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T lymphocyte trafficking to target organs is a critical compo-

nent of host defence. Chemokines are low molecular weight

soluble proteins produced by cells including epithelial cells

and leucocytes. They are involved in inflammatory processes

via leucocyte chemotaxis, upregulation of integrin-mediated

adhesion and cytoskeletal rearrangement (1). They bind to

corresponding families of chemokine receptors on leucocyte

cell surfaces. Differential expression of various chemokine

receptors and responses to chemokines has been demon-

strated on Th1 and Th2 cells in vitro (2, 3). Allergen-induced

pulmonary Th2 cell recruitment in mice is dependent on

interactions between CCR3 and its ligand eotaxin, as well as

between CC Chemokine receptor 4 (CCR4) and macrophage-

derived chemokine (MDC) (4). Both these chemokines

are members of the CC chemokine receptor family. Murine

studies have also suggested the feasibility of blocking

CCR4 - ligand interactions as a means of preventing Th2-

mediated inflammatory responses (5). In man, the expression

of CCR4 and its ligands (TARC & MDC) has been reported

to be upregulated in the bronchial mucosa and in the skin of

atopic subjects during late phase responses following bron-

chial/cutaneous allergen challenge (6–8).

Allergic rhinitis is common (9) and significantly impacts

on quality of life and performance (10). Allergic rhinitis is an
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Abstract

Background: CC Chemokine receptor 4 (CCR4) is preferentially expressed on Th2

lymphocytes. CCR4-mediated inflammation may be important in the pathology of

allergic rhinitis. Disruption of CCR4 – ligand interaction may abrogate allergen-

induced inflammation.

Methods: Sixteen allergic rhinitics and six nonatopic individuals underwent both

allergen and control (diluent) nasal challenges. Symptom scores and peak nasal

inspiratory flow were recorded. Nasal biopsies were taken at 8 h post challenge.

Sections were immunostained and examined by light or dual immunofluorescence

microscopy for eosinophils, T-lymphocytes, CCR4+CD3+ and CXCR3+CD3+

cells and examined by in situ hybridization for CCR4, IL-4 and IFN-c mRNA+

cells. Peripheral blood mononuclear cells were obtained from peripheral blood of

nine normal donors and the CCR4+CD4+ cells assessed for actin polymerization in

response to the CCR4 ligand macrophage-derived chemokine (MDC/CCL22) and

the influence of a CCR4 antagonist tested.

Results: Allergic rhinitics had increased early and late phase symptoms after allergen

challenge compared to diluent; nonatopics did not respond to either challenge.

Eosinophils, but not total numbers of CD3+ T cells, were increased in rhinitics follow-

ing allergen challenge. In rhinitics, there was an increase in CCR4+CD3+ protein-

positive cells relative to CXCR3+CD3+ cells; CCR4 mRNA+ cells were increased

and IL-4 increased to a greater extent than IFN-c. CCR4+CD4+ T cells responded to

MDC in vitro, and this response was inhibited by the selective CCR4 antagonist.

Conclusion: Lymphocyte CCR4 expression is closely associated with induction of

human allergen-induced late nasal responses. Blocking CCR4-ligand interaction

may provide a novel therapeutic approach in allergic disease.
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IgE- mediated disorder with increasing prevalence worldwide

(9). Inflammatory responses in the nasal mucosa of allergic

rhinitics comprise activated mast cells, eosinophils and

CD4+Th2-type T helper lymphocytes that preferentially gen-

erate the cytokines IL-4 and IL-13 which promote ongoing

IgE synthesis and IL-5 which is in turn essential for the selec-

tive recruitment and prolonged survival of eosinophils in tis-

sues (11).

Increased expression of the CCR4 ligand TARC (CCL17)

has been demonstrated in human nasal epithelium in

response to allergen provocation (12). CCR4 is thought to be

the most discriminating chemokine receptor marker of

human Th2 cells (3, 5, 13, 14), yet little is known about its

role in allergic rhinitis. Thus far, CCR3 and eotaxin have

been more extensively studied in allergic rhinitis, with

increased eotaxin expression in the nasal mucosa post aller-

gen challenge (15) and increased CCR3 expression on circu-

lating lymphocytes of individuals with allergic rhinitis

compared to nonatopics (16).

This study examined T lymphocyte expression of CCR4

within the nasal mucosa during allergen-induced inflamma-

tion and the response of CCR4+ T cells to MDC in vitro.

CXCR3 was used for comparison as a chemokine receptor

preferentially associated with Th1 lymphocytes (1). We

hypothesized that (i) allergen-induced inflammation in the

nasal mucosa is associated with the recruitment of CCR4+

T-cells and (ii) the in vitro response of CCR4+ T-cells to

MDC could be inhibited by a CCR4 antagonist.

Methods

Participants

Twenty-two volunteers were recruited for the study in

response to an advertisement. The study was approved by

the ethics committee of The Royal Brompton and Harefield

Hospitals NHS Trust and was performed with the subjects’

written informed consent. Sixteen atopic rhinitic individuals

and six normal nonatopic healthy controls were enrolled into

the study. Inclusion criteria were a history of seasonal or

perennial allergic rhinitis of at least 2 years duration and a

positive skin test to mixed grass pollen or house dust mite.

Inclusion criteria for nonatopic controls were an absence of

nasal or allergic symptoms and negative skin testing to com-

mon aeroallergens. Exclusion criteria for both groups were a

history of anaphylaxis, current systemic steroid or immuno-

suppressive medication, other nasal or systemic disease,

asthma requiring regular inhaled or oral corticosteroids (i.e.

step 2 or above of Global Initiative for Asthma treatment

guidelines (17)), or specific immunotherapy within the last

5 years. At screening, participants were examined, including

a nasal examination to rule out the presence of nasal polyps

or infective rhinosinusitis. Skin prick testing was performed

with standardized reagents (ALK Abello, Horsholm, Den-

mark); a weal of >3 mm with adequate negative control was

considered positive. Following screening, blood samples were

taken for full blood count, total IgE and grass pollen and

house dust mite specific IgE.

Study design

This was a prospective clinical experimental study. Partici-

pants underwent separate nasal challenges with diluent and

allergen followed by nasal biopsies 8 h later. Challenges were

separated by at least 3 weeks. The order of challenges (aller-

gen or diluent) was randomized (Fig. 1A). Symptom scores

and peak nasal inspiratory flow were measured before and

at 15-min intervals for 1 h then hourly for 8 h after each

challenge.

Nasal challenge

Challenges were performed outside of the major UK pollen

seasons. All challenges were performed at the Allergy unit of

the Royal Brompton Hospital, London. Volunteers were

asked not to take caffeine-containing drinks on the day of

the challenge. Volunteers arrived at the unit and were

allowed to acclimatize at room temperature (20�C) for at

least 30 min prior to the procedure; they were asked to

refrain from eating or drinking during this period. Allergen

(ALK Abello) was diluted in a nasal spray applicator at

5000 BU/ml. One spray was standardized to release 0.14 ml.

The procedure was explained to the volunteer who sat facing

the examiner. The volunteer’s nose was visualized using a

nasal speculum and head mirror. Two sprays of allergen or

diluent alone were administered to the lateral wall of one

nasal cavity by the examiner under direct visualization.

Administration of two further sprays was performed 15 min

later. This provided a total dose of approximately 2500 BU,

a dose previously shown to be sufficient to induce late phase

nasal responses (18).

Symptom scores were measured by means of a visual ana-

logue scale immediately before and at 15, 30 and 60 min post

challenge and then hourly to 8 h. Three parameters were

measured: nasal itch/sneeze, running and blockage, then com-

bined (Fig. 1B).

Peak nasal inspiratory flow (VBM Medizintechnik GmbH,

Baden-Württemberg, Germany) was recorded before and at

15, 30 min and 8 h after challenge. The best of three mea-

surements was recorded at each stage.

Nasal biopsy

Biopsies were taken at 8 h post challenge. Specimens (2.5 mm)

were taken from the under surface of the inferior turbinate

using Gerritsma forceps with lidocaine 5%/phenylephrine

0.5% and 10% cocaine as local anaesthetic as described previ-

ously (19). Tissue specimens were divided into two, one speci-

men was embedded in OCT (Tissuetek; Raymond Lamb,

Eastbourne, UK) and immediately snap frozen in liquid nitro-

gen, the other was preserved in 4% paraformaldehyde dehy-

drated in 15% sucrose for 1 h and then again overnight,

before being embedded in OCT and snap frozen. Five-micron

thick sections from snap frozen tissue were cut onto slides

before fixing in acetone, drying and storage at )80�C. Parafor-
maldehyde-fixed tissue was cut into six-micron sections onto

slides, dried overnight at 37�C and then stored at )80�C.
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Immunohistochemistry

Eosinophil staining was carried out on tissue sections using

an Avidin Biotin Alkaline Phosphatase Immune Complex

technique (ABC-AP). Endogenous tissue Fc receptors were

blocked with polyclonal horse serum. Human major basic

protein (MBP) was stained using mouse anti-MBP monoclo-

nal antibody BMK 13 (kindly donated by Professor AB

Kay). Labelling was achieved by incubation with biotinylated

anti-mouse antibody (Vector Labs, Burlingame, CA, USA),

followed by Avidin Biotin Complex Alkaline Phosphatase.

Fast Red (Fast Red TR/Naphthol, AS-Mx; Sigma, St. Louis,

MO, USA) in alkaline phosphatase substrate buffer was then

applied before counterstaining with haematoxylin (BDH

Laboratory Supplies, Lutterworth, UK). Washing in tris-

buffered saline was carried out between steps as appropriate.

Slides were mounted in Ultramount (Dako, Ely, UK).

CCR4CD3 and CXCR3CD3 staining was carried out as

follows. Endogenous biotin was blocked (Vectastain, avidin/

biotin blocking kit, Vector Laboratories). Endogenous

Fc receptors were blocked with polyclonal donkey serum and

the sections were incubated with primary antibodies: mouse

anti-CD3 IgG1 monoclonal antibody (Dako, Cambridge,

UK), goat polyclonal IgG anti-CCR4 or goat polyclonal IgG

anti-CXCR3 (Santa Cruz, Santa Cruz, CA, USA). Following

several washes in PBS, sections were incubated with biotiny-

lated anti-goat antibody (Stratech Scientific, Cambridge,

UK). Finally, streptavidin-conjugated Alexa-Fluor 594 (Cam-

bridge Biosciences, Cambridge, UK) and fluorescein isothio-

cyanate (FITC)-labelled rabbit anti-mouse antibody (Dako)

were applied. Slides were mounted using fluorescence moun-

tant, Prolong Anti Fade Kit (Molecular Probes Limited,

Eugene, OR, USA).

The concentration of each antibody was individually opti-

mized. Isotype control antibodies were applied as appropri-

ate: mouse IgG1 (Dako) for eosinophil and CD3 staining,

and goat IgG (Autogen Bioclear) for CCR4- and CXCR3-

expressing cells.

Positively stained eosinophils were counted using an Olym-

pus BH2 microscope (Olympus Optical, Tokyo, Japan) at

200 · magnification. Cells to a depth of approximately one grid

(0.45 mm) below the epithelium were counted along the length

of two sections; results were expressed as mean number of cells/

mm2. CCR4CD3 and CXCR3CD3 stained sections were visu-

alized with a Nikon Eclipse E400 microscope at 400 · magnifi-

cation and alternate fields of one or two grid depths beneath

the epidermal border along the length of the specimen captured

electronically using a Lucia 4.8 software package (Prague,

Czech Republic). Single CD3 positive and dual positive stained

cells were counted and expressed as mean number of cells/mm2.

In situ hybridization

Anti-sense and sense riboprobes were prepared from cDNA

encoding human CCR4, IL-4 and IFN-c. cDNA inserted into

different pGEM vectors was linearized with appropriate

enzymes prior to transcription in the presence of 35S-UTP

and either T7 or SP6 RNA polymerase. Prior to hybridiza-

tion, cryostat sections were permeabilized (Triton X-100;

Sigma, UK) and treated with proteinase K (Sigma), then

treated with iodoacetamide and N-ethylmalemide followed by

acetic anhydride/triethanolamine to prevent nonspecific bind-

ing. Sections were then hybridized with the 35S-labelled

riboprobes, washed and dipped in photographic emulsion.

Three weeks later, slides were developed and counterstained.

A

B

C

Figure 1 (A) Participants were randomized to one of two nasal

challenge protocols: either undergoing allergen challenge to one

nostril selected at random plus biopsy, followed by diluent chal-

lenge to the other nostril 3 weeks later, or vice versa. (B) Early

phase response to intranasal challenge with 2500 BU allergen as

nasal spray or equal volume of diluent alone. Symptom scores for

nasal itch/sneezing, running and blockage were recorded on a

visual analogue scale at 15, 30 and 60 min and plotted on a graph.

The area under the curve was then calculated and expressed as

the early phase combined symptom score. (C) Late phase response

to nasal allergen or diluent challenge. Symptom scores were

recorded at hourly intervals; the combined symptom score was

calculated as the area under the curve between 2 and 8 h. Circles

represent individual participants; lines connect responses in the

same individual. Horizontal bars represent median values. P-values

represent comparison by Wilcoxon matched-pairs sign rank test.
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Slides were examined at 200 · magnification using a Zeiss

microscope (Axiolab). Positively stained cells were counted

and expressed as cells/mm2. Specimens for both immuno-

chemistry and in situ hybridization were counted in a coded

fashion with the examiner blind to the status of the donor.

In vitro actin polymerization

Blood was taken from normal volunteers who had taken no

medication within the previous 10 days and mixed with 1/9 of

the volume of 3.8% tri-sodium citrate solution. Chemokine-

induced increases in the F-actin content of CD4+ CCR4+ T

cells were measured by a modification of the method of Pilette

et al. (8). Peripheral blood mononuclear cells (PBMC) were

isolated by dextran sedimentation followed by Percoll density

gradient centrifugation. The PBMCs were incubated with

FITC-conjugated anti-human CD4 and PE-conjugated anti-

CCR4 antibodies or appropriate isotype controls (all from

BD Biosciences) for 15 min. The cell suspensions were then

centrifuged at 400 g for 10 min and the pellets resuspended in

assay buffer (phenol red-free RPMI 1640 medium containing

10 mM HEPES and 1% bovine serum albumin) at 107/ml.

The resulting cell suspension was incubated with antagonist

(10 nM) or vehicle (0.1% DMSO) for 30 min at 37�C before

stimulation with the MDC for 15 s. The assay was terminated

by addition of 3% formaldehyde. The fixed cells were washed

twice with PBS (centrifuging at 1000 g for 5 min to recover

the cells) and incubated at room temperature with Alexa

fluor-647 phalloidin (0.075 U/ml) in the presence of lyso-

phosphatidylcholine (93.75 lg/ml) for 20 min to stain F-actin.

The cells were washed once more with PBS, and the relative

F-actin content of the cells was measured flow cytometrically.

The mean fluorescence intensity of 1000 CD4+ CCR4+ cells

per sample was determined and expressed as a fraction of the

mean intensity of the CD4+ CCR4- cells in that sample.

Acquisition of the blood samples was approved by the

Hertfordshire Research Ethics Committee, and all donors

gave informed consent prior to donation.

Statistical analysis

A commercial software package (minitab release 9.2,

Minitab Inc., State College, PA, USA) was used. Nonpara-

metric statistical methods were applied. Results are expressed

as median and interquartile range. Between-group compari-

sons were made by Mann–Whitney U-test, within-group

comparisons by Wilcoxon matched-pairs test. Statistical sig-

nificance was considered at P < 0.05.

Results

Clinical parameters

Table 1 summarizes the demographic characteristics of the

participants. Ten of the atopic patients were polysensitized,

six were monosensitized to grass pollen. Nasal challenge was

performed with mixed grass pollen in 14 and with house dust

mite extract in two allergic rhinitic (‘atopic’) individuals. The

most relevant allergen for challenge was determined on the

basis of the clinical history and the results of serum allergen-

specific IgE concentrations and skin testing. All six nonatopic

individuals were challenged with mixed grass pollen extract

(Allergen extracts, ALK Abello).

Atopic participants demonstrated both early and late

phase symptomatic responses to allergen challenge but not to

diluent challenge (P = 0.001 and P = 0.01, respectively,

Fig. 1B, C). Nonatopics showed no differences in response to

allergen or diluent. Allergen challenge resulted in a fall in

peak nasal inspiratory flow in atopics at 15 min (median

150 l/min at baseline, 86 l/min at 15 min, P = 0.001). No

such fall occurred following diluent challenge. No changes in

peak nasal inspiratory flow were detected at 8 h following

allergen or diluent challenge in atopics. No falls were

detected in nonatopics at any time point.

Immunofluorescence and in situ hybridization studies

Atopics had significantly more eosinophils in the nasal

mucosa at 8 h following allergen challenge compared to the

diluent challenge (P = 0.001, Fig. 2A). Nonatopics had low

numbers of eosinophils following both allergen and diluent

challenge with no difference between them (P = 0.21).

There was no difference in the total number of CD3+ cells

following allergen or diluent challenge in atopic individuals

(P = 0.42, Fig. 2B). There were fewer CD3+ cells following

allergen challenge than diluent challenge in nonatopics

(P = 0.04).

In atopic individuals, there was a trend towards greater

numbers of dual CCR4+CD3+ following allergen than diluent

challenge (P = 0.065, Fig. 2C), whereas no changes were seen

in nonatopics. Greater numbers of CCR4+CD3+ cells were

present following allergen challenge in atopics than nonatopics

(P = 0.025). Amongst the nine atopic participants randomized

to receive diluent challenge prior to allergen challenge, there

was a significant increase in dual CCR4+CD3+ cells after

allergen compared to diluent (P = 0.04); whereas this was not

observed in the seven atopics who underwent allergen

challenge first (data not shown). In contrast, there were no dif-

ferences in the number of dual CXCR3+CD3+ cells in

response to allergen for either atopic or nonatopic participants

(data not shown).

Table 1 Summary of characteristics of participants recruited into

the study

Atopic rhinitis

(n = 16)

Normal controls

(n = 6)

Age (years) 30.3 30

Gender (M:F) 11 : 5 5 : 1

Total IgE (IU/ml) 407 (115) 16.4 (3.1)

Allergen specific IgE (IU/ml) 42.5 (9.3) <0.34

Data are expressed as mean (standard error) where appropriate.

Allergen-specific IgE refers to mixed grass pollen in 14 and house

dust mite in two atopic rhinitics, and mixed grass pollen in all six

normal controls.
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In atopics, greater numbers of CCR4 mRNA+ cells were

seen after allergen compared with diluent (P = 0.003), and

these differences were significant compared to the corre-

sponding values for nonatopic subjects (P = 0.025, Fig. 2

D). In atopics, the magnitude of increase in CCR4+CD3+

cells after allergen compared with diluent was significantly

A

B

C

D

Figure 2 (A) left; mean number of eosinophils per square millimeter

counted by light microscopy in nasal mucosal biopsy specimens taken

from atopic and nonatopic participants at 8 h after intranasal challenge

with diluent or allergen, right; example of eosinophils as identified by

positive immunostaining for major basic protein (MBP) in nasal

mucosa (· 200 magnification). (B) left; mean number of CD3+ cells

per square millimeter counted by fluorescent microscopy following

immunostaining in nasal biopsy specimens, right; example of staining.

(C) left; mean number of CC Chemokine receptor 4 (CCR4)+CD3+

cells per square millimeter in the nasal mucosa, right; example of indi-

vidual and dual CCR4+CD3+ cells following dual immunohistochemis-

try identified by fluorescence microscopy (· 400 magnification). (D)

left; mean number of CCR4 mRNA+ cells per square millimeter follow-

ing in situ hybridization in nasal mucosa specimens, right; example of

CCR4 mRNA positive cells identified by dense accumulation of silver

grains overlying individual cells (· 200 magnification). Circles repre-

sent individual participants; lines connect measurements in the same

individual. Horizontal bars represent median values. P-values repre-

sent within-group comparison by Wilcoxon matched-pairs sign rank

test or between-group comparison by Mann–Whitney U-test.
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greater than that seen for CXCR3+CD3+ cells (P = 0.05,

Fig. 3A).

The median number of IL-4 mRNA+ cells in atopics was

approximately 30 times higher, and IFN-c mRNA+ cells

approximately 15 times higher, following allergen compared

with diluent (P = 0.001 and P = 0.014, respectively, Fig. 3

B) and the magnitude of increase was significantly greater for

IL-4 than for IFN-c (P = 0.03).

Actin polymerization

The chemical structure of the AstraZeneca CCR4 antagonist

used in these experiments is shown in Fig. 4A. Macro-

phage-Derived Chemokine induced concentration-dependent

increases in the F-actin content of CCR4+ CD4+ cells

relative to CCR4) CD4+ cells in PBMCs with a pEC50 (neg-

ative log of the dose of MDC providing half-maximal relative

increase in F-actin) of 9.88 ± 0.18 (Fig. 4B). After pre-incu-

bation with CCR4 antagonist (10 nM), the pEC50 of MDC

was 9.13 ± 0.16, representing an approximate fivefold

increase in the concentration of MDC required to give a

half-maximal relative increase in F-actin in the presence of

antagonist. This increase was highly statistically significant

(P £ 0.0002, paired t-test). There was no effect of MDC on

CD4+ CCR4) cells in these experiments (data not shown).

A

B

Figure 3 (A) mean numbers of CC Chemokine receptor 4+CD3+

(left) and CXCR3+CD3+ cells (right) as identified by dual immuno-

fluorescence in the nasal mucosa at 8 h after diluent or allergen

challenge in atopic individuals only. (B) mean number of IL-4 (left)

and IFN-c (right) mRNA+ cells per square millimeter following in

situ hybridization of nasal mucosa specimens from atopic partici-

pants after diluent or allergen challenge. Circles represent individual

participants; lines connect measurements in the same individual.

Horizontal bars represent median values. P-values represent com-

parison by Wilcoxon matched-pairs sign rank test, Di P-values repre-

sent comparison of degree of change in median number of positive

cells between diluent and allergen challenge between groups by

Mann–Whitney U-test.

A

B

Figure 4 (A) Structure of the selective CC Chemokine receptor 4

(CCR4) antagonist used in this study. (B) Ratio of mean phalloidin-

staining intensity between CD4+CCR4+ and CD4+CCR4- cells

measured following stimulation with increasing concentrations of

the CCR4 agonist macrophage-derived chemokine (MDC) after prior

incubation with CCR4 antagonist or buffer alone. Fluorescence

intensity of 1000 CD4+CCR4+ cells following cell lysis and staining

with FITC-phalloidin was normalized to mean intensity of

CD4+CCR4- cells in the same sample. Individual data points repre-

sent the mean of nine experiments, bars represent standard error.

Approximate EC50 values are plotted without (- - - -) and with (Æ Æ Æ Æ)

the addition of the CCR4 antagonist.
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Discussion

In atopic subjects following nasal allergen challenge, we

observed significant increases in eosinophils, IL-4, IFN-c (with

a greater ratio of IL-4 : IFN-c) and CCR4 mRNA-expressing

cells in the nasal mucosa, consistent with a local Th2-type aller-

gic response. These changes occurred in parallel with subjective

and objective clinical responses to nasal provocation. We also

observed increases in the recruitment of CCR4+CD3+ com-

pared to CXCR3+CD3+ cells. These events are consistent

with the differentiation of antigen-specific T-cell responses and

emphasize the potential importance of the CCR4 receptor –

ligand interaction in this clinical setting. In vitro,

CCR4+CD4+ cells undergo cytoskeletal change, as evidenced

by actin polymerization, in response to MDC. This process

was inhibited by a selective CCR4 antagonist indicating that

the response to MDC in this cell population is indeed

CCR4-dependent. CCR4 likely plays an important role in vivo

in the inflammatory response to allergen in the nasal mucosa

and may provide a target for future pharmacological

manipulation in allergic rhinitis and other allergic diseases.

The study used well-matched allergic rhinitis sufferers

(‘atopics’) and nonatopic controls. Moreover, the use of dilu-

ent control challenges allowed each individual to act as their

own negative control. Biopsies were undertaken outside of

both grass and tree pollen seasons to reduce baseline levels of

inflammation of the nasal mucosa. The lack of responses in

nonatopic individuals throughout the study emphasizes the

necessity for IgE sensitization to the relevant allergen and

argues against the possibility that the response in atopics

could have been because of a component of the allergen

extract other than allergen, such as preservative or contami-

nating endotoxin. All atopic participants were sensitized to

grass pollen, but two were challenged with house dust on the

basis of greater reported symptoms on exposure to dust and

greater radioallergosorbent test (RAST) and skin test results

to house dust mite. Clinical scores and histological findings

did not differ in these two patients from the rest of the atopic

group. A standard allergen dose that was sufficient to induce

late phase responses without untoward immediate side-effects

was used for challenge based on our previous experience (18),

rather than performing a more labour intensive up-dosing of

allergen in each individual. The order of challenge affected the

results in that atopics who received allergen challenge first

demonstrated mildly elevated counts after diluent challenge

3 weeks later, compared to counts after diluent in those who

received diluent first. This implies persisting inflammation

after allergen that may last for 3 weeks or longer and high-

lights the need to perform diluent first in all subjects, or leave

longer than 3 weeks after allergen challenge, to avoid this

priming effect.

These findings add to the appreciation of the role of CCR4

in allergic inflammation within the nasal mucosa. In vitro,

CCR4 is predominantly expressed on Th2 cells. These cells

migrate in response to MDC (2), upregulate CCR4 in

response to T-cell receptor stimulation and demonstrate intra-

cellular calcium mobilization in response to CCR4-ligands

(3). In mice, anti-MDC antibodies may inhibit recruitment of

antigen-specific T cells to the lung following serial allergen

challenge, accompanied by reduced eosinophils, IL-4 and

bronchial hyperreactivity (4). However, CCR4 knockout mice

still develop significant allergic inflammation in the lung (20),

reflecting redundancy in the chemokine network. Further-

more, other strategies to block CCR4-mediated recruitment

of inflammatory cells in mice have had mixed results (5).

Recent work by Perros and colleagues using a humanized

murine model of allergic asthma has successfully demon-

strated that pretreatment with a CCR4-blocking antibody can

abolish the effects of bronchial allergen challenge (21).

In man, bronchial allergen challenge results in upregula-

tion of both CCR4 and its ligands, MDC and TARC (6–8).

MDC in bronchoalveolar lavage (BAL) fluid in asthmatics

has also been found to correlate with bronchial hyperrespon-

siveness (22). Intradermal allergen challenge is associated

with increased CCR4 mRNA+ cells in atopics, and increased

CLA+CCR4+ lymphocytes are found in the skin of patients

with atopic dermatitis (14). Increased CCR4 expression has

been demonstrated in adenoidal tissue of atopic children (13).

There is limited data in the literature on the role of chemo-

kines in allergic rhinitis. Francis et al. (16) found greater

numbers of CCR3+CD4+ cells in peripheral blood of allergic

rhinitics than nonatopics or individuals treated with grass

pollen-specific immunotherapy; yet they found similar levels

of CCR4 expression.

This study demonstrates the potential in vivo importance

of CCR4 in the nasal mucosa in allergic rhinitis. The data

presented here suggest a role for CCR4 in the recruitment of

Th2 cells and the development of inflammation in the nasal

mucosa in response to allergen. Confirmation of a response

of CCR4+ CD4+ cells to MDC in vitro, coupled with the

inhibitory effect of a CCR4 antagonist, validates CCR4 as a

potential drug target for allergic rhinitis and possibly allergic

asthma. However, we acknowledge that the considerable

redundancy in the chemokine network may mean that block-

ade of CCR4 alone does not guarantee efficacy. Moreover,

we are making the additional assumption that in vitro f-actin

polymerization is an accurate surrogate for T cell chemotaxis

in vivo. Use of CCR4 antagonists as adjuvants during immu-

nization, as a means of boosting Th1 immunity, is under

investigation and raises the question as to whether a related

approach could in future be applied to specific allergen

immunotherapy (23). A caveat to this approach is that

CD4+CD25+ regulatory T cells have also been shown to

express CCR4 (23, 24), hence blocking of this ligand-receptor

interaction may have additional unwanted counter-regulatory

effects.

Further research is needed in allergic rhinitis, asthma

and atopic dermatitis as to the relative importance of

CCR4 and other chemokine receptors, such as CCR3,

CCR8 and CRTH2. Redundancy in the chemokine net-

work may mean that interfering with a single chemokine

or its receptor has only limited efficacy. Nonetheless, our

controlled data in the target organ in man, together with

supporting in vitro human data using a CCR4 antagonist,

provide proof of concept for clinical testing of CCR4

antagonists. Further appreciation of the role of CCR4 and

Banfield et al. CCR4 in allergic rhinitis
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other chemokine receptors on regulatory T cells will also

be required.

In summary, CCR4 mRNA expression and CCR4+

CD3+ cells relative to CXCR3+CD3+ cells are increased in

the nasal mucosa during allergen-induced late nasal

responses. These findings are accompanied by predominant

Th2 cytokine expression and eosinophilic inflammation,

supporting a role for this chemokine receptor in mediating

allergic inflammation in the nose. Our demonstration of the

ability of a CCR4 antagonist to block MDC/CCR4 ligand

interaction and associated cytoskeletal changes in human

T cells suggests CCR4 or its ligands may be targets for the

development of drugs to control allergic disease.
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