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Abstract

Monocyte chemotactic protein-4 (MCP-4) is a newly identi-
fied C-C chemokine with potent eosinophil chemoattrac-
tant properties. We describe studies of its biological activity
in vitro to induce chemotaxis of peripheral blood eosino-
phils and to induce histamine release from IL-3—primed pe-
ripheral blood basophils. MCP-4 and eotaxin caused a simi-
lar rise in eosinophil intracytoplasmic Ca?>" and complete
cross-desensitization. MCP-4 also abolished the eosinophil
Ca** response to MCP-3 and partially desensitized the re-
sponse to macrophage inflammatory protein-1c. MCP-4 ac-
tivated cell migration via either CCR2b or CCR3 in mouse
lymphoma cells transfected with these chemokine receptors.
MCP-4 inhibited binding of **I-eotaxin to eosinophils and
CCR3-transfected cells and inhibited '*I-MCP-1 binding to
CCR2b-transfectants. MCP-4 mRNA was found in cells col-
lected in bronchoalveolar lavage of asthmatic and nonasth-
matic subjects and was prominently expressed in human
lung and heart. MCP-4 mRNA was expressed in several hu-
man bronchial epithelial cell lines after cytokine stimula-
tion. Pretreatment of BEAS-2B epithelial cells with the glu-
cocorticoid budesonide inhibited MCP-4 mRNA expression.
These features make MCP-4 a candidate for playing a role
in eosinophil recruitment during allergic respiratory dis-
eases. (J. Clin. Invest. 1997. 99:926-936.) Key words: allergy «
chemokines  eosinophils « glucocorticoids « inflammation

Introduction

Eosinophils are now known to be central effector cells in the
pathogenesis of allergic airways disease including asthma and
rhinitis (1, 2). In many allergic conditions, selective recruit-
ment of eosinophils is observed (i.e., in the relative absence of
neutrophils) (3). While considerable progress has been made

Address correspondence to Robert P. Schleimer, Ph.D., Professor of
Medicine, Johns Hopkins Asthma and Allergy Center, Room 3A.62,
5501 Hopkins Bayview Circle, Baltimore, MD 21224-6801. Phone:
410-550-2135; FAX: 410-550-2130; E-mail: rschleim@welchlink.welch.
jhu.edu

Received for publication 9 May 1996 and accepted in revised form
12 December 1996.

J. Clin. Invest.

© The American Society for Clinical Investigation, Inc.
0021-9738/97/03/0926/11  $2.00

Volume 99, Number 5, March 1997, 926-936

926 Stellato et al.

in understanding the pathways by which eosinophils may be
selectively recruited to a site of allergic disease, numerous un-
certainties about these pathways still remain. Endothelial acti-
vation and expression of VCAM-1 are key events in the initial
phases of eosinophil recruitment (3-7). Activation of circulat-
ing eosinophils by IL-5 selectively promotes their longevity
and increases their migratory and adhesive properties (8-11).
Recently, it has been appreciated that chemokines are key cy-
tokines in the regulation of the migration of numerous cell
types (12-15). Numerous chemokines have been identified
which have the ability to cause eosinophil migration, including
RANTES (Regulated upon Activation, Normal T cell Expressed
and presumably Secreted),! monocyte chemotactic protein-3
(MCP-3), macrophage inflammatory protein-la (MIP-1a),
and eotaxin (16-22). RANTES is considerably more potent
than MCP-3 and MIP-1a (21). Recent comparative data using
human cells indicate that eotaxin has a potency comparable
with MCP-3 and RANTES in causing eosinophil migration
(16). Allergen challenge studies in humans and animals now
indicate that MCP-3, RANTES, and eotaxin are all present at
significantly increased levels in either airways or skin (23-26).
The importance of the above mentioned chemokines in aller-
gic inflammation is supported by their eosinophil-selective
chemoattractant properties, the finding that antigen challenge
increases their quantity at a local tissue site, and recent find-
ings that a profound eosinophil-rich infiltrate is elicited by ex-
perimental challenge of dogs or humans with RANTES (27,
28) or by challenge of guinea pigs with eotaxin (20, 29). Fur-
ther, the local accumulation of eosinophils induced by eotaxin
in guinea pig skin has been shown to be considerably enhanced
by a novel action of IL-5 to release a rapidly mobilizable pool
of eosinophils from the bone marrow into the circulation (30).
Identification of chemokine receptors, which are all members
of the seven transmembrane spanning receptor family, has
been progressing at a rapid rate. There are known to be four
receptors for CXC chemokines and at least five C-C chemo-
kine receptors (CCR), which are all members of the serpentine
seven transmembrane receptor family (31-38). The Duffy
blood group antigen, which is now known to be a receptor for
the intracellular malarial parasite plasmodium vivax, has been
shown to be a promiscuous receptor for C-C and C-X-C
chemokines (36, 39-41).

In this study, we have identified a novel chemokine termed

1. Abbreviations used in this paper: BAL, bronchoalveolar lavage;
[Ca?*];, intracellular cytosolic free calcium; CCR, C-C chemokine re-
ceptors; MCP, monocyte chemotactic protein; MIP, macrophage in-
flammatory protein; RANTES, Regulated upon Activation, Normal
T cell Expressed and presumably Secreted.



MCP-4 (previously referred to as CKB10) which was discov-
ered via large-scale cDNA sequencing by Human Genome
Sciences. Preliminary screens among 10 novel chemokines
identified by this method indicated that MCP-4 is a potent
eosinophil chemoattractant (42). This was confirmed by Uguc-
cioni et al. (43) who further characterized MCP-4 as a che-
moattractant for monocytes and T lymphocytes. We report
here that MCP-4 induces eosinophil migration and calcium
mobilization and potentiates basophil histamine release. Anal-
ysis of receptor binding competition and functional assays indi-
cates that MCP-4 can functionally activate more than one
chemokine receptor. MCP-4 mRNA was detected by RT-PCR
in RNA samples from bronchoalveolar lavage (BAL) and by
Northern blot in human lung tissue. MCP-4 mRNA was found
to be induced in cultured airway epithelial cell lines by expo-
sure to cytokines and to be suppressed by the potent glucocor-
ticoid budesonide.

Methods

Reagents. The following reagents were purchased from the indicated
sources: Hanks’ F12, Hanks’ F12-K (BioWhittaker, Inc., Walkers-
ville, MD), LHC-8 (Biofluids, Inc., Rockville, MD), DMEM, Ca?*- and
Mg**-free HBSS, FCS, L-glutamine, penicillin/streptomycin solution,
agarose, formamide, reverse transcription reagents kit (MMLV re-
verse transcriptase, 5X buffer, DTT), RNAse inhibitor, PCR re-
agents kit (10X buffer, Taq polymerase, MgCl) (GIBCO-BRL,
Gaithersburg, MD), MicrofastTrack poly(A)* RNA isolation kit (In-
vitrogen Corp., San Diego, CA), RNAzol B (Tel-Test Inc., Friends-
wood, TX), oligoDT (Boehringer-Mannheim, Indianapolis, IN), Per-
coll, deoxynucleotides (Pharmacia, Piscataway, NJ), chloroform,
isopropanol, formaldehyde (Fisher Scientific, Fernwood, NJ), Pipes,
salmon sperm DNA, DMSO, erythrosin B (Sigma Chemical Co., St.
Louis, MO), Genescreen membranes, and [a-*?P]JdATP (DuPont-
NEN, Boston, MA). Dynabeads were purchased from Dynal, Inc.
(Great Neck, NY), CD16 monoclonal antibody from Immunotech,
Inc. (Westbrook, ME), and goat anti-human IgE from Kirkegaard &
Perry Laboratories, Inc. (Gaithersburg, MD). The multiple tissue
Northern blot and ExpressHyb™ solution were purchased from
Clontech (Palo Alto, CA). Primers for MCP-4 and B-actin were gen-
erated by Bioserva Biotechnologies, Inc. (Laurel, MD). Human re-
combinant MCP-3 and MIP-1a were purchased from Peprotech, Inc.
(Rocky Hill, NJ). Human recombinant MCP-1, RANTES, IL-3,
TNFa, and IFNy were purchased from R&D Systems (Minneapolis,
MN). For the expression of human recombinant MCP-4, the MCP-4
coding region was cloned into a baculovirus expression vector. The
vector was cotransfected together with linearized baculovirus DNA
(BaculoGold™; Pharmingen, San Diego, CA) into Sf9 cells (No.
CRL 1711; American Type Culture Collection, Rockville, MD). Re-
combinant MCP-4 was purified from the transfected Sf9 cell culture
supernatant by the following chromatography procedures: cation ex-

v —
MCP-3 MKASAALLCL LLTAAAFSPQ GLAQPVGINT STTCCYRFIN KKIPKQRLES 50
MCP-4 MKVSAVLLCL LLMTAAFNPQ GLAQPDALNV PSTCCFTFSS KKISLQRLKS 50
Eotaxin MKVSAALLWL LLIAAAFSPQ GLAGPASVP- -TTCCFNLAN RKIPLQRLES 48
RANTES  MKVSAARLAV ILIATALCAP ASASPYSSDT -THCCFAYIA RPLPRAHIKE 49
MCP-3 YRRT REAVIFKTKL DKETCADPTQ KWVQDFMKHL DKKTQTP-KL 99
MCP-4 Y-VITTS! QKAVIFRTKL GKEJCADPKE KWVQNYMKHL GRKAHTLKT- 98
Eotaxin YRRITSC QKAVIFKTRL AKDICADPKK KWDQDSMKYL DQKSPTP-KP 97
RANTES  Y-FYTSC NPAVVFVTRK NRQV‘dANPEK KWVREYINSL EMS------- 91

Figure 1. Amino acid sequence alignment of human MCP-3, MCP-4,
eotaxin, and RANTES. Conserved cysteine residues are indicated by
boxes; the arrowhead indicates the predicted NH, terminus of the
mature proteins after cleavage of the signal peptide.

change, heparin affinity, and size exclusion (poros 50 HS, poros 20
HEI1, Perseptive Biosystem and Sephacryl S200 HR; Pharmacia). Hu-
man recombinant eotaxin was chemically synthesized as described
(16, 44). The amino acid sequences of MCP-4, eotaxin, RANTES,
and MCP-3 are shown in Fig. 1. Budesonide was a generous gift of
Drs. Per Andersson and Ralph Brattsand (Astra Draco, Lund, Swe-
den) and was stored as a 0.1 M stock in DMSO at —20°C.

Culture of epithelial cell lines and collection of BAL cells. Three cell
lines derived from human bronchial epithelium, and transformed by
an adenovirus 12-SV40 hybrid virus, have been used. The BEAS-2B
cell line (45) has been generously supplied by Dr. Curtis Harris (Na-
tional Institutes of Health). The IB3 cell line (46) was kindly provided
by Dr. Pamela Zeitlin (Johns Hopkins University). The A549 cell line
was purchased from American Type Culture Collection. Cells were
cultured in 25-cm? tissue culture flasks and maintained in F12/DME
medium (BEAS-2B), F12-K medium (A549 cells), or LHC-8 (IB3-1
cells), each with 5% heat-inactivated FCS, penicillin (100 U/ml), and
streptomycin (100 mg/ml). Cells were detached from the flasks with
0.02% trypsin in HBSS for passage and cultures were maintained un-
til passage 45. Cells were cultured at 37°C with 5% CO, in humidified
air. All experiments were performed after the cells reached 80-90%
confluence, at which time 5-8 X 10° cells/flask were recovered. Via-
bility of cells, assessed by staining with erythrosin B, was always > 95%
of cells harvested. BAL cells from normal subjects and asthmatic pa-
tients were harvested as described previously (47). BAL donors were
divided into groups of normal subjects or asthmatic donors on the ba-
sis of detailed clinical history, with particular focus on respiratory
symptoms. Asthmatic subjects were characterized as mild atopic asth-
matics requiring no regular medication for control of asthma. Atopic
status and airway reactivity of asthmatic subjects were determined ac-
cording to previously described protocols (47).

Basophil purification. Basophil-enriched suspensions were pre-
pared by density centrifugation on Percoll gradients as described
(48). Briefly, whole blood was anticoagulated with 0.1 M EDTA, di-
luted with an equal volume of Pipes buffer, and the density adjusted
to 1.065 g/ml with 100% isotonic Percoll. The blood—Percoll mixture
was layered over a cushion of Percoll of density 1.079 g/cm?® and then
centrifuged at 400 g for 15 min at 22°C. After centrifugation, all pro-
cedures were carried out at 4°C to minimize cell activation. The cells
were collected from the supernatant and from the plasma—Percoll in-
terface, washed once in EDTA-saline to remove the Percoll, twice in
PAG-EDTA, and the number and percentage of basophils in each
fraction determined. The mean percentage of basophils found in
these fractions ranged from 5 to 12%, as determined by cell counts in
Spiers-Levy chambers using Alcian blue (49).

Eosinophil purification. Human granulocytes were isolated from
EDTA-anticoagulated venous blood of normal donors or patients
with asymptomatic allergic rhinitis or asthma by Percoll (1.090 g/ml)
gradient centrifugation at room temperature. After centrifugation, all
procedures were carried out at 4°C to minimize cell activation. Red
blood cells were removed by hypotonic lysis followed by removal of
CD16-positive cells (neutrophils) using an immunomagnetic bead
technique (50). Eosinophil purity (based on examination of Diff-
Quik-stained cytocentrifugation preparations) was 99+1% and via-
bility (based on erythrosin B dye exclusion) was 99+1% (n = 7). For
neutrophil purification, EDTA-anticoagulated venous blood of nor-
mal donors was layered over Percoll (1.080 g/ml), and centrifuged for
20 min at room temperature. After centrifugation, red blood cells
were removed by hypotonic lysis. Neutrophil purity was 98+1% and
viability was 98=1% (n = 5). Eosinophils were labeled with 3'Cr as
described (51, 52), washed extensively, and resuspended in PAGCM
buffer (Pipes buffer with 0.003% BSA, 0.1% p-glucose, 1 mM CaCl,,
1 mM Mg(Cl,) for chemotaxis studies as described below.

Chemotaxis experiments. Chemotaxis experiments were performed
using a modified Boyden chamber technique as described previously
(53). Briefly, 25 pl of PAGCM buffer or various concentrations of the
stimuli in the same buffer were placed in triplicate in the lower cham-
ber. A 5-pm pore-size polycarbonate membrane (Nucleopore Corp.,
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Pleasanton, CA) separated the upper and lower chamber. Eosino-
phils (10°) or neutrophils (1.5 X 10°) resuspended in PAGCM were
placed in each well of the upper chamber, on top of the membrane.
The chamber was then incubated for 30 min at 37°C in 5% CO,/air,
after which the chamber was disassembled. The membrane was re-
moved and washed in PAG to remove the nonmigrating eosinophils
from the upper surface, scraped, and then stained with Wright’s stain.
Eosinophils from 10 high-power fields of triplicate wells were identi-
fied and counted. To assess whether MCP-4 induced a chemokinetic
rather than a chemotactic effect on eosinophil migration, some exper-
iments were conducted in the absence or presence of MCP-4 (1 or 100
nM) in the upper chamber of the apparatus.

Chemotaxis experiments with the mouse pre-B lymphoma cell
line 300.19 transfected with CCR2b and with the mouse pre-B lym-
phoma cell line L1.2 transfected with CCR3 were performed as de-
scribed (37). Briefly, chemokines in a 600-ul volume of assay media,
consisting of equal parts of M199 medium and RPMI 1640 medium
plus 0.5% BSA, were added to the bottom chamber of 24-well Bio-
coat® transwell tissue culture plates (Costar Corp., Cambridge, MA)
and 10° cells were added to the top chamber in a 100-pl volume. The
plates were incubated at 37°C, in 5% CO,/95% air for 4 h. Cells that
had migrated to the bottom chamber were counted using a FACScan®.
Chemotaxis of the wild-type cell lines was not observed in response
to any of the chemokines used in this study at the concentration range
tested (data not shown).

Basophil histamine release. Basophils were partially purified as
described above, resuspended in PAGCM buffer, and exposed to
chemokines either with or without a prior 10-min exposure to I1L-3
(10 ng/ml) as indicated in the results section. Basophils were pelleted
by centrifugation, and supernatants were assayed using a spectrofluo-
rometric assay for histamine as described previously (54, 55). A sepa-
rate aliquot of cells was lysed with perchlorate to determine total his-
tamine content, and histamine release was expressed as a percentage
of the total after subtracting the spontaneous release (always < 10%).

Analysis of intracytoplasmic calcium in eosinophils. Eosinophils
(107 cells/ml) were incubated with 1 pM Fura-2 acetoxymethyl ester
at 37°C for 30 min. After two washes, cells were resuspended at 1 X
10 cells/ml in 10 mM Ca?*/Mg**-free PBS (pH 7.4) containing 10
mM Hepes, 10 mM bp-glucose, and 0.25% low endotoxin BSA. Cells
(1.2 ml) were dispensed into quartz cuvettes with constant stirring
and the external calcium concentration was adjusted to 1 mM with
CaCl,. Changes in fluorescence were monitored at 37°C using a spec-
trophotometer (LS50; Perkin Elmer Corp., Beaconsfield, Bucks,
United Kingdom) at excitation wavelengths 340 nm and 380 nm and
emission wavelength 510 nm. Calculation of calcium concentration
was performed using a K, for Ca?*-binding of 224 nM. In all experi-
ments, agonists were added in a volume of 24 pl, the first addition be-
ing 50 s after commencing recording and the second addition, for de-
sensitization studies, being 140 s later.

12]_.Chemokine binding assay. Radiolabeled chemokines were ob-
tained from Amersham Life Science, Inc. (Arlington Heights, IL).
The binding reaction (200 pl) was performed with 0.1 X 10 eosino-
phils or 0.5 X 10° receptor transfectants with 0.1 nM '*I-eotaxin or
0.2 nM '»I-MCP-1, for 1 h at 37°C in binding buffer (50 mM Hepes,
pH 7.5, 1 mM CacCl,, 5 mM MgCl,, 0.5% BSA, 0.02% NaAzide). For
competition of binding with unlabeled chemokines, the indicated
concentration of chemokine was included in the binding reaction.
Briefly, cells were resuspended in binding buffer at 1 X 10%ml (or 5 X
10%ml for transfectants) and 100-pl aliquots were added to microcen-
trifuge tubes containing cold chemokine in binding buffer, followed
by the addition of radiolabeled chemokine resuspended in the same
buffer. Nonspecific binding was determined by performing the bind-
ing reactions in the presence of a 1,000-fold excess of cold chemokine.
After incubation, the reaction tubes were centrifuged at 8,000 g for 3
min and pellets washed with 150 pl of wash buffer (binding buffer
plus 0.5 M NaCl). Cells were briefly vortexed at low speed and then
centrifuged at 16,000 g for 3 min. The resulting pellet was transferred
in 150 pl of the same buffer to polystyrene tubes for gamma counting.
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Experimental design for MCP-4 mRNA detection in epithelial cell
lines. In experiments assessing the effect of cytokines on MCP-4 gene
expression, BEAS-2B, A549, and IB3-1 monolayers at 80-90% con-
fluence were treated with either control medium, TNFa (1-100 ng/
ml), IFN+y (1-100 ng/ml), or combinations of these two cytokines for
24 h. Cells were harvested and poly(A)*™ RNA extracted for Northern
blot analysis according to the manufacturer’s protocol (Invitrogen).
For time course experiments, BEAS-2B cultures were harvested after
stimulation with TNFa (100 ng/ml) for 0.25, 0.5, 1, 3, 6, or 24 h. For
inhibition studies with the glucocorticoid budesonide, BEAS-2B cul-
tures were preexposed for 24 h to budesonide (1077 M) or an equiva-
lent amount of DMSO diluent and then treated with TNFa (1-100
ng/ml) or the combination of TNFa and IFNy (100 ng/ml each) for an
additional 24 h in the continued presence of steroid or diluent.

Northern blot analysis of MCP-4. 2 pg of poly(A)™ RNA was di-
luted in 50% formamide, 6% formaldehyde, 1 mM EDTA, and 10%
glycerol in 8 mM sodium acetate buffer and heated at 55°C for 10
min. Samples were loaded and electrophoresed on 1% agarose gels
containing 6% formaldehyde, 1 mM EDTA, in 8 mM sodium acetate
buffer (pH 8.3). Gels were run for 2 h at 60 V and blotted onto a Gene-
screen nylon membrane using a PosiBlot™ pressure blotter (Stratagene,
La Jolla, CA). RNA was fixed to the nylon membrane by ultraviolet
cross-linking using an FB-UVXL-100 UV cross-linker (Fisher-Bio-
tech, Pittsburgh, PA), followed by overnight incubation in prehybrid-
ization buffer at 37°C and then by overnight hybridization at the same
temperature with 1 X 10° cpm/ml of **P-labeled probe. The random
hexamer priming method was used to label the cDNA probe, which is
an EcoRI-Xhol fragment of 1 kb containing the coding region of
MCP-4. Hybridization and prehybridization buffer was 2X Pipes,
50% deionized formamide, 0.5% SDS, 100 pg/ml salmon sperm
DNA. Membranes were washed twice in 2X SSC, 0.1% SDS for 10 min
at room temperature, then four times in the same buffer for 15 min at
60°C and twice in 0.2X SSC, 0.1% SDS for 15 min at 60°C. Autorad-
iographs were quantified by video densitometry using a gel documen-
tation system configured by UVP (San Gabriel, CA) interfaced with a
Macintosh Centris 610 containing Image 1.53 software (NIH Public
Software, Bethesda, MD). Equal loading of lanes and integrity of
mRNA were assessed by blotting of the membranes with a probe spe-
cific for G3PDH (Clontech, Palo Alto, CA). A multiple tissue North-
ern blot (Clontech) was prehybridized for 30 min with ExpressHyb™
solution (Clontech) at 68°C and then hybridized for 1 h with 1 X 10°
cpm/ml of the 3?P-labeled probe described above at 68°C. The mem-
brane was then washed twice at room temperature for 20 min with 2X
SSC, 0.05% SDS, twice with the same buffer at 50°C and then twice
for 20 min with 0.2X SSC, 0.1% SDS at 50°C. Equal loading of lanes
and integrity of mRNA were assessed by blotting of the membranes
with a probe specific for -actin (Clontech).

RT-PCR analysis of MCP-4. Total RNA was extracted using the
RNAzol B technique (56) from cells recovered from BAL of asth-
matic subjects as described (47). For the generation of the MCP-4
first-strand cDNA, reverse transcription was performed as follows:
aliquots of 1 pg of total RNA in 13 wl diethylpyrocarbonate-treated
water were mixed with 50 pmol of oligo(dT) and heated at 70°C for
10 min, then chilled on ice. Subsequently, the following reagents were
added to the tube: 4 pl of 5X synthesis buffer (250 mM Tris, 375 mM
KCl, 15 mM MgCl,), 2 mM dNTP mix, 10 mM DTT, and 100 U of re-
verse transcriptase in a total volume of 20 pl. The reaction was con-
ducted in a Hybaid omnigene thermocycler for 30 min at 37°C and
then for 5 min at 99°C. PCR was conducted in the same thermocycler
according to the method previously described (57). For the PCR reac-
tion, 2 pl of the first-strand DNA was mixed with 3’ and 5’ primers
(20 pmol each), 1 U of Taqg DNA polymerase, 5 ul 10X PCR buffer
(200 mM Tris, 500 mM KCl, 2 mM MgCl, pH 8.4), 200 uM dNTP mix,
and water to bring final reaction volume to 50 pl. The samples were
sealed with mineral oil and the PCR reaction was performed as fol-
lows: first, a 5-min cycle with a denaturing temperature of 95°C, fol-
lowed by 30 cycles of 95°C for 1 min, 55°C for 1 min, and 70°C for 2
min. A final elongation step at 72°C for 10 min was included. The



cDNA for MCP-4 and water were used as positive and negative con-
trols, respectively. The nucleotide sequences of MCP-4 and B-actin
primers were: CCC GCA TGC AGC CAG ATG CAC TCA ACG
(5' primer) and AAA GGA TCC AGT CTT CAG GGT GTG AGC
T (3’ primer), and TGA CGG GGT CAC CCA CAC TGT GCC
CAT CTA (§' primer) and CTA GAA GCA TTG CGG TGG ACG
ATG GAG GG (3’ primer), respectively. At the end of the reaction,
PCR products were separated via electrophoresis on a 2% agarose
gel. The amplified MCP-4 mRNA was identified based upon the an-
ticipated molecular size by comparison with positive control and a
DNA ladder of known molecular sizes.

Statistical analysis. Analysis of data was performed using Stat-
view software (Abacus Concept, Inc., Berkeley, CA) on a Macintosh
IIsi computer. Data are expressed as mean*=SEM. For the eosinophil
and neutrophil chemotaxis data and for basophil histamine release,
statistical differences between groups were tested using ANOVA
with a post-hoc analysis (Fisher PLSD test). P < 0.01 was considered
significant for chemotaxis experiments, and P < 0.05 was considered
significant for basophil histamine release experiments. Statistical
analysis of the data from the calcium mobilization experiments was
performed using a two-tailed, paired Student’s ¢ test. P < 0.05 was
considered significant.

Results

Mass sequencing of cDNA derived from various cell types has
proven to be an effective way to identify previously undiscov-
ered human genes (58, 59). We initially set out to determine
whether there were eosinophil-active chemokines among 10
molecules discovered by mass cDNA sequencing which had
been predicted to be members of the C-C branch of the
chemokine family based on primary amino acid sequence.
Among these chemokines, one in particular, MCP-4, which has
60% homology at the amino acid level with MCP-3 (Fig. 1),
was found to be a potent and effective eosinophil chemoattrac-
tant in the microchemotaxis assay. In comparison with a panel
of eosinophil-targeting C-C chemokines, MCP-4 induced mi-

gration of eosinophils purified from peripheral blood at con-
centrations between 1 and 100 nM, a concentration range that
also elicited significant eosinophil migration in response to
RANTES and eotaxin (Fig. 2, A). The addition of 1 or 100 nM
MCP-4 to the upper chamber in the chemotaxis assay pre-
vented cell migration in response to MCP-4 (1-100 nM), indi-
cating that this response is chemotactic as opposed to chemo-
kinetic (data not shown). Overnight incubation with IL-5 (5
ng/ml, n = 4) increased eosinophil migration both in the pres-
ence of buffer alone (373+132% of control migration in the
absence of IL-5) and of 10 nM MCP-4 (252+73% of 10 nM
MCP-4-induced migration in the absence of IL-5). When neu-
trophils were used in the chemotaxis assay (Fig. 2 B), IL-8 was
found to induce a marked, concentration-dependent neutro-
phil migration, while neither RANTES nor MCP-4 caused
concentration-dependent migration of neutrophils.

Studies to date indicate that basophils and eosinophils have
similar response patterns to chemokines (19). Previously,
MCP-1 and MCP-3 have been shown to be the most effective
basophil activators among the chemokines (19). To extend the
analysis of the actions of MCP-4, histamine release experi-
ments were performed to determine whether MCP-4 activates
basophils. Results in Table I indicate that MCP-4 (100 nM) in-
duced little histamine release in basophils not primed by expo-
sure to IL-3. MCP-4 induced significant histamine release from
basophils preincubated with IL-3 (10 ng/ml), with a magnitude
similar to that obtained with MCP-3. Histamine release in-
duced by MCP-4 in IL-3-primed basophils was found to be
concentration dependent in a concentration range from 3 X
1078 M to 107° M (n = 3, data not shown).

To study further the activation of human eosinophils by
MCP-4, we determined its effects on changes in free cytosolic
Ca?* levels ([Ca?*];) in purified eosinophils in comparison with
other eosinophil-activating C-C chemokines. Data shown in
Fig. 3 A show that MCP-4 and eotaxin caused a concentration-

Figure 2. (A) Chemotaxis of pu-
rified peripheral blood eosino-
phils induced by C-C chemo-
kines (n = 5-7). Chemotaxis was
assessed using Boyden micro-
chambers as described in Meth-
ods. The number of eosinophils
migrating in the control condi-
tion was 38+6. The percentage
of control eosinophils migrating
in response to PAF (1077 M)
was 1,001+144. *P < 0.01 com-
pared with control migration.
Filled circles, MCP-4; open cir-
cles, eotaxin; open squares,
RANTES; filled squares, MCP-3;
filled triangles, MCP-1; open tri-
angles, MIP-1a. (B) Chemotaxis
of purified neutrophils induced
by RANTES, MCP-4, and IL-8
(n = 3-5). The number of neu-
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Table I. Comparison of the Effect of Chemokines on Basophil
Histamine Release in the Absence or Presence of I1L-3

Percent histamine release

Stimulus Control 1L-3 n
MCP-1 (100 nM) 19+6* 44=10* 4
MCP-3 (100 nM) 3+1 17+5 7
MCP-4 (100 nM) 31 2064 7
RANTES (100 nM) 1+0.6 8+4 4
Eotaxin (100 nM) 3+1 13%6 4
MIP-1« (100 nM) 1+0.6 9+3 6
Anti-IgE (0.1 pg/ml) 41+10 52+9% 6
rHulL-3 (10 ng/ml) 7+2 6

#P < 0.05 when compared with histamine release caused by the same
stimulus in non-IL-3-treated basophils. *Values shown are mean+SEM
of percent histamine release.

dependent [Ca’"]; elevation with a similar potency, at concen-
trations ranging from 0.3 to 3 nM. In another series of four ex-
periments, the [Ca?*]; induced by 1 nM MCP-4 (205£30 nM)
was equal to or greater than that induced by 10 nM RANTES
(213£40 nM), MIP-1a (16321 nM), or MCP-3 (173=7 nM).
MCP-4, at concentrations up to 100 nM, did not elicit any sig-
nificant [Ca?']; elevation in purified neutrophils (data not
shown).

Thus far, there are at least five known CCRs (31). At least
two CCRs which could potentially mediate the effects of
MCP-4, CCR1 and 3, have been identified on eosinophils (31,
37). Therefore, we initiated experiments of desensitization of
Ca?* influx to shed some light on the receptor(s) mediating
MCP-4 activity in eosinophils. A dose-dependent cross-desen-
sitization was observed between MCP-4 and eotaxin (Fig. 3 B).
Fig. 4 shows that the response to MCP-4 (1 nM) was desensi-
tized by preincubation with either MCP-3 or MIP-1a (10 nM)
although the response to 10 nM MCP-4 was less susceptible to
desensitization. MCP-4 (3 nM) completely abolished the re-
sponse to MCP-3 (10 nM) and partially blocked the response
to MIP-1a (10 nM) (complete desensitization of the response
to 10 nM MIP-1a was achieved when 10 nM MCP-4 was ad-
ministered; data not shown). The cross-desensitization be-
tween the C-C chemokines was specific because the calcium
mobilization induced by subsequent addition of either C5a or
leukotriene B, was unaffected (data not shown). Although
these experiments indicate that MCP-4 shares at least one re-
ceptor subtype in common, respectively, with eotaxin, MIP-1a,
and MCP-3, they do not indicate which receptors are involved
in the chemotactic response to MCP-4.

Thus, to analyze further the receptors which may be in-
volved in mediating MCP-4 activity, we performed chemotaxis
experiments using the mouse pre-B lymphoma cell line 300.19
transfected with CCR2b (Fig. 5 A) and the mouse pre-B lym-
phoma cell line L1.2 transfected with CCR3 (Fig. 5 B). CCR2b
is known to be a functional receptor for MCP-1 and MCP-3
(60, 61) and it is expressed on monocytes and lymphocytes, but
not on eosinophils (31).

The results of these experiments indicate that CCR2b can
also mediate a response to MCP-4, albeit at relatively high
concentrations (50-1,000 nM). As expected, eotaxin, which is
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Figure 3. (A) Elevation of intracellular calcium induced by MCP-4 in
eosinophils: comparison with eotaxin. MCP-4 and eotaxin at the con-
centrations indicated were added to Fura-2-loaded eosinophils and
the peak change in intracellular calcium levels was measured. Results
are expressed as the mean+=SEM of n = 4 experiments using differ-
ent eosinophil preparations. Filled circles, MCP-4; open circles, eo-
taxin. (B) Desensitization of the calcium response between MCP-4
and eotaxin in eosinophils. Eosinophils were pretreated with the de-
sensitizing agent 140 s before measurement of the peak change in in-
tracellular calcium levels induced by exposure to the second agonist.
Eosinophils showed complete homologous desensitization to re-
peated stimulation with the same chemokine (data not shown). Re-
sults are expressed as the mean+=SEM of n = 4 experiments using dif-
ferent eosinophil preparations. *P < 0.05 compared with the
response with no pretreatment.

known to selectively activate CCR3 (37), did not induce migra-
tion of CCR2b-transfected cells. Also inactive on CCR2b
transfectants were RANTES and MIP-1a, which are both
ligands of the CCR1, CCR4, and CCRS5 receptors (32, 33).
MCP-4 also induced the migration of CCR3-transfected cells,
although to a lesser extent than eotaxin, RANTES, and MCP-3,
all known ligands for this receptor. CCR3 transfectants did not
migrate in response to MIP-1a and showed a weak response to
the highest concentration of MCP-1 (1,000 nM).

The receptor specificity of the action of MCP-4 was further
analyzed using binding of radiolabeled chemokinesto purified
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Figure 4. Desensitization of the calcium response in eosinophils be-
tween MCP-4, MIP-1a, and MCP-3. Eosinophils were pretreated
with the indicated chemokines 140 s before measurement of the peak
change in intracellular calcium levels induced by exposure to a sec-
ond agonist. Eosinophils showed complete homologous desensitiza-
tion to repeated stimulation with the same chemokine (data not
shown). Results are expressed as the mean=SEM of n = 4 experi-
ments using different eosinophil preparations. *P < 0.05 compared
with the response with no pretreatment.

human peripheral blood eosinophils and receptor transfectants
in the presence of cold MCP-4, eotaxin, RANTES, MCP-3,
MCP-1, and MIP-1a. In purified peripheral blood eosinophils
(Fig. 6 A) we observed that cold eotaxin was the most potent
inhibitor of the binding of radiolabeled eotaxin (IC;, =
0.15+0.06 nM). MCP-4 was also a potent inhibitor of '>I-eotaxin
binding to eosinophils (ICs, = 0.85+0.35 nM). RANTES, on
the other hand, required concentrations ~ 100-fold higher
than eotaxin or MCP-4 to inhibit binding of radiolabeled eo-
taxin. In the experiments shown in Fig. 6 A, cold MCP-3 inhib-
ited ®I-eotaxin binding with a potency 10-fold lower than
MCP-4 (IC5y~ 10 nM). MCP-1 competed for binding only at
relatively high concentrations (200-1,200 nM) and MIP-1a had
no effect on »I-eotaxin binding. When CCR2b-transfected
cells were used and '»I-MCP-1 was the radiolabeled ligand
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(Fig. 6 B), MCP-3 was most effective among all the chemo-
kines tested in inhibiting binding (ICs, ~ 1.8 nM). MCP-4 com-
peted with 'PI-MCP-1 for receptor binding less effectively
than MCP-1 (ICsy ~ 20 and 6 nM, respectively). Interestingly,
eotaxin inhibited '**I-MCP-1 binding as well, although fivefold
less effectively than MCP-4 (ICs, ~ 100 nM). MIP-1a and
RANTES did not compete for CCR2b binding, as previously
reported (62). In CCR3-transfected cells (Fig. 6 C), MCP-4
was the most potent competitor of »I-eotaxin binding after
cold eotaxin (IC5y = 5 and 3 nM, respectively). MCP-3 re-
quired concentrations of two orders of magnitude higher (IG;, =
200 nM) to inhibit '*I-eotaxin binding. RANTES displaced
1%5I-eotaxin binding only at higher concentrations (200-600
nM), and MIP-1a did not compete for CCR3 binding. These
studies further indicate that MCP-4 can bind to both CCR2b
and CCR3.

To determine whether MCP-4 is expressed in vivo, poly(A)*
RNA isolated from different human organs was analyzed by
Northern blot. MCP-4 mRNA was markedly expressed in
heart and lung. A weaker expression was observed in placenta,
liver, and pancreas and no MCP-4 mRNA was detectable in
brain tissue (Fig. 7 A). The expression of MCP-4 mRNA in hu-
man lung tissue was confirmed by another Northern blot, using
total RNA (data not shown). Expression of MCP-4 mRNA
was also detected by RT-PCR in BAL cells harvested from
both normal donors and asthmatic patients (Fig. 7 B). Airway
epithelial cells have been reported to generate chemokines, in-
cluding IL-8, GRO-a, MCP-1 (63, 64), RANTES (65, 66), and
eotaxin (16, 17). Preliminary results with immunohistochemi-
cal staining of human nasal polyp tissue suggest that MCP-4
may be produced by epithelial cells in vivo (data not shown).
Therefore, we performed pilot studies to determine MCP-4
mRNA expression in several human airway epithelial cell lines
after stimulation with cytokines. Studies displayed in Fig. 8 A
demonstrate that the human bronchial epithelial cell lines
BEAS-2B, A549, and IB3-1 expressed MCP-4 mRNA after
stimulation for 24 h with TNFa (100 ng/ml) alone or in combi-
nation with IFNy (100 ng/ml). Expression of MCP-4 was de-
tectable in BEAS-2B cells after 3 h of stimulation with TNFax
(100 ng/ml), with no further increase in the production after
24 h of incubation (data not shown). Human endothelial cells
isolated from umbilical vein also expressed MCP-4 mRNA

Figure 5. C-C chemokine—
induced chemotaxis of the mouse
pre-B lymphoma cell line 300.19
transfected with CCR2b (Fig. 5
A, n = 3) and of the mouse pre-
B lymphoma cell line L1.2 trans-
fected with CCR3 (Fig. 5 B,

n = 3). Chemotaxis was assessed
using bare filter assays in Bio-
coat® transwell tissue culture
plates as described in Methods.
Filled circles, MCP-4; open cir-
cles, eotaxin; open squares,
RANTES; filled squares,
MCP-3; filled triangles, MCP-1;
open triangles, MIP-1a.

1 10 100 1000
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Figure 6. Competitive inhibition of '*I-eotaxin binding to eosino-
phils (A) and to CCR3-transfectants (C) and '*I-MCP-1 binding to
CCR2b-transfectants (B) by C-C chemokines. (A) Eosinophils

(n = 3) were incubated with 0.1 nM '**I-labeled eotaxin and 2, 20,
200, and 1,200 nM of unlabeled MCP-4, eotaxin, RANTES, MCP-3,
MCP-1, and MIP-1a. After 1 h at 37°C, cell pellets were washed and
counted as described in Methods. (B) The mouse lymphoma cell line
300.19 transfected with CCR2b was used to perform these experi-
ments (n = 3) according to the protocol described for eosinophils.
Cells were incubated with 0.1 nM *I-labeled MCP-1 and 2, 20, 200,
and 600 nM of unlabeled MCP-4, eotaxin, MCP-3, and MIP-1a. (C)
The lymphoma cell line L1.2 transfected with CCR3 was used for
these experiments (n = 3). Cells were incubated with 0.1 nM
125]-labeled eotaxin and 2, 20, 200, and 600 nM of unlabeled MCP-4,
eotaxin, RANTES, MCP-3, and MIP-1a. Filled circles, MCP-4; open
circles, eotaxin; open squares, RANTES,; filled squares, MCP-3; filled
triangles, MCP-1; open triangles, MIP-1a.
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Figure 7. (A) Northern blot analysis of poly(A)* RNA isolated from
several human tissues. (/) Autoradiography of MCP-4 mRNA ex-
pression. (I7) B-Actin mRNA expression from the same blot, after re-
moval of MCP-4 specific probe, showing integrity of RNA and equal
loading of lanes. (B) Detection of mRNA for MCP-4 in BAL cells.
MCP-4 mRNA was detected by RT-PCR in samples from five BAL
cell preparations from unchallenged normal donors and five prepara-
tions from mild, unchallenged asthmatic patients. — is the no-tem-
plate negative control; + is Bluescript plasmid containing MCP-4
coding region used as a positive control. Total RNA was reverse-tran-
scribed and amplified by PCR using MCP-4 (fop) and B-actin (bot-
tom) specific primers.

upon stimulation with TNFa and IFNvy, whereas no MCP-4
mRNA was detected in the human mast cell line HMC-1 when
cells were treated for 4 h with TPA (50 ng/ml) and the Ca**
ionophore A23187 (1077 M) (data not shown). We also assessed
the effect of exposure of BEAS-2B cells to 107 M budesonide
or DMSO diluent for 24 h before stimulation with the above
mentioned cytokines on production of mRNA for MCP-4 (Fig.
8 B). As has been observed with RANTES expression in the
BEAS-2B cells (66), budesonide was an effective inhibitor of
the expression of MCP-4 RNA. The effect observed with
budesonide is glucocorticoid specific, since it was observed
with hydrocortisone, but not with B-estradiol (data not shown).

Discussion

Recruitment of eosinophils to the lungs is a pivotal event in al-
lergic airways pathology associated with asthma or allergic
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rhinitis (1, 2). While recent studies indicate an important role
for endothelial activation by cytokines such as IL-4, IL-1, and
TNFa as well as eosinophil priming by cytokines such as IL-5,
IL-3, and GM-CSF, an increasing appreciation for the poten-
tial role of chemokines has evolved. Chemokines are now rec-
ognized to be essential participants in the sequence of events
by which circulating cells are induced to roll on endothelium,
adhere, and migrate across the vascular wall (3). With the
identification of more than 30 different chemokine molecules,
the chemokines also offer the potential to play a role in cell
type—selective recruitment. This study focuses on a newly rec-
ognized chemokine discovered by mass cDNA sequencing,
MCP-4. While many chemokines have been discovered by pu-
rification and sequencing of biologically active material (20,
67), many others, especially in the C-C subfamily, have been
discovered using molecular biological tools, including subtrac-
tion library screening, homology-based cloning, and mass
cDNA sequencing (13). We found that MCP-4 is a potent and
effective eosinophil chemoattractant. MCP-4 probably induces
migration of eosinophils through at least two receptors, includ-
ing CCR2b and CCR3. MCP-4 also activates IL-3—primed pe-
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Figure 8. Detection of MCP-4 mRNA by Northern
blot analysis in human bronchial epithelial cell lines:
modulation by cytokines (A) and the glucocorticoid
budesonide (B). (A) Expression of MCP-4 mRNA af-
ter incubation of the human bronchial epithelial cell
lines BEAS-2B, A549, and IB3-1 for 24 h with TNFa
(100 ng/ml) and IFN+y (100 ng/ml). () Autoradiography
of MCP-4 mRNA expression (representative of
n = 5 for BEAS-2B, n = 2 for A549 and IB3-1). (II)
G3PDH mRNA expression showing integrity of
RNA and equal loading of lanes. (B) Expression of
MCP-4 mRNA after incubation of BEAS-2B cells for
24 h with TNFa (100 ng/ml) alone (left) or with IFNy
(100 ng/ml) (right) after pretreatment for 24 h with
1077 M budesonide or DMSO diluent. (1) Autorad-
iography of MCP-4 mRNA expression (representa-
tive of n = 3). (II) G3PDH mRNA expression show-
ing integrity of RNA and equal loading of lanes. (I11)
Mean densitometric analysis of the experiments.

ripheral blood basophils to release histamine. MCP-4 mRNA
was found in human lung and in cells present in the lumen of
the airways and is produced by cultured airway epithelial cells
upon stimulation with cytokines. Finally, epithelial production
of MCP-4 is inhibited by prior exposure to the potent inhaled
glucocorticoid budesonide. Together, these results suggest that
MCP-4 should be considered among the chemokines of poten-
tial relevance to the localization of eosinophils in allergic dis-
eases of the airways.

In comparison with other eosinophil-active C-C chemo-
kines, MCP-4 was found to be the most potent in inducing the
migration of purified peripheral blood eosinophils. However,
the relative potency of chemokines has shown some degree of
variability among the different experimental models used in
this study and, in general, the assessment of their relative po-
tency as eosinophil chemoattractants has varied among reports
from different laboratories (16, 17). MCP-4-mediated activa-
tion of eosinophils was associated with an increase in intracy-
toplasmic calcium levels which had a dose dependence similar
to that observed for chemotactic responses.

Among the C-C chemokines, MCP-1 and MCP-3 are
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known to be potent basophil activators (19). In this study,
MCP-4 induced a significant release of histamine by IL-3—
primed peripheral blood basophils, which was comparable
with that induced by MCP-3. Thus, MCP-4 is able to activate
basophils and eosinophils, both cell types involved in allergic
reactions.

Experiments with cross-desensitization in eosinophils using
eotaxin, MCP-3, and MIP-1a suggest that this activation is me-
diated through at least two CCRs. The equal cross-desensitiza-
tion observed between MCP-4 and eotaxin suggests that MCP-4
can induce calcium mobilization after binding to the eotaxin
receptor, CCR3 (16). Furthermore, the ability of MCP-4 to
partially desensitize the response to MIP-la and abolish the
response to MCP-3 implies that MCP-4 can activate eosino-
phils by binding to other chemokine receptors, such as CCR1.

The high homology of MCP-4 with MCP-3, especially in
the functionally important NH, terminus, also implicates
CCR2b, which is known to be a receptor for MCP subfamily
members (31). Although CCR2b may not be expressed or rel-
evant in eosinophils, the functional binding of MCP-4 to
CCR2b is also suggested by data indicating that this molecule
induces migration of peripheral blood monocytes (43). Direct
evidence demonstrating an interaction of MCP-4 with CCR2b
and CCR3 was obtained in chemotaxis experiments and com-
petition binding experiments using mouse cells transfected
with these two receptors. MCP-4 induced migration of both
transfectants, demonstrating that either receptor could medi-
ate a productive MCP-4 signal. On the other hand, eotaxin was
active on the CCR3-transfected cells but not the CCR2-trans-
fected cells, suggesting a more limited range of targets for this
chemokine. Inhibition of *I-eotaxin binding by MCP-4 sup-
ports the conclusion that MCP-4 can bind to CCR3. Although
MCP-4 was a potent inhibitor of binding of labeled MCP-1 to
CCR2b-transfectants or eotaxin to CCR3-transfectants, it was
not as potent in inducing migration of the transfectants as it
was for peripheral blood eosinophils (see Figs. 2 and 5). This is
likely due to the fact that the transfected cells are transformed
mouse pre-B cells, which are not normally very migratory;
thus, they probably do not possess locomotor machinery com-
parable with normal peripheral blood leukocytes. Further-
more, there may be species differences affecting efficient sig-
naling. Whether CCR1 or 4 are able to ligand with MCP-4 is
unknown. However, the cross-desensitization with MIP-la
suggests that CCR1 may be capable of binding MCP-4.

The in vivo relevance of findings with MCP-4 is yet to be
established. Ultimately, the biological role of the different
chemokines will depend on timing of chemokine production,
localization of the chemokine signal, and either preexisting or
antigen-induced cofactors such as the presence of endothelial
activation and eosinophil priming. The analysis of MCP-4
mRNA expression in various human tissues revealed that this
chemokine is not ubiquitously expressed. The marked expres-
sion of mRNA for MCP-4 in the lung, as well as its detection in
the cells recovered from airways by BAL indicates that MCP-4
may be produced in vivo predominantly in the airways.
Whether MCP-4 is upregulated in inflammatory conditions is
yet unknown; the nonquantitative RT-PCR analysis we per-
formed on BAL cells did not detect an obvious difference be-
tween control and mild asymptomatic asthmatics. The influ-
ence of antigen challenge will be determined in future studies.

The potential cellular sources of MCP-4 in the airways are
also presently under investigation. BAL cells collected from
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asthmatic subjects are predominantly macrophages and eosin-
ophils. However, monocytes and lymphocytes can be found in
the BAL fluid as well as epithelial cells and neutrophils in
some cases. Experiments using three different human epithe-
lial cell lines indicate that MCP-4 mRNA expression can be in-
duced in airway epithelial cells upon stimulation with proin-
flammatory cytokines. In fact, Northern blot and RT-PCR
assays indicated that epithelial cells cultured in the presence of
the cytokines TNFa and IFNvy, which are optimal stimuli for
RANTES production, expressed mRNA for MCP-4 while un-
stimulated epithelial cells did not. Whether lower airway epi-
thelial cells produce MCP-4 mRNA or product in vivo in asth-
matics or after antigen challenge would be of significant
interest to determine.

The potent inhaled glucocorticoid budesonide was an ef-
fective inhibitor of the expression of MCP-4 mRNA in cul-
tured BEAS-2B epithelial cells activated with cytokines in
vitro. Epithelial cells are the first cell type to come in contact
with inhaled glucocorticoids. Previous studies from our labora-
tories and others have shown that epithelial cell production of
several cytokines, including GM-CSF, RANTES, MCP-1, and
IL-6, is inhibited by exposure of these cells to glucocorticoids
(68). These findings lead to the hypothesis that epithelial cells
are an important source of proinflammatory cytokines in the
airways and an important target of the antiinflammatory ef-
fects of inhaled glucocorticoids. Since inhaled glucocorticoids
now represent in many cases the drug of first choice for the
treatment of allergic airways disease, these findings must be
considered of relevance to the therapeutic management of
asthma.

In summary, we have found that a newly identified beta or
C-C chemokine, MCP-4, was a potent and effective eosinophil
chemoattractant and basophil activator which is produced by
airway epithelial cells and in vivo in bronchoalveolar cells.
Production of MCP-4 mRNA is inhibited in epithelial cells by
glucocorticoids and the actions of MCP-4 are likely to involve
several different CCRs, including CCR1, 2, and 3. Since this
chemokine is a potent eosinophil chemoattractant, is produced
by airway epithelial and other airway cells, and is a target of
glucocorticoids, considerations of the mechanisms of allergic
airways eosinophil recruitment should include the possibility
that MCP-4 participates.
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