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The Journal of Immunology

Distinct Conformations of the Chemokine Receptor CCR4
with Implications for Its Targeting in Allergy

Jonathan M. Viney,* David P. Andrew,† Rhian M. Phillips,* Andrea Meiser,*

Pallavi Patel,* Melissa Lennartz-Walker,‡ David J. Cousins,‡ Nicholas P. Barton,†

David A. Hall,† and James E. Pease*

CC chemokine receptor 4 (CCR4) is expressed by Th2 and regulatory T cells 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 trans-

fectants 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 Abs,

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, whereas 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 finding suggests that the selective blockade of

CCR4 in allergy may be feasible when one CCR4 ligand dominates, allowing the inhibition of Th2 signaling via one ligand while

sparing regulatory T cell recruitment via another. The Journal of Immunology, 2014, 192: 000–000.

C
hemokines constitute a family of ∼50 low m.w. proteins
that regulate the recruitment of leukocytes into inflam-
matory sites and also maintain a homeostatic lymphoid

environment (1). Chemokines exert their effects through the ac-
tivation of G protein–coupled receptors (GPCRs) on the leukocyte
cell surface, and can be grouped into four subfamilies according to
the number and positioning of their N-terminal cysteine residues
(2). CC chemokine receptor 4 (CCR4) is the sole receptor iden-
tified to date for the chemokines CCL22/MDC (macrophage-derived
chemokine) and CCL17/TARC (thymus and activation-regulated
chemokine), and was first shown to be highly expressed in the thymus

and by PBMCs (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 (Tregs) (10), and
mast cells (11), suggestive of a role in allergic disease. High levels
of CCR4 expression on specific subpopulations of T cells, in-
cluding skin-homing cutaneous lymphocyte Ag–positive T cells
(12), implicate the receptor in the pathological features of atopic
dermatitis (AD) (13, 14). In vivo studies suggest that CCR4 is
expressed by the majority of murine Th2 lymphocytes and facil-
itates CCL17- and CCL22-mediated chemotaxis (15). Although
deletion of CCR4 has no effect either on Th2 lymphocyte differ-
entiation 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 using treatment with blocking Abs spe-
cific for the murine orthologs of CCL22 and CCL17 (17–19).
Moreover, in clinical studies of allergen-challenged atopic asth-
matic and rhinitic individuals, the majority of T lymphocytes
present in bronchial biopsy specimens 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 ex-
pression on Tregs (10). Blockade of CCR4 function on these cells
might be envisaged to worsen rather than dampen allergic inflam-
mation because 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 internalization and desensitization (5, 24), suggestive of
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a different mode of interaction of either ligand with the receptor.
Similarly, recent studies of prototypic CCR4 antagonists have un-
covered two classes of compounds, one that likely binds to a
transmembrane binding site and another that interacts with the
intracellular C terminus of CCR4 (25). In this article, we show that
the chemokines CCL17 and CCL22 bind to distinct molecular
conformations of CCR4, providing opportunities for the selective
antagonism of the receptor.

Materials and Methods
Materials

Reagents were purchased from Sigma-Aldrich and Invitrogen unless oth-
erwise stated. Recombinant human CCL17 and CCL22 were purchased
from PeproTech (London, U.K.). Radiolabeled [125I]-CCL17 and [125I]-
CCL22 were purchased from PerkinElmer (Cambridge, MA). The 96-well
ChemoTx chemotaxis plates (101-5; pore size 5 mm) were purchased from
Neuroprobe (Gaithersburg MD). The anti-CCR4 Abs 1G1 and 10E4 have
been previously described (15, 26) and were generated by Millennium
Pharmaceuticals (Cambridge, MA). The anti-hemagglutinin anti-HA.11
Ab was from Covance (Berkeley, CA). A PE-conjugated form of 1G1
and its isotype control were purchased from BD Biosciences (Oxford,
U.K.). An APC-conjugated rat anti-mouse IgG2a (clone m2-15F8) was
purchased from eBioscience (Hatfield, U.K.).

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, U.K.). Mutation was
confirmed by DNA sequencing (MWG Biotech, Ebersberg, Germany).

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, U.K.) containing 10% heat-inactivated FCS, 100 U/ml
penicillin, 0.1 mg/ml streptomycin, 1 mM sodium pyruvate, 50 mM 2-MΕ,
and nonessential amino acids at 37˚C, 5% CO2. The cells were maintained
at a density ,1 3 106/ml prior to transfection. L1.2 cells were transiently
transfected with 1 mg plasmid DNA and 50 ml tRNA per 1 3 106 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 in-
formed consent and according to an approved protocol. Naive CD4+ cells
were isolated and polarized following 4 wk in culture, using previously
described methods (28).

Flow cytometry

At 16 h following transfection, 5 3 105 cells were washed in FACS buffer
(0.25% BSA, 0.01% NaN3 in PBS) and incubated with 10 mg/ml 1G1/
10E4 Ab (or the appropriate isotype control; Ref. 26) in 100 ml FACS
buffer for 20 min. The cells were washed and then incubated in the same
manner with 50 mg/ml FITC-conjugated goat anti-mouse secondary Ab.
After this, the cells were washed again, resuspended in 500 ml FACS
buffer, and analyzed on a FACSCalibur, as described previously (29). Dead
cells were excluded by forward/side-scatter gating and TOPRO-3 exclu-
sion. To assess the number of 10E4 and 1G1 Ab binding sites on Hut78
cells, the CELLQUANT Calibrator system was used according to the manu-
facturer’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 mg/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 chemo-
tactic ability of the cells was measured using ChemoTx plates (Neurop-
robe), as described previously (27). Briefly, 0.1% BSA in RPMI 1640 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 3 105 cells were added on top of the
membrane to each well. After a 5-h incubation at 37˚C and 5% CO2, the
membrane was removed and migration assessed either by cell counting
with a hemocytometer or by staining with the live cell dye CellTiter Glo

(Promega, Southampton, U.K.) and reading luminescence counts. Hemo-
cytometer counts were expressed as a percentage of total cells migrated.
CellTiter Glo luminescence counts were converted to a chemotactic index
(counts/buffer control counts). In inhibition studies, prior to their use, cells
were preincubated for 15 min at room temperature with 10 mg/ml 10E4,
1G1, or the respective isotype controls either alone or in combination.

Internalization assay

A total of 5 3 105 cells were incubated in RPMI 1640 in the presence or
absence of 100 nM CCL17/CCL22, for 30 min at 37˚C. The samples were
then washed and stained for flow cytometry, as described above. The fluo-
rescence 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 Ab binding.

Intracellular calcium flux

Chronically activated human Th2 lymphocytes were prepared as previously
described (30) and were labeled with the dye Fluo-3 (Molecular Probes,

FIGURE 1. Responses of Hut78 T cells to CCR4 ligands. (A) Hut78 cell

migration to increasing concentrations of CCL17 and CCL22. CCR4 ex-

pression on Hut78 cells, using 1G1 (B) and 10E4 (C) mAbs; shaded histo-

grams are isotype controls. (D) CCR4 endocytosis on Hut78 cells following

chemokine treatment measured using CCR4 mAbs. n = 3, *p , 0.05, **p ,
0.01, ***p , 0.001.
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Eugene, OR) at a final concentration of 4 mM. 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 de-
scribed (31).

Radiolabeled chemokine binding assay

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

Homology modeling of CCR4

A simple homology model of the human CCR4 receptor was constructed
by comparative modeling of the full-length CCR4 sequence to the
crystal structures of bovine rhodopsin [Brookhaven Protein Data Bank
(PDB) Code 1F88), squid opsin (PDB Code: 2Z73), and CXCR4 (magenta
PDB Code: 3OE6). The model was constructed and coarsely refined
using the automated modeling process in MOE2011.10 (Chemical
Computing Group, Montreal, Canada). Structures were aligned on the
Ca atoms of helix VII and helix VIII.

Data and statistical analyses

Data are presented as the mean 6 SEM of at least three independent
experiments. Data were analyzed and graphed using Prism software
(GraphPad, San Diego, CA).

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 were observed with the cell line CEM-4 (data not
shown). We and others have previously described a panel of CCR4-
specific Abs raised against the human receptor, notably the Abs 1G1
(15) and 10E4 (26). Using identical concentrations of both Abs in
flow cytometry (10 mg/ml), we obtained quite different profiles of
CCR4 expression on Hut78 cells (Fig.1B, 1C), with much more in-
tensive staining observed with the 10E4 mAb than with the 1G1
mAb. With use of a commercially available kit (CELLQUANT
Calibrator), the number of binding sites per cell for 1G1 and 10E4 on
Hut78 cells was estimated at 590 6 356 and 10,749 6 417, re-
spectively. Likewise, more intensive staining of CEM-4 cells, CCR4-
L1.2-transfectants, and Th2 lymphocytes was observed when the
10E4 mAb was used, compared with 1G1 (Fig. 2).
We then employed both mAbs in endocytosis assays, using an

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

FIGURE 2. Comparison of staining of

CEM-4 cells, CCR4 L1.2 transfectants, and

primary Th2 lymphocytes with the 10E4 and

1G1 Abs. Data are representative of at least

three separate experiments.

The Journal of Immunology 3
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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 mobilization 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 used (Fig.
3B). However, when heterologous desensitization was examined
in the same fashion, CCL22 rendered cells unresponsive to sub-
sequent CCL17 treatment (Fig. 3C), but the converse was not ob-
served, 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. Unla-
beled CCL17 and CCL22 dose-dependently displaced [125I]-
CCL17 on both CEM-4 and CCR4-L1.2 transfectant cells in an
identical fashion, with a 1000-fold excess of either unlabeled che-
mokine (100 nM) reducing [125I]-CCL17 binding to similar levels
(Fig. 4A, 4B, respectively). When [125I]-CCL22 was used as a
radioligand, higher levels of NSB were observed than with [125I]-
CCL17, especially when CCR4-L1.2 transfectants were used.
When using both CEM-4 cells and CCR4-L1.2 transfectants, the
displacement of [125I]-CCL22 from both cell types by unlabeled
CCL22 was much more effective than its counterpart (almost a 3-fold
difference in IC50 values; Table I), with a significant proportion
of [125I]-CCL22 resistant to displacement by a 1000-fold excess of
CCL17 (Fig. 4C, 4D). This finding suggests that CCL22 and
CCL17 are conformationally selective ligands of CCR4, a phenom-
enon that has previously been reported by ourselves and others for
ligands of the chemokine receptor CXCR3 (32, 33). Nonlinear
regression analysis of the binding data for homologous competition

FIGURE 3. Responses of human Th2 cells

to CCR4 ligands. Homologous (A, B)/heter-

ologous (C, D) desensitization of calcium

responses following CCL17/CCL22 treat-

ment. 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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of either radioligand from CEM-4 cells suggested that there were
more binding sites for CCL22 (16,163 6 11,522) than for CCL17
(13,997 6 3974).

The 10E4 Ab 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 Ab to assess the role of the receptor. In
keeping with earlier data from that study, pretreatment of CEM-4
cells with 10E4—but not an isotype control—reduced [125I]-CCL17
binding to the levels observed, with a 1000-fold excess of unlabeled
CCL17 or CCL22 (Fig. 5A). In contrast, although 10E4 pretreat-
ment significantly lowered the level of [125I]-CCL22 to levels ob-
tained with a 1000-fold excess of unlabeled CCL17, a significantly
greater displacement of [125I]-CCL22 was observed when a 1000-
fold excess of CCL22 was used (Fig. 5B). Together with the earlier
heterologous competition assays, this finding suggests that the
majority of CCR4 is in a 10E4-sensitive conformation that can bind
both ligands, whereas a 10E4-insensitive remnant can bind CCL22.
To determine whether this 10E4-insensitive remnant was func-

tional, we assessed chemotaxis responses of transfectants to both

ligands following 10E4 pretreatment. As a comparator, we used Ab
1G1, which has previously been shown to partially block CCL22
and CCL17 chemotactic responses in Th2 lymphocytes (15).
Although maximal chemotactic responses to CCL17 were sig-

nificantly 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 ob-
served. 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 10E4 and 1G1 are competitive or additive in
CCR4 staining, we incubated Hut78 cells with a PE-conjugated
version of 1G1 together with unlabeled 10E4 or an isotype control.
10E4 staining was assessed with an APC-conjugated anti-IgG2a
mAb (Fig. 5E). 10E4 was observed to significantly inhibit 1G1
binding, whereas 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 ef-
fectively block CCR4 responses.

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 unlabeled chemokine. n = 3.

Table I. Ligand-binding properties of CCR4-expressing cells in heterologous competition binding assays

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 6 0.8 2.1 6 0.8 3.8 6 0.8 3.5 6 0.7
L1.2 CCR4 3.1 6 0.8 3.2 6 0.8 4.1 6 0.7 1.5 6 0.8

Mean IC50 values are from at least three experiments.

The Journal of Immunology 5
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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 signaling and ligand
activity, notably that of the herpesvirus-encoded chemokine re-
ceptor ORF74 (34). Of interest, 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 because 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 dis-
played a robust chemotactic response to CCL22, albeit at a re-
duced potency and with a reduced maximal effect compared with
wild-type (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, 6D). Comparisons of staining of cells expressing
WT CCR4 or the K310N mutant by flow cytometry showed a
trend toward increased expression of the mutant, regardless of the
primary Ab 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.

Discussion
The role of CCR4 and its ligands CCL17 and CCL22 in allergic
disease is well established, with the receptor a key target for an-
tagonist development. Showing great promise, CCR4 blockade by
a mAb in a human PBMC-reconstituted SCID mouse model was
found to abolish several key features of allergic airways inflam-
mation, 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
shown success in inhibiting the actin polymerization responses of
human Th2 cells, a population increased in numbers in nasal bi-
opsy specimens of rhinitis patients following allergen challenge
(36). However, one potential caveat of CCR4-specific therapy is
the potential for also blocking Treg recruitment, with the majority
of human Tregs expressing CCR4 (37, 38). Thus, approaches that
spare Treg recruitment but inhibit Th2 recruitment are likely to be

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 unlabeled chemokine, an iso-

type control (IgG2a) mAb, or the CCR4-specific

mAb 10E4. (B and C) Migration of CCR4

transfectants to CCL17 (C) or CCL22 (D) fol-

lowing pretreatment with 10E4, 1G1, or both

Abs 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 Abs (E).

n = 3; **p , 0.01, ***p , 0.001, ****p ,
0.0001.
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the most effective. The data we present in this article suggest that
CCL17 and CCL22 interact with distinct conformations of CCR4
on leukocytes, allowing for the blockade of signaling via one
conformation but not the other.
We have generated a simplistic model of CCR4 activation based

upon the data we present in this article (Fig. 7). Distinct pop-
ulations of CCR4 with differing conformations are shown: a major
species denoted R1 and one or more minor species denoted col-
lectively as R2. The R1 conformation is activated by both CCL17
and CCL22, and is recognized by the Ab 10E4. The smaller
population of receptors in the R2 conformation can be activated
only by CCL22. R1 and R2 are not interconvertible conformations
of the receptor but are fixed states, because neither CCL17 nor the
mAb 10E4 was 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 activity was at the level of
CCR4 activation rather than receptor expression or ligand en-
gagement, because the expression levels and the affinities of
CCL17 and CCL22 for the K310N receptor were not significantly
different from those for WT CCR4. Notably, the profile of the
CCL22 chemotactic responses of the K310 mutant were remi-
niscent of those obtained in cells pretreated with the 10E4 Ab,
with reduced potency (Fig. 5D) suggesting that the R1, but not
the R2, state relies upon K310 for activation by chemokine. Mo-
lecular modeling 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 in-
tracellular 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 internalization of both R1 and R2 conformations.
CCL22 appears dominant to CCL17 when the 1G1 Ab is used, as
in these assays, the 1G1 Ab recognizes only a fraction of the R1
conformation to which CCL17 binds specifically. When the 10E4
Ab is used, then the entire R1 population is stained and both
CCL17 and CCL22 are noted to induce CCR4 internalization with
a similar degree of efficacy (Fig 1D). Likewise, in assays of het-
erologous 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 con-
trast, 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 depend upon the experimental readout. A recent study
by Bonner and colleagues (40) showed that CCL17 could potently
induce the synthesis of aCGRP by CCR4+ bronchial epithelial
cells, with implications for the pathogenesis of asthma. Notably,
CCL17 induced aCGRP transcription with ∼20,000-fold higher ef-
ficacy than an equivalent concentration of CCL22. Such biased sig-
naling at a chemokine receptor may hint at why higher organisms
have often developed two or more ligands to activate the same che-
mokine receptor. Originally termed “functional redundancy,” the idea
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

FIGURE 6. A role for K310N in CCR4 acti-

vation by CCL17. Migration of WT CCR4-L1.2 or

K310N CCR4-L1.2 to increasing concentrations

of CCL17 (A) or CCL22 (B). Homologous dis-

placement 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 , 0.01,

***p , 0.001.
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study, it is apparent that each chemokine may play a specific role in
a context outside of leukocyte migration, such as cellular differ-
entiation.
How, then, do our observations affect the status quo in terms

of the current development of small-molecule CCR4 antago-
nists (42–45)? If our model is correct, then blockade of both the
R1 and the R2 conformations is desirable for complete CCR4
blockade, for example, by a small molecule that locks CCR4
into an alternative conformation to which neither CCL22 nor
CCL17 can bind or activate the receptor. However, as men-
tioned 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 AD (46), con-
sistent 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 fol-
lowing s.c. immunotherapy with a house dust mite allergoid, it
was observed that serum IL-10 levels were increased signifi-
cantly after 6 mo of treatment (48). This finding correlated with
significantly reduced serum levels of CCL17, but not CCL22,
suggesting that CCL22 is primarily responsible for Treg re-
cruitment. This information 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 (10) showed
that Ab blockade of CCL17 had negligible effects upon Treg re-
cruitment, whereas blockade of CCL22 reduced Treg migration by
∼50%. A previous in vitro study showed that some classes of
prototypic small-molecule CCR4 antagonist were less effective at
inhibiting CCR4 signaling in Tregs compared with other CD4+

T cell subsets, presumably owing to greater levels of CCR4 ex-
pression on the Tregs (49). Further fine-tuning of such molecules
to block CCL17 but spare CCL22 signaling may provide a ben-
eficial therapeutic option for the treatment of allergic diseases
such as AD.
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