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Abstract
The chemokine receptor CCR4 is expressed by Th2 and Tregs and directs their migration along
gradients of the chemokines CCL17 and CCL22. Both chemokines and receptor are upregulated in
allergic disease, making CCR4 a therapeutic target for the treatment of allergy. We set out to
assess the mechanisms underlying a previous report that CCL22 is a dominant ligand of CCR4,
which may have implications for its therapeutic targeting. Human T-cells expressing endogenous
CCR4 and transfectants engineered to express CCR4 were assessed for receptor function using
assays of calcium release, chemotaxis, receptor endocytosis and ligand binding. Despite the two
ligands having equal potency in calcium flux and chemotaxis assays, CCL22 showed dominance
in both receptor endocytosis assays and heterologous competitive binding assays. Using two
different CCR4-specific antibodies, we showed that CCR4 exists in at least two distinct
conformations, which are differentially activated by ligand. A major population is activated by
both CCL17 and CCL22, whilst a minor population is activated only by CCL22. Mutation of a
single C-terminal residue K310 within a putative CCR4 antagonist binding site, ablated activation
of CCR4 by CCL17 but not by CCL22, despite having no effect on the binding of either ligand.
We conclude that CCL17 and CCL22 are conformationally selective ligands of CCR4 and interact
with the receptor by substantially different mechanisms. This suggests that the selective blockade
of CCR4 in allergy may be feasible where one CCR4 ligand dominates, allowing the inhibition of
Th2 signalling via one ligand whilst sparing Treg recruitment via another.

INTRODUCTION
Chemokines constitute a family of approximately 50 low molecular weight proteins that
regulate the recruitment of leukocytes into inflammatory sites and also maintain a
homeostatic lymphoid environment (1). Chemokines exert their effects through the
activation of G protein coupled receptors on the leukocyte cell surface, and can be grouped
into four subfamilies according to the number and positioning of their amino-terminal
cysteine residues (2). CC Chemokine Receptor 4 (CCR4) is the sole receptor identified to
date for the chemokines CCL22/Macrophage Derived Chemokine (MDC) and CCL17/
Thymus and Activation-Regulated Chemokine (TARC), and was first shown to be highly

Address correspondence to: James Pease PhD, Leukocyte Biology Section, MRC-Asthma UK Centre in Allergic Mechanisms of
Asthma, National Heart & Lung Institute, South Kensington Campus, Faculty of Medicine, Imperial College London, Sir Alexander
Fleming Building, London SW7 2AZ. Telephone: +44 (0) 20 7594 3162. Fax: +44 (0) 20 7594 3119. j.pease@imperial.ac.uk.

Europe PMC Funders Group
Author Manuscript
J Immunol. Author manuscript; available in PMC 2014 October 01.

Published in final edited form as:
J Immunol. 2014 April 1; 192(7): 3419–3427. doi:10.4049/jimmunol.1300232.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



expressed in the thymus and by peripheral blood mononuclear cells (3-6). Both CCL22 and
CCL17 are also expressed in the thymus; one role of the receptor may be to regulate the
intrathymic movement of CCR4+CD4+CD8+ thymocytes during the process of T
lymphocyte education and differentiation (7, 8). Subsequent studies have identified CCR4 as
being preferentially expressed by Th2 cells (9), regulatory T cells (10), and mast cells (11)
suggestive of a role in allergic disease. High levels of CCR4 expression on specific
subpopulations of T cells, including skin-homing cutaneous lymphocyte antigen (CLA)+ T
cells (12), implicates the receptor in the pathology of atopic dermatitis (AD) (13, 14). In vivo
studies suggest that CCR4 is expressed by the majority of murine Th2 lymphocytes and
facilitates CCL17- and CCL22-mediated chemotaxis (15). Whilst deletion of CCR4 has no
effect on either Th2 lymphocyte differentiation in vitro or on a Th2-dependent model of
allergic airway inflammation (16), the CCR4/CCL17/CCL22 axes have been shown to play
a pivotal role in the late phase of allergic airways inflammation, in studies employing
treatment with blocking antibodies specific for the murine orthologues of CCL22 and
CCL17 (17-19). Moreover, in clinical studies of allergen-challenged atopic asthmatics and
rhinitics the majority of T lymphocytes present in bronchial biopsies were found to be CCR4
positive (20, 21). Consequently, CCR4 arouses much interest as a potential therapeutic
target for the treatment of allergic disease (22). However, one potential caveat of targeting
CCR4 is its expression on T regulatory cells (Tregs) (10). Blockade of CCR4 function on
these cells might be envisaged to worsen rather than dampen allergic inflammation since
Tregs have the capacity to suppress Th2-mediated inflammation in vivo (23).

It has previously been reported that of the two CCR4 agonists, CCL22 shows a degree of
dominance over CCL17 with respect to CCR4 internalisation and desensitization (5, 24),
suggestive of a different mode of interaction of either ligand with the receptor. Similarly,
recent studies of prototypic CCR4 antagonists have uncovered two classes of compounds,
one which likely binds to a transmembrane binding site and another which interacts with the
intracellular C-terminus of CCR4 (25). Here we show that the chemokines CCL17 and
CCL22 bind to distinct molecular conformations of CCR4, providing opportunities for the
selective antagonism of the receptor.

EXPERIMENTAL PROCEDURES
Materials

Reagents were purchased from Sigma Aldrich and Invitrogen unless otherwise stated.
Recombinant human CCL17 and CCL22 were purchased from Peprotech Ltd. (London,
UK). Radiolabelled 125I-CCL17 and 125I-CCL22 were purchased from Perkin Elmer
(Cambridge, MA). 96 well ChemoTx® chemotaxis plates (101-5, pore size 5 μm) were
purchased from Neuroprobe (Gaithersburg MD, USA). The anti-CCR4 antibodies 1G1 and
10E4 have been previously described (15, 26) and were generated by Millennium
Pharmaceuticals (Cambridge, MA). The anti-haemagglutinin (HA) anti-HA.11 antibody was
from Covance (Berkeley, CA, USA). A PE-conjugated form of 1G1 and its isotype control
were purchased from BD Biosciences (Oxford, UK). An APC-conjugated rat anti-mouse
IgG2a (clone m2-15F8) was purchased from eBioscience (Hatfield, UK).

Generation of CCR4 K310N mutant
HA-tagged CCR4 cDNA contained within the pcDNA3 plasmid was used as a template for
mutagenesis. Point mutants were generated using the QuikChange™ Site-Directed
Mutagenesis Kit (Stratagene, Stockport, UK). Mutation was confirmed by DNA sequencing
(MWG Biotech, Ebersberg, Germany).

Viney et al. Page 2

J Immunol. Author manuscript; available in PMC 2014 October 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Cell culture and transfection
The murine pre-B lymphoma L1.2 cell line and the human T cell lines Hut78 and CEM-4
were cultured in suspension in RPMI+glutaMAX (Invitrogen, Paisley UK) containing 10%
heat-inactivated fetal calf serum, 100 units/ml penicillin, 0.1 mg/ml streptomycin, 1 mM
sodium pyruvate, 50 μM β-mercaptoethanol, and non-essential amino acids at 37°C, 5%
CO2. The cells were maintained at a density below 1×106/ml prior to transfection. L1.2 cells
were transiently transfected with 1 μg plasmid DNA and 50 μl tRNA per 1×106 cells by
electroporation as previously described (27) and cultured overnight with 10 mM sodium
butyrate. For the generation of highly polarized human Th2 cells, peripheral blood was taken
from healthy volunteers following informed consent and according to an approved protocol.
Naïve CD4+ cells were isolated and polarized following 4 weeks in culture using previously
described methods (28).

Flow cytometry
16 hours following transfection, 5×105 cells were washed in fluorescence-activated cells
sorting (FACS) buffer (0.25% BSA, 0.01% NaN3 in PBS) and incubated with 10 μg/ml
1G1/10E4 antibody (or the appropriate isotype control (26)) in 100 μl FACS buffer for 20
minutes. The cells were washed and then incubated in the same manner with 50 μg/ml
FITC-conjugated goat anti-mouse secondary antibody. After this, the cells were washed
again, resuspended in 500 μl FACS buffer and analysed on a FACS Calibur as described
previously (29). Dead cells were excluded by forward/side-scatter gating and TOPRO-3
exclusion. To assess the number of 10E4 and 1G1 antibody binding sites on Hut78 cells, the
Cellquant Calibrator system was used according to the manufacturer’s instructions
(Biocytex, Marseille, France). To assess whether 10E4 and 1G1 staining was additive or
competitive, staining of Hut78 cells was performed using a directly conjugated 1G1-PE
mAb with or without unconjugated 10E4 or their respective isotype controls (10 μg/ml).
10E4 staining was revealed by use of an APC-conjugated rat anti-mouse IgG2a.

Chemotaxis assay
After confirmation of receptor expression by flow cytometry, the chemotactic ability of the
cells was measured using ChemoTx™ plates (Neuroprobe, Gathersburg MD, USA), as
described previously (27). Briefly, 0.1% BSA in RPMI was used to compose several
chemokine concentrations, which were pipetted into previously blocked wells of the plate.
The membrane was placed on top, and droplets containing 2×105 cells added on top of the
membrane to each well. After 5 hours incubation at 37°C and 5% CO2, the membrane was
removed and migration assessed by either cell counting with a haemocytometer or by
staining with the live cell dye CellTiter Glo® (Promega, Southampton, UK) and reading
luminescence counts. Haemocytometer counts were expressed as a percentage of total cells
migrated. CellTiter Glo luminescence counts were converted to chemotactic index (counts/
buffer control counts). In inhibition studies, prior to their use, cells were preincubated for 15
minutes at room temperature with 10μg/ml of 10E4, 1G1 or the respective isotype controls
either alone or in combination.

Internalisation assay
5×105 cells were incubated in simple RPMI in the presence or absence of 100 nM CCL17/
CCL22, for 30 minutes at 37°C. The samples were then washed and stained for flow
cytometry as described above. The fluorescence of the chemokine-treated cells was
expressed as a percentage of untreated cell fluorescence. Staining of cells incubated with
either ligand on ice confirmed that loss of cell surface expression was due to receptor
internalization and not simply by steric hindrance of antibody binding.
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Intracellular calcium flux
Chronically activated human Th2 lymphocytes were prepared as previously described (30)
and were labelled with the dye Fluo-3 (Molecular Probes, Eugene, OR) at a final
concentration of 4 μM. Following washing, cells were plated at 300,000 cells per well and
stimulated with chemokine at varying concentrations. Ca2+ mobilization was then measured
on a 96-well FLIPR System (Molecular Devices, Sunnyvale, CA) as previously described
(31).

Radiolabelled chemokine binding assay
Receptor expression was first confirmed by flow cytometry, after which cells were
incubated with a fixed concentration of radiolabelled chemokine and a varying concentration
of unlabelled chemokine, as previously described (27). Briefly, serial dilutions of chemokine
were added to a 96 well plate along with 0.1 nM 125I chemokine, the highest 100nM
concentration of unlabelled chemokine representing a 1000-fold excess of cold ligand. 1
million cells were added to each well. After 90 minutes incubation, a 0.5 M NaCl salt wash
was applied and cell-associated chemokine separated from free chemokine by centrifugation
through silicone oil. Cell pellets were counted for 10 minutes on a gamma counter, and the
results presented as the percentage of total binding in the absence of competitor following
subtraction of non-specific binding. Despite the use of the salt wash, 125I-CCL22 notably
gave higher levels of non-specific binding (NSB) than 125I-CCL17, especially when L1.2
cells were used as a source of CCR4 (over 40% NSB). To assess the number of ligand
binding sites/cell on CEM-4 cells, data was analysed in GraphPad Prism using an
appropriate binding model and taking into account the relative specific activity of the
radiolabelled chemokine (2000 Ci/mmol).

Homology modelling of CCR4
A simple homology model of the human CCR4 receptor was constructed by comparative
modelling of the full length CCR4 sequence to the crystal structures of Bovine Rhodopsin
(PDB Code 1F88), squid opsin (PDB Code: 2Z73), and CXCR4 (magenta PDB Code:
3OE6). The model was constructed and coarsely refined using the automated modelling
process in MOE2011.10 (Chemical Computing Group Inc., Montreal, Canada). Structures
were aligned on the Cα atoms of Helix VII and Helix VIII.

Data and statistical analyses
Data are presented as the mean ± SEM of at least three independent experiments. Data were
analysed and graphed using Prism software (GraphPad, San Diego, CA, USA).

RESULTS
The CCR4 ligands CCL17 and CCL22 have equal potency and maximal effect in
chemotaxis but drive the endocytosis of different CCR4 conformations

The human cell line Hut78 is a T cell lymphoma that endogenously expresses the chemokine
receptor CCR4, and therefore serves as a useful model system to examine ligand-receptor
interactions. Hut78 cells (Fig. 1A) migrated in a dose-dependent manner to soluble CCL17
and CCL22, exhibiting the typical bell-shaped response with both chemokines
demonstrating similar potency and maximal effect. Similar data was observed with the cell
line CEM-4 (data not shown). We and others have previously described a panel of CCR4-
specific antibodies raised against the human receptor, notably the antibodies 1G1 (15) and
10E4 (26). Using identical concentrations of both antibodies in flow cytometry (10μg/ml)
we obtained quite different profiles of CCR4 expression on Hut-78 cells (Fig.1B, 1C), with
much more intensive staining observed with the 10E4 mAb than with the 1G1 mAb. Using a
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commercially available kit (Cellquant Calibrator) the number of binding sites per cell for
1G1 and 10E4 on Hut78 cells were estimated at 590 ± 356 and 10,749 ± 417 respectively.
Likewise, more intensive staining of CEM-4 cells, CCR4-L1.2-transfecants and Th2
lymphocytes was observed when the 10E4 mAb was used compared with 1G1 (Figure 2).

We then employed both mAbs in endocytosis assays using an optimal dose of either CCL17
or CCL22 to induce receptor internalisation (24). The ability of each ligand to drive CCR4
endocytosis was assessed by determining the loss of cell surface CCR4. In keeping with
previous observations obtained with the 1G1 antibody (24), CCL22 but not CCL17 was able
to drive significant CCR4 endocytosis (Fig. 1.D). However, using the 10E4 antibody, both
ligands were apparently able to induce a significant reduction in cell-surface CCR4
expression. Collectively, this suggests the existence of distinct conformations of CCR4
which differ in their ability to respond to CCL17 stimulation.

The CCR4 ligands CCL17 and CCL22 have equal potency and maximal effect in calcium
flux release but display differential abilities to desensitize CCR4 populations

We subsequently investigated the ability of CCL17 and CCL22 to induce calcium
mobilisation in Th2 lymphocytes, in particular, assessing the ability of each chemokine to
desensitize responses to a subsequent stimulus of the same or alternate ligand (homologous
and heterologous desensitization). Initial treatment of Th2 cells with a 50 nM concentration
of CCL17, resulted in intracellular calcium release, and rendered the cells unresponsive to a
second identical CCL17 stimulus (Fig. 3A). Similar results were observed when two
consecutive doses of 50 nM CCL22 were employed (Fig. 3B). However, when heterologous
desensitization was examined in the same fashion, CCL22 rendered cells unresponsive to
subsequent CCL17 treatment (Fig. 3C), but the converse was not observed, with CCL17
having little if any impact on subsequent CCL22 responses (Fig. 3D). Dose response
analysis of calcium release in human Th2 cells in response to increasing concentrations of
chemokine found that CCL17 and CCL22 had equal potency and maximal effects (Fig. 3E),
as was the case with their activity in chemotaxis assays (Fig. 1A).

CCL17 and CCL22 are conformationally selective ligands of CCR4
Radioligand binding assays were then carried out to investigate further the interaction of
CCR4 with CCL17 and CCL22. Unlabelled CCL17 and CCL22 dose-dependently
displaced 125I-CCL17 on both CEM-4 and CCR4-L1.2 transfectants cells in an identical
fashion with a 1000-fold excess of either unlabelled chemokine (100 nM) reducing 125I-
CCL17 binding to similar levels (Fig. 4A-B, respectively). When 125I-CCL22 was used as a
radioligand, higher levels of non-specific binding were observed than with 125I-CCL17,
especially when CCR4-L1.2 transfectants were used. Using both CEM-4 cells and CCR4-
L1.2 transfectants, the displacement of 125I-CCL22 from both cell types by unlabelled
CCL22 was much more effective than its counterpart (almost three fold difference in IC50
values, Table 1) with a significant proportion of 125I-CCL22 resistant to displacement by a
1000-fold excess of CCL17 (Fig. 4C-D). This suggests that CCL22 and CCL17 are
conformationally selective ligands of CCR4, a phenomenon that has previously been
reported by ourselves and others for ligands of the chemokine receptor CXCR3 (32, 33).
Non-linear regression analysis of the binding data for homologous competition of either
radioligand from CEM-4 cells suggested that there were more binding sites for CCL22
(16,163 ± 11,522) than for CCL17 (13,997 ± 3,974).

The 10E4 antibody recognizes a population of CCR4 that can bind CCL17
We have previously mapped the 10E4-specific epitope of CCR4 to the receptor N-terminus,
a key ligand-binding domain (26). We subsequently used this antibody to assess the role of
the receptor. In keeping with earlier data from that study, pre-treatment of CEM-4 cells with
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10E4 - but not an isotype control - reduced 125I-CCL17 binding to the levels observed with a
1000-fold excess of unlabelled CCL17 or CCL22 (Fig. 5A). In contrast, although 10E4 pre-
treatment significantly lowered the level of 125I-CCL22 to those obtained with a 1000-fold
excess of unlabelled CCL17, a significantly greater displacement of 125I-CCL22 was
observed when a 1000-fold excess of CCL22 was employed (Fig. 5B). Together with the
earlier heterologous competition assays, this suggests that the majority of CCR4 is in a
10E4-sensitive conformation that can bind both ligands, whilst a 10E4-insensitive remnant
can bind CCL22.

To assess whether this 10E4-insensitive remnant was functional, we assessed chemotaxis
responses of transfectants to both ligands following 10E4 pre-treatment. As a comparator,
the antibody 1G1 was also employed which has previously been shown to partially block
CCL22 and CCL17 chemotactic responses in Th2 lymphocytes (15).

Whilst maximal chemotactic responses to CCL17 were significantly inhibited by 10E4,
notably at the optimal concentration of 1 nM (Fig 5C), responses to CCL22 were left largely
intact (Fig 5D), with a rightward shift in the potency of CCL22 observed. The 1G1 mAb had
no significant inhibitory activity for either CCL17 or CCL22 responses and combinations of
10E4 and 1G1 had no additional inhibitory activity to that seen with 10E4 alone. We
therefore conclude that the 10E4-insensitive remnant of CCR4 is able to facilitate migration
in response to CCL22. To address whether or not 10E4 and 1G1 are competitive or additive
in CCR4 staining we incubated Hut78 cells with a PE-conjugated version of 1G1 together
with unlabelled 10E4 or an isotype control. 10E4 staining with assessed with an APC-
conjugated anti-IgG2a mAb (Fig. 5E). 10E4 was observed to significantly inhibit 1G1
binding, whilst the inclusion of the isotype control had no effect. In contrast, 1G1 did not
interfere with recognition of CCR4 by the 10E4 mAb. We therefore conclude that 1G1
recognizes a fraction of the 10E4 population, which likely explains its inability to effectively
block CCR4 responses.

An amino acid within the CCR4 C-terminus is key for activation of CCR4 by CCL17 but not
by CCL22

Of late, a conserved C-terminal region known as Helix VIII found within class A GPCRs
has come under scrutiny, with several studies alluding to its significance in receptor
signalling and ligand activity, notably that of the Herpes virus encoded chemokine receptor
ORF74 (34). Interestingly, the C-terminal region of CCR4 has been reported to be the
principal site of action of a novel class of CCR4 small molecule antagonist, suggesting the
importance of this region in CCR4 activation (25). To examine this region we created a
point mutation within Helix VIII of CCR4 at lysine 310 (K310N) to test the hypothesis that
Helix VIII was involved in the discrimination of CCL17 and CCL22 in the two observed
CCR4 conformations. We chose this particular residue since a lysine in an analogous
position is highly conserved within class A GPCRs and our intention was to disrupt any
likely ionic interactions of K310 either within the GPCR or with other intracellular proteins
such as a G protein. Following transfection of cells, the K310N construct was found to be
singularly unresponsive to CCL17 in chemotaxis assays (Fig. 6A). In contrast, the K310N
mutant displayed a robust chemotactic response to CCL22, albeit at a reduced potency and
with a reduced maximal effect compared to WT CCR4 (Fig. 6B). In light of this disparity in
chemotaxis, transfectants were then assayed for their ability to bind both chemokines. In
contrast to the chemotaxis data, no significant differences were observed in the IC50 values
for either ligand (Fig. 6C-D). Comparisons of staining of cells expressing WT CCR4 or the
K310N mutant by flow cytometry showed a trend towards increased expression of the
mutant regardless of the primary antibody used for detection (Fig. 6E). Thus K310 of Helix
VIII is required for effective activation of CCR4 by CCL17 but plays no role in either
receptor expression or the binding of either ligand.
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DISCUSSION
The role of CCR4 and its ligands CCL17 and CCL22 in allergic disease is well established,
with the receptor a key target for antagonist development. Promisingly, CCR4 blockade by a
monoclonal antibody in a human PBMC-reconstituted SCID mouse model, was found to
abolish several key features of allergic airways inflammation, notably bronchial
hyperreactivity, airway eosinophilia, goblet cell hyperplasia and IgE synthesis (35).
Blockade of CCR4 in vitro, with a prototypic small molecule antagonist has also been
shown to be successful in inhibiting the actin polymerization responses of human Th2 cells,
a population increased in numbers in nasal biopsies of rhinitis patients following allergen
challenge (36). However, one potential caveat of CCR4-specific therapy is the potential for
also blocking Treg cell recruitment, with the majority of human Tregs expressing CCR4 (37,
38). Thus, approaches which spare Treg recruitment but inhibit Th2 recruitment are likely to
be the most effective. The data we present here suggests that CCL17 and CCL22 interact
with distinct conformations of CCR4 on leukocytes, allowing for the blockade of signalling
via one conformation but not the other.

Figure 7 shows a simplistic model of CCR4 activation based upon the data we present here.
Distinct populations of CCR4 with differing conformations are shown; a major species
denoted R1 and one or more minor species denoted collectively as R2. The R1 conformation
is activated by both CCL17 and CCL22, and is recognized by the antibody 10E4. The
smaller population of receptors in the R2 conformation can only be activated by CCL22. R1
and R2 are not interconvertable conformations of the receptor but are fixed states, since
neither CCL17 nor the mAb 10E4 were able to completely displace 125I-CCL22 from cells
(Fig. 5B) nor was 10E4 able to completely inhibit CCL22 mediated migration (Fig. 5D).
Mutation of Helix VIII within the CCR4 C-terminus (K310N mutant) ablated CCL17 but
not CCL22 responses in chemotaxis assays. This was at the level of CCR4 activation rather
than receptor expression or ligand engagement, since the expression levels and the affinities
of CCL17 and CCL22 for the K310N receptor were not significantly different from WT
CCR4. Notably, the profile of the CCL22 chemotactic responses of the K310 mutant were
reminiscent of those obtained in cells pre-treated with the 10E4 antibody, with reduced
potency (Fig. 5D) suggesting that the R1 but not the R2 state relies upon K310 for activation
by chemokine. Molecular modelling suggests that K310 of Helix VIII likely forms a salt
bridge with an aspartic acid residue (D76) in the cytoplasmic region of Helix II. (Fig. 8) and
possibly influences interactions with intracellular G proteins.

Our model also adequately explains the apparent appearance of CCL22 as a dominant ligand
by other groups, either in terms of receptor endocytosis (24) or in heterologous
desensitization assays (39). In receptor endocytosis assays, CCL22 can engage with and
induce the internalisation of both R1 and R2 conformations. CCL22 appears dominant to
CCL17 when the 1G1 antibody is employed, as in these assays, the 1G1 antibody recognises
only a fraction of the R1 conformation to which CCL17 binds specifically. When the 10E4
antibody is employed, then the entire R1 population is stained and both CCL17 and CCL22
are observed to induce CCR4 internalization with a similar degree of efficacy (Fig 1D).
Likewise, in assays of heterologous desensitization observed by calcium flux, CCL22 can
interact with both the R1 and R2 conformations and can therefore desensitize all subsequent
responses to CCL22 or CCL17. In contrast, CCL17 binds only to the R1 conformation and
presumably sufficient levels of the R2 state remain to mediate the observed CCL22 calcium
flux response.

It is evident that the apparent dominance of one ligand over another can be dependent upon
the experimental readout. A recent study by Bonner and colleagues showed that CCL17
could potently induce the synthesis of αCGRP by CCR4+ bronchial epithelial cells with
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implications for the pathogenesis of asthma (40). Notably, CCL17 induced αCGRP
transcription with around a 20,000-fold higher efficacy than an equivalent concentration of
CCL22. Such biased signalling at a chemokine receptor may hint at why higher organisms
have often developed two or more ligands to activate the same chemokine receptor.
Originally termed ‘functional redundancy’, the notion was that this duplication of ligands
and receptors helped to maintain a minimal level of leukocyte trafficking should a single
component of the system be subverted by microbes (41). In light of subsequent study it is
apparent that each chemokine may play a specific role in a context outside of leukocyte
migration, such as cellular differentiation.

So how do our observations affect the status quo in terms of the current development of
small molecule CCR4 antagonists (42-45)? If our model is correct, then blockade of both the
R1 and R2 conformations is desirable for complete CCR4 blockade, for example by a small
molecule which locks CCR4 into an alternative conformation to which neither CCL22 nor
CCL17 can bind or activate the receptor. However, as mentioned previously, a potential
caveat of treatment with such a drug is that recruitment of immunosuppressive CCR4+

Tregs, to the site of allergic inflammation is also likely to be hampered. It is notable that of a
range of adult biomarkers, CCL17 had the highest odds ratio for the likelihood of having
atopic dermatitis (AD) (46), consistent with in vitro studies showing that corneal and dermal
fibroblasts are important sources of CCL17 but not CCL22 following stimulation with IL-4
and IL-13 (47). In a study of AD patients with significant improvement of symptoms
following subcutaneous immunotherapy with a house dust mite allergoid, it was observed
that serum IL-10 levels were increased significantly after 6 months of treatment (48). This
correlated with significantly reduced serum levels of CCL17 but not CCL22, suggesting that
CCL22 is primarily responsible for Treg recruitment. This concurs with data from the
original publication in which CCR4 was described as a key receptor for Treg migration (10).
Using a supernatant from activated DCs as a source of chemoattractants, Iellem and
colleagues showed that antibody blockade of CCL17 had negligible effects upon Treg
recruitment whereas blockade of CCL22 reduced Treg migration by around 50%. A
previous in vitro study showed that some classes of prototypic small molecule CCR4
antagonist were less effective at inhibiting CCR4 signalling in Tregs compared with other
CD4+ T cell subsets, presumably due to greater levels of CCR4 expression on the Tregs
(49). Further fine-tuning of such molecules to block CCL17 but spare CCL22 signaling, may
provide a beneficial therapeutic option for the treatment of allergic diseases such as AD.
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Figure 1. Responses of Hut-78 T cells to CCR4 ligands
(A) Hut78 cell migration to increasing concentrations of CCL17 and CCL22. CCR4
expression on Hut78 cells using 1G1 (B) and 10E4 (C) mAbs; shaded histograms are isotype
controls. (D) CCR4 endocytosis on Hut78 cells following chemokine treatment measured
using CCR4 mAbs. n=3, *p<0.05, **p<0.01 and ***p<0.001.
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Figure 2. Comparison of staining of CEM-4 cells, CCR4 L1.2 transfectants and primary Th2
lymphocytes with the 10E4 and 1G1 antibodies.
Data are representative of at least three separate experiments.
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Figure 3. Responses of human Th2 cells to CCR4 ligands
Homologous (A & B)/heterologous (C & D) desensitization of calcium responses following
CCL17/CCL22 treatment. Arrows indicate addition of chemokine. Data are representative of
three independent experiments. (E) Calcium release of Th2 cells after CCL17/CCL22
treatment. EC50 values = 1.6 nM and 2.5 nM respectively. n=3.
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Figure 4. CCL22 and CCL17 are conformationally selective ligands of CCR4
Displacement of 125I-CCL17 (A & B) and 125I-CCL22 (C & D) from CEM-4 cells (A & C)
or CCR4-L1.2s (B & D) by increasing concentrations of unlabelled chemokine. n=3.
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Figure 5. 10E4 blockade of CCL17 and CCL22 binding
Binding of 125I-CCL17 (A) and 125I-CCL22 (B) to CCR4 transfectants in the presence of
unlabelled chemokine, an isotype control (IgG2a) mAb or the CCR4-specific mAb 10E4. (B)
and (C) - Migration of CCR4 transfectants to CCL17 (C) or CCL22 (D) following pre-
treatment with either 10E4, 1G1, or both antibodies combined (closed symbols and dashed
lines). Isotype treated cells are shown as open symbols and solid lines. Competitive staining
of Hut78 cells with the 10E4 and 1G1 antibodies (E). n=3,*p<0.05, **p<0.01 and
***p<0.001.
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Figure 6. A role for K310N in CCR4 activation by CCL17
Migration of WT CCR4-L1.2 or K310N CCR4-L1.2 to increasing concentrations of CCL17
(A) or CCL22 (B). Homologous displacement binding curves for 125I-CCL17 (C) and 125I-
CCL22 (D). Staining of CCR4-L1.2 or K310N CCR4-L1.2 transfectants using 10E4, 1G1 or
anti-HA mAbs (E). n=5, *p<0.05, **p<0.01 and ***p<0.001.
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Figure 7. A two-state model for CCR4 activation
Cartoon of CCR4 showing two receptor conformations (R1 and R2) which are differentially
bound and activated by CCL17 and CCL22. R1 is the major species as assessed by ligand
binding assays and staining with the 10E4 antibody (and to a lesser extent by the 1G1
antibody in grey). The importance of residue K310 in CCR4 activation by CCL17 is
highlighted in the R1 conformation, although this residue has no effect upon the 10E4
sensitive-conformation of the R1 state.
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Figure 8. Putative salt bridge in CCR4 predicted by homology modelling
Crystal structures of bovine rhodopsin (blue N-terminus through red C-terminus), squid
opsin (gold) and CXCR4 (magenta), and a CCR4 homology model (green). The cutout
shows the residues corresponding to lysine 310 of CCR4, which is thought to form a salt
bridge with a highly conserved aspartate residue in TMII.
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Table 1
Ligand binding properties of CCR4 expressing cells in heterologous competition binding
assays

Mean IC50 values are from at least three experiments.

Hot Tracer ligand

125I-CCL17 125I-CCL22

Cold
Competitor

IC50 CCL17
(nM)

IC50 CCL22
(nM)

IC50 CCL17
(nM)

IC50 CCL22
(nM)

CEM-4 2.5 ± 0.8 2.1 ± 0.8 3.8 ± 0.8 3.5 ± 0.7

L1.2 CCR4 3.1 ± 0.8 3.2 ± 0.8 4.1 ± 0.7 1.5 ± 0.8
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