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C-C Chemokines in Allergen-Induced Late-Phase Cutaneous
Responses in Atopic Subjects: Association of Eotaxin with
Early 6-Hour Eosinophils, and of Eotaxin-2 and Monocyte
Chemoattractant Protein-4 with the Later 24-Hour Tissue
Eosinophilia, and Relationship to Basophils and Other C-C
Chemokines (Monocyte Chemoattractant Protein-3 and
RANTES)1

Sun Ying,* Douglas S. Robinson,* Qiu Meng,* Luis T. Barata,* Alan R. McEuen,†

Mark G. Buckley,† Andrew F. Walls,† Philip W. Askenase,* and A. Barry Kay2*

The relationship of expression of the C-C chemokines eotaxin, eotaxin 2, RANTES, monocyte chemoattractant protein-3 (MCP-3),
and MCP-4 to the kinetics of infiltrating eosinophils, basophils, and other inflammatory cells was examined in allergen-induced,
late-phase allergic reactions in the skin of human atopic subjects. EG21 eosinophils peaked at 6 h and correlated significantly with
eotaxin mRNA and protein, whereas declining eosinophils at 24 h correlated significantly with eotaxin-2 and MCP-4 mRNA. In
contrast, no significant correlations were observed between BB11 basophil infiltrates, which peaked at 24 h, and expression of
eotaxin, eotaxin-2, RANTES, MCP-3, and MCP-4 or elastase1 neutrophils (6-h peak), CD31 and CD41 T cells (24 h), and CD681

macrophages (72 h). Furthermore, 83% of eosinophils, 40% of basophils, and 1% of CD31 cells expressed the eotaxin receptor
CCR3, while eotaxin protein was expressed by 43% of macrophages, 81% of endothelial cells, and 6% of T cells (6%). These data
suggest that 1) eotaxin has a role in the early 6-h recruitment of eosinophils, while eotaxin-2 and MCP-4 appear to be involved
in later 24-h infiltration of these CCR31 cells; 2) different mechanisms may guide the early vs late eosinophilia; and 3) other
chemokines and receptors may be involved in basophil accumulation of allergic tissue reactions in human skin.The Journal of
Immunology,1999, 163: 3976–3984.

I njection of allergen into the dermis of sensitized atopic sub-
jects causes within minutes a weal and flare reaction, fol-
lowed within hours by an edematous, red, and slightly indu-

rated late-phase reaction (LPR)3 (1, 2), containing infiltrates of
eosinophils, basophils, neutrophils, T cells, and macrophages (1–
3). Eosinophils have attracted particular attention as proinflamma-
tory cells in allergic tissue reactions through the release of basic
proteins, lipid mediators, cytokines, and chemokines (4). The pre-
cise mechanisms by which eosinophils are recruited from blood
vessels into local allergen-injected sites remains to be elucidated,
but is believed to involve selective cell adhesion, chemotaxis, and

survival due to the local release of cytokines that delay apoptosis
(5–8). Basophils are also believed important because of their high
content of histamine and their capacity to produce lipid mediators,
including LTC4, and various cytokines (9).

During the past 10 years a number of small molecular polypep-
tides, termed chemokines, have been discovered (10–12). Based
on whether the first two cysteines were adjacent or separated by a
single amino acid, chemokines are generally divided into C-C and
C-X-C subgroups (10–12). Compared with C-X-C chemokines,
the C-C chemokines, particularly eotaxin (13), eotaxin-2 (14),
monocyte chemotactic protein-4 (MCP-4) (15), MCP-3 (16), and
RANTES (17), have more selective functions. Thus, eotaxin and
eotaxin-2 are active on eosinophils and basophils preferentially,
whereas MCP-3, MCP-4, and RANTES chemoattract eosinophils,
basophils, T cells, and monocytes, but not neutrophils. In vitro,
these C-C chemokines attract and also activate eosinophils and
basophils for enhanced oxidative metabolism and mediator release
(18–22). Recently, an eotaxin receptor designated CCR3 has been
identified (23–25). This G-protein coupled, seven-transmembrane
domain receptor is highly expressed on human eosinophils and
basophils (26), and although the C-C chemokines generally act on
several receptors, eotaxin and eotaxin-2 act uniquely through
CCR3 (27). Other C-C chemokines, MCP-3, RANTES, and
MCP-4, also bind to CCR3, but with lower affinity (21, 22, 28); all
stimulate eosinophils and basophils with varying potency (13–15,
29), but are nonselective, as they stimulate other cell types, such as
monocytes and T cells (30).
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A number of studies suggest that elevated expression of these
C-C chemokines may play a critical role in the recruitment of
inflammatory cells into local tissue in allergic inflammation (31–
38). Although widely studied in vitro and in animal models, the
kinetics of expression of these chemokines in provoked human
allergic tissue reactions and their relationship to infiltration of eo-
sinophils, basophils, and other inflammatory cells has not been
determined. In a previous study using the cutaneous LPR, we dem-
onstrated that the early 6-h peak of eosinophils was associated with
MCP-3, whereas maximal infiltration of T cells was at 24 h and
coincided with maximal RANTES expression (35). The recent
availability of a basophil-specific mAb (39) and probes for eotaxin,
eotaxin-2, and MCP-4 has enabled us to extend this study to de-
termine more precisely the relationship between infiltration of eo-
sinophils and basophils and CC chemokine expression in allergic
inflammation. Our hypothesis was that the time course of infiltra-
tion of these cells with high CCR3 expression would be similar
and related to the kinetics of expression of the C-C chemokines.
We also anticipated that chemokines may act in a stepwise fashion,
with, for example, eotaxin acting at an earlier time point as shown
in eotaxin-deficient mice (40). We also studied the cell distribution
of eotaxin expression, expecting, as previously shown in animals
(41) as well as in baseline bronchial biopsies from asthmatics (29),
that eotaxin can be expressed by several tissue cells, including
endothelial cells and macrophages, which would establish chemo-
tactic gradients for migration of CCR31 cells into site of allergic
tissue reactions.

Materials and Methods
Human subjects

Atopic subjects (n 5 10) were recruited from the Allergy Clinic of the
Royal Brompton Hospital and from the staff of the National Heart and
Lung Institute (London, U.K.). Inclusion criteria were as follows: 1) age
between 18–55 yr, 2) history of seasonal and/or perennial allergic rhinitis
and/or asthma, 3) absence of any other illness, and 4) positive skin prick
tests (weal diameter.5 mm) to timothy grass pollen (Phleum pratense;
Soluprick; ALK, Horsholm, Denmark) in the presence of positive hista-
mine and negative vehicle controls. Patients taking oral medication were
not included in this study. The median of total serum IgE concentrations
was 183 IU/ml (range, 101-1780 IU/ml), and all patients had a positive
radioallergosorbent test toPhleum pratense(median, 45.0 IU/ml; range,
6.3–172.0 IU/ml). All subjects gave informed consent, and the study was
approved by the ethics committee of the Royal Brompton and Harefield
National Health Service Trust (London, U.K.).

Study design and processing specimens

All injections were performed with a 29-gauge needle and a 0.5-ml plastic
syringe. Using this method, 30 biological units of timothy grass pollen
extract (0.05 ml) was injected intradermally into individual sites on the
extensor aspect of the forearms of each subject. An additional site was
injected with a similar volume of diluent. Macroscopic responses were
measured at 6, 24, 48, and 72 h and 7 days by evaluating skin induration
by resistance to the movement of a sharpened pencil point with which the
reaction was outlined. Permanent sticky tape records of the outlines of the
responses at all time points were then made. A 4-mm disposable biopsy
punch was used to take a biopsy from the center of each reaction after using
1% plain lidocaine for local anesthesia. The control site injected with di-
luent was biopsied at 24 h. In this way, each patient served as his/her own
control. Tissue biopsies were immediately fixed in 4% paraformaldehyde
(BDH, Dagenham, U.K.) in 0.1 M PBS, pH 7.4, and washed in 15% PBS-
buffered sucrose (Sigma, Poole, U.K.), embedded in OCT (optimum cutter
temperature) compound (BDH), then snap-frozen in isopentane (BDH) pre-
cooled in liquid nitrogen. Cryostat sections (6mm) were cut from biopsies,
mounted on 0.1% poly-L-lysine-coated slides, dried overnight at 37°C, then
stored with silica gel (BDH) at280°C until use.

In situ hybridization

All reagents were purchased from Sigma (Poole, U.K.) unless otherwise
indicated. To avoid any possible cross-hybridization, the cDNA inserts of
RANTES and MCP-4 for generating riboprobes were almost full lengths of

the encoding sequences. The cDNA fragments of eotaxin, eotaxin-2, and
MCP-3 used in the present study were chosen from conserved parts of full
nucleotide sequences (13, 14, 42). Briefly, 308 bp of human eotaxin (13)
(39 untranslated region 893-1201 bp, a gift from Dr. J. Rottman, LeukoSite,
Cambridge, MA) and 1056 bp of human CCR3 (24) (encoding region, a
gift from Dr. B. L. Daugherty, Merck Research Laboratories, Rahway, NJ)
cDNA fragments were inserted into PCR Bluescript and pSP72 vectors,
respectively (31). One hundred and eighty-two base pairs of human
eotaxin-2 (14) (encoding region 104–286, a gift from Drs. M. Uguccioni
and M. Baggiolini, Theodor Kocher Institute, Bern, Switzerland) was in-
serted into pT/T3a-18 vector (Life Technologies, Basel, Switzerland); 303
bp of PCR product encoding human MCP-4 (encoding region 26–329) (15)
was inserted into pT7T3 18 vector (Ambion, Austin, TX); 916 bp of human
RANTES (encoding region 21–937, a gift from Dr. P. Nelson, Department
of Pediatrics, Stanford University, Stanford, CA) was inserted into
pGEM-3 (34, 42). The Bluescript vector containing 600 bp of human
MCP-3 cDNA was provided by Drs Jo Van Damme and G. Opdenakker
(Rega Institute for Medical Research, University of Leuven, Leuven, Bel-
gium) (34, 40). Riboprobes were prepared from cDNA for these chemo-
kines and CCR3 as previously described (31, 34, 35) Briefly, riboprobes
(antisense or sense) were synthesized in the presence of ATP, GTP, CTP,
[35S]UTP, and appropriate RNA polymerases (T7, SP6, or T3),
respectively.

Slides were defrosted for the experimental procedure. Permeabilization,
prehybridization, and hybridization protocols were described previously
(31, 34, 35). Incubation inN-ethyl maleimide, iodoacetamide, and trieth-
anolamine reduced nonspecific binding of the [35S]UTP-labeled probes.
Furthermore, the experiments were performed under very high stringency
conditions (hybridization at 50°C and posthybridization washing at 60°C in
0.13 SSC) to minimize cross-reaction. Negative controls employed hy-
bridization with the sense probe and pretreatment of slides with RNase A
(Promega, Southampton, U.K.) before hybridization with the antisense
probe. For autoradiography, slides were dipped into K-5 emulsion (Ilford,
Basildon, U.K.) and exposed at 4°C for 2 wk in absolute darkness in a
desiccated environment. The slides were developed (D-19 developing so-
lution, Eastman Kodak, Rochester, NY), rinsed, and counterstained with
Harris hematoxylin. Dense deposits of silver grains on autoradiographs
were present over cells expressing chemokine mRNA.Slides were counted
in duplicate, blind to the patient’s clinical status, using an eyepiece graticule as
previously described (31, 34, 35). The results were expressed as the total num-
ber of positive cells per square millimeter of biopsies. The coefficient of vari-
ability of the duplicate counts obtained from all slides was,5%.

Single immunohistochemistry (IHC)

The alkaline phosphatase anti-alkaline phosphatase (APAAP) technique
was used to enumerate cells binding to mAbs against human activated
eosinophils (EG2, Pharmacia, Uppsala, Sweden), macrophages (CD68, Da-
kopatts, High Wycombe, U.K.), mast cells (anti-tryptase, Chemicon, Te-
mecula, CA), total T cells, and subtypes of T cells (CD3, CD4, and CD8,
Becton Dickinson, Cowley, U.K.). Other mAbs against human neutrophils
(anti-neutrophil elastase), and endothelial cells (CD31) were purchased
from Dakopatts. BB1, a novel mAb recognizing a human basophil granular
protein, was prepared as previously described (39). This mAb did not react
with lymphocytes, monocytes, platelets, neutrophils, eosinophils, mast
cells, or any other cell type or tissue structure (39). Anti-human eotaxin
mAb (2G6) and anti-human CCR3 mAb (7B11) were provided by Drs. C.
Mackay, P. Ponath, and W. Newman (LeukoSite, Cambridge, MA) (23,
31). The APAAP technique was performed as described previously (1, 2,
31). The optimal concentrations of all Abs used were determined in pilot
experiments. Briefly, the sections were incubated with the mAbs against
phenotypic markers for 30 min, washed in 50 mM Tris-HCl and 150 mM
NaCl, then incubated with rabbit anti-mouse Ig (Dako, Carpinteria, CA) for
30 min. After washing in 50 mM Tris-HCl and 150 mM NaCl, the sections
were incubated with soluble complexes of alkaline phosphatase and mouse
APAAP (Dako) for an additional 30 min, and developed with Fast Red
(Sigma) as chromogen for signal visualization. For immunostaining of
BB11 basophils, the slides were pretreated with 0.1% saponin (Sigma)/
PBS for 30 min, incubated with BB1 Ab (1/10) overnight at room tem-
perature then processed as described above. For immunostaining of
eotaxin, the sections were incubated with 20% horse serum in PBS for 20
min and incubated with anti-human eotaxin 2G6 (1/50) overnight at room
temperature. After washing, the slides were treated with rabbit anti-mouse
Ig (1/30, 30 min) and APAAP (1/30, 30 min), respectively, as described
above.

Positive cells stained red after development with Fast Red. Omission or
substitution of the primary Ab with an irrelevant Ab of the same species
was used as a negative control. The sections were counted in duplicate,
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blinded to the patient’s clinical status. Results were expressed as the total
number of positive cells per square millimeter of biopsy. The coefficient of
variability of the duplicate counts obtained from all slides was,5%. No
immunoreactivity was observed in sections stained with omission of the
primary Ab or substitution of this Ab with an irrelevant Ab of the same
species. For CCR3 immunostaining, immunomagnetic purified peripheral
blood eosinophils were used as positive controls.

Double immunohistochemistry

To examine the phenotype of eotaxin1 cells, cryostat sections were studied
by double IHC as previously described (43) with some modifications.
Briefly, after blocking endogenous peroxidase in 0.3% H2O2 and 0.1%
NaN3, the mAbs for specific cell markers (CD68, CD31, CD3, EG2,
tryptase, BB1, and elastase) together with rabbit polyclonal Ab against
human eotaxin (gift from Dr. P. J. Jose, Leukocyte Biology, Imperial Col-
lege School of Medicine, London, U.K.) were used simultaneously for the
first layer. This polyclonal Ab does not cross-react with any known C-X-C
chemokines or with the C-C chemokines eotaxin 2, RANTES, MIP-1a, or
MIP-1b. It has weak cross-reactivity with high concentrations (100 nM) of
MCP-1 and MCP-4 and with MCP-2 and MCP-3. The second layer con-
sisted of a goat anti-mouse Ab (alkaline phosphatase conjugated; Dako)
together with a swine anti-rabbit Ab (HRP conjugated; Dako). Fast Blue
and 3-amino-9-ethylcarbazole (Vector Laboratories, Peterborough, U.K.)
were sequentially used for the staining of cell phenotypes and eotaxin.
Using a rabbit anti-human CCR3 polyclonal Ab (a gift from Drs. B. L.
Daugherty and M. S. Springer, Merck Research Laboratories) (31), the
same method was also used to identify CCR31 cells. After development,
eotaxin1 cells or CCR31 cells stained red, and phenotypes stained blue.
Double-positive cells stained for both colors. Whole sections were counted
blindly by two independent investigators at high power magnification
(31000) with an eyepiece graticule. The colocalization of eotaxin or CCR3
staining with the phenotypic markers and the percentages of cells of each
phenotype coexpressing eotaxin or CCR3 were then calculated.

Statistical analysis

Data were analyzed using a statistical package (Minitab Release 7,
Minitab, State College, PA). Variability of the parameters studied was
analyzed with Friedman’s test, followed by two-by-two comparisons be-
tween time points using the Wilcoxon signed rank test. Correlation coef-

ficients were obtained by Spearman’s method with correction for tied val-
ues. For all tests,p , 0.05 was considered significant.

Results
Cutaneous LPR

All subjects exhibited an allergen-induced, but not diluent-in-
duced, cutaneous LPR, with mean diameters (millimeters6 SEM;
n 5 10) of 65.26 3.7 (6 h), 74.36 9.8 (24 h), and 56.56 11.9
(48 h). At 72 h and 7 days (n 5 3), the LPR was virtually absent.

Infiltration of inflammatory cells

At the diluent challenge sites, there were very few EG21 eosino-
phils or elastase1 neutrophils. After allergen challenge, infiltrating
EG21 eosinophils and elastase1 neutrophils were observed
throughout the dermis and were elevated significantly at all time
points compared with diluent challenge (p , 0.001; Fig. 1A). In-
filtration of eosinophils and neutrophils was maximal at 6 h and
subsequently declined progressively. The number of eosinophils at
6 and 24 h was significantly higher than that at 48 h (p , 0.01).
After allergen, but not diluent, challenge, the numbers of BB11

basophils were also significantly increased at 6 h, peaked at 24 h,
were fewer at 48 h (p , 0.001), and then gradually declined there-
after, but were still elevated at 72 h and 7 days compared with
those in diluent controls (Fig. 1B). The number of basophils at 24 h
was significantly higher than that at 6 or 48 h (p , 0.05). Ba-
sophils were distributed mainly in the deep dermis and around
blood vessels, and this pattern did not change substantially
throughout the LPR. The total numbers of basophils were about
one-third that of these eosinophils (Fig. 1,A vsB). There also were
significant increases in CD31 T cells, CD41 T cells (Fig. 1C), and
CD681 macrophages (Fig. 1D) at allergen sites at all time points
compared with values with diluent (p , 0.05). The numbers of
CD31 and CD41 cells were maximal 24 h after allergen challenge

FIGURE 1. A–D, The time course of increases in EG21 eosinophils, elastase1 neutrophils (A), BB11 basophils (B), T lymphocytes (CD3, CD4, and
CD8; C), and CD681 macrophages (D) into allergen-challenged skin sites in atopic subjects. Diluent-challenged sites (Dil) at 24 h were used as controls.
The results are expressed as the numbers of positive cells (mean6 SEM) per square millimeter of skin biopsy (n 5 10 for 6, 24, and 48 h;n 5 3 for 72 h
and 7 days). Significant differences (diluent and 6-, 24-, and 48-h allergen challenge time points; Friedman’s test) were observed for EG21 eosinophils (p ,
0.001), elastase1 neutrophils (p , 0.001), BB11 basophils (p , 0.001), CD31 and CD41 T lymphocytes (p , 0.05), and CD681 macrophages (p , 0.05).
The differences between time points were analyzed by Wilcoxon signed rank test (A: p, p , 0.01, 6- and 24-h eosinophils vs 48 h;B: p, p , 0.05, 24-h
basophils vs 6 and 48 h;C, p, p , 0.05, 24 and 48 h CD31 and CD41 cells vs 6 h;D, p, p , 0.05, 48-h macrophages vs 6 h).
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and were slightly reduced at 48 h. The numbers of CD31 and
CD41 cells at 24 and 48 h were significantly higher than those at
6 h (p , 0.05). CD681 macrophages increased up to 72 h, and the
48-h point was significantly higher than that at 6 h (p , 0.05). All
infiltrating inflammatory cells persisted for up to 7 days (Fig. 1). In
contrast, the number of tryptase1 mast cells was reduced after
allergen challenge compared with that in diluent controls, suggest-
ing mast cell degranulation (data not shown), consistent with our
previous findings (43).

CC chemokines

In diluent-challenged sites, very few cells expressed mRNA for
eotaxin, eotaxin-2, MCP-4, MCP-3, or RANTES. At allergen-chal-
lenged sites, CC chemokine1 cells were mainly located within
areas of inflammatory infiltrate in the upper and deep dermis, and
there were significant increases in mRNA1 cells for all these che-

mokines at 6, 24, and 48 h compared with those at control sites
( p , 0.01; Fig. 2). Peak expression of eotaxin and MCP-3 mRNA
occurred at 6 h and returned to baseline by 7 days (Fig. 2A), while
the numbers of eotaxin-2, MCP-4, and RANTES mRNA1 cells
were maximal at 24 h and decreased at 48 h (Fig. 2,B andC). At
72 h, but not at 7 days, all chemokine mRNA1 cells were still
increased compared with diluent values (Fig. 2). When the differ-
ence in the numbers of mRNA1 cells between time points was
analyzed by the Wilcoxon signed rank test, eotaxin at the 6-h point
was significantly higher than at 24 and 48 h (p , 0.01); eotaxin at
24 h was significantly higher than at 48 h (p , 0.01), eotaxin-2 at
6 and 24 h was significantly higher than that at 48 h (p , 0.05),
and MCP-4 at 24 h was significantly higher than that at 6 and 48 h
( p , 0.05).

Using specific mAb against human eotaxin, the time course of
immunoreactive eotaxin expression (Fig. 3A) was similar to that

FIGURE 2. The time course of increases in mRNA1 cells for eotaxin, MCP-3 (A), eotaxin-2 (B), MCP-4, and RANTES (C) into allergen-challenged
skin sites in atopic subjects. Diluent-challenged sites (Dil; 24 h) were used as controls. The results are expressed as the numbers of positive cells (mean6
SEM) per square millimeter of skin biopsy. Significant differences were observed in the cells expressing all these chemokines (diluent and 6-, 24-, and 48-h
allergen challenge time points; by Friedman’s test,p , 0.01). The differences between time points were analyzed by Wilcoxon signed rank test (A: pp, p ,
0.01, eotaxin at 6 h vs 24 and 48 h;p, p , 0.01, eotaxin at 24 h vs 48 h;B: p, p , 0.05, eotaxin-2 at 6 and 24 h vs 48 h;C: p, p , 0.05, MCP-4 at 24 h
vs 6 and 48 h).

FIGURE 3. The time course of increases in eotaxin protein1 (2G61) cells (A) and CCR3 mRNA1 cells and CCR3 protein1 (7B111) cells (B) into
allergen-challenged skin sites in atopic subjects. Diluent-challenged sites (Dil; 24 h) were used as controls. The results are expressed as the numbers of
positive cells (mean6 SEM) per square millimeter of skin biopsies. Significant differences were observed in the cells expressing all these chemokines
(diluent and 6-, 24-, and 48-h allergen challenge time points; by Friedman’s test,p , 0.01). The differences between time points were analyzed by Wilcoxon
signed rank test (A: p, p , 0.05, eotaxin protein at 6 and 24 h vs 48 h;B: pp, p , 0.05, CCR3 mRNA and protein at 6 h vs 24 and 48 h;p, p , 0.01,
CCR3 mRNA and protein at 24 vs 48 h).
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observed for eotaxin mRNA (Fig. 2A). At 6 h, the numbers of
eotaxin protein1 cells correlated highly significantly with the num-
bers of eotaxin mRNA1 cells (rs 5 0.903;p 5 0.0001).

CCR3

The numbers of CCR3 mRNA1 cells at the diluent site were neg-
ligible. After allergen challenge there were increases at all time
points, which were significant at 6, 24, and 48 h (p , 0.01), with
peak expression at 6 h (Fig. 3B), and CCR3 mRNA1 cells corre-
lated with CCR3 protein1 cells at 6 h (rs 5 0.806;p 5 0.005), but
not at 24 h. There was also a significant correlation between the
numbers of cells expressing eotaxin and CCR3 protein (rs 5
0.770;p 5 0.02). At 6 h, EG21 cells correlated with CCR3 mRNA
(rs 5 0.661;p 5 0.045; Fig. 4A) and protein (rs 5 0.672;p 5
0.033; Fig. 4B). Thus, expression of CCR3 correlated with the
peak of eosinophil infiltration at 6 h.

Relationship between infiltration of eosinophils, basophils, and other
inflammatory cells and expression of CC chemokines and CCR3

At 6 h the numbers of EG21 eosinophils correlated significantly
with the numbers of cells expressing eotaxin mRNA (rs 5 0.661;
p 5 0.038; Fig. 5A) and protein (rs 5 0.806;p 5 0.005; Fig. 5B).
In contrast, at 24 h the numbers of EG21 eosinophils correlated

with the numbers of cells expressing mRNA for MCP-4 (rs 5
0.782;p 5 0.008; Fig. 5C) and mRNA for eotaxin-2 (rs 5 0.766;
p 5 0.01; Fig. 5D). Also, the numbers of eotaxin-2 and MCP-4
mRNA1 cells correlated significantly with the numbers of CCR3
mRNA1 cells (rs 5 0.661;p 5 0.045 andrs 5 0.673;p 5 0.033,
respectively). There were no other significant correlations between
the C-C chemokines assayed or the numbers of basophils nor other
cell types at any time point, although there was a trend, at 6 h only,
for basophils to be associated with eotaxin1 cells (rs 5 0.591;p 5
0.072) and with MCP-4 mRNA1 cells (rs 5 0.588;p 5 0.073).
Thus, eotaxin was associated with 6-h peaking eosinophils, while
other C-C chemokines (eotaxin-2 and MCP-4) were associated
with declining, but still present, 24-h eosinophils, but none of the
measured C-C chemokines was associated with the 24-h peaking
of basophils.

Phenotypes of cells expressing eotaxin and CCR3 protein

Using a polyclonal rabbit anti-human eotaxin and anti-human
CCR3, cells expressing eotaxin and CCR3 were studied in 6-h
allergen-challenged sites by double Ab IHC (n 5 6). CD681 mac-
rophages and CD311 endothelial cells accounted for 45 and 30%
of the total cells expressing eotaxin, respectively, whereas only 6%
were CD31 T cells, and there were negligible contributions from

FIGURE 4. Correlations between the num-
bers of EG21 eosinophils and the numbers of
CCR3 (mRNA and protein)-positive cells (at
6 h). Correlations were obtained by Spearman’s
method with correction for tied values.

FIGURE 5. Correlations between 1) the numbers of EG21 eosinophils and the numbers of eotaxin (mRNA and protein)-positive cells (at 6 h), and 2)
the numbers of MCP-4 and eotaxin-2 mRNA1 cells (at 24 h). Correlations were obtained by Spearman’s method with correction for tied values.
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EG21 eosinophils, tryptase1 mast cells, BB11 basophils, and elas-
tase1 neutrophils (Table I). Overall, 43% of CD681 macrophages
and 81% of CD311 endothelial cells were eotaxin1 (Table I).

Colocalization for CCR3 also was performed on the 6-h biop-
sies. EG21 eosinophils accounted for 83% of the CCR3-bearing
cells, and 83% of the eosinophils were positive. The remaining
CCR31 cells were mainly BB11 basophils, and 40% of the ba-
sophils in 6-h LPR expressed CCR3 (Table II).

Discussion
In this comprehensive study over a prolonged time course of pro-
voked human allergic tissue reactions in the skin, we attempted to
relate the numbers of infiltrating eosinophils and basophils to ex-
pression of associated C-C chemokines. We have demonstrated a
clear relationship between early 6-h infiltration of eosinophils and
eotaxin expression and later 24-h eosinophil infiltration to
eotaxin-2 and MCP-4 in allergen-induced LPR. In contrast, none
of the five C-C chemokines tested could be related to the 24-h peak
infiltration of basophils that also express CCR3. We have shown
that CCR3 immunoreactivity was predominantly associated with
eosinophils, less so with basophils, and minimally on T cells, and
that eotaxin is expressed by several local tissue cell types, such as
macrophages and endothelial cells, during the cutaneous allergic
reaction.

Chemokines are involved in both firm adhesion of leukocytes to
vascular endothelial surfaces and migration of cells into the tis-
sues. They are produced by a variety of tissue cell types and attract
and activate leukocytes that express multiple chemokine receptors.
Thus, the migration of cells from blood vessels into the tissues
involves cell adhesion molecules, chemokines, and chemokine re-
ceptors, participating in sequence. It has been suggested that these
elements may combine to produce a combinatorial address code

that determines the egress and infiltration of different cells at par-
ticular tissue sites (44, 45). Thus, the identification of a limited
number of chemokines and chemokine receptors in tissues at a
given time may offer an incomplete picture of events surrounding
diapedesis and the positioning of cells within the tissues, especially
since, in addition, there will be modulation of receptor expression
consequent to ligation. Nevertheless, it was of interest that the
kinetics of mRNA expression paralleled immunostaining of
eotaxin and CCR3 at all time points and significantly correlated
with numbers of eotaxin and CCR3 mRNA- and protein-express-
ing cells at 6 h after allergen challenge. The precise mechanisms
surrounding these events are uncertain, but it seems unlikely that
T cells are responsible, because few had arrived by 6 h. Thus, it is
more likely that early eotaxin expression and recruitment of
CCR31 eosinophils may have been due to an early phase allergen-
induced IgE-dependent mast cell activation.

Although it is well documented that eosinophils, neutrophils,
basophils, T cells, and macrophages infiltrate the site of allergen-
induced LPR in the skin (1–3), the kinetics and mechanisms of cell
accumulation in vivo in man were previously unclear, because
most studies were performed either in vitro or in animal models
(10–12). It has been shown in vitro that eotaxin is the most potent
and specific chemoattractant for eosinophils (10–13). Intradermal
injection of recombinant mouse eotaxin (46) and human eotaxin
(47) into animals induced accumulation of eosinophils in local skin
tissue. Eotaxin-induced eosinophil accumulation appears to be
IL-5 dependent (48, 49). Furthermore, increased IL-5 mRNA1

cells in allergen-induced LPR of skin was observed as early as 1–3
h, with a peak at 6–24 h (50). Thus, IL-5 appears to act together
with CC chemokines in eosinophil accumulation to mobilize and
release eosinophils from the bone marrow. Eotaxin-2, a more re-
cently discovered C-C chemokine, also showed specific chemo-
tactic activity for eosinophils and basophils through binding to
CCR3, although the homology between eotaxin-2 and eotaxin is
only 39% (14). In addition to eotaxin and eotaxin-2, the C-C che-
mokines MCP-4, MCP-3, and RANTES have chemotactic activity
for eosinophils and basophils (10–12), and expression of eotaxin,
MCP-3, and RANTES occurs at baseline in human asthmatic lung
and bronchoalveolar lavage (BAL) (31–38), suggesting involve-
ment in eosinophil recruitment to airways. Our time-course studies
in human skin LPR show that peak expressions of eotaxin and
MCP-3 were earlier than those of eotaxin-2, MCP-4, and RANTES
(Fig. 2), and this correlated with the early 6-h peak of eosinophils,
suggesting that eotaxin and MCP-3 are involved in early eosino-
phil mobilization in man, and eotaxin-2 and MCP-4, on the other
hand, may be more involved in the later stages of eosinophil in-
filtration, as shown by 24-h correlations between eosinophils and
expression of eotaxin-2 and MCP-4, respectively. Animal experi-
ments support this view, because eotaxin-deficient mice had re-
duced eosinophils in BAL fluid early, but not late, after allergen
challenge (40). However, the numbers of eotaxin and eotaxin-2
mRNA1 cells were similar at the 6-h point (Fig. 2). Furthermore,
there were no significant differences in the expression of eotaxin-2
and RANTES between 6 and 24 h after allergen challenge (Fig. 2).
Thus, although eotaxin-2 and RANTES may also contribute to the
early eosinophil recruitment, there were no significant correlations
between expression of the transcripts and eosinophil numbers.
Nevertheless, these findings suggest that 24-h late-phase influx of
eosinophils into local allergic tissue responses may be dependent
on other C-C chemokines besides eotaxin (i.e., eotaxin-2 and
MCP-4) that may be generated by early IgE activation of mast
cells or possibly are induced via later recruited Th2 T cells that are
known to be increased, activated, and express Th2 cytokines in
human skin LPR (51). After arrival and local activation, probably

Table I. Distribution of eotaxin protein1 cells and percentage of cells
expressing eotaxin protein in allergen-induced LPR on skin (n 5 6)a

Cell Marker
% of Eotaxin1

Cells
% of Each Cell Type
Coexpressing Eotaxin

CD681 macrophages 456 4 436 8
CD311 endothelial 306 2 816 5
CD31 T cells 66 1 66 1
EG21 eosinophils 36 0 36 0
Tryptase1 mast cells 16 0 16 1
BB11 basophils 16 0 16 0
Elastase1 neutrophils 16 0 16 0
Others 13 N/A

a Double IHC (employing a polyclonal rabbit anti-human eotaxin and mAb
against several phenotype markers as indicated) was performed in skin LPR at 6 h
after allergen challenge.

Table II. Distribution of CCR3 protein1 cells and percentage of cells
expressing CCR3 protein in allergen-induced LPR in skin (n 5 6)a

Cell Marker % of CCR31 Cells
% of Each Cell Type
Coexpressing CCR3

EG21 eosinophils 836 5 836 5
BB11 basophils 106 2 406 5
CD681 macrophages 36 2 26 1
CD31 T cells 26 1 16 1
Tryptase1 mast cells 16 1 26 2
Elastase1 neutrophils 16 0 16 0
CD311 endothelial 16 1 36 2

a Double IHC (employing a polyclonal rabbit anti-human CCR3 and mAb against
several phenotype markers as indicated) was performed in skin LPR at 6 h after
allergen challenge.
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by allergen peptides on APC, the Th2 cells may then activate local
tissue cells for production of these later acting chemokines.

The infiltration of neutrophils was also observed in allergen-
challenged sites, consistent with our previous findings (1, 7, 8).
However, there were no significant correlations between the infil-
tration of neutrophils and expression of the C-C chemokines stud-
ied. This observation would be expected, because C-C chemokines
lack neutrophil chemotactic activity in vitro. It is well known that
IL-8 is a potent chemoattractant for neutrophils in vitro. In the
presence of histamine, intradermal injection of IL-8 (3 h after in-
jection) provoked a greater neutrophil infiltration, but not lympho-
cyte or eosinophil infiltration, into local tissue of man (52). Com-
pared with diluent controls, significant increases in the levels of
IL-8 and mediators derived from mast cells (such as histamine)
were observed as early as 2 h after allergen challenge in human
skin chamber fluid (53). These studies suggest that IL-8 and me-
diators derived from mast cells contribute to neutrophil accumu-
lation after allergen exposure.

There is widespread constitutive expression of eotaxin in vari-
ous tissues, especially heart, gut, lung, and kidney (54, 55). Thus,
eotaxin expression and eosinophil infiltrates were detectable in
lamina propria of the jejunum from normal wild-type mice, while
eosinophils were reduced in the jejunum in eotaxin-deficient mice
(56). In a previous study of bronchial biopsies and BAL obtained
from normal subjects there was some baseline expression of
eotaxin mRNA and protein, and small numbers of eosinophils also
were observed (31-33). In contrast, in normal skin dermis (e.g., the
diluent injection sites) that, presumably, are not in daily contact
with environmental allergens, there was little eotaxin expression
(mRNA, 2.46 0.7/mm2; protein, 4.36 0.6/mm2) and few eosin-
ophils (0.76 0.3/mm2; Figs. 1–3). Thus, baseline levels of C-C
chemokines, especially eotaxin, may be required for baseline num-
bers of tissue eosinophils. Because the numbers of eotaxin1 cells
were too small and the intensity of the staining was quite weak in
diluent-challenged sites, it is difficult to identify the cell sources of
eotaxin by double staining.

The presence of basophil infiltrates in atopic allergic inflamma-
tion in human skin was recently established using basophil gran-
ule-specific mAbs (3). We have used BB1, a similar basophil gran-
ule-specific mAb that recognizes a protein of 1246 11 kDa and
does not cross-react with mast cells, eosinophils, neutrophils, lym-
phocytes, or macrophages (39, 57). We extended the observations
of Irani et al. (3) to show that basophils were clearly present at 6 h,
when eosinophils were maximal. However, basophils peaked at
24 h, when eosinophils were declining. It has been previously ob-
served that eosinophils highly express CCR3 and weakly express
CCR1 (58). Unlike eosinophils, basophils express CCR1, CCR2,
CCR3, and CCR4 (58). Although it remains to be confirmed
whether all these receptors are involved in the migration of ba-
sophils, the CC chemokines eotaxin, eotaxin-2, MCP-4, MCP-3,
and RANTES are potent chemoattractants for basophils in vitro
(13–21). Additionally, MCP-1, MCP-2, and MIP-1a have chemo-
tactic capacity for basophils in vitro (30). In the present study we
found no significant correlations between expression of the five
CC chemokines tested and infiltration of BB11 basophils, al-
though a trend was noted for eotaxin and MCP-4 (that conceivably
might act in concert on CCR3 and CCR2). Thus, compared with
eosinophils, which are attracted via CC chemokines acting on
CCR3, basophil chemotaxis in allergen LPR of the skin may re-
quire a combination of other CC chemokines, possibly unknown
chemokines, and CC chemokine receptors.

Since our data indicated a key role for eotaxin in early 6-h eo-
sinophil infiltration, we attempted to identify cell sources to ex-
plain the egress of eosinophils into the allergic tissues. In general,

CC chemokines are widely expressed by various tissue cell types,
including epithelial cells, endothelial cells, macrophages, fibro-
blasts, and eosinophils themselves (10–38). Using a double-Ab
IHC technique, we demonstrated that CD681 macrophages and
CD311 endothelial cells were major cell sources for eotaxin pro-
tein at 6 h (Table II), while skin epithelial cells (keratinocytes)
express little if any eotaxin mRNA or protein, in contrast to find-
ings in the lung (31–38). Thus, recruited eosinophils, emerging
from vascular activation interactions, on entry into different aller-
gic tissues may experience gradients of eotaxin provided by dif-
ferent local environmental tissue cells (59). Although the poly-
clonal Ab against eotaxin used in the present study may also
recognize MCP-2 and MCP-3, it was previously shown that epi-
thelial cells and fibroblasts were the major source of MCP-2 and
MCP-3 (60, 61). Although monocytes and endothelial cells also
expressed MCP-3 transcripts in vitro after stimulation with LPS,
IL-1, and TNF, this was relatively weak (62).

The mechanisms of multi-CC chemokine gene expression in
allergen-induced skin LPR is incompletely understood. Because
the patients had elevated specific IgE to common allergens and
uniformly expressed strong immediate wheal and flare responses
that preceded the 6-h aspect of the LPR, it may be that IgE acti-
vation of mast cells contributed to the early 6-h findings, including
the eosinophil peak. On the other hand, IgE/mast cell late-phase-
released mediators, including cytokines, may contribute to the late
24- to 48-h aspects together with mediators produced by infiltrat-
ing allergen-specific Th2 cells that began to infiltrate at about 6 h
and were numerous at the later time points (Fig. 1C). A number of
proinflammatory cytokines and mediators are likely to be involved
in either or both phases. For example, IL-1 and TNF-a, known to
be released by mast cells via IgE activation, could up-regulate the
expression of eotaxin (54, 63), MCP-4 (28), and other CC chemo-
kines in epithelial and endothelial cells in the early phase of LPR.
On the other hand, late-recruited Th2 cell-derived cytokines prob-
ably contribute to eotaxin-mediated tissue eosinophilia, because
adoptive transfer of Th2 cells into mice induced Ag-dependent
lung eotaxin expression and eosinophilia (64). Also, IL-4, the pro-
totypic Th2 cytokine, enhanced eotaxin expression by epithelial,
endothelial cells and dermal fibroblasts in vitro (54, 65), and in-
jection of IL-4 into rats induced eosinophil accumulation in skin
that was partially mediated by endogenous production of eotaxin
(47). In addition, the Th2 cytokines IL-4 and IL-13 both induce
up-regulation of VCAM-1 on endothelium, which is probably in-
volved in eotaxin-induced eosinophil accumulation. Finally, pep-
tidolipid mediators such as leukotrienes C4, D4, and E4, as well as
histamine, derived early from mast cells and recruited eosinophils
and later from basophils and macrophages, may also regulate the
expression of CC chemokines. We recently observed that these
agents can increase eotaxin expression on human endothelial cells
in vitro (66), indicating that these mediators may contribute to the
early eosinophil influx by up-regulating eotaxin.

The kinetics of CCR3 expression paralleled the infiltration of
EG21 eosinophils (Figs. 1 and 3), and there were significant cor-
relations between CCR31 cells (both mRNA and protein) and the
numbers of EG21 (Fig. 4B). Double-Ab IHC indicated that CCR3
predominantly colocalized to EG21 eosinophils (Table II). Be-
cause eotaxin, eotaxin-2, MCP-4, MCP-3, and RANTES all stim-
ulate eosinophils via CCR3 (10–12), this highlights CCR3 as a
prime target for therapeutic intervention in diseases featuring eosi-
nophil-mediated tissue damage. Because few basophils expressed
CCR3 in the LPR, and the five C-C chemokines studied did not
correlate with basophil infiltrates, we postulate that additional che-
motactic influences may apply to basophil recruitment into allergic
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tissues. A previous study showed that Th2-type T cell lines ex-
pressed CCR3 (67). However, in the present study only 2% of the
CCR31 cells were CD31 (Table II), and only 1% of CD31 cells
were CCR31, suggesting little expression of this receptor on the
bulk of infiltrating Th2 cells. Further studies will be needed to
determine whether these might be the few allergen-specific Th2
cells activated by local APC, possibly responsible for the late eo-
sinophil and basophil recruitment in the skin LPR, because, as
previously shown, very few Ag-specific T cells can mediate a com-
plete late cutaneous hypersensitivity reaction (68).

In summary, the data are compatible with the conclusion that
eotaxin plays a major role in the early (6 h) and that eotaxin-2/
MCP-4 are involved in the later (24 h) allergen-induced tissue
eosinophilia in allergic tissue reactions in man, which at 6 h is
largely mediated via CCR3, while basophils peak later at 24 h,
presumably guided by chemotactic influences different from those
in eosinophils.

Acknowledgments
We thank Drs. J. Rottman, C. R. Mackay, P. D. Ponath, and W. Newman for
the kind gifts of human eotaxin cDNA and mAb 2G6; Dr. P. J. Jose for the
kind gift of a polyclonal anti-human eotaxin; Drs. B. L. Daugherty and M. S.
Springer for human CCR3 cDNA and a polyclonal anti-CCR3; Drs.
M. Uguccioni and M. Baggiolini for the kind gift of human eotaxin-2 cDNA;
Drs. Jo Van Damme and G. Opdenakker for the kind gift of human MCP-3
cDNA; and Dr. P. Nelson for the kind gift of human RANTES cDNA.

References
1. Frew, A. J., A. B. Kay. 1988. The relationship between CD41 lymphocytes,

activated eosinophils and the magnitude of the allergen-induced late-phase skin
reaction in man.J. Immunol. 141:4158.

2. Gaga, M., A. J. Frew, V. Varney, and A. B. Kay. 1991. Eosinophil activation and
T lymphocyte activation in allergen-induced late-phase reactions and classical
delayed-type hypersensitivity in man.J. Immunol. 147:816.

3. Irani, A. M. A., C. Huang, H. Z. Xia, C. Kepley, A. Nafie, E. D. Fouda, S. Craig,
B. Zweiman, and L. B. Schwartz. 1998. Immunohistochemical detection of hu-
man basophils in late-phase skin reactions.J. Allergy Clin. Immunol. 101:354.

4. Wardlaw A. J., R. Moqbel R, and A. B. Kay. 1995. Eosinophils: biology and role
in disease.Adv. Immunol. 60:151.

5. Kay, A. B., S. Ying, V. Varney, S. R. Durham, R. Moqbel, A. J. Wardlaw, and
Q. Hamid. 1991. Messenger RNA expression of the cytokine gene cluster, IL-3,
IL-4, IL-5 and GM-CSF, in allergen-induced late-phase reactions in atopic sub-
jects.J. Exp. Med. 173:775.

6. Schleimer, R. P., S. A. Sterbinsky, J. Kaiser, C. A. Bickel, D. A. Klunk,
K. Tomioka, W. Newman, F. W. Luscinskas, M. A. Gimbrone, Jr.,
B. W. McIntyre, et al. 1992. IL-4 induces adherence of human eosinophils and
basophils but not neutrophils to endothelium: association with expression of
VCAM-1. J. Immunol. 148:1086.

7. Ying, S., Q. Meng, L. T. Barata, D. S. Robinson, S. R. Durham, and A. B. Kay.
1997. Associations between IL-13 and IL-4 (mRNA and protein), vascular cell
adhesion molecule-1 expression, and the infiltration of eosinophils, macrophages,
and T cells in allergen-induced late-phase cutaneous reactions in atopic subjects.
J. Immunol. 158:5050.

8. Ying, S., Q. Meng, L. T. Barata, and A. B. Kay. 1997. Association of apoptosis
of neutrophils and eosinophils and their ingestion by macrophages with resolution
of the allergen-induced cutaneous late-phase response in atopic human subjects.
Proc. Assoc. Am. Physicians 109:42.

9. Schroeder, J. T., and D. W. MacGlashan. 1997. New concepts: the basophil.
J. Allergy Clin. Immunol. 99:429.

10. Baggiolini, M., B. Deward, and B. Moster. 1997. Human chemokines: an update.
Annu. Rev. Immunol. 5:675.

11. Rollins, B. J. 1997. Chemokines.Blood 90:909.
12. Luster, A. D. 1998. Chemokines-chemotactic cytokines that mediated inflamma-

tion. N. Engl. J. Med. 338:436.
13. Ponath, P. D., S. Qin, D. J. Ringler, I. Clark-Lewis, J. Wang, N. Kassam,

H. Smith, X. Shi, J.-A. Gonzalo, W. Newman, et al. 1996. Cloning of the human
eosinophil chemoattractant, eotaxin: expression, receptor binding, and functional
properties suggest a mechanism for the selective recruitment of eosinophils.
J. Clin. Invest. 97:604.

14. Forssmann, U., M. Uguccioni, P. Loetscher, C. A. Dahinden, H. Langen,
M. Thelen, and M. Baggiolini. 1997. Eotaxin-2, a novel CC chemokine that is
selective for the chemokine receptor CCR3, and acts like eotaxin on human
eosinophil and basophil leukocytes.J. Exp. Med. 185:2171.

15. Uguccioni, M., P. Loetscher, U. Forssmann, B. Dewald, H. Li, S. H. Lima, Y. Li,
B. Breider, G. Garotta, M. Thelen, et al. 1996. Monocyte chemoattractant protein
4 (MCP-4), a novel structural and functional analogue of MCP-3 and eotaxin.
J. Exp. Med. 183:2379.

16. Dahinden, C. A., T. Geiser, T. Brunner, V. von Tscharner, D. Caput, P. Ferrara,
A. Minty, and M. Baggiolini. 1994. Monocyte chemotactic protein 3 is a most
effective basophil- and eosinophil-activating chemokine.J. Exp. Med. 179:751.

17. Kameyoshi, Y., A. Dorschner, A. I. Mallet, E. Christophers, and J. M. Schroder.
1992. Cytokine RANTES released by thrombin-stimulated platelets is a potent
attractant for human eosinophils.J. Exp. Med. 176:587.

18. Elsner, J., R. Hochstetter, D. Kimmig, and A. Kapp. 1996. Human eotaxin rep-
resents a potent activator of the respiratory burst of human eosinophils.Eur.
J. Immunol. 26:1919.

19. Elsner, J., H. Petering, C. Kluthe, D. Kimmig, R. Smolarski, P. Ponath, and
A. Kapp. 1998. Eotaxin-2 activates chemotaxis-related events and release of re-
active oxygen species via pertussis toxin-sensitive G proteins in human eosino-
phils. Eur. J. Immunol. 28:2152.

20. Petering, H., R. Hochstetter, D. Kimmig, R. Smolarski, A. Kapp, and J. Elsner.
1998. Detection of MCP-4 in dermal fibroblasts and its activation of the respi-
ratory burst in human eosinophils.J. Immunol. 160:55.

21. Weber, M., M. Uguccioni, B. Ochensberger, M. Baggiolini, I. Clark-Lewis, and
C. A. Dahinden. 1995. Monocyte chemotactic protein MCP-2 activates human
basophil and eosinophil leukocytes similar to MCP-3.J. Immunol. 154:4166.

22. Rot, A., M. Krieger, T. Brunner, S. C. Bischoff, T. J. Schall, and C. A. Dahinden.
1992. RANTES and macrophage inflammatory protein 1a induce the migration
and activation of normal human eosinophil granulocytes.J. Exp. Med. 176:1489.

23. Ponath, P. D., S. Qin, T. W. Post, J. Wang, L. Wu, N. P. Gerard, W. Newman,
C. Gerard, and C. R. Mackay. 1996. Molecular cloning and characterization of a
human eotaxin receptor expressed selectively on eosinophils.J. Exp. Med. 183:
2437.

24. Daugherty, B. L., S. J. Siciliano, J. A. De Martino, L. Malkowitz, A. Sirotina, and
M. S. Springer. 1996. Cloning, expression, and characterization of the human
eosinophil eotaxin receptor.J. Exp. Med. 183:2349.

25. Combadiere, C., S. K. Ahuja, and P. M. Murphy. 1995. Cloning and functional
expression of a human eosinophil CC chemokine receptor.J. Biol. Chem. 270:
16491.

26. Uguccioni, M., C. R. Mackay, B. Ochensberger, P. Loetscher, S. Rhis,
G. J. LaRosa, P. Rao, P. D. Ponath, M. Baggiolini, and C. A. Dahinden. 1997.
High expression of the chemokine receptor CCR3 in human blood basophils.
J. Clin. Invest. 100:1137.

27. White, J. R., C. Imburgia, E. Dul, E. Appelbaum, K. O’Donnel, D. J.
O’Shannessy, M. Brawner, J. Fornwald, J. Adamou, N. A. Elshourbagy, et al.
1997. Cloning and functional characterization of a novel human CC chemokine
that binds to the CCR3 receptor and activates eosinophils.J. Leukocyte Biol.
62:667.

28. Garcia-Zepeda, E. A., C. Combadiere, M. E. Rothenber, M. N. Sarafi, F. Lavigne,
Q. Hamid, P. M. Murphy, and A. D. Luster. 1996. Human monocyte chemoat-
tractant protein (MCP)-4 is a novel CC chemokine with activities on monocytes,
eosinophils, and basophils induced in allergic and nonallergic inflammation that
signals through the CC chemokine receptors (CCR)-2 and -3.J. Immunol. 157:
5613.

29. Stellato, C., P. Collins, H. Li, J. White, P. D. Ponath, W. Newman, D. Soler,
G. Le Rosa, L. M. Schwiebert, C. Bickel, et al. 1997. Production of the novel CC
chemokine MCP-4 by airway cells and comparison of its biological activity to
other CC chemokines.J. Clin. Invest. 99:926.

30. Proost, P., A. Wuyts, and J. Van Damme. 1996. The role of chemokines in
inflammation.Int. J. Clin. Lab. Res. 26:211.

31. Ying, S., D. S. Robinson, Q. Meng, J. Rottman, R. Kennedy, D. J. Ringler,
C. R. Mackay, B. L. Daugherty, M. S. Springer, S. R. Durham, et al.1997. En-
hanced expression of eotaxin and CCR3 mRNA and protein in atopic asthma.
Eur. J. Immunol. 27:3507.

32. Lamkhioued, B., P. M. Renzi, S. Abi-Younes, E. A. Garcia-Zepada,
Z. Allakhverdi, O. Ghaffar, M. E. Rothenberg, A. D. Luster, and Q. Hamid. 1997.
Increased expression of eotaxin in bronchoalveolar lavage and airways of asth-
matics contributes to the chemotaxis of eosinophils to the site of inflammation.
J. Immunol. 159:4593.

33. Mattoli, S., M. A. Stacey, G. Sun, A. Bellini, and M. Marini. 1997. Eotaxin
expression and eosinophilic inflammation in asthma.Biochem. Biophys. Res.
Commun. 236:299.

34. Humbert, M., S. Ying, C. Corrigan, G. Menz, J. Barkans, R. Pfister, Q. Meng,
J. Van Damme, G. Opdenakker, S. R. Durham, et al. 1997. Bronchial mucosal
expression of the genes encoding chemokines RANTES and MCP-3 in symp-
tomatic atopic and nonatopic asthmatics: relationship to the eosinophil-active
cytokines interleukin (IL)-5, granulocyte macrophage-colony-stimulating factor,
and IL-3. Am. J. Respir. Cell Mol. Biol. 16:1.

35. Ying, S., L. T. Barata, Q. Meng, M. Humbert, and A. B. Kay. 1995. The kinetics
of allergen-induced transcription of messenger RNA for monocyte chemotactic
protein-3 and RANTES in the skin of human atopic subjects: relationship to
eosinophil, T cell, and macrophage recruitment.J. Exp. Med. 181:2153.

36. Alam, R., J. York, M. Boyars, S. Stafford, J. A. Grant, J. Lee, P. Forsythe, T. Sim,
and N. Ida. 1996. Increased MCP-1, RANTES, and MIP-a in bronchoalveolar
lavage fluid of allergic asthmatic patients.Am. J. Respir. Crit. Care. Med. 153:
1398.

37. Venge, J., M. Lampinen, L. Hakansson, S. Rak, and P. Venge. 1996. Identifica-
tion of IL-5 and RANTES as the major eosinophil chemoattractants in the asth-
matic lung.J. Allergy Clin. Immunol. 97:1110.

38. Teran, L. M., N. Noso, M. Carroll, D. E. Davies, S. Holgate, and J.-M. Schroder.
1996. Eosinophil recruitment following allergen challenge is associated with the
release of the chemokine RANTES into asthmatic airways.J. Immunol. 157:
1806.

3983The Journal of Immunology
D

ow
nloaded from

 http://journals.aai.org/jim
m

unol/article-pdf/163/7/3976/1110146/im
199903976p.pdf by guest on 22 M

ay 2023



39. McEuen, A. R., M. G. Buckley, S. J. Compton, and A. F. Walls. 1999. Devel-
opment and characterisation of a monoclonal antibody specific for human ba-
sophils and the identification of a unique secretory product of basophil activation.
Lab. Invest. 79:27.

40. Rothenberg, M. E., J. A. Maclean, E. Pearlman, A. D. Luster, and P. Leder. 1997.
Targeted disruption of the chemokine eotaxin partially reduces antigen-induced
tissue eosinophilia.J. Exp. Med. 185:785.

41. Li, D., D. Wang, D. A. Griffiths-Johnson, T. N. C. Wells, T. J. Williams,
P. J. Jose, and P. K. Jeffery. 1997. Eotaxin protein and gene expression in guinea-
pig lungs: constitutive expression and upregulation after allergen challenge.Eur.
Respir. J. 10:1946.

42. Opdenakker, G., G. Froyen, P. Fiten, P. Proost, and J. Van Damme. 1993. Human
monocyte chemotactic protein-3 (MCP-3): molecular cloning of the cDNA and
comparison with other chemokines.Biochem. Biophys. Res. Commun. 191:535.

43. Ying, S., L. T. Barata, Q. Meng, J. A. Grant, J. Barkans, S. R. Durham, and
A. B. Kay. 1998. High-affinity immunoglobulin E receptor (FceRI)-bearing eo-
sinophils, mast cells, macrophages and Langerhan’s cells in allergen-induced
late-phase cutaneous reactions in atopic subjects.Immunology 93:281.

44. Dreyer, W. J. 1998. The area code hypothesis revisited: olfactory receptors and
other related transmembrane receptors may function as the last digits in a cell
surface code for assembling embryos.Proc. Natl. Acad. Sci. USA 95:9072.

45. Foxman, E. F., J .J. Campbell, and E. C. Butcher. 1997. Multistep navigation and
the combinatorial control of leukocyte chemotaxis.J. Cell Biol. 139:1349.

46. Teixeira, M. M., T. N. C. Wells, N. W. Lukacs, A. E. I. Proudfoot, S. L. Kunkel,
T. J. Williams, and P. G. Hellwell. 1997. Chemokine-induced eosinophil recruit-
ment.J. Clin. Invest. 100:1657.

47. Sanz, M. J., P. D. Ponath, C. R. Mackay, W. Newman, M. Miyasaka,
T. Tamatani, B. F. Flanagan, R. R. Lobb, T. J. Williams, S. Nourshargh, et al.
1998. Human eotaxin inducesa4 andb2 integrin-dependent eosinophil accumu-
lation in rat skin in vivo: delayed generation of eotaxin in response to IL-4.
J. Immunol. 160:3569.

48. Collins, P. D., S. Marleau, D. A. Griffiths-Johnson, P. J. Jose, and T. J. Williams.
1995. Cooperation between interleukin-5 and the chemokine eotaxin to induce
eosinophil accumulation in vivo.J. Exp. Med. 182:1169.

49. Mould, A. W., K. I. Matthaei, I. G. Young, and P. S. Foster. 1997. Relationship
between interleukin-5 and eotaxin in regulating blood and tissue eosinophilia in
mice.J. Clin. Invest. 99:1064.

50. Tsicopoulos, A., Q. Hamid, A. Haczku, M. R. Jacobson, S. R. Durham, J. North,
J. Barkans, C. J. Corrigan, Q. Meng, R. Moqbel, et al. 1994. Kinetics cell infil-
tration and cytokine messenger RNA expression after intradermal challenge with
allergen and tuberculin in the same atopic individuals.J. Allergy Clin. Immunol.
94:764.

51. Barata, L. T., S. Ying, Q. Meng, J. Barkans, K. Rajakulasingam, S. R. Durham,
and A. B. Kay. 1998. Interleukin-4 (IL-4) and IL-5 positive T lymphocytes,
eosinophils and mast cells in allergen-induced late-phase cutaneous reactions in
atopic subjects.J. Allergy Clin. Immunol. 101:222.

52. Douglass, J., D. Dhami, M. Bulpitt, I. J. Lindley, J. Shute, M. K. Church, and
S. T. Holgate. 1996. Intradermal challenge with interleukin-8 causes tissue oe-
dema and neutrophil accumulation in atopic and non-atopic human subjects.Clin.
Exp. Allergy 26:1371.

53. Zweiman, B., A. R. Moskovitz, and C. von Allmen. 1998. Comparison of in-
flammatory events in skin sites with and without cutaneous late-phase reactions
after prominent immediate IgE-mediated responses.J. Allergy Clin. Immunol.
101:110.

54. Garcia-Zepeda, E. A., M. E. Rothenberg, R. T. Ownbey, J. Celestin, P. Leder, and
A. D. Luster. 1996. Human eotaxin is a specific chemoattractant for eosinophil
cells and provides a new mechanism to explain tissue eosinophilia.Nat. Med.
2:449.

55. Rothenberg, M. E., A. D. Luster, C. M. Lilly, J. M. Drazen, and P. Leder. 1995.
Constitutive and allergen-induced expression of eotaxin mRNA in the guinea pig
lung. J. Exp. Med. 181:1211.

56. Mathews, A. N., D. S. Friend, N. Zimmermann, M. N., Sarafi, A. D. Luster,
E. Pearlman, S. E. Wert, and M. E. Rothenberg. 1998. Eotaxin is required for the
baseline level of tissue eosinophils.Proc. Natl. Acad. Sci. USA 95:6273.

57. Macfarlane, A. J., K. Zeibecoglou, N. Khan, B. M. Haselden, S. Ying,
D. S. Robinson, A. R. McEuen, M. G. Buckley, A. F. Walls, N. C. Barnes, et al.
1999. Elevated numbers of basophils in baseline atopic asthma (AA) compared to
rhinitis (AR) and normal controls (NC) and after allergen challenge.
J. Allergy Clin. Immunol. 103:S192 (Abstr. 738).

58. Sallusto, F., A. Lanzavecchia, and C. R. Mackay. 1998. Chemokines and che-
mokine receptors in T-cell priming and Th1/Th2-mediated responses.Immunol.
Today 19:568.

59. Humbles, A. A., D. M. Conrov, S. Marleau, S. M. Rankin, R. T. Palframan,
A. E. I. Proudfoot, T. N. C. Wells, D. Li, P. K. Jeffery, D. A. Griffiths-Johnson,
et al. 1997. Kinetics of eotaxin generation and its relationship to eosinophil ac-
cumulation in allergic airways disease: analysis in a guinea pig model in vivo.
J. Exp. Med. 186:601.

60. Struyf, S., E. V. Coillie, L. Paemen, W. Put, J. P. Lenaerts, P. Proost,
G. Opendenakker, and J. Van Damme J. 1998. Synergistic induction of MCP-1
and -2 by IL-1b and interferons in fibroblasts and epithelial cells.J. Leukocyte
Biol. 63:364.

61. Stafford, S., H. Li, P. A. Forsythe, M. Ryan, R. Bravo, and R. Alam. 1997.
Monocyte chemotactic protein-3 (MCP-3)/fibroblast-induced cytokine (FIC) in
eosinophilic inflammation of the airways and the inhibitory effects of an anti-
MCP-3/FIC antibody. J. Immunol. 158:4953.

62. Polentarutti, N., M. Introna, S. Sozzani, R. Mancinelli, G. Mantovani, and
A. Mantovani. 1997. Expression of monocyte chemotactic protein-3 in human
monocytes and endothelial cells.Eur. Cytokine Netw. 8:271.

63. Lilly, C. M., H. Nakamura, H. Kesselman, C. Nagler-Anderson, K. Asano,
E. A. Garcia-Zepeda, M. E. Rothenberg, J. M. Drazen, and A. D. Luster. 1997.
Expression by eotaxin by human lung epithelial cells: induction by cytokines and
inhibition by glucocorticoids.J. Clin. Invest. 99:1767.

64. Li, L., Y. Xia, A. Neguyen, L. Feng, and D. Lo. 1998. Th2-induced eotaxin
expression and eosinophilia coexist with Th1 responses at the effector stage of
lung inflammation.J. Immunol. 161:3128.

65. Mochizuki, M., J. Bartels, A. I. Mallet, E. Christopher, and J.-M. Schroder. 1998.
IL-4 induces eotaxin: a possible mechanism of selective eosinophil recruitment in
helminth infection and atopy.J. Immunol. 160:60.

66. Kay, A. B., Q. Meng, J. Barkans, A. MacFarlane, J. Gilmour, T. H. Lee,
D. S. Robinson, and S. Ying. 1999. Leukotrienes (LT) C4, D4, E4 and histamine
induce eotaxin expression by human endothelial cell line and human umbilical
vein endothelial cells (HUVEC).J. Allergy Clin. Immunol. 103:S203 (Abstr.
778).

67. Sallusto, F., C. R. Mackay, and A. Lanzavecchia. 1997. Selective expression of
the eotaxin receptor CCR3 by human T helper 2 cells.Science 227:2005.

68. Marchal, G., M. Seman, G. Milon, P. Truffa-Bachi, and V. Zilberfarb. 1982.
Local adoptive transfer of skin delayed-type hypersensitivity initiated by a single
T lymphocyte.J. Immunol. 129:954.

3984 C-C CHEMOKINES IN ALLERGEN-INDUCED CUTANEOUS LPR
D

ow
nloaded from

 http://journals.aai.org/jim
m

unol/article-pdf/163/7/3976/1110146/im
199903976p.pdf by guest on 22 M

ay 2023


