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BACKGROUND AND PURPOSE
Here we present a novel series of CCR8 antagonists based on a naphthalene-sulfonamide structure. This structure differs from
the predominant pharmacophore for most small-molecule CC-chemokine receptor antagonists, which in fact activate CCR8,
suggesting that CCR8 inhibition requires alternative structural probes.

EXPERIMENTAL APPROACH
The compounds were tested as inverse agonists and as antagonists against CCL1-induced activity in Gai signalling and
chemotaxis. Furthermore, they were assessed by heterologous competition binding against two radiolabelled receptor ligands:
the endogenous agonist CCL1 and the virus-encoded antagonist MC148.

KEY RESULTS
All compounds were highly potent inverse agonists with EC50 values from 1.7 to 23 nM. Their potencies as antagonists were
more widely spread (EC50 values from 5.9 to 1572 nM). Some compounds were balanced antagonists/inverse agonists
whereas others were predominantly inverse agonists with >100-fold lower potency as antagonists. A correspondingly broad
range of affinities, which followed the antagonist potencies, was disclosed by competition with [125I]-CCL1 (Ki 3.4–842 nM),
whereas the affinities measured against [125I]-MC148 were less widely spread (Ki 0.37–27 nM), and matched the inverse
agonist potencies.

CONCLUSION AND IMPLICATIONS
Despite highly potent and direct effects as inverse agonists, competition-binding experiments against radiolabelled agonist
and tests for antagonism revealed a probe-dependent allosteric effect of these compounds. Thus, minor chemical changes
affected the ability to modify chemokine binding and action, and divided the compounds into two groups: predominantly
inverse agonists and balanced antagonists/inverse agonists. These studies have important implications for the design of new
inverse agonists with or without antagonist properties.

Abbreviations
7TM, 7 transmembrane receptors; LH, luteinizing hormone; LMD-A, N-(5-[N-((3R,4R)-1-((S)-2-aminopropanoyl)-3-
methyl-piperidine-4-yl)sulfamoyl)naphthalene-1-yl]-2-methylbenzamide; LMD-B, N-(4-[N-((3R,4R)-1-((S)-2-
aminopropanoyl)-3-methylpiperidine-4-yl)sulfamoyl)naphthalene-1-yl]-2-methylbenzamide; LMD-C,
N-(5-[N-((3R,4R)-1-butyryl-3-methylpiperidine-4-yl)sulfamoyl)naphthalene-1-yl]-2-methyl-benzamide; LMD-D,
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2-methyl-N-(4-(N-(1-(4-methylpiperazine-1-carbonyl)piperidine-4-yl)sulfamoyl)-naphthalene-1-yl)-2-methylbenzamide;
LMD-E, 2-methyl-N-(4-[N-(1-(pyrimidine-2-yl)piperidine-4-yl)-naphthalene-1-yl]benzamide; LMD-F, ethyl 4-[4-(2-
methylbenzamide)-naphthalene-1-sulfonylamino]-piperidine-1-carboxylate; LMD-G, ethyl 4-[5-(thiophene-2-
carboxamido)-naphthalene-1-sulfonamido]-piperidine-1-carboxylate; LMD-H, ethyl 4-(5-benzamidonaphthalene-1-
sulfonamino)piperidine-1-carboxylate.NS, naphthalene-sulfonamide; TSH, thyrotropin

Introduction

With approximately 50 members, the chemokines constitute
a special class of cytokines possessing chemoattractant prop-
erties. This enables them to induce migration of their target
cells towards the site of their secretion as well as coordinating
the homeostatic circulation of leukocytes. Chemokines exert
their effect through chemokine receptors (approximately 20
members), which belong to the family of 7 transmembrane
(7TM) GPCRs. As a consequence of its essential role in a
number of biological processes, mostly related to the immune
regulation, the chemokine system is also important in the
pathogenesis of many human diseases (Viola and Luster,
2008). These considerations have increased interest in the
development of potent, selective and clinically useful chem-
okine receptor antagonists.

However, the chemokine system is characterized by a
large degree of promiscuity as many chemokines bind several
receptors, and in this way result in a wide range of effects.
Furthermore, several receptors bind many different chemok-
ines, thereby adding a further degree of complexity to the
system. Thus, a small-molecule antagonist (or allosteric
modulator) that blocks (or modulates) the action of a certain
chemokine might be ineffective towards the action of other
chemokines on the same receptor. This was recently shown in
CCR1, where a series of small-molecule compounds acted as
positive allosteric modulators of CCL3 binding, whereas they
competed with CCL5 binding (Jensen et al., 2008; receptor
and ligand nomenclature follows Alexander et al., 2011).
However, CCR8 is monogamous in its binding of CCL1 and
this receptor is expressed by a variety of cells, but is mainly
associated with TH2 cells. As TH2 recruitment is implicated in
a number of autoimmune diseases (Miesher and Vogel, 2002;
Pease, 2010), CCR8 and CCL1 have been tested for, and
shown to be involved in these diseases (Panina-Bodignon
et al., 2001; Chung et al., 2003; Gombert et al., 2005; Soler
et al., 2006). Altogether, these studies have increased interest
in CCR8 as a drug target.

Many recent attempts to discover CCR8-selective small-
molecule antagonists however have resulted in the discovery
of small-molecule agonists for CCR8, which surprisingly
share an overall similar structure with other CC-chemokine
receptor antagonists (Haskell et al., 2006; Jensen et al., 2007).
Thus, these compounds also contain a centrally located posi-
tively charged nitrogen atom, which interacts with the chem-
okine receptor-conserved Glu in position VII:06/7.39
(nomenclature according to the Baldwin/Schwartz system
(VII:06) (Baldwin, 1993; Schwartz, 1994) and according to the
Ballesteros–Weinstein nomenclature (7.39) (Ballesteros and
Weinstein, 1995)), and flanking aromatic moieties, which
bind in the main binding pocket of CCR8 (Jensen et al.,
2007). Therefore, these molecules resemble the binding mode

of structurally highly similar antagonists in CCR1, CCR2,
CCR3 and CCR5 (Forbes et al., 2000; Mirzadegan et al., 2000;
Berkhout et al., 2003; Castonguay et al., 2003; de Mendonca
et al., 2005; Nishikawa et al., 2005; Maeda et al., 2006;
Vaidehi et al., 2006).

Today, however, structurally different small-molecule
antagonists have been described for CCR8, including oxazo-
lidinone structures from Glaxo Smith Kline (Jin et al., 2007)
and naphthalene-sulfonamides (NS) from Millennium
Pharmaceuticals (Jenkins et al., 2007). Besides these, the
viral chemokine MC148 shares the same phenotype. This
poxvirus-encoded CC-chemokine was identified in 1997 and
encompasses a shorter N-terminus than human chemokines,
leading to the prediction that it would act as an antagonist
(Krathwohl et al., 1997). Indeed, a screening of all human
chemokine receptors identified MC148 as a CCR8 antagonist
(Luttichau et al., 2000).

Here, we present and characterize eight new small-
molecule structures based on the NS core (LMD-A, -B, -C, -D,
-E, -F, -G and -H) (Figure 1). As opposed to other
CC-chemokine receptor antagonists, as well as previously
described CCR8 agonists, these compounds do not contain
the centrally located, positively charged, nitrogen atom. They
all acted as highly potent inverse agonists for CCR8 with
rather similar potencies, whereas their potencies as antago-
nists of CCL1-induced activation were far more diverse, in
some cases >100-fold lower than the corresponding inverse
agonist potency. A similar broad – but corresponding – range
of affinities was observed in the competition binding against
agonist ([125I]-CCL1), whereas the affinities measured against
a radiolabelled chemokine antagonist ([125I]-MC148) were less
widely spread. Thus, the binding studies revealed that the
small-molecule ligands were able to displace CCL1 with
affinities – that in some cases were rather low – similar to their
antagonist potencies, and that affinities determined against
[125I]-MC148 – that were high and in the nanomolar range in
all cases – were similar to their inverse agonist potencies.
Consequently, these small-molecule antagonists variably
modified CCL1 binding through probe-dependent allosteric
effects, where structural traits of the compounds made it
possible to compare how different chemical groups placed on
the ‘right side’ or the ‘left side’ of the NS core influenced the
antagonist (allosteric) properties relative to the inverse
agonist (direct) counterparts.

Methods

Transfections and tissue culture
COS-7 cells (LGC/ATCC, Teddington, Middlesex, UK) were
grown at 10% CO2 and 37°C in Dulbecco’s modified Eagle’s
medium with glutamax (Gibco, Cat. No. 21885-025) adjusted
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with 10% fetal bovine serum, 180 U·mL-1 penicillin and
45 ug·mL-1 streptomycin (PenStrep, Copenhagen University,
Denmark). 4DE4 cells stably expressing CCR8 (see Tiffany
et al., 1997 fpr details of preparation) were grown in suspen-
sion at 5% CO2, 37°C in HEPES-modified RPMI 1640 medium
containing 10% fetal bovine serum, 100 U·mL-1 penicillin,
0.1 mg·mL-1 streptomycin, 2 mM L-glutamine, 1 mM sodium
pyruvate, 50 mM b-mercaptoethanol, 1 ¥ minimal essential
medium non-essential amino acids and 1 mg·mL-1 Geneticin.

Transfection of COS-7 cells was performed by the calcium
phosphate precipitation method. For 75 cm2 flasks, 10 mg
receptor DNA and 15 mg GD6aqi4myr were mixed with 30 mL
2 mM CaCl2 and TE buffer (10 mM Tris-HCl, 1 mM EDTA,
pH7.4) to a total volume of 240 mL. About 240 mL 2xHBS was
added and the mixture was left for precipitation for 45 min
before added to the cells, with chloroquine 2 mg·mL-1). The
flask was incubated for 5 h at 37° before replacing the media
with 10 mL fresh COS-7 media.
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Figure 1
Compunds LMD-A through -H are highly potent inverse agonists. Structures of the compounds are shown together with results of inverse agonism
on WT CCR8. All curves were normalized to the constitutive activity of CCR8 (100%) and untransfected cells (0%). Coloured boxes indicate
similarities and differences in chemical structure among the small-molecule ligands. Molecules in the green box (LMD-A and –B) have similar
chemical structure, but differ in the placement on the two benzyl rings on the naphthalene stucture. Molecules in the blue box indicate structures
containing similar ‘left side’ moieties. In the red box are compounds with similar ‘right side’ moieties. (A–H) The IP accumulation experiments were
performed in transiently transfected COS-7 cells (n = 3–4).
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MC148 purification
COS-7 cells were transiently transfected as described above.
Serum-free medium was collected 24, 48 and 56 h after trans-
fection. The medium was adjusted to pH 4.5 and centrifuged
at 1500 g for 20 min at room temperature. The medium was
filtered through a 0.22 mm Nalgene filter, a 1:1 volume of
sterilized water added and then loaded on cation SP Sepha-
rose fast flow columns equilibrated with 50 mM acetate buffer
pH 4.5. MC148 was eluted by 50 mM acetate buffer pH 4.5
containing 2 M NaCl. The eluate was made 0.2% in trifluoro-
acetic acid (TFA), filtered and loaded on a Vydac C-8 column
for reverse-phase HPLC. MC148 was eluted by 0.1% TFA in
water using a gradient of CH3CN. The position and amount of
MC148 were identified by mass spectrometry and N-terminal
sequencing on an ABI 494 protein sequencer.

Inositol phosphate assay (IP turnover)
COS-7 cells were transfected as described above. The
co-transfection with GaD6qi4myr turns the Gi signal into a
Gq coupled signal, making it possible to measure the activa-
tion of PLC as IP turnover. One day after transfection, the
cells were seeded in 24 well plates (1.5 ¥ 105 cells per well) and
incubated with 2 mCi of 3H-myo-inositol in 0.3 mL growth
medium for 24 h. Cells were washed twice with HBSS supple-
mented with CaCl2 and MgCl2 (Gibco14025) and afterwards
incubated for 15 min in 0.3 mL buffer supplemented with
10 mM LiCl prior to ligand addition followed by 90 min
incubation. For antagonist testing, the proposed antagonists
were added 10 min before the agonist. Cells were extracted by
addition of 1 mL 10 mM formic acid followed by incubation
on ice for 30 min. The [3H]-IP generated was purified on AG
1X8 anion-exchange resin. All determinations were made in
duplicate.

Chemotaxis assay
Cell migration was assayed using 96-well ChemoTx® plates
with 5 mm pores (Neuroprobe, Gaithersburg, MD, USA).
Various concentrations of chemokine were applied in a final
volume of 31 mL to the lower wells of a chemotaxis chamber.
Following incubation with different concentrations of
antagonist, 2 ¥ 105 cells were applied to the filter, and the
plates were incubated for 5 h in a humidified chamber at
37°C in the presence of 5% CO2. Migrating cells were
detected by use of CellTiterGlo® dye (Promega, Southamp-
ton, UK) and resulting luminescence measured using a Top-
Count scintillation counter (PerkinElmer, Waltham, MA,
USA). Determinations were made in duplicates.

Binding
COS-7 cells were transferred to culture plates 1 day after
transfection. The number of cells seeded per well was deter-
mined by the apparent expression efficiency of the receptors
and aimed at obtaining 5–10% specific binding of the added
radioactive ligand (1 ¥ 104–3 ¥ 105 cells per well for the
different CCR8 compounds). Two days after transfection, the
cells were assayed by competition binding for 3 h at 4°C
using 10–15 pM 125I-CCL1 plus unlabelled CCL1 in 0.2 mL
50 mM HEPES buffer, pH 7.4, supplemented with 1 mM
CaCl2, 5 mM MgCl2 and 0.5% (w/v) bovine serum albumin.
After incubation, the cells were washed quickly twice in 4°C

binding buffer supplemented with 0.5 M NaCl. Non-specific
binding was determined as the binding in the presence of
0.1 mM unlabelled CCL1. Determinations were made in
duplicate. IC50 values were determined and Kd and Ki were
calculated according to the equations of Cheng and Prusoff
(1973):

K IC - L  and K IC 1 L K where L
is the concentr

d 5 i 5 d= [ ] = + [ ]( )( ) [ ]0 0 ,
aation of radioligand.

Data analysis
All curves as well as calculations of EC50 and IC50 values were
performed with Prism 4. Where the concentration-response
graphs did not reach a plateau (complete displacement or
inhibition), the values were estimated based on a Hill coeffi-
cient of -1 and the bottom values of similar curves. These
estimated values are marked with ‘#’ in Table 1.

Materials
Human CCL1 was purchased from Peprotech (Rocky Hill, NJ,
USA) and the viral receptor ligand MC148 was prepared as
described above. [125I]-CCL1 (100T Bq mmol-1) was supplied
by Perkin Elmer, MA, USA. and [125I]-MC148 (~ 100TBq
mmol-1) was prepared in house. The human CCR8 WT
chemokine cDNA was kindly provided by Tim Wells (Serono
Pharmaceutical Research Institute, Geneva, Switzerland).
3H-myo-Inositol (PT6-271) was purchased from Amersham
Pharmacia Biotech (Uppsala, Sweden). The promiscuous chi-
meric G-protein GaD6qi4myr (abbreviated Gqi4myr) was
kindly provided by Evi Kostenis (University of Bonn,
Germany). AG 1-X8 anion-exchange resin was purchased
from Bio-Rad Laboratories (Hercules, CA, USA).

Results

The structures of the eight novel NS compounds are shown in
Figure 1 where a colour code is used to clarify chemical
differences. Highlighted in blue (Figure 1A–F) are com-
pounds containing similar ‘left sides’ (consisting of a
2-methylbenzamide group) but different ‘right sides’ – either
concerning chemical structure or placement on the naphtha-
lene structure. Thus, LMD-A and -B are similar in chemical
structure for both subgroups, but are placed on opposite
benzene rings on the naphthalene – as highlighted in green
(Figure 1A and B). Highlighted in red are compounds with
similar ‘right side’ structure but different ‘left side’ structure
(Figure 1F–H).

A screening on all endogenous chemokine receptors
(CCR1-10, CXCR1-6, XCR1 and CX3CR1) for antagonist
properties of these compounds revealed that they were spe-
cific for CCR8 (data not shown). The screening was per-
formed by co-transfection with a promiscuous G-protein
(Gqi4myr); a chimeric Ga-subunit recognized as a Gai

subunit by the receptor, but resulting in a Gaq response, upon
activation (Kostenis, 2001). Thus, chemokine receptor activa-
tion was measured by IP accumulation, a signalling readout
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that was previously shown to correlate with chemotaxis and
calcium release following activation of CCR8 (Jensen et al.,
2007).

The NS ligands are highly potent inverse
agonists for CCR8
As CCR8 displays constitutive activity of approximately 12%
(Jensen et al., 2007), the ligands were tested for inverse
agonist properties using IP3 accumulation as readout. Thus,
COS-7 cells were transiently transfected with human CCR8
together with Gqi4myr. Indeed, all compounds were high
potency inverse agonists for CCR8 with rather similar poten-
cies between 1.7 and 23 nM (Figure 1 and Table 1). The
highest potencies were found for LMD-A and -B (2.5 and
1.7 nM respectively), which both contain a positively
charged amino group in the exterior of the ‘right side’ group.
In fact, the only structural differences between these two
ligands reside on the subgroup placements on the naphtha-
lene, indicating that this specific feature does not influence
the potency of the ligands and that the positive charge con-
tributes to the high potency interaction with the receptor.

Large differences in potencies as antagonists
despite similar potencies as inverse agonists
All eight compounds were tested as antagonists against
10 nM CCL1-induced activation of CCR8. This concentration
of CCL1 activates CCR8 to approximately 80% of full activa-
tion. In contrast to the rather similar potencies as inverse
agonists (Figure 1), the compounds were found to inhibit
CCL1-induced activation with potencies between 5.9 and
1572 nM (Figure 2 and Table 1). In general, the compounds
were less potent as antagonists compared with the potencies
observed as inverse agonists, as illustrated by dotted lines in
Figure 2. However, again, we found the highest potencies of
LMD-A and -B (Figure 2A and B) with EC50 values of 12 and
5.9 nM, respectively, which were comparable to the inverse
agonist potencies, with only 4.6- and 3.4-fold difference
respectively (Table 1). LMD-C, -D and -E, which share similar
‘left side’ structure with these two ligands, displayed between
18- and 43-fold lower potencies as antagonists, compared
with the inverse agonist potencies (Figure 2C–E). Noticeable,
the lowest antagonist potencies were observed for the four
compounds LMD-E, F, -G and –H, of which the latter three
share the same right side structure (piperidine-1-carboxylate).
Thus, these four compounds inhibited CCL1-induced activa-
tion with EC50 values between 546 and 1572 nM. Compared
with their high potencies as inverse agonists, the potencies as
antagonists were thus 43- to 115-fold lower (Figure 2F–H).
Thus, the chemical structure of the compounds was more
critical for the inhibition of CCL1-induced activation, than
for inhibition of basal CCR8 activity.

In order to determine the effect of the ligands in a more
natural signalling pathway, all ligands were tested for their
ability to antagonize the effect of CCL1- induced chemotaxis
in 4DE4 cells stably expressing CCR8.

As shown in Figure 3A, CCL1 induced cell migration in
these cells in a classical bell-shaped manner. Furthermore, all
compounds antagonized cell migration induced by 3 nM
CCL1 (Figure 3B–D). Although the compounds displayed
higher potencies in these experiments, compared with those

from the IP3 accumulation experiments (Figure 2), we found
them to be structure-dependent in a similar manner. Thus,
LMD-A and -B again displayed the highest potencies with
EC50 values below 1 nM (0.58 and 0.69 nM respectively),
whereas LMD-E, -F, -G and -H displayed the lowest with EC50

values between 43 and 240 nM.
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The LMD compounds displace MC148
with affinities similar to their inverse
agonist potencies
To investigate whether the difference in inverse agonist
potencies, compared with antagonist potencies observed for
the majority of the small-molecule ligands was also applica-
ble to large protein ligands, MC148 was tested using IP3

assays, as described above. Here, the potency as inverse
agonist and antagonist was found to be 0.12 and 4.1 nM,
respectively, resulting in a potency difference of 34-fold
(Figure 4 and Table 1). In this way, MC148 resembles the
majority of the small-molecule compounds (LMD-C to -H),
which also showed higher potencies when acting directly on
the ligand-free receptor instead of antagonizing CCL1. Fur-
thermore, these data show that not only small molecules
inhibited the basal activity.

The differences in potencies of the LMD compounds as
inverse agonists and as antagonists inspired us to study the
binding affinities. Therefore, we tested them in heterologous
competition-binding experiments against radio-labelled
chemokine agonist ([125I]-CCL1) and chemokine antagonist
([125I]-MC148) in transiently transfected COS-7 cells. The
small-molecule ligands displaced [125I]-MC148 with affinities
(Ki) between 0.37 and 27 nM. Again, the highest affinities
were found for LMD-A and -B with 0.37 and 2.6 nM, respec-
tively, and as for the other compounds, the affinities corre-
lated very well with their inverse agonist potencies (Figure 5
and Table 1).

The affinities measured against radiolabelled
agonist (CCL1) correlate well with the
antagonist potencies
Heterologous binding experiments were also performed using
125I-CCL1 as radioligand. Compared with the affinities meas-
ured against 125I-MC148, much lower affinities were identified
in competition against 125I-CCL1 with Ki values ranging
between 3.4 and 842 nM. Thus, these results correlated with
the antagonist potencies determined against 10 nM CCL1-
induced activation. In general, however, the affinities were
higher than the antagonist potencies. Especially, LMD-C had
a markedly higher affinity as compared with its potency as
antagonist (42-fold). All other compounds had higher resem-
blance between these values, ranging between 1.3- and
10-fold difference. Again, LMD-A and -B displayed the
highest affinities with Ki values of 3.4 and 8.0 nM, respec-
tively, as shown in Figure 6 and Table 1. The wide variation in
binding affinities of the small molecules when measured
against [125I]-CCL1 and the correlating low antagonist poten-
cies indicate a probe-dependent allosteric effect.

Finally, the affinity of MC148 was determined by homolo-
gous competition-binding experiments. Again, we found that
the potency of MC148 as an inverse agonist correlated very
well with the affinity, with almost identical Kd and EC50 values
(0.13 and 0.12 nM respectively) (Figure 4 and Table 1). Fur-
thermore, the potency of MC148 as an antagonist against
10 nM CCL1 (EC50 of 4.1 nM) was comparable to its affinity
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previously determined in heterologous binding competition
against [125I]-CCL1 (0.47 nM) (Luttichau et al., 2000).

Discussion

Here we characterize the receptor interaction of a series of
structurally related small-molecule ligands for CCR8. All

compounds acted as highly potent inverse agonists whereas
their action as antagonists was more diverse. Some com-
pounds were ‘balanced’ antagonists/inverse agonists (LMD-A
and -B), others ‘predominant’ inverse agonists with >100-fold
lower potency as antagonists (LMD-C through -H). A corre-
spondingly broad range of affinities was observed in compe-
tition with ([125I]-CCL1 (agonist), whereas the affinities
measured against 125I-MC148 (antagonist) were closer and
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matched the inverse agonist potencies. Thus, small chemical
alterations in the compounds resulted in the loss of (allos-
teric) action as antagonist, but maintained (direct) action as
inverse agonists.

General structural traits and common
action of small-molecule CC-chemokine
receptor ligands
The NS structure described here is uncommon for
CC-chemokine receptor antagonists, as these usually are rela-
tively elongated structures containing one or two centrally
located positively charged nitrogens and flanking aromatic
motifs (Rosenkilde and Schwartz, 2006). For several receptors,
the positively charged nitrogen(s) anchor to the negatively
charged (chemokine receptor-conserved) Glu residue in the
top of TM-VII (in position VII:06/7.39) and that the aromatic
moieties interact with aromatic residues confining the
shallow part of the binding crevice (Forbes et al., 2000; Mir-
zadegan et al., 2000; Berkhout et al., 2003; Castonguay et al.,
2003; de Mendonca et al., 2005; Maeda et al., 2006). Glu
VII:06 is also found in CCR8 together with conserved aro-
matic residues in the main ligand-binding pocket. Impor-
tantly, however, small molecules displaying the common
pharmacophore act as agonists in CCR8, as exemplified by
LMD-009 (and related compounds), all of which activated
CCR8 with nanomolar potencies by interacting with these
conserved residues in the main binding crevice (Jensen et al.,
2007; 2012; Jensen and Rosenkilde, 2009). Thus, as these
agonists contain the general CC-chemokine receptor antago-
nist pharmacophore, and interact with the same residues as
other non-peptide antagonists, it is evident that CCR8 antago-
nism requires a different pharmacophore, as exemplified by
the oxazolidinones (Jin et al., 2007) and by the NS structure
presented here (Figure 1) and previously (Jenkins et al., 2007).
The NS compounds do not contain the centrally located
positive charge, confirming the completely different struc-
tural requirements for CCR8 inhibition. Interestingly, other
antagonists containing the NS structure (although not as
central as in those for CCR8) have been identified for CCR4
(Burdi et al., 2007), the closest homologue to CCR8 (Lió and
Vannucci, 2003).

Binding mode of chemokines in chemokine
receptors – an orthosteric interaction
Chemokines share a similar tertiary structure with two con-
served disulfide bonds. Thus, despite low sequence homolog-
y, NMR and X-ray crystallography have shown an overall
structure consisting of a distorted N-terminus of approxi-
mately 6–10 residues, followed by a long loop (the N-loop), a
310 helix, a three-stranded b-sheet and a C-terminal a-helix
(Allen et al., 2007). The interactions of chemokines with their
cognate receptors are mainly driven by electrostatic interac-
tions between the positively charged chemokines and the
correspondingly negatively charged extracellular parts of
the receptor (and of glycosaminoglycans) on the cell surface.
The receptor N-terminus and most extracellular loops are
essential for ligand recognition, as the initial interaction trig-
gers a docking of the chemokine N-terminus into the binding
pocket, thereby stabilizing an active receptor conformation
(Samson et al., 1997; Wu et al., 1997; Rosenkilde et al., 2000;

Schwarz and Wells, 2002; Jensen et al., 2012; Thiele et al.,
2011). The central role of the chemokine N-terminus has
been confirmed, as modifications in this region alter the
biological properties of the chemokine. For instance, CCL5
turns into a high-affinity antagonist for CCR1 and CCR5,
upon retention of the N-terminal Met residue (Proudfoot
et al., 1996), and CCL1 displays 10-fold lower potency when
the N-terminal is extended by a Ser residue (Fox et al., 2006).
Furthermore, N-terminal truncations of CCL3 and CCL7
result in broad-spectrum antagonists (Gong et al., 1996;
Struyf et al., 1998). MC148 has the same tertiary structure as
endogenous CC-chemokines (thus also CCL1) suggesting an
overall similar binding mode, and that the antagonist prop-
erties are likely to be explained by the shorter N-terminus of
MC148. Thus, in agreement with the overall chemokine/
receptor binding mode (Schwarz and Wells, 2002; Allen et al.,
2007), we suggest that the opposite action of CCL1 and
MC148 is caused by unique interactions in the main binding
crevice exerted by the N-termini of these chemokines.

Small-molecule ligands for chemokine
receptors act via an allosteric interaction
Given the predominant extracellular receptor recognition of
chemokines, most small-molecule ligands act allosterically by
targeting the main binding pocket independently of extracel-
lular receptor domains, as shown in CCR5 and CXCR4
(Rosenkilde et al., 2004; 2007; Watson et al., 2005; Maeda
et al., 2006). However, some molecules also interact with
extracellular loops (predominantly ECL2), as shown for the
CCR5 antagonist aplaviroc and for a series of dual active
CCR1-CCR8 compounds (Maeda et al., 2006; Jensen et al.,
2012; Thiele et al., 2011). All compounds described here
interact well with CCR8 as determined by the high inverse
agonist potencies (the direct interaction in the absence of
other ligands) and the high affinities determined in compe-
tition with the antagonist MC148. However, at the same
time, the majority showed highly impaired competition with
CCL1 binding and CCL1 action suggesting a probe-dependent
allosteric interaction, where minor chemical changes influ-
enced the degree of antagonism, and divided the compounds
into the so-called ‘balanced antagonists/inverse agonists’
(LMD-A and -B) and the ‘predominant inverse agonists’
(LMD-C-H).

Conformational constraining may contribute
to the allosteric appearance
Being membrane-expressed proteins, 7TM receptors inter-
change between different conformations – from complete
inactivity to fully active receptors. Spontaneous equilibrium
towards active states results in constitutive activity, whereas
agonists shift the equilibrium towards activated receptors in
contrast to inverse agonists that do the opposite (Schwartz
and Rosenkilde, 1996). In some cases, the conformational
interchange may be impaired, resulting in apparently low
affinities as shown in the tachykinin NK1 receptor system,
where a series of mutations in the edge of TM-II facing into
the main binding crevice prevented competition between the
endogenous agonist (substance P) and radiolabelled non-
peptide antagonists. Importantly, homologous binding with
([125I]-substance P uncovered high affinity of this ligand,

BJP PC Rummel et al.

1214 British Journal of Pharmacology (2012) 167 1206–1217



indicating that the mutations blocked the conformational
interchange (Rosenkilde et al., 1994). This phenomenon has
also been observed in the chemokine system, for instance by
the endogenous chemokines targeting CCR1 and CCR5 or
the herpes virus-encoded ORF74 and US28 (Simmons et al.,
1997; Kledal et al., 1998; Rosenkilde and Schwartz, 2000).
Thus, conformational constraining may contribute to the
lack of competition of agonist (CCL1) binding and action in
our system, although the overall structural similarities within
the group of small-molecule ligands suggest similar confor-
mational constraining and thus point towards differential
allosteric interactions as a reason for the observed binding
phenomena. A final level of complexity can be added to this
system by the discoveries that small molecules may act dif-
ferently in receptors with more than one endogenous ligand
– which is the case for promiscuous chemokine receptors like
CCR1. Thus, a series of small-molecule agonists for CCR1
acted as allosteric enhancers of CCL3 binding, but at the
same time – and with the same high affinities – competed
with CCL5 binding due to an identified partial overlap in the
binding sites of CCL5 and of the small-molecule agonists
centred around the conserved GluVII:06 (Jensen et al., 2008).
Partially overlapping binding sites of chemokines and small-
molecule ligands could contribute to the phenomena
observed here in CCR8, especially in the case of MC148.

The agonist-prone nature of CCR8 – a
challenge in terms of medicinal chemistry
In contrast to the majority of endogenous chemokine recep-
tors, CCR8 appears to be agonist prone. Not only does CCR8
display constitutive activity of 12%, its basal activity is also
further enhanced by several mutations in the main binding
crevice (Jensen et al., 2007). Furthermore, high-throughput
screening for small-molecule antagonists using the general
CC-chemokine receptor antagonist pharmacophore resulted
in the discovery of agonists for CCR8 (Jensen et al., 2007).
Constitutive activity was described for the first time in 1982
(Koski et al., 1982) and today, it is generally accepted that
receptors shift between different conformations and are
seldom completely silent. Naturally occurring mutations that
result in constitutive activity are well known in human
disease, for example, the thyrotropin (TSH) receptor involved
in thyroid adenomas (Seifert and Wenzel-Seifert, 2002). Fur-
thermore, the constitutive activity of virus-encoded receptors
has been associated with oncogenesis (Arvanitakis et al.,
1997; Rosenkilde et al., 1999; 2001).

The availability of compounds which are selective inverse
agonists and/or concomitant antagonists has obvious advan-
tages as inverse agonists act independently of the endog-
enous agonist, whereas antagonists rely on the presence of
agonists. We present here probe-dependent allosteric interac-
tions, where minor chemical changes had major effects on
the antagonist properties, without major alterations in the
inverse agonist properties – an observation with important
consequences for drug development. Another important
lesson is that the screening method determines the outcome
of the screen. Thus, screening for antagonism may result in
false negative compounds with low ability to compete for, or
inhibit the agonists, but which may still interact with high
affinity with the receptors. Likewise, screening libraries on
constitutive active receptors may result in false positive hits –

compounds with inverse agonist properties, but with poor or
no antagonism of activation by agonists. Finally, it could be
advantageous to selectively target constitutive activity, and
not antagonism, or the opposite, and thereby fine-tune the
pharmacological properties of new compounds.
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