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ABSTRACT
The chemokine receptor CXCR2 is involved in different inflamma-
tory diseases, like chronic obstructive pulmonary disease, psori-
asis, rheumatoid arthritis, and ulcerative colitis; therefore, it is
considered an attractive drug target. Different classes of small
CXCR2 antagonists have been developed. In this study, we se-
lected seven CXCR2 antagonists from the diarylurea, imida-
zolylpyrimide, and thiazolopyrimidine class and studied their
mechanisms of action at human CXCR2. All compounds are able
to displace 125I-CXCL8 and inhibit CXCL8-induced �-arrestin2
recruitment. Detailed studies with representatives of each class
showed that these compounds displace and antagonize CXCL8,

most probably via a noncompetitive, allosteric mechanism. In
addition, we radiolabeled the high-affinity CXCR2 antagonist
SB265610 [1-(2-bromophenyl)-3-(4-cyano-1H-benzo[d] [1,2,3]-
triazol-7-yl)urea] and subjected [3H]SB265610 to a detailed anal-
ysis. The binding of this radioligand was saturable and reversible.
Using [3H]SB265610, we found that compounds of the different
chemical classes bind to distinct binding sites. Hence, the use of
a radiolabeled low-molecular weight CXCR2 antagonist serves as
a tool to investigate the different binding sites of CXCR2 antago-
nists in more detail.

Chemokine receptors, belonging to the rhodopsin-like fam-
ily of G protein-coupled receptors (GPCRs), play a major role
in the control and regulation of the immune system (Murphy
et al., 2000). These GPCRs are expressed on the cell mem-

brane of leukocytes, driving the trafficking of leukocytes to
sites of inflammation, upon sensing chemoattractant cyto-
kines. To date, approximately 50 chemokines and 20 chemo-
kine receptors have been identified (Viola and Luster, 2008).
Dysregulation of chemokine expression and/or their GPCR
targets is implicated in various human diseases, including
chronic inflammatory diseases, autoimmune diseases, and
cancer (Rotondi et al., 2007; Singh et al., 2007). As a conse-
quence, chemokine receptor antagonists are seen currently
as a promising approach for new therapeutic options in a
wide variety of disorders (Donnelly and Barnes, 2006).
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The CXCR2 receptor is one of the chemokine receptors that
currently attracts a lot of attention in drug discovery. It is a
promiscuous receptor that binds with high affinity to CXCL1,
CXCL2, CXCL3 (growth-related protein �, �, or �, respec-
tively), CXCL5 (epithelial cell-derived neutrophil attractant-
78), CXCL6 (granulocyte chemotactic peptide-2), CXCL7
(neutrophil activating peptide-2), and CXCL8 (interleukin-
8). CXCR2 is expressed on, e.g., endothelial cells, eosinophils,
neutrophils, macrophages, and monocytes (Murphy et al.,
2000; Bizzarri et al., 2006) but also on various tumor cells. An
important role for CXCR2 and its ligands has been shown in
cancer and different inflammatory diseases, like chronic ob-
structive pulmonary disease (Donnelly and Barnes, 2006),
psoriasis (Kulke et al., 1998), rheumatoid arthritis (Podolin
et al., 2002), and ulcerative colitis (Buanne et al., 2007). It
has been reported that neutralizing CXCR2 antibodies in-
hibit the early influx of neutrophils in the colon in a rat colitis
model (Ajuebor et al., 2004) and CXCL8-mediated angiogen-
esis in rat (Addison et al., 2000). In addition, in CXCR2
knockout mice, both angiogenesis and primary tumor growth
were reduced compared with wild-type mice (Addison et al.,
2000; Keane et al., 2004). Moreover, CXCR2 knockout mice
also showed a decrease in PMN infiltration into the mucosa
and limited signs of mucosal damage compared with wild-
type mice in a colitis model (Buanne et al., 2007). Further-
more, in vivo studies with mice, rat, and primates, exposed
to cigarette smoke or lipopolysaccharide, demonstrated that
the small CXCR2 antagonist Sch527123 (Chapman et al.,
2007) reduces neutrophil infiltration into the bronchoalveo-
lar lavage (BAL) fluid, thereby reducing the associated lung
tissue damage (Thatcher et al., 2005; Chapman et al., 2007).
Thus, in CXCR2 knockout mice or wild-type mice treated
with a CXCR2 antagonist or neutralizing antibody, lung tis-
sue damage and ulcerative colitis are reduced, suggesting
that CXCR2 is an important drug target (Buanne et al.,
2007). In view of this therapeutic potential, different classes
of small CXCR2 antagonist have been developed, including
diarylureas (Widdowson et al., 2004), thiazolo- and imida-
zolylpyrimidines (Baxter et al., 2006; Ho et al., 2006), qui-
noxalines (Li et al., 2003), nicotinamide N-oxides (Cutshall et
al., 2001), indole carboxylic acids (Barth et al., 2002), and
arylpropionic acids (Allegretti et al., 2005). So far, most lit-
erature describes in vitro data of the different CXCR2 antag-
onist classes. However, both diarylurea and arylpropionic
compounds have shown promising in vivo data, and clinical
trials are ongoing with some of these compounds (Bizzarri et
al., 2006).

Despite the clinical interest in CXCR2 antagonists, little is
known about their molecular mechanism of action. The large
peptidergic chemokines bind to the N terminus and extracel-
lular loops of their receptors, but small-molecule antagonists
are considered generally to bind to the 7TM domains (Ra-
jagopalan and Rajarathnam, 2006; Allen et al., 2007; Viola
and Luster, 2008), suggesting allosteric interactions between
chemokines and small-molecule antagonists. It is interesting
that recently, the CXCR2 antagonist SB332235 was sug-
gested to bind to the intracellular domain of CXCR2 (Nicholls
et al., 2008).

In this study, seven different CXCR2 antagonists of three
classes have been selected and subjected to a detailed phar-
macological characterization. Three compounds of the diary-
lurea class have been chosen (SB225002, SB332235, and

SB265610) (Bizzarri et al., 2006), as well as three imida-
zolylpyrimidine compounds (Conti et al., 2004; Erickson et
al., 2004; Ho et al., 2006) and one thiazolopyrimidine com-
pound from patent literature, named herein VUF10948 (Wil-
lis et al., 2001).

The studies presented in this article show that all com-
pounds are both able to displace 125I-CXCL8 from human
CXCR2 and to inhibit CXCR2-induced �-arrestin2 recruit-
ment. By investigating one representative of each class in
more detail, we suggest that the compounds are allosteric
modulators at CXCR2. By radiolabeling the potent CXCR2
antagonist SB265610, we found that compounds of the dif-
ferent chemical classes bind to distinct binding sites.

Materials and Methods
Materials. Dulbecco’s modified Eagle’s medium (DMEM), RPMI

1640, penicillin, and streptomycin were all obtained from PAA Lab-
oratories GmbH (Linz, Austria). Fetal bovine serum was purchased
from Integro B.V. (Dieren, The Netherlands). DMEM containing 25
mM HEPES and L-glutamine, Opti MEM I, hygromycin B, and G-418
(Geneticin) were obtained from Invitrogen (Paisley, UK), and fetal
calf serum was purchased from Cambrex Bio Sciences (Verviers,
Belgium). Chloroquine diphosphate and DEAE-dextran were ob-
tained from Sigma-Aldrich (St. Louis, MO). Bovine serum albumin
fraction V was purchased from Roche Diagnostics (Mannheim, Ger-
many). 125I-CXCL8 (2200 Ci/mmol) or 125I was obtained from
PerkinElmer Life and Analytical Sciences (Waltham, MA), whereas
the unlabeled chemokines were purchased from PeproTech (Rocky
Hill, NJ) or from R&D Systems (Minneapolis, MN). All CXCR2
antagonists and [3H]SB265610 (26.07 Ci/mmol) were synthesized at
the Schering-Plough Research Institute (Oss, The Netherlands).

Cell Culture and Transfection of hCXCR2. COS-7 cells were
grown at 5% CO2 and 37°C in Dulbecco’s modified Eagle’s medium
supplemented with 5% (v/v) fetal bovine serum, 50 IU/ml penicillin,
and 50 �g/ml streptomycin. COS-7 cells were transiently transfected
using the DEAE-dextran method (Brakenhoff et al., 1994). In brief,
cells were trypsinized, washed once in RPMI 1640, supplemented
with 2% fetal bovine serum, 50 IU/ml penicillin, and 50 �g/ml strep-
tomycin, and resuspended in the same solution containing 100 �M
chloroquine, 0.8 mg/ml DEAE-dextran, and 2 �g of pcDEF3-hCXCR2
(Goldman et al., 1996) or pcDNA3-hCXCR1 cDNA per 106 cells. Cells
were incubated at 5% CO2 and 37°C for 1 h and then plated out in
growth medium. After 48 h, the cells were washed once in phosphate-
buffered saline, scraped, and pelleted for preparation of membranes.

PathHunter HEK293-CXCR2 cells (DiscoveRx Corporation, Fre-
mont, CA) were grown at 5% CO2 and 37°C in DMEM with 25 mM
HEPES and L-glutamine supplemented with 10% (v/v) heat-inacti-
vated fetal calf serum, 50 IU/ml penicillin, 50 �g/ml streptomycin,
800 �g/ml G-418, and 200 �g/ml hygromycin B.

Radioligand Binding Assays. Pellets of COS-7 membranes ex-
pressing hCXCR1 or hCXCR2 were resuspended in ice-cold binding
buffer (50 mM Na2HPO4 and 50 mM KH2PO4, pH 7.4) and homog-
enized 15 times with a Dounce homogenizer. Protein concentration
in membrane preparations was determined using the BioRad Protein
Determination assay 18 from Bio-Rad (Hercules, CA).

Competition binding, saturation binding, and binding kinetics
analyses of 125I-CXCL8 and [3H]SB265610 were all performed at
COS-7 membranes expressing human CXCR1 or CXCR2 in binding
buffer (50 mM Na2HPO4 and 50 mM KH2PO4, pH 7.4) at room
temperature in a final volume of 100 to 200 �l. After the indicated
incubation times, membranes were harvested with a Brandel har-
vester or with rapid filtration through Unifilter GF/C 96-well filter
plates (PerkinElmer Life and Analytical Sciences) pretreated with
0.3% polyethylenimine and washed three times with ice-cold wash
buffer (50 mM Na2HPO4 and 50 mM KH2PO4, pH 7.4). Bound ra-
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dioactivity was determined using a Tri-Carb 1900 Hewlett Packard
counter (PerkinElmer Life and Analytical Sciences) or a MicroBeta
counter (PerkinElmer Life and Analytical Sciences).

For 125I-CXCL8 competition binding assays, membranes (approx-
imately 10 �g/data point) were incubated with indicated concentra-
tions of antagonists and approximately 300 pM 125I-CXCL8 for 1 h.
To determine saturation binding of 125I-CXCL8, membranes (ap-
proximately 20 �g/data point) were incubated with indicated con-
centrations of 125I-CXCL8 in the absence or presence of 20 nM
SB265610, 50 nM compound 1, or 200 nM VUF10948. Nonspecific
binding was determined with 30 nM CXCL1.

Single-point [3H]SB265610 competition binding was performed
with 8-�g membranes, in absence or presence of 10 �M VUF10948
and 3.8 nM [3H]SB265610 for 1 h at room. For experiments to
determine the association rate of [3H]SB265610, membranes (ap-
proximately 2 �g/data point) were incubated for the indicated times
with 7 nM [3H]SB265610 in the absence or presence of 10 �M
VUF10948. To measure the dissociation rate of [3H]SB265610, mem-
branes (approximately 2 �g/data point) were incubated for 1 h with
7 nM [3H]SB265610 before the addition of 10 �M VUF10948. Sam-
ples were taken at the indicated times, bound and free radioactivities
were separated and determined by liquid scintillation. For satura-
tion binding with [3H]SB265610, membranes (approximately 6 �g/
data point) were incubated with indicated concentrations of
[3H]SB265610 for 1 h in the absence or presence of 10 �M VUF10948
to determine total and nonspecific binding. In competition binding
experiments with various concentrations of cold ligands, membranes
(approximately 4 �g/data point) were incubated with indicated con-
centrations of antagonist or chemokines and approximately 10 nM
[3H]SB265610 for 1 h at room temperature.

Binding data were evaluated by a nonlinear curve fitting proce-
dure using GraphPad Prism 4.0 (GraphPad Software Inc., San Di-
ego, CA). Ligand affinities (pKi) from competition binding experi-
ments were calculated from binding IC50 using the Cheng-Prusoff
equation (Cheng and Prusoff, 1973).

�-Arrestin Recruitment Assay. PathHunter HEK293-CXCR2
cells were plated out overnight at 10,000 cells/well (384-well format)

in 20 �l of Opti MEM I. A preincubation with CXCR2 antagonists or
vehicle (phosphate-buffered saline � 0.1% bovine serum albumin) of
30 min at 37°C and 5% CO2 was followed by 60-min CXCL8 stimu-
lation at 37°C and 5% CO2. Next, the plate was placed at room
temperature for 30 min; thereafter, 12 �l of PathHunter Detection
Reagents (DiscoveRx Corporation) was added. After an incubation of
60 min at room temperature, �-galactosidase-induced luminescence
upon �-arrestin-CXCR2 interaction was measured for 0.3 s in an
Envision 2102 Multilabel Reader (PerkinElmer Life and Analytical
Sciences). Functional data were evaluated by a nonlinear curve
fitting procedure using GraphPad Prism 4.0 (GraphPad Software
Inc.).

Results
Competition Binding Analysis with 125I-CXCL8 at

hCXCR2. Various nonpeptidergic ligands with distinct
structural features (Fig. 1) recently have been reported to
effectively inhibit CXCR2 function (White et al., 1998; Podo-
lin et al., 2002; Ho et al., 2006). In this study, we examined a
selection of recently developed diarylurea- and pyrimidine-
based CXCR2 antagonists in more detail. Membranes of COS-7
cells transiently transfected with human CXCR2 were incu-
bated with 125I-CXCL8 and indicated concentrations of CXCL8,
SB265610, compound 1, or VUF10948 (Fig. 2A). Analysis of
homologous displacement with CXCL8 revealed binding of 125I-
CXCL8, with a Kd of 0.49 � 0.07 nM and a Bmax of 27.5 � 5.8
fmol/mg protein (n � 3). All tested CXCR2 antagonists dose-
dependently displaced 125I-CXCL8 binding to human CXCR2.
The pKi values of the diarylurea compounds (SB225002,
SB332235, and SB265610) are approximately 7.7, whereas the
pKi values of the tested pyrimidine derivatives (VUF10948,
compound 1, compound 2, and compound 3) are in the range of
6.4 to 7.3 (Table 1).

Fig. 1. The structures of nonpeptidergic CXCR2 antagonists are shown. SB265610, SB225002, and SB332235 belong to the diarylurea class.
VUF10948 belongs to the thiazolopyrimidine class, and compound 1, compound 2, and compound 3 belong to the imidazolylpyrimidine class. SB265610
has been labeled with a tritium atom, indicated in the figure on an H-atom (�).
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Saturation Binding of 125I-CXCL8 at hCXCR2. Satu-
ration binding analysis of 125I-CXCL8 binding to COS-7 cell
membranes expressing human CXCR2 (Fig. 2B) resulted in a
Kd value of 0.66 � 0.1 nM and a Bmax value of 131.11 � 4.1
fmol/mg protein (n � 4). In the presence of 20 nM SB265610,
the Kd value of CXCL8 is not affected (0.56 � 0.2 nM),
whereas the Bmax decreased to 56.3 � 6.5 fmol/mg. This
indicates that SB265610 is a noncompetitive antagonist. Like-
wise, compound 1, a representative of the imidazolylpyrimidine-
based CXCR2 antagonists, did not affect the Kd value of
CXCL8 (0.36 � 0.1 nM) but decreased the Bmax value (52.0 �
7.1 fmol/mg protein). Furthermore, the representative of the
thiazolopyrimidine class (VUF10948) also did not affect the
Kd value of CXCL8 (0.76 � 0.1 nM), whereas the Bmax value
decreased to 65.8 � 16.1 fmol/mg.

Antagonism of CXCL8-Stimulated �-Arrestin2 Re-
cruitment. Activation of CXCR2 by CXCL8 has been shown
to lead to recruitment of �-arrestin (Richardson et al., 2003).
To monitor direct interaction of CXCR2 with �-arrestin2, we
used a �-arrestin2 recruitment assay for CXCR2 based on
enzyme complementation of �-galactosidase (Olson and Eg-
len, 2007), as established by DiscoveRx Corporation (Path-
Hunter HEK293-hCXCR2). Stimulation of the PathHunter
HEK293-hCXCR2 cells with CXCL8 induces �-arrestin2 re-
cruitment, as indicated by a 18.8- � 1.3-fold increase in
�-galactosidase activity (pEC50 � 8.49 � 0.04, n � 16) (Fig. 3,

C–E). All CXCR2-antagonists were able to dose-dependently
inhibit the CXCL8-induced (at EC80 concentration of 7.6 nM)
�-arrestin2 recruitment (Fig. 3A). Data obtained with this
functional assay correlate with the pKi values of the CXCR2
ligands obtained in the 125I-CXCL8 binding studies (r � 0.73;
Fig. 3B). The pKb values of the diarylurea compounds are in
the range of 7.9 to 8.9, whereas the pKb values of the pyrim-
idine derivatives are in the range of 6.3 to 7.7 (Table 1). It is
interesting that VUF10948 was the only tested CXCR2 an-
tagonist that was not able to fully inhibit the CXCL8-induced
signal, suggesting that this compound behaves as a noncom-
petitive antagonist or as a partial agonist.

From the seven compounds tested, a diarylurea (SB265610),
an imidazolylpyrimidine (compound 1), and a thiazolopyrimi-
dine (VUF10948) were chosen as representatives of their class
to evaluate their mode of action in more detail. Cells were
stimulated with increasing concentrations of CXCL8 in the
absence or presence of SB265610 (Fig. 3C), compound 1 (Fig.
3D), or VUF10948 (Fig. 3E). Preincubation with SB265610,
compound 1, or VUF10948 results in a rightward shift of the
CXCL8 dose-response curve but also reduces the maximal re-
sponse of CXCL8-induced �-arrestin2 recruitment, indicating
again that these compounds behave as noncompetitive antago-
nists. It is interesting that VUF10948 showed to be a weak
partial CXCR2 agonist (Fig. 3F), whereas the other tested com-
pounds showed no partial agonistic effects (data not shown).

TABLE 1
Properties of small nonpeptidergic antagonists at human CXCR2
Competition binding with nonpeptidergic CXCR2 antagonists at COS-7 membranes expressing hCXCR2 and inhibition of CXCL8-stimulated �-arrestin2 recruitment of these
antagonists in PathHunter HEK293-hCXCR2 cells. COS-7-hCXCR2 membranes were incubated with nonpeptidergic CXCR2 antagonists (100 nM–10 �M) and approximately
300 pM 	125I
CXCL8 or approximately 10 nM 	3H
SB265610, respectively. Data shown are mean values of triplicate determinations (n � 2–3) � S.E.M. PathHunter
HEK293-hCXCR2 cells were preincubated for 30 min with nonpeptidergic CXCR2 antagonists (1 pM–100 �M), followed by stimulation with 7.6 nM CXCL8. Data shown are
mean values of triplicate determinations (n � 3–6) � S.E.M.

Antagonist 	125I
CXCL8 Displacement
(pKi � S.E.M.)

Inhibition of CXCL8-Induced �-Arrestin2
Recruitment (pKb � S.E.M.)

	3H
SB265610 Displacement
(pKi � S.E.M.)

SB265610 7.72 � 0.08 8.63 � 0.14 8.46 � 0.06
SB332235 7.70 � 0.15 8.92 � 0.13 9.12 � 0.18
SB225002 7.69 � 0.21 7.88 � 0.18 8.26 � 0.25
VUF10948 6.78 � 0.10 7.68 � 0.09 7.71 � 0.24
Compound 1 7.33 � 0.09 7.16 � 0.09 N.D.
Compound 2 6.37 � 0.17 6.31 � 0.20 N.D.
Compound 3 6.63 � 0.11 6.88 � 0.00 N.D.

N.D., no displacement of the radiolabeled SB265610 compound by cold ligand.

Fig. 2. Displacement of 125I-CXCl8 binding to COS-7 cell membranes with CXCL8, SB265610, compound 1, and VUF10948 (A). Membranes were
incubated with the indicated concentrations of CXCL8 (F), SB265610 (E), compound 1 (f), or VUF10948 (�) and approximately 300 pM 125I-CXCL8.
Data of triplicate determinations from a representative experiment (n � 3–6) are expressed as the percentage of 125I-CXCL8 binding � S.E.M.
Saturation binding analysis with 125I-CXCL8 at COS-7 membranes expressing hCXCR2 (B). Membranes were incubated with the indicated
concentrations of 125I-CXCL8 in the absence (F) or presence of SB265610 (E), compound 1 (f), or VUF10948 (�). Data show the mean specific
binding � S.E.M. of triplicate determinations from a representative experiment (n � 2–4).
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Stimulation of cells with 10 �M VUF10948 resulted in 6.18 �
1.0% (n � 5) �-galactosidase activity upon �-arrestin2 recruit-
ment (pEC50 � 7.39 � 0.14). At 0.3 �M (EC90 concentration),
this signal was dose-dependently inhibited by SB265610 (pKb �
8.11 � 0.02). It is interesting that compound 1 was not able to
inhibit the partial agonistic effect of VUF10948 (Fig. 3F).

[3H]SB265610 as Radioligand for CXCR2. Because the
diarylurea class of CXCR2 antagonists has distinct structural
features compared with the pyrimidine derivatives (Fig. 1), we
set out to determine whether they bind to the same site at the
human CXCR2. To this end, we radiolabeled the high-affinity
CXCR2 antagonist SB265610 with tritium and subjected
[3H]SB265610 to a detailed analysis. Binding of [3H]SB265610
is proportional to the amount of membrane protein present
(data not shown). Moreover, [3H]SB265610 binds specifically to
human CXCR2 and does not bind to mock or CXCR1-expressing
COS-7 cell membranes (Fig. 4A).

In association studies, [3H]SB265610 rapidly binds to
membranes of COS-7 cells expressing human CXCR2. Half-
maximal specific binding was reached within 5.2 � 0.6 min
and equilibrium at 30 min, remaining stable thereafter (Fig.
4B). [3H]SB265610 binding was rapidly reversed (t1/2 � 7.5 �
2.7 min) by the addition of 10 �M VUF10948 (Fig. 4C). The
association and dissociation constants of [3H]SB265610 cal-
culated from the kinetic data given in Fig. 4 are 8.3 � 106

min/M (derived from observed Kon 0.19 � 0.02 min�1) and
0.13 � 0.06 min�1, respectively, yielding a Kd of 16 nM.

Incubation of membranes of cells expressing human
CXCR2 with increasing concentrations of [3H]SB265610 in
the absence or presence of 10 �M VUF10948 showed that the
specific binding of [3H]SB265610 was saturable (Fig. 4D).
The Kd and Bmax values obtained from saturation binding
experiments were 2.51 � 1.5 nM and around 50 pmol/mg,
respectively.

Effect of GTP�S on 125I-CXCL8 and [3H]SB26510 Bind-
ing. To determine whether G protein coupling affects 125I-
CXCL8 and [3H]SB265610 binding to CXCR2, binding experi-
ments were performed in the absence and presence of GTP�S.
125I-CXCL8 binding analysis in the presence of indicated con-
centrations of GTP�S to COS-7 cell membranes expressing hu-
man CXCR2 shows a dose-dependent inhibition of 125I-CXCL8
binding (Fig. 5). It is noteworthy that GTP�S cannot fully in-
hibit the 125I-CXCL8 binding. In contrast, the binding of
[3H]SB265610 is not affected by GTP�S at 10 �M (insert, Fig.
5). These results indicate that 125I-CXCL8 mainly binds to
human CXCR2 coupled to G proteins, whereas [3H]SB265610
can bind to both G protein-coupled and uncoupled human
CXCR2 conformations.

Competition Binding Analysis with [3H]SB256510 at
hCXCR2. Membranes of COS-7 cells transiently transfected

Fig. 3. Effect of nonpeptidergic CXCR2 antagonists on CXCL8-stimulated �-arrestin2 recruitment in PathHunter HEK293-hCXCR2 cells. CXCL8-
induced �-arrestin2 recruitment is dose-dependent (pEC50 � 8.49 � 0.04, n � 16). Data are expressed as percentage of maximal �-galactosidase
activity � S.E.M. of a representative experiment performed in triplicate (n � 16) (C–E). PathHunter HEK293-hCXCR2 cells were pretreated for 30
min with indicated concentrations of SB265610 (E), compound 1 (f), or VUF10948 (�) followed by stimulation with 7.6 nM CXCL8 (EC80). Data of
triplicate determinations from a representative experiment (n � 3–6) are expressed as the percentage of �-galactosidase activity in response to 7.6
nM CXCL8 � S.E.M. (A). Relationship between the pKi values as determined in 125I-CXCL8 binding assay and the antagonistic potency as determined
in the �-arrestin 2 recruitment assay is shown (r2 � 0.73) (B). Furthermore, PathHunter HEK293-hCXCR2 cells were pretreated with the indicated
concentrations of SB265610 (C), compound 1 (D), or VUF10948 (E), followed by dose-dependent stimulation of CXCL8 stimulation. Data of triplicate
determinations from a representative experiment (n � 2–4) are expressed as percentage of maximum �-galactosidase activity � S.E.M. VUF10948
dose-dependently (pEC50 � 7.39 � 0.14) partially activates �-arrestin recruitment (�, n � 5) (F). Pretreatment for 30 min with indicated
concentrations of SB265610 (f) or compound 1 (F) was followed by stimulation with 0.3 �M VUF10948 (EC90). Data of triplicate determinations from
a representative experiment (n � 3) are expressed as the percentage of �-galactosidase activity in response to 100 nM CXCL8 � S.E.M.

Different Binding Sites for CXCR2 Antagonists 787

 at A
SPE

T
 Journals on January 27, 2020

jpet.aspetjournals.org
D

ow
nloaded from

 

http://jpet.aspetjournals.org/


with human CXCR2 were incubated for 1 h at room temper-
ature with [3H]SB265610 and the indicated concentrations of
CXCL1, CXCL8, SB265610 (Fig. 6A), VUF10948, or com-
pound 1 (Fig. 6B). The Kd and Bmax values for SB265610 ob-
tained from homologous displacement were 3.48 � 0.63 nM and
25.7 � 8.1 pmol/mg protein, respectively. These values are
in good agreement with the data obtained in the satura-
tion binding analysis. As expected, the diarylurea com-
pounds (SB225002, SB332235, and SB265610) all displaced
[3H]SB265610 with pKi values in the range of 7.7 to 9.1
(Table 1). However, the chemokines CXCL8, CXCL1, and the
imidizolylpyrimidine compounds (compound 1, compound 2,
and compound 3) do not displace [3H]SB265610 up to 0.1 and
10 �M, respectively (Fig. 6; Table 1).

Discussion
CXCR2 has attracted considerable attention as a potential

drug target because of its involvement in different inflamma-
tory diseases, like chronic obstructive pulmonary disease,
psoriasis, rheumatoid arthritis, and ulcerative colitis (Kulke
et al., 1998; Podolin et al., 2002; Donnelly and Barnes, 2006;
Buanne et al., 2007). As a consequence, different classes of
small CXCR2 antagonists have been developed, including

Fig. 5. Competition binding of 125I-CXCL8 or [3H]SB265610 and GTP�S
at COS-7 membranes expressing hCXCR2. Membranes were incubated
with the indicated concentrations of GTP�S and approximately 300 pM
125I-CXCL8 or 10 �M GTP�S and 5 nM [3H]SB265610 (insert). Nonspe-
cific binding was determined in the presence of 10 �M VUF10948. Data
of triplicate determinations from a representative experiment (n � 2) are
expressed as the percentage of 125I-CXCL8 binding or [3H]SB265610
binding � S.E.M., respectively.

Fig. 4. Binding of [3H]SB265610 to COS-7 membranes expressing hCXCR1 or hCXCR2 (A) in the absence (open bars) or presence of 10 �M VUF10948
(filled bars). Membranes were incubated at room temperature for 1 h with 3.8 nM [3H]SB265610 (n � 2). To measure the association rate of
[3H]SB265610 (B), membranes were incubated at room temperature for the indicated times with 7 nM [3H]SB265610 in the absence (f, total binding)
or presence (�, nonspecific binding) of 10 �M VUF10948, resulting in specific binding (F). Data show the mean � S.E.M. of triplicate determinations
measured at the indicated times from a representative experiment (n � 6). To measure the dissociation rate of [3H]SB265610 (D), membranes from
COS-7-hCXCR2 were incubated with 7 nM [3H]SB265610 for 1 h at room temperature before the addition of 10 �M VUF10948. Data show the mean �
S.E.M. of triplicate determinations measured at the indicated times from a representative experiment (n � 4). Saturation binding analysis of
[3H]SB265610 binding to COS-7 membranes expressing hCXCR2 (D). Membranes where incubated with the indicated concentrations of [3H]SB265610
for 1 h at room temperature. Nonspecific binding was determined in the presence of 10 �M VUF10948. Data show the mean binding � S.E.M. of
triplicate, total binding (f), nonspecific binding (�), or specific binding (E) from a representative experiment (n � 2).
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diarylureas, thiazolo- and imidazolylpyrimidines, quinoxa-
lines, nicotinamide N-oxides, indole carboxylic acids, and
arylpropionic acids (Cutshall et al., 2001; Barth et al., 2002;
Li et al., 2003; Widdowson et al., 2004; Allegretti et al., 2005;
Baxter et al., 2006; Ho et al., 2006). In this study, we selected
seven different CXCR2 antagonists from the diarylurea, imi-
dazolylpyrimidine, and thiazolopyrimidine class and studied
their mechanisms of action at human CXCR2. In addition,
the potent CXCR2 antagonist SB265610 was radiolabeled
and used to identify distinct binding sites at the human
CXCR2 for the studied CXCR2 antagonists.

The data presented in this study show 125I-CXCL8 dis-
placement by all nonpeptidergic CXCR2 antagonists (Fig. 2).
The obtained pKi values of both the diarylurea and pyrimi-
dine compounds are in good agreement with earlier pub-
lished data (White et al., 1998; Podolin et al., 2002; Catusse
et al., 2003; Ho et al., 2006; Gonsiorek et al., 2007). All tested
compounds were able to inhibit CXCL8-induced �-arrestin2
recruitment in human CXCR2-transfected cells, with a rank
order of SB332235  SB265610 � SB225002  VUF10948 �
compound 1 � compound 3 � compound 2 (Fig. 3). This rank
order correlates well with the binding affinity of these com-
pounds to human CXCR2. Furthermore, these data are con-
sistent with previous reported values for SB225002 inhibit-
ing CXCL8-induced �-arrestin2 recruitment (Yan et al.,
2002).

The compounds SB265610, compound 1, and VUF10948
were chosen as representatives of the different chemical
CXCR2 antagonist classes and subjected to a detailed study
to determine their antagonistic behavior. Schild plot analysis
using the �-arrestin2 recruitment assay showed that the
dose-response curves of CXCL8 in the presence of SB265610,
compound 1, or VUF10948 did not reach the maximal re-
sponse (Fig. 3). This indicates that all studied nonpeptidergic
antagonists behave as noncompetitive antagonists at human
CXCR2. Of the different CXCR2 antagonists tested, only
VUF10948 was not able to fully inhibit CXCL8-induced �-ar-
restin2 recruitment. This can be ascribed to the partial ago-
nistic properties of this compound at high concentrations.
125I-CXCL8 saturation binding studies in the presence of
SB265610, compound 1, or VUF10948 showed a decrease of
the maximal number of 125I-CXCL8 binding sites but no

alteration in the binding affinity of 125I-CXCL8 (Fig. 2).
Hence, all the CXCR2 antagonists of the different chemical
classes tested in this study displace and antagonize CXCL8,
most probably via a noncompetitive, allosteric mechanism.
This mechanism of action is common for other small antag-
onists targeting chemokine receptors (Gonsiorek et al., 2007;
Verzijl et al., 2008). The allosteric inhibition by the tested
CXCR2 antagonists is expected, as in general chemokines,
like CXCL8, are thought to bind to the extracellular part of
the GPCR protein (Rajagopalan and Rajarathnam, 2006;
Allen et al., 2007; Viola and Luster, 2008), notably the N
terminus and the extracellular loops. In contrast, small an-
tagonists are considered to bind to the 7TM domains of
GPCRs, as shown for AMD3100 at CXCR4, TAK-779 at
CCR5, and BX 471 at CCR1 (Allen et al., 2007) or possibly to
the intracellular site of the receptor, as recently suggested for
a thiazolopyrimidine compound and SB332235 at CXCR2
(Nicholls et al., 2008). However, it should be noted that an
earlier study on a derivative on SB332235, SB225002, impli-
cated the involvement of the N terminus and amino acids in
the extracellular loops and transmembrane domains in the
binding of the CXCR2 antagonist (Catusse et al., 2003).

Subsequently, we tritium-labeled SB265610 and used [3H]-
SB265610 as a new tool to investigate the nature of the
binding sites of CXCR2 antagonists at the human CXCR2.
The binding of this radioligand is reversible and selective for
human CXCR2 (Fig. 4). Compared with the recently radiola-
beled CXCR2 antagonist Sch527123 (Gonsiorek et al., 2007),
[3H]SB265610 has a faster Koff and, therefore, an increased
Kd. It is noteworthy that the Bmax value obtained using
[3H]SB265610 is higher compared with that when using 125I-
CXCL8. [3H]Sch527123 also revealed a higher Bmax value for
CXCR2 compared with the value obtained using 125I-CXCL8
(Gonsiorek et al., 2007). This difference is most probably
caused by the fact that 125I-CXCL8 mainly binds to the G
protein-coupled state of the receptor, as shown by loss of
CXCL8 binding in the presence of GTP�S, whereas
[3H]SB265610 can bind to both G protein-coupled and uncou-
pled receptors (Fig. 5). This explanation for differences of
Bmax values was reported earlier in studies using different
radiolabeled chemokines acting at human CXCR3 (Cox et al.,

Fig. 6. Competition binding of [3H]SB265610 and CXCL8, CXCL1, SB265610, VUF10948, and compound 1 at COS-7 membranes expressing hCXCR2.
Membranes were incubated with the indicated concentrations of CXCL8 (F), CXCL1 (�), SB265610 (E) (A), VUF10948 (f), or compound 1 (�) (B) and
approximately 10 nM [3H]SB265610 for 1 h at room temperature. Data of triplicate determinations from a representative experiment (n � 2) are
expressed as the percentage of [3H]SB265610 binding � S.E.M.
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2001) or the virally encoded chemokine receptor ORF74 (Ver-
zijl et al., 2006).

CXCL8 is not able to displace [3H]SB265610, providing
evidence that CXCL8 binds to another binding site compared
with the small CXCR2 antagonists. It is most interesting
that we observed that the imidazolylpyrimidine compounds
were not able to displace [3H]SB265610, whereas the diary-
lurea and thiazolopyrimidine compounds inhibited the bind-
ing of this radioligand (Fig. 6). Furthermore, the partial
agonistic effect of the thiazolopyrimidine VUF10948 was in-
hibited by the diarylurea SB265610, whereas the imida-
zolylpyrimidine compound 1 was not able to inhibit this effect
(Fig. 3). Thus, we conclude that there are not only distinct
binding sites for chemokines and small nonpeptidergic an-
tagonists at human CXCR2 but also for the different CXCR2
antagonists. Although some data are available on the binding
site of CXCR2 antagonists of the diarylurea and thiazolopy-
rimide class (Catusse et al., 2003; Nicholls et al., 2008), more
research is required to further explore and define the direct
interaction sites of the antagonists with CXCR2. Combining
CXCR2 modeling studies, based on the recently reported
crystal structure of the human �-adrenergic receptor (Cher-
ezov et al., 2007), with mutagenesis studies and use of radio-
labeled low-molecular weight CXCR2 antagonists provides
opportunities to investigate the different binding sites of
CXCR2 antagonists in more detail.
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Murphy PM, Baggiolini M, Charo IF, Hébert CA, Horuk R, Matsushima K, Miller
LH, Oppenheim JJ, and Power CA (2000) International union of pharmacology.
XXII. Nomenclature for chemokine receptors. Pharmacol Rev 52:145–176.

Nicholls DJ, Tomkinson NP, Wiley KE, Brammall A, Bowers L, Grahames C, Gaw A,
Meghani P, Shelton P, Wright TJ, et al. (2008) Identification of a putative intra-
cellular allosteric antagonist binding-site in the CXC chemokine receptors 1 and 2.
Mol Pharmacol 74:1193–1202.

Olson KR and Eglen RM (2007) Beta galactosidase complementation: a cell-based
luminescent assay platform for drug discovery. Assay Drug Dev Technol 5:137–
144.

Podolin PL, Bolognese BJ, Foley JJ, Schmidt DB, Buckley PT, Widdowson KL, Jin Q,
White JR, Lee JM, Goodman RB, et al. (2002) A potent and selective nonpeptide
antagonist of CXCR2 inhibits acute and chronic models of arthritis in the rabbit.
J Immunol 169:6435–6444.

Rajagopalan L and Rajarathnam K (2006) Structural basis of chemokine receptor
function–a model for binding affinity and ligand selectivity. Biosci Rep 26:325–
339.

Richardson RM, Marjoram RJ, Barak LS, and Snyderman R (2003) Role of the
cytoplasmic tails of CXCR1 and CXCR2 in mediating leukocyte migration, activa-
tion, and regulation. J Immunol 170:2904–2911.

Rotondi M, Chiovato L, Romagnani S, Serio M, and Romagnani P (2007) Role of
chemokines in endocrine autoimmune diseases. Endocr Rev 28:492–520.

Singh S, Sadanandam A, and Singh RK (2007) Chemokines in tumor angiogenesis
and metastasis. Cancer Metastasis Rev 26:453–467.

Thatcher TH, McHugh NA, Egan RW, Chapman RW, Hey JA, Turner CK, Redonnet
MR, Seweryniak KE, Sime PJ, and Phipps RP (2005) Role of CXCR2 in cigarette
smoke-induced lung inflammation. Am J Physiol Lung Cell Mol Physiol 289:L322–
L328.

Verzijl D, Pardo L, van Dijk M, Gruijthuijsen YK, Jongejan A, Timmerman H,
Nicholas J, Schwarz M, Murphy PM, Leurs R, et al. (2006) Helix 8 of the viral
chemokine receptor ORF74 directs chemokine binding. J Biol Chem 281:35327–
35335.

Verzijl D, Storelli S, Scholten DJ, Bosch L, Reinhart TA, Streblow DN, Tensen CP,
Fitzsimons CP, Zaman GJ, Pease JE, et al. (2008) Noncompetitive antagonism and
inverse agonism as mechanism of action of nonpeptidergic antagonists at primate
and rodent CXCR3 chemokine receptors. J Pharmacol Exp Ther 325:544–555.

Viola A and Luster AD (2008) Chemokines and their receptors: drug targets in
immunity and inflammation. Annu Rev Pharmacol Toxicol 48:171–197.

White JR, Lee JM, Young PR, Hertzberg RP, Jurewicz AJ, Chaikin MA, Widdowson
K, Foley JJ, Martin LD, Griswold DE, et al. (1998) Identification of a potent,
selective non-peptide CXCR2 antagonist that inhibits interleukin-8-induced neu-
trophil migration. J Biol Chem 273:10095–10098.

Widdowson KL, Elliott JD, Veber DF, Nie H, Rutledge MC, McCleland BW, Xiang
JN, Jurewicz AJ, Hertzberg RP, Foley JJ, et al. (2004) Evaluation of potent and
selective small-molecule antagonists for the CXCR2 chemokine receptor. J Med
Chem 47:1319–1321.

Willis PA, Bonnert RV, Hunt SF and Walters IAS (2001), inventors. Novel thia-
zolo[4,5-d]pyrimidines compounds. World patent WO2001025242. 2001 Apr 12.

Yan YX, Boldt-Houle DM, Tillotson BP, Gee MA, D’Eon BJ, Chang XJ, Olesen CE,
and Palmer MA (2002) Cell-based high-throughput screening assay system for
monitoring G protein-coupled receptor activation using beta-galactosidase enzyme
complementation technology. J Biomol Screen 7:451–459.

Address correspondence to: Rob Leurs, Leiden/Amsterdam Center of Drug
Research, Faculty of Science, Vrije Universiteit Amsterdam, De Boelelaan
1083, 1081 HV Amsterdam, The Netherlands. E-mail: R.Leurs@few.vu.nl

790 de Kruijf et al.

 at A
SPE

T
 Journals on January 27, 2020

jpet.aspetjournals.org
D

ow
nloaded from

 

http://jpet.aspetjournals.org/

