocity. The numbers of fluorescent neutrophils at sites of inflammation were counted by eye in a blinded fashion.

Statistical analysis
Data were analyzed with GraphPad Prism and compared with the MannWhitney test and the Student’s t test, where appropriate, or by one-way
analysis of variance (ANOVA) with post hoc analysis, when comparing
two or more groups. P < 0.05 was considered statistically significant.

Computational modeling

SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/4/189/ra57/DC1
Fig. S1. Leukadherins are true agonists and do not inhibit cell adhesion in the presence of
the agonist Mn2+.
Fig. S2. Leukadherins do not affect the surface abundance of CD11b/CD18 on K562 cells.
Fig. S3. Leukadherins do not mobilize CD11b/CD18 from internal pools or affect the
amount of CD11b/CD18 on the surface of human neutrophils.
Fig. S4. Leukadherins increase the adhesion of CD11b/CD18-expressing cells to iC3b.
Fig. S5. Leukadherin-dependent CD11b/CD18 activation is independent of ligand type.
Fig. S6. Leukadherin-dependent activation of CD11b/CD18 occurs in THP-1 cells.
Fig. S7. Leukadherins increase the extent of binding of iC3b-coated RBCs by K562 cells.
Fig. S8. Ribbon diagrams showing computational models for the binding of LA1 and LA2
in an activation-sensitive region of the CD11b A domain.
Fig. S9. Leukadherins activate full-length CD11b/CD18 on live K562 cells.
Fig. S10. Leukadherins have a higher affinity than does IMB-10 for CD11b/CD18.
Fig. S11. Leukadherins do not affect neutrophil migration in 3D gels in vitro.
Fig. S12. Leukadherins do not cause cytotoxicity in vitro.
Fig. S13. Leukadherins do not cause neutrophil cytotoxicity in vitro.
Fig. S14. Leukadherins do not induce integrin clustering or outside-in signaling.
Fig. S15. Leukadherins do not induce CD11b/CD18-mediated outside-in signaling.
Fig. S16. The control compound LA-C has no effect on neointimal thickening upon balloon
injury in wild-type rats.
Fig. S17. LA3 substantially reduces neointimal thickening after balloon injury in rats.
Fig. S18. LA2 prevents neutrophil recruitment to injured tissue in a reversible manner.
Fig. S19. Leukadherins do not lead to loss of neutrophil numbers in zebrafish larvae.
Fig. S20. Leukadherins reduce the number of transmigrated cells in vivo.
Table S1. White blood cell counts in mouse whole-blood samples.
Descriptions for Movies S1 to S8
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To model the binding of leukadherins to the active, open conformation of
the aA domain, we performed a series of computational studies as previously described (81). To identify possible ligand-binding modes, we applied
an induced-fit docking (IFD) procedure implemented in the Schrodinger
software suite as previously described (23). The optimized receptor structures after IFD were then used to dock the agonists LA1 and LA2 with
Schrodinger Glide and the SP scoring function. Next, the best-scoring
structures for LA1 and LA2 in their Z configuration were further optimized
in molecular dynamics (MD) simulations, which were performed as multistep protocols with several minimization and simulation steps preceding the
production MD run. Simulations were performed with the MD package
Desmond by DEShaw Research (82) at 300 and 325 K (NPT ensemble)
with the Simple Point Charge (SPC) water model (cubic box of 10 Å
around the receptor) on an IBM E-server 1350 cluster (36 nodes of eight
Xeon 2.3-GHz cores and 12 gigabytes of memory). The final simulation times
were 12 ns, in which the reported poses remained stable. The data presented
show the poses of LA1 and LA2 after 1.2 ns of production simulation.
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