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A Simple, No-Wash Cell Adhesion—Based High-Throughput
Assay for the Discovery of Small-Molecule Regulators
of the Integrin CD11b/CD18

JUN Y. PARK, M. AMIN ARNAOUT, and VINEET GUPTA

The leukocyte-specific integrin CD11b/CD18 plays a key role in the biological function of these cells and represents a validated
therapeutic target for inflammatory diseases. Currently, the low affinity interaction between CD11b/CD18 integrin and its
respective ligand poses a challenge in the development of cell-based adhesion assays for the high-throughput screening (HTS)
environment. Here the authors describe a simple cell-based adhesion assay that can be readily used for HTS for the discovery
of functional regulators of CD11b/CD18. The assay consistently produces acceptable Z” values (> 0.5) for HTS. After testing
the assay using 2 established blocking antibodies as reference biologicals, the authors performed a proof-of-concept primary
screen using a library of 6612 compounds and identified both agonist and antagonist hits. (Journal of Biomolecular Screening

2007:406-417)

Key words:

INTRODUCTION

INTEGRINS ARE NONCOVALENTLY LINKED o/ heterodimeric
receptors that mediate cell adhesion, migration, and signaling.!
Together with their ligands, integrins play central roles in many
processes, including development, hemostasis, inflammation, and
immunity, and in pathologic conditions such as cancer invasion
and cardiovascular disease. The 2 integrins, which have a com-
mon B-subunit (82, CDI18) but distinct o-subunits (CD11a,
CD11b, CDll1c, and CD11d), are critical leukocyte receptors that
are important not only for the function of leukocytes but also for
the development of the inflammatory response in vivo.?
Leukocytes normally circulate in the vasculature in a quiescent
state but, in response to inflammatory stimuli, adhere, transmi-
grate across the vascular endothelium, and enter areas of tissue
inflammation, where they participate in the destruction and
removal of infectious agents and in amplifying the process of
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inflammation. The integrin CD11b/CD18 (complement receptor
type 3 [CR3], Mac-1, or aMf2) is the predominant (32 integrin
receptor in neutrophils, macrophages, and monocytes and medi-
ates a large number of pro-inflammatory functions in these cells.>*
CD11b/CD18 recognizes a wide variety of ligands, including the
complement fragment iC3b, fibrinogen, blood-clotting factor X,
CD54 (ICAM-1), the hookworm neutrophil inhibitory factor
(NIF), and denatured proteins such as bovine serum albumin
(BSA).? Studies in CD11b™ mice have shown that this integrin
has a distinct and cooperative role (with integrin CD11a) in the
inflammatory process.® In addition to the knockout mice studies,
the biological importance of this integrin in maintaining immuno-
logical homeostasis has been illustrated by different pathological
conditions where integrins are absent or defective—loss of func-
tional B2 integrins causes life-threatening infections in humans,
and mutations result in leukocyte adhesion deficiency type 1,
where circulating neutrophils fail to adhere to or migrate across
the endothelium and the patients are susceptible to recurrent, life-
threatening bacterial infections.”” Similarly, improper excessive
activation of leukocyte integrins is also harmful, as overactivation
of B2 integrins contributes to sustained inflammation, ischemia-
reperfusion injury (including acute renal failure, atherosclerosis
and autoimmune disorders,"” and tissue damage'®), and the devel-
opment of various autoimmune diseases.!! CD11b/CD18 is also
implicated in stroke,'” neointimal thickening in response to vas-
cular injury,” bullous pemphigoid,” and neonatal obstructive
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nephropathy.'* Thus, there is a considerable potential for agents
that block the binding of CD11b/CD18 to its physiologic ligands
as therapeutics for the treatment of such inflammatory conditions.

Physiologic ligand binding by CD11b/CD18 is divalent cation
dependent and is mediated by CD11b von Willebrand factor type
A (VWFA) domain, CD11bA-domain (0tA-domain)."> Blocking
anti-CD11b/CD18 antibodies decreases ischemia/reperfusion
injury,'® the area of myocardial infarction,”” and liver cell
injuries,'® and it diminishes neointimal thickening and restenosis
after balloon injury of carotid arteries'® in animal models. These
antibodies are also effective in the treatment of endotoxic chal-
lenge and hemorrhagic shock® and autoimmune injury in various
organs, including the kidney. However, antibody therapy is not
ideal, as adverse effects due to nonselective blockade of various
other leukocyte functions may lead to severe complications.”
Similarly, NIF, a 41-kDa glycoprotein ligand mimic, is effective
in attenuating the deleterious effects of excessive neutrophil acti-
vation in animal models,” but its large size and immunogenecity
preclude its use as a therapeutic agent. In addition, although
blockade of the binding sites of integrins with ligand-mimetic
peptides or small molecules has proved effective in inhibiting the
activities of B1 and B3 integrins, peptides derived either from
CD11b/CD18 ligands or anti-CD11b/CD18 antibodies were not
very efficacious in blocking ligand binding in vitro.?* The failure
of these ligand-mimetic peptides to block the interaction between
iC3b and CD11b/CD18 may be due to their improper conforma-
tion in solution or to the size of the ligand-binding sites, which
may be too extensive to block with a small peptide. The identifi-
cation of small molecules that selectively modulate CDI11b/
CD18 ligand binding, especially by targeting allosteric regulatory
sites, such as the hydrophobic site-for-isoleucine (SILEN) pocket
in CD11b/CD18,* may prove to be a more promising therapeu-
tic strategy, as has been shown by the discovery of several small-
molecule antagonists targeting a similar site for the related
integrin CD11a/CD18.% Progress is being made in that direction,
with 2 recent reports describing identification of a few small mol-
ecules targeting CD11b/CD18.%%” However, current assays rely
on purified proteins adsorbed to microplates, and even though
these assays are compatible with high-throughput screening
(HTS), purification of the requisite amount of CD11b/CD18 from
mammalian cells for the HTS campaign can be exceedingly dif-
ficult and may not retain the natural conformation of integrin
upon adsorption to the plastic surfaces. Optimized cell-based
phenotypic assays that can be readily used in an HTS environ-
ment for the rapid identification of small-molecule regulators of
this important integrin are currently lacking. Recent reports also
suggest that CD11b/CD18 has a central role in the resolution of
the inflammatory process, by modulating the egress of adherent
neutrophils from the site of inflammation.?® This suggests that
small-molecule agonists of CD11b/CD18 may also have a role
in the treatment of certain inflammatory and other conditions.
Here again, simple cell-based phenotypic assays for ready HTS
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adaptation are currently lacking. In this report, we describe a con-
venient, no-wash cell adhesion—based HTS assay in the 384-well
plate format for the discovery of small-molecule regulators of the
integrin CD11b/CD18. The adhesion assay does not require
expensive reagents, is very quick, and provides a quantitative and
consistent readout. In addition, the assay can be used for the iden-
tification of either agonists or antagonists of integrin function. In
a proof-of-concept study, we used this assay to perform a primary
screen using a commercially available library of small molecules
to identify ones that would modulate integrin CD11b/CD18-
based cell adhesion. A small number of novel compounds were
identified as either agonists or antagonists in this primary screen.

MATERIALS AND METHODS

Reagents and antibodies

Restriction and modification enzymes were obtained from New
England Biolabs (Beverly, MA), GIBCO BRL (Gaithersburg,
MD), or Fisher Scientific (Pittsburgh, PA). Cell culture reagents
were from Invitrogen Corp. (San Diego, CA) or Fisher Scientific.
The anti-CD11b monoclonal antibody (mAb) 44a (IgG2a),’ the
heterodimer-specific anti-CD18 mAb IB4 (IgG2a),” the ligand
mimic mAb 107 (IgG1),” and an activation-dependent mAb 24
(IgG1)*" (Abcam, MA) have been described previously. Isotype
control antibodies MOPC-21 (IgG1) and MOPC-173 (IgG2a) and
FITC-conjugated goat antimouse Ig were from BDPharmingen
(San Diego, CA). Human fibrinogen (plasminogen, von Willebrand
factor, and fibronectin depleted) was purchased from Enzyme
Research Laboratories (South Bend, IN). The 96- and 384-well
MaxiSorp microplates were from Nunc (Nalgene, NY), and nonfat
milk was purchased from Bio-Rad (Hercules, CA).

Cell culture and stable transfection

Stable transfection of wild-type integrin CD11b/CD18 in
K562 cells (ATCC) was performed using published protocols.*>*
Briefly, K562 cells (K562 mock) were grown to log phase in
Iscove’s Modified Dulbecco’s Medium (IMDM, CellGro), sup-
plemented with 10% heat-inactivated fetal bovine serum and 50
TU/mL penicillin and streptomycin at 37 °C, and resuspended
in serum-free IMDM at ~1 x 10’/mL. A total of 0.5 mL of cells
was transferred into a 0.4-cm cuvette (Fisher), and 10 pug each
of linearized wild-type CD11b and wild-type CD18 cDNA
pcDNA3 expression vectors carrying a G418-resistance
marker* was added. Electroporation was carried out at 960 uF
and 320 V (Gene-Pulser, Bio-Rad). Transfectants were allowed
to recover in serum-containing media for 48 h and were then
selected with 0.5 mg/mL G418 (Invitrogen) for up to 2 weeks.
CD11b/CD18-expressing cells (K562 wild type) were enriched
by fluorescence-activated cell sorting (FACS) using the het-
erodimer-specific mAb IB4.%>* Sorted cells were cloned by
limiting dilution, and clones with varying levels of integrin
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expression were identified by flow cytometry and maintained in
IMDM supplemented with 10% heat-inactivated fetal bovine
serum, 50 IU/mL penicillin and streptomycin, and 1 mg/mL G418.

Flow cytometry

Flow cytometric analysis of K562 cells (mock and wild type)
was performed using published protocols.*>*® Briefly, cells were
counted and washed twice with phosphate-buffered saline (PBS)
containing 1 mM each of Ca*" and Mg** ions (PBS*). Cells (5 x
10°) were incubated with primary mAb (3 ug/mL) in 100 pL
PBS*™ at room temperature for 15 min, except for mAbs 24
and the isotype-matched control mAb MOPC-21, where incuba-
tions were performed in Tris-buffered saline (TBS, Boston
Bioproducts, Boston, MA) at 37 °C for 30 min and in the pres-
ence of either Ca** and Mg** (1 mM each) or 1 mM Mn***>. Cells
were subsequently washed with PBS* and incubated with FITC-
conjugated secondary mAb (5 ug/mL) for 20 min at room tem-
perature. Stained cells were washed and analyzed using the FACS
scan flow cytometer (BD Biosciences, San Jose, CA), counting
10,000 events. Data were analyzed using the CellQuest software
(BD Biosciences).

Coating microplates with ligand

The 96- and 384-well Maxisorp microplates were coated
with 1 to 20 pg/mL fibrinogen (Fg) ligand in PBS™ overnight
at 4 °C. Subsequently, the Fg-coated wells were washed with
TBS, and nonspecific sites were blocked by incubation with
2% nonfat milk in TBS at room temperature for 30 min. Next,
the wells were washed 3 times with TBS, and the coated
microplates were used in the HTS assays.

HTS adhesion assay

All the adhesion assays were carried out in the screening
facility at the Institute of Chemistry and Cell Biology (ICCB),
Harvard Medical School, using the available small-molecule
libraries and equipment. The Actimol Timtec 1 small-molecule
library (6612 compounds) has been previously described
(http://iccb.med.harvard.edu/screening/compound_libraries).
The small-molecule library is stocked in 384-well plates at
—80 °C and as sealed plates, with each well containing a unique
compound dissolved in DMSO at approximately 5 mg/mL. For
the adhesion assay, the K562 cells were washed with TBS, and
cells (50,000/well for 96-well plates and 20,000/well for 384-
well plates) were transferred to the Fg-coated wells of
microplates in the assay buffer (TBS containing 1 mM each of
Ca* and Mg* [TBS*] for agonist identification assays or TBS
for antagonist identification assays). Compounds were trans-
ferred to each well using a pin-transfer robot (Seiko D-TRAN
XM3106-31 PN 4-axis Cartesian robot) with a 384-transfer pin
(V&P Scientific, San Diego, CA) calibrated at 100 nL, and
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the assay plates were incubated at 37 °C in the presence of
small-molecule compounds. In the screen for agonists, the cells
were in TBS*™ and were incubated with small molecules for 30
min. In the screen for antagonists, following incubation of the
cells in TBS with small molecules for 20 min at 37 °C, 1 mM
Mn?* was added to each well, and the cells were further incu-
bated for an additional 15 min at 37 °C. To dislodge the non-
adherent cell, the assay plates were gently inverted and kept in
the inverted position for 20 min at room temperature. Adherent
cells were quantitated using either cell viability measuring
reagents or automated imaging (see below).

Quantitation of adherent cells

For quantitation of adherent cells using a cell viability mea-
suring kit (such as methanethiosulfonate [MTS]-based CellTiter-
One [Promega, Madison, WI], CyQuant [Molecular Probes,
Carlsbad, CA], or luciferase-based CellTiter-Glo [Promegal), the
nonadherent cells were removed by complete aspiration using an
automated liquid-handling machine (ELx405, Bio-Tek Instruments,
Winooski, VT), and the assay reagent was added according to the
manufacturer’s instructions. For automated imaging-based quan-
titation of adherent cells, the nonadherent cells were fixed by
adding a small volume of formaldehyde (1.1% v/v final concen-
tration), and the plates were kept inverted for an additional 1 h.
Upon cell fixation, the wells were washed with TBS using an
automated liquid-handling machine (ELx405), and the adherent
cells were fluorescently labeled with DAPI (0.5 uM final in TBS
with 0.1% Triton X-100) and quantitated using an automated
microscope (see below).

Automated imaging and analysis

A CellWorx automated microscope (Cellomics, Pittsburgh, PA)
was set at a 0.3-s exposure using the DAPI filter set to capture 1 to
3 images per well. Digitized photomicrographs were then ana-
lyzed using MetaXpress image analysis software (Molecular
Devices, Sunnyvale, CA) using the built-in cell count module to
quantify nuclear staining. Data output files were analyzed using
MS Excel.

Calculation of assay values and hit identification

Using the number of non-small-molecule-treated cells
adherent in the basal physiologic buffer condition (1 mM each
of Ca®* and Mg*") as a minimum threshold, any small molecule
resulting in > 10-fold increase in cell adhesion was scored as a
positive agonist hit. In addition, using the number of non-
small-molecule-treated cells adherent in the activating buffer
condition (1 mM Mn?*) as a maximum, any small molecule
resulting in a 50% to 70% decrease in cell adhesion was scored
as a positive antagonist hit.

Journal of Biomolecular Screening 12(3); 2007
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Statistical analysis and curve fitting

Regression lines were plotted using XLfit4 (ID Business
Solutions, Burlington, MA), and EC,, and IC, values were calcu-
lated using GraphPad Prism (San Diego, CA) with 4-parameter
logistic curve fitting, y = min + (max — min)/(1 + 10 (°2EC30 - hillslope)
All data are reported as mean + SEM. The Z~ factor was calculated
as previously described.”’

RESULTS AND DISCUSSION

Expression of heterodimeric CD11b/CD18
on K562 cell surface

We chose the erythroleukemic K562 cells for the adhesion
assay, as these cells express integrins, native or recombinant, in
a default low-affinity state similar to normal leukocytes, and as
with leukocytes, the expressed integrins can be activated and
made ligand competent by various external stimuli. Thus, these
cells provide an excellent context for the discovery of small-
molecule regulators of integrin function.”® We transfected the
K562 cells, which do not endogenously express the integrin
CD11b/CD18, with wild-type CD11b/CD18 using electropora-
tion and obtained several single-cell clones stably expressing
the integrin CD11b/CD18 on the cell surface by FACS sorting
using heterodimer-specific mAb IB4,” as has been previously
described.*** Unlike previous publications, we also obtained
and characterized several different clones displaying varying
levels of CD11b/CD18 surface expression (Fig. 1A), as these
clones would be useful in the future for performing dose-
response curves to study the dependence of integrin density on
the effect of various small-molecule compounds identified
from this screen. One clone, designated 3F9, was selected for
all the studies presented in this article, and the CD11b/CD18
surface expression level on 3F9 was further characterized with
anti-CD11b mAb 44a* and with a ligand-mimetic mAb 107,
both of which showed binding comparable to that observed
with the mAb IB4 (Fig. 1B).

The K562 cell surface—expressed integrin
CD11b/CD18 is functionally active

K562 cells express wild-type integrin in a largely inactive
state, which can be activated by inside-out signals primarily
through a change in integrin affinity rather than avidity.** We
verified that the integrin CD11b/CD18 was expressed in the
correct conformational state on the surface of K562 cells using
an activation-sensitive mAb, mAb 24, and using CD11b/CD18
physiologic ligand fibrinogen. The mAb 24 binds to an activation-
and cation-dependent epitope in the BA and has been widely
used as a reporter of the high-affinity state in 32 integrins.*' We
assessed the binding of mAb 24 to CD11b/CD18 expressed on
K562 cells using flow cytometry (Fig. 1C). Very little binding
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was seen in the low-affinity integrin conformation in physio-
logic Ca?* and Mg* (1 mM each) buffer, which reproducibly
increased upon activation with 1 mM Mn?** (Fig. 1C), compa-
rable in magnitude to that observed previously in maximally
activated B2 integrins expressed in K562 cells,* indicating that
the integrins become functionally active in the presence of
1 mM Mn?*.

Adhesion of integrin-expressing cells to ligand-coated plates
is a classic assay for the study of integrin function and has been
used for the study of numerous integrins, ligands, and cell types.
Next, we analyzed binding of K562 cells to the physiologic
CD11b/CD18 ligand fibrinogen (Fg) using 96-well plates. Fg is
a symmetric dimer that is recognized by a number of different
integrins and has been shown to be a critical CD11b/CD18 lig-
and for inflammatory response and host clearance of microbes.*!
Thus, Fg-CD11b/CD18 interaction is an important target for
anti- and pro-inflammatory therapeutic strategies. Enzyme-
linked immunosorbent assay (ELISA)-based analysis of Fg-
coated wells with anti-Fg mAb showed that the ligand coating of
the assay plates was highly even and reproducible and displayed
very low variability (not shown). K562 cells (50,000/well) in
TBS were added to Fg-coated wells of a 96-well plate, in the
presence of EDTA (10 mM), Ca® and Mg** (1 mM each), or
Mn** (1 mM), and briefly centrifuged at 500 rpm for 10 s. After
incubation at 37 °C for 30 min, unbound cells were removed by
gentle hand washing, and the adherent cells were quantitated
using CellTiter-Glo (Promega). In this system, no Fg binding by
CD11b/CD18-expressing cells was observed in the presence of
EDTA or the physiologic divalent cations Ca** and Mg** (Fig.
1D). Activation with 1 mM Mn** induced a large increase in Fg
binding by the CD11b/CD18-expressing cells (Fig. 1D), indicat-
ing that the adhesion to Fg was CD11b/CD18 dependent.

Adaptation of cell adhesion assay to a 384-well format

Next, the 96-well adhesion assay was directly adapted to the
384-well plate format. The assay was performed as described
for the 96-well plate assay (above), except that fewer K562
cells (20,000/well) were used and that the final washing step
was carried out using an automated plate washer. Although we
did not find any Fg binding by CD11b/CD18-expressing cells
in the absence of activating Mn?* ions and that activation with
1 mM Mn* induced a large increase in Fg binding by the
CD11b/CD18-expressing cells (Fig. 2A), we were unable to
obtain Z~ values > 0.5, despite our every effort to perform the
plate washing as gently as possible. In fact, we obtained nega-
tive Z” values from most of our assays, suggesting that this pro-
tocol presented high variability and was not compatible with
the HTS environment. Examination of the bottom of 384-well
plates for visualization of 1-mM Mn**-treated adherent cells
using DAPI staining and photomicrography with an automated
microscope (see Materials and Methods) revealed that an uneven
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FIG. 1. Characterization of various CD11b*/CD18* K562 clones. (A) Surface expression profiling of various stable lines generated that express
different levels of wild-type CD11b/CD18. FACS histograms showing cells stained with the heterodimer-specific mAb IB4. Mean fluorescence
intensity (MFI) for mAb IB4 staining is shown in each panel. IB4 staining of nontransfected cells (mock) was similar to isotype-matched control
mAb MOPC-173 (not shown). (B) Surface expression profiling of 1 clone (3F9) expressing wild-type CD11b/CD18 at high levels using 3 differ-
ent mAbs. The MFI for mAb staining is shown in each panel. mAb staining of nontransfected cells (mock) was similar to the isotype-matched con-
trol mAb MOPC-173 (not shown). (C) Fluorescence-activated cell sorting (FACS) analysis of the reactivity of conformation-sensitive mAb 24.
Surface-expressed CD11b/CD18 undergoes activation-dependent conformational change, as measured by mAb 24 binding. K562 cells were incu-
bated with mAb 24 in Tris-buffered saline (TBS) buffer containing Ca** and Mg** (1 mM of each) or | mM Mn*" at 37 °C, as described.*® After
washing with TBS, cells were stained with FITC-goat antimouse Ig and analyzed, counting 10,000 events. MFI values for mAb staining (filled his-
togram) are shown in each panel. No binding was observed with isotype control mAb (nonfilled histogram). (D) A bar graph showing the percent
input cells (50,000 per well) adhering to the bottom of fibrinogen-coated wells in the presence of Ca®* and Mg** (1 mM of each) or of 1 mM Mn?*
and quantitated by the measurement of cellular adenosine triphosphate (ATP) levels from a 96-well plate adhesion assay performed using manual
washing of the plate. Each bar represents mean + SD of triplicate determinations from a representative experiment.

number of cells remained adherent upon completion of the assay,
and sometimes cells were completely absent from the middle of
the wells (Fig. 2B). Upon carefully monitoring the adherent
cells in the wells after each step in the assay, we discovered that
the automated washing step caused substantial and uneven
detachment of adherent cells from wells. Therefore, we rea-
soned that if one were to identify a gentler way of removing
nonadherent cells from the ligand-coated surface of the wells,
without necessarily washing the wells, then that would be a
way to generate an HTS-compatible assay. Gently inverting the
plates and keeping them inverted for a short time provided us
with such a methodology. For the complete removal of nonad-
herent cells prior to quantitation of adherent cells, we devel-
oped 2 methods, both of which gave very similar results. In the

410 www.sbsonline.org

first method, 1.1% formaldehyde was added, and the adherent
cells were fixed to the bottom of 384-well plates, in the inverted
position, for 1 h at room temperature. The wells were subse-
quently washed using an automated plate washer, and the fixed
cells were stained with DAPI. DAPI-stained cells were photomi-
crographed using an automated microscope, and the images of
stained nuclei were quantitated using MetaXpress following the
manufacturer’s recommendations. In the second method, after
keeping the plates inverted for a short time, the supernatant con-
taining nonadherent cells was completely aspirated using an
automated plate washer, and a developer reagent, such as MTS
(which showed the linear dynamic range > 2 logs [not shown]),
was added to quantitate cell number. The plates were developed
according to the manufacturer’s recommendations.

Journal of Biomolecular Screening 12(3); 2007
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FIG. 2. High-throughput screening (HTS)-compatible no-wash cell adhesion assay in 384-well format. (A) A bar graph showing the number of
cells adhering to the bottom of fibrinogen-coated wells in the presence of Ca*" and Mg?* (1 mM of each) or of 1 mM Mn?* and quantitated by mea-
surement of cellular adenosine triphosphate (ATP) levels from a 384-well plate adhesion assay performed using automated washing of the plate.
Each bar represents mean + SD of triplicate determinations from a representative experiment. The Z” values are as indicated. Notice that the auto-
mated washing produces a negative Z” value, rendering the assay unsuitable for HTS applications. (B) Example photomicrographs from a 384-well
plate adhesion assay showing cells remaining adherent, in the presence of 1 mM Mn*', before (upper panel) and after (lower panel) automated plate
washing. The images clearly show that automated washing, using even the most gentle wash setting, caused substantial and uneven detachment of
adherent cells from wells. (C) Example photomicrographs from a 384-well plate assay showing cells remaining adherent upon completion of the
no-wash cell adhesion assay. Cells were transferred to wells coated with an increasing amount of Fg and incubated in buffer containing either Ca®*
and Mg*" (1 mM of each) or I mM Mn?** for 20 min at 37 °C. Nonadherent cells were allowed to detach by gentle inversion of the plates, and the
adherent cells were fixed with 1.1% formaldehyde. After washing the plate with the automated plate washer and staining cells with DAPI, cells
were imaged using an automated microscope. The amount of Fg used to coat the wells is indicated. Cell adhesion to the uncoated well surface is
shown (no block). Notice the lack of uneven cell detachment, as seen in Figure 2B. (D) Bar graphs showing the number of adherent cells as a func-
tion of Fg coating concentration. Each bar represents mean = SD of triplicate determinations from a representative experiment. An automated
microscope coupled with image analysis software was used to quantify the adherent cells. (E) Bar graphs showing analysis of the assay variabil-
ity in the no-wash 384-well assay, as measured by quantitation of the adherent cells using an automated microscope (left panel) or methanethio-
sulfonate (MTS) assay (right panel). Each bar represents mean + SD across 192 wells from a representative experiment. Cell numbers obtained
using the automated microscope are lower than those obtained using MTS, as only ~1/6th of each 384-well was photomicrographed by automated
microscope, as compared to the entire well used in the MTS measurement. In both types of analyses, the Z” value is = 0.5.

Figure 2C shows example photomicrographs from a 384-
well plate showing cells adherent to an increasing amount of Fg.
These photomicrographs show very little Fg binding by
CD11b/CD18-expressing cells in the absence of Mn** and a large
increase in binding upon incubation with Mn*" at every Fg coat-
ing concentration tested. Input cell number was estimated by

Journal of Biomolecular Screening 12(3); 2007

determining cell adhesion to the non-Fg-coated microtiter well
surface, which showed high nonspecific binding (Fig. 2C, no
block). The photomicrographs from triplicate measurements
were quantitated using MetaXpress, and the results show that the
Fg binding by CD11b/CD18-expressing cells was completely
dependent upon activating Mn*" ions and that the variability
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FIG. 3. Dose-dependent inhibition of cell adhesion by blocking mAbs. Shown are dose-response curves depicting number of adherent cells in
the presence of an increasing amount of blocking mAbs (IB4, left panel; 44a, right panel). Concentration of mAb used is indicated at the bottom.
Curve fitting was done using XLfit4 to show a dose-dependent inhibition of cell adhesion in the presence of 1 mM Mn?*". Each dot represents
mean + SEM of triplicate determinations from a representative experiment.

associated with this assay was very low (Fig. 2D). Similarly,
binding by CD11b/CD18-expressing cells to a second physio-
logic ligand iC3b® showed high selectivity and low variability
(not shown).

Next, we measured the Z” values across an entire 384-well
plate to determine if the optimized assay was ready for an HTS
campaign. Figure 2E shows that the Z~ values after completion
of the adhesion assay were = 0.5 independent of the method
used to quantitate the adherent cell number. Although only
~1/6th of each 384 well was photomicrographed using an auto-
mated microscope (to keep the imaging and image analysis
time to a minimum), whereas the entire well was quantitated
using MTS, the Z~ values obtained were very similar to the 2
readouts, suggesting that this simple protocol presented low
variability and high compatibility with the HTS environment.

The specificity of CD11b/CD18-expressing cells toward Fg
in this assay format was further confirmed by incubation with
anti-CD11b (44a*) or anti-CD18 (IB4%) blocking mAbs.
CD11b/CD18-expressing cells were pretreated with an increas-
ing amount of the blocking mAbs for 15 min at room tempera-
ture and then allowed to adhere to Fg-coated wells in the
presence of Mn*" (1 mM). After incubation at 37 °C for 30 min,
unbound cells were removed and the remaining cells were
quantitated using automated microscopy, which showed a dose-
dependent inhibition of cell adhesion to Fg (Fig. 3). Both mAbs
produced an IC,, value of ~0.5 pg/mL (~3.3 nM), which is sim-
ilar to the published value (2 nM) for mAb 44a.* In addition,
very little binding was seen with nontransfected K562 cells
under any condition (not shown).
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Application of the HTS adhesion assay for identification
of novel small-molecule agonists and antagonists

We used the simple, no-wash cell adhesion assay to perform
a pilot primary screen to identify small-molecule agonists and
antagonists using a library of ~6600 compounds (Actimol
Timtecl). In the assay for identifying agonists that produce
increased cell adhesion, the cells were transferred to ligand-
coated wells of a 384-well plate in TBS buffer containing 1
mM each of Ca* and Mg* (TBS™), and compounds were
added to each well using a 384 pin-transfer robot. After incu-
bation of the assay plate for 30 min at 37 °C, the nonadherent
cells were removed by plate inversion, and the cell number
in each well was quantitated using automated microscopy and
image analysis. Of the compounds, 144 (2.2%) showed large
activation and an increase in cell adhesion (> 10-fold increase
over adhesion by nontreated cells). Notably, 21 of the identified
compounds had a common substructure to compounds recently
identified as CD11b/CD18 agonists in an independent screen
using the purified CD11b A-domain®’ (Fig. 4). In addition, 1
compound, structurally very similar to RPC-3, was shown to
decrease inflammation-induced neutrophil emigration in vivo in
thioglycolate-induced peritonitis in mice.”’ This finding that
some of the compounds identified in our cell-based screen have
a very similar structure to the compounds identified in a purified
protein-based screen suggests that at least some of the agonists
identified in our phenotypic screen might be acting at the target
protein level and not indirectly, through other proteins in the cell.
Figure 5 shows data on 3 of the compounds that showed high
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FIG. 4. Structures of a subset of agonists identified in the primary screen. Chemical structures of 21 agonists are shown that are found to con-

tain a substructure similar to compounds recently identified as CD11b/CD18 agonists in a recent study using purified protein.”’
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The compounds
are categorized in 4 groups (A-D), similar to the grouping by Bjorklund et al.,”” of chemically related molecules by visual inspection of the struc-
tures (common substructures are highlighted in gray). Two compounds (highlighted in red) have common substructure between the 2 groups.
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FIG.S5. Primary and secondary screening data for selected agonists. Photomicrographs from the primary screen show increased cell adhesion
caused by treatment with 3 of the identified agonists in the physiological buffer condition. Very little cell adhesion is seen in the buffer alone (first
panel). The fold increase in the number of adherent cells (over Ca*" + Mg?* levels) in the presence of the indicated compounds is shown under
each panel. The EC, value for each of the compounds obtained from the secondary screen is also indicated.

potency in the primary screen (> 10-fold increase in cell adhe-
sion). Next, based on structural uniqueness, we selected 31 com-
pounds from the initial list of 144 for verification in secondary
assays. We found that 28 of these cherry-picked compounds were
confirmed agonists (although 4 compounds showed a modest 2-
fold increase over the background and are thus weak agonists),
whereas 3 compounds (RPC-1, RPC-10, and RPC-15) showed
no effect, producing a hit confirmation rate of approximately
90%. The hit confirmation rate is unusually high for a primary
screen and suggests that, despite using a simple, no-wash proto-
col, the newly developed assay has high sensitivity. In addition,
determination of the concentration required for a half-maximal
increase in cell adhesion (EC,) for the 3 selected agonists showed
that even though they displayed similar potency in the primary
screen, RPC-9 was the most potent of all, with a calculated EC50
value of about 6.7 uM (Fig. 5), which is similar to other recently
identified agonists.”” We are currently pursuing the selected leads
in additional assays to identify their binding site on the integrin
CD11b/CD18.

We further used this assay to identify inhibitors of cell adhe-
sion (antagonists), as described in Materials and Methods.
Nonadherent cells were removed, and the cell number in each
well was quantitated using MTS. Of the compounds, 22 (0.3%)
showed significant (50%-70% decrease) and reproducible
(duplicate wells) inhibition (Fig. 6). Figure 7 shows data on 3
of the compounds that showed high potency in the primary
screen. Figure 6 also shows that the identified compounds can
be divided into 3 broad groups, based on the presence of com-
mon substructures (highlighted in gray), as determined by the
visual inspection of the chemical structures. The identified com-
pounds contain a common planar aromatic substructure, remi-
niscent of the small-molecule inhibitors of the CD11a A-domain
that occupy the allosteric SILEN pocket (named IDAS in
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CD11a).*** Next, we evaluated the 22 compounds in secondary
assays. We found that 9 of the selected compounds (RPC-22,
RPC-23, RPC-24, RPC-25, RPC-27, RPC-31, RPC-36, RPC-
38, and RPC-41, 6 of which are from a single substructure
group) showed more than 50% inhibition of cell adhesion and
were confirmed antagonists, whereas 8 compounds showed no
effect. In addition, the secondary assays were inconclusive for 5
compounds, producing a hit confirmation rate of approximately
53% for antagonists. We further characterized the 3 selected
antagonists in secondary assays for determining the concentra-
tion needed for 50% inhibition of cell adhesion (IC50), which
showed that all 3 were highly potent and had very similar IC50
values (Fig. 7). We are currently studying these compounds to
determine if they also bind to the allosteric SILEN pocket in the
integrin CD11b/CD18. Note that the hit confirmation rate
obtained for antagonists in this study is much smaller than
the high rate obtained for agonists and could be artificially low
due to the small number of compounds studied in the secondary
assays. Screening a much larger library of chemical compounds,
as we are planning to do in the future, would be needed to deter-
mine this number with higher accuracy.

In conclusion, we have developed a simple, no-wash cell
adhesion—based assay for HTS of agonists as well as antago-
nists of the integrin CD11b/CD18. The assay is fast, inexpen-
sive, and easy to implement in an HTS environment. A primary
screen with a library of small molecules has identified a
number of interesting agonists and antagonists, which are cur-
rently being validated in secondary assays. Given the central
role of CD11b/CD18 in regulating leukocyte function, we
believe that the identification of novel regulators of this integrin
not only will provide lead compounds as potential therapeutics
but also will generate important new chemical biology tools for
the study of the mechanism of integrin activation and function.
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FIG. 6. Structures of all the antagonists identified in the primary screen. Chemical structures of 22 antagonists are shown. The compounds are
categorized in 3 groups (A-C) of chemically related molecules by visual inspection of the structures (common substructures are highlighted in gray).
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FIG. 7. Primary and secondary screening data for selected antago-
nists. Bar graphs show percent inhibition of cell adhesion in the pres-
ence of activating Mn*". Each bar represents the mean of duplicate
wells. Cell adhesion under physiological conditions (Tris-buffered
saline [TBS]™) was considered as maximum inhibition (100%). Cell
adhesion observed in the presence of buffer alone (I mM Mn*") was
assigned a value of 0% (no inhibition). The IC,, value for each of the
compounds obtained from the secondary screen is also indicated.
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