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The Eotaxin Chemokines and CCR3 Are Fundamental
Regulators of Allergen-Induced Pulmonary Eosinophilia

Samuel M. Pope,** Nives Zimmermann,* Keith F. Stringer,” Margaret L. Karow,® and
Marc E. Rothenberg*

The eotaxin chemokines have been implicated in allergen-induced eosinophil responses in the lung. However, the individual and
combined contribution of each of the individual eotaxins is not well defined. We aimed to examine the consequences of genetically
ablating eotaxin-1 or eotaxin-2 alone, eotaxin-1 and eotaxin-2 together, and CCR3. Mice carrying targeted deletions of these
individual or combined genes were subjected to an OVA-induced experimental asthma model. Analysis of airway (luminal)
eosinophilia revealed a dominant role for eotaxin-2 and a synergistic reduction in eotaxin-1/2 double-deficient (DKQO) and CCR3-
deficient mice. Examination of pulmonary tissue eosinophilia revealed a modest role for individually ablated eotaxin-1 or
eotaxin-2. However, eotaxin-1/2 DKO mice had a marked decrease in tissue eosinophilia approaching the low levels seen in
CCR3-deficient mice. Notably, the organized accumulation of eosinophils in the peribronchial and perivascular regions of allergen-
challenged wild-type mice was lost in eotaxin-1/2 DKO and CCR3-deficient mice. Mechanistic analysis revealed distinct expression
of eotaxin-2 in bronchoalveolar lavage fluid cells consistent with macrophages. Taken together, these results provide definitive
evidence for a fundamental role of the eotaxin/CCR3 pathway in eosinophil recruitment in experimental asthma. These results

imply that successful blockade of Ag-induced pulmonary eosinophilia will require antagonism of multiple CCR3 ligands. The

Journal of Immunology, 2005, 175: 5341-5350.

llergic disease (asthma, rhinitis, atopic dermatitis, and

food allergy) is a growing threat to public health with

~30% of the population of industrialized countries be-
ing afflicted. Although numerous inflammatory cells contribute to
various aspects of disease pathogenesis, mounting evidence has
shown that the localization and activation of eosinophils within the
tissue may be an important factor in disease pathogenesis (1, 2).
Eosinophils are thought to exert their effects by release of granule
proteins. Indeed, levels of eosinophil granule proteins (e.g., major
basic protein (MBP?)) often correlate with the severity of allergic
disease (3).

Accordingly, elucidating the mechanism of eosinophil tissue re-
cruitment is a topic of intense research focus (4). Eosinophil re-
cruitment into inflammatory sites has been shown to involve a
number of cytokines (most notably the Th2 cell products IL-4,
IL-5, and IL-13) (5-7), adhesion molecules (e.g., 3,, B,, and 3,
integrins) (8), chemokines (e.g., RANTES and the eotaxins (9),
and other molecules (e.g., acidic mammalian chitinase) (10). Of
the cytokines implicated in modulating leukocyte recruitment, only
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IL-5 and the eotaxins selectively regulate eosinophil trafficking
(11). IL-5 regulates growth, differentiation, activation, and survival
of eosinophils and has been shown to provide an essential signal
for the expansion and mobilization of eosinophils from the bone
marrow into the lung following allergen exposure (12). However,
Ag-induced tissue eosinophilia can occur independent of IL-5, as
demonstrated by residual tissue eosinophils in trials using anti-
IL-5 in patients with asthma (13) and IL-5-deficient mice (14).
Recent studies have also demonstrated an important role for the
eotaxin subfamily of chemokines in eosinophil recruitment to the
lung (9, 15-17).

Eotaxin was initially discovered using a biological assay in
guinea pigs designed to identify the molecules responsible for al-
lergen-induced eosinophil accumulation in the lungs (11). Subse-
quently, using genomic analyses, two additional chemokines have
been identified in the human genome, which encode for CC che-
mokines with eosinophil-selective chemoattractant activity, and
have hence been designated eotaxin-2 and eotaxin-3 (18, 19).
Eotaxin-2 and eotaxin-3 are only distantly related to eotaxin-1 be-
cause they are only ~30% identical in sequence and are located on
different chromosomes (19, 20). The specific activity of all eotax-
ins is mediated by the selective expression of the eotaxin receptor,
CCR3, a seven-transmembrane spanning, G protein-coupled re-
ceptor, primarily expressed on eosinophils (21, 22), while noted on
a subset of Th2 cells (23) and mast cells in humans (24), little is
known about the expression of CCR3 on cells other than eosino-
phils in the mouse. Notably, the eotaxin chemokines cooperate
with IL-5 in the induction of tissue eosinophilia. IL-5 increases the
pool of eotaxin-responsive cells and primes eosinophils to respond
to CCR3 ligands (12, 25). Furthermore, when given exogenously
eotaxin-2 cooperates with IL-5 to induce substantial production of
IL-13 in the lung (16). The finding that IL-4 and IL-13 are potent
inducers of the eotaxin chemokines, by a STAT6-dependent path-
way, has provided an integrated mechanism to explain the eosin-
ophilia associated with Th2 responses (9). Interestingly, an elegant
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study has recently identified that eosinophil recruitment to the lung
is dependent on STAT6 and a bone marrow-derived lung tissue
resident non-T or B cell, but surprisingly, the specific cell and the
chemoattractants responsible remain unknown (26).

Although a variety of approaches have been used to determine
the biological role of the eotaxin chemokines, most studies have
primarily focused on eotaxin-1. Using eotaxin-1 gene-deficient
mice or neutralizing Abs, eotaxin-1 has been shown to have a
contributory role in the temporal and regional distribution of eo-
sinophils in the lung in several Ag-induced models of asthma (27).
However, in all studies, a significant number of residual eosino-
phils was found when eotaxin-1 was neutralized, indicating the
importance of additional regulatory molecules. Preliminary evi-
dence exists that these residual eosinophils require CCR3, at least
in part (30, 31). Recently, CCR3 gene-targeted mice have been
developed, and two reports have been published concerning the
induction of experimental asthma (30, 31). Using a standard ex-
perimental asthma model induced by systemic sensitization with
OVA/alum followed by respiratory OVA challenge, only a modest
reduction in lung eosinophils was found (31). However, when the
same CCR3-deficient mouse line was subjected to experimental
asthma induction by epicutaneous OV A sensitization, there was a
marked deficiency of lung and bronchoalveolar lavage fluid eosin-
ophils (30). It was proposed that these apparently conflicting re-
sults may be related to the sensitization protocol (30), but the rea-
son for this apparent discrepancy remains unknown and its role in
the residual eosinophilia seen in eotaxin-1 neutralization studies
remains uncertain.

Despite numerous studies demonstrating the induction and cor-
relation of eosinophils with each of the eotaxin chemokines in the
human respiratory tract, there is a surprising paucity of information
concerning the relative importance of each individual eotaxin che-
mokine, other CCR3 ligands, and additional non-CCR3-dependent
pathways. Elucidating the individual and combined role of each of
these molecules in regulating Ag-induced pulmonary eosinophilia
is not just an academic question because there are numerous ther-
apeutic compounds in development aimed at inhibiting each
eotaxin and CCR3 by a variety of approaches (21, 32). Accord-
ingly, in this article, we aimed to define the exact contribution of
each eotaxin chemokine in a standard model of OV A-induced pul-
monary inflammation. Because a functional murine homologue of
human eotaxin-3 has not yet been characterized, we concentrated
on eotaxin-1 and eotaxin-2. To definitively address this critical
question, we took a gene targeting approach to generate mice de-
ficient in either eotaxin-1 or eotaxin-2 alone, eotaxin-1 and
eotaxin-2 together, and the eotaxin receptor CCR3 (generated by a
distinct strategy).

Materials and Methods
Generation of eotaxin-2-deficient and eotaxin-1/2 double-
deficient (DKO) mice

Eotaxin-2-deficient mice were engineered by standard molecular tech-
niques as described previously (33). In brief, a targeting construct was
designed to ablate eotaxin-2 expression by replacing the first two exons of
eotaxin-2 with a neomycin resistance gene (see Fig. 14). Mice were geno-
typed by Southern blot showing a wild-type band of 28.3 kb and an
eotaxin-2-deficient band at 8.6 kb and by PCR (wild-type product = 2.4 kb
and eotaxin-2-deficient product = 2.2 kb) as described previously (33).
Eotaxin-1/2 DKO mice were generated by breeding eotaxin-2-deficient
mice with eotaxin-1-deficient mice in the 129 SvEv background (27) and
genotyping F2 offspring. Mice carrying the eotaxin-1 gene-targeted allele
were identified by Southern blot analysis, as described previously (27).
Experiments were performed on 6- to 8-wk-old mice, and controls con-
sisted of 129 SvEv mice of similar age. All mice were maintained in a
specific pathogen-free vivarium, and all experiments with mice have been
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reviewed by the Institutional Animal Care and Use Committee and were
conducted in accordance with all applicable regulations.

Generation of CCR3-deficient mice

CCR3-deficient mice were designed and developed by VelociGene tech-
nology (34). In brief, the CCR3 gene was replaced by a reporter-selection
cassette, which consists of a 3-galactosidase (LacZ) enzyme gene and a
neomycin resistance gene (see Fig. 1B). The knockout (KO)/reporter con-
struct was created by bacterial homologous recombination into a bacterial
artificial chromosome encoding CCR3 and was constructed so that the
LacZ gene is placed in frame with the second amino acid of CCR3. The
construct deletes the 1074-bp coding region of CCR3 contained in exon 2
of the gene. The KO/reporter construct was electroporated into 129S1/Sv-
derived ES cells, CJ7 clone (28, 35). Targeted clones were identified by
Tagman screening, using two probes in the CCR3 gene as loss-of-allele
probes (29). Chimeric mice were generated by microinjecting targeted ES
clones into C57BL/6 embryos. Mice were backcrossed twice to C57BL/6
mice, and heterozygote backcrossed mice were crossed to create homozy-
gous CCR3 gene-targeted mice. Mice were identified as heterozygotes and
homozygotes by Tagman assay using probes for the NEO and LacZ genes
and the CCR3 loss-of-allele probes. Mice were genotyped by PCR (com-
mon primer (P1) AAATTTGGAATTCCCCCCTTC, wild-type primer (P2)
AAACACCTTCGGCTCTTTTTC), and the LacZ primer (P3) GTCTGTC
CTAGCTTCCTCACTG producing a wild-type band of ~350 bp and a
deficient band of ~450 bp. The absence of CCR3 in homozygous KO mice
was confirmed by Northern blot and flow cytometric analysis using a flu-
orescein-labeled monoclonal rat anti-mCCR3 Ab (see Fig. 1D). Experi-
ments on CCR3-deficient mice were performed on 6- to 8-wk-old mice and
background-matched wild-type controls derived from littermates.

OVA-induced model of pulmonary inflammation

A mouse model of allergic lung disease was established as described pre-
viously (36). In brief, mice were sensitized by i.p. injection of 100 ug of
OVA and 1 mg of alum in 200 ul of sterile physiologic saline on two
occasions separated by 2 wk. Two weeks after the last sensitization, lightly
anesthetized mice (isoflurane inhalation) received two intranasal adminis-
trations of 50 ug of OVA or control saline 3 days apart. Mice were sac-
rificed between 18 and 20 h after the second intranasal challenge.

Bronchoalveolar lavage fluid (BALF) collection and analysis

The mice were euthanized by CO, inhalation. Immediately thereafter, a
midline neck incision was made, and the trachea was cannulated. The lungs
were lavaged three times with 1.0 ml of PBS containing 1% FCS and 0.5
mM EDTA. The recovered BALF was centrifuged at 400 X g for 5 min at
4°C and resuspended in 200 ul of PBS containing 1% FCS and 0.5 mM
EDTA. Lysis of RBC was conducted using RBC lysis buffer (Sigma-
Aldrich) according to the manufacturer’s recommendations. Total cell
numbers were counted with a hemacytometer. Cytospin preparations of
5 X 10* cells were stained with Giemsa-Diff-Quick (Dade Diagnostics),
and differential cell counts were determined.

Eosinophil blood levels

Peripheral blood (5 ul) was added directly to 45 ul of Discombe’s solution,
and the eosinophils were counted with a hemacytometer as reported pre-
viously (37).

Bone marrow eosinophil CFU analysis

Eosinophil CFU analysis was performed as described previously (38). In
brief, nonadherent low-density mononuclear cells (1 X 10%) were cultured
at 37°C and 5% CO, in 35 X 10-mm tissue culture dishes in 1.0 ml of
Methocult, 20% FCS, and 5.0 ng/ml recombinant mouse IL-5.

Ab staining and flow cytometry

In some experiments, cells were isolated from CCR3-deficient and wild-
type mice 30 min after i.v. injection with 100 pM/kg (2.5 ng) of murine
rIL-5 (R&D Systems) as described in Mold et al. (39). Flow cytometry was
performed with isotype control Abs or fluorescein-labeled monoclonal rat
anti-mCCR3 Ab (R&D Systems), anti-CD3e-FITC, anti-CD-4-FITC, anti-
CD-8-PE, and anti-B220-PE Abs (BD Pharmingen).

ELISA measurements

The murine eotaxin-1 ELISA was used as described previously (36). The
murine eotaxin-2 ELISA was a newly developed sandwich-type ELISA
with custom and commercial antisera. Briefly, Immulon 4HBX microtiter
plates (Dynex Technologies) were coated with polyclonal rabbit anti-mu-
rine-eotaxin-2. Purified rabbit serum was collected by Pocono Farms, after
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several injections of murine eotaxin-2 protein (PeproTech) and Freund’s
adjuvant. Rabbit serum containing the anti-eotaxin-2 Ab was purified by
ammonium sulfate precipitation and dialyzed against three changes of 100-
fold excess volume of PBS. Nonspecific binding was blocked, with 10%
BSA in PBS. Sample was then added to each well. Then the second Ab,
anti-murine eotaxin-2 (anti-MPIF-2; R&D Systems), was added. A detec-
tion antibody, polyclonal donkey-anti-goat IgG-HRP conjugated Ab (Santa
Cruz Biotechnology), was then added. BD OptEIA tetramethylbenzidine
substrate (BD Pharmingen) was used and the OD was read at 450 nm. The
least sensitive of three experiments for eotaxin-1 and eotaxin-2 ELISAs
were ~150 and 300 pg/ml, respectively.

Quantification of tissue eosinophil and mast cell levels

Eosinophils in the tissue were differentially stained using an antiserum
against murine MBP (anti-MBP) as described previously (40). In brief,
endogenous peroxidase was quenched with 0.3% hydrogen peroxide in
methanol followed by nonspecific protein blocking with normal goat se-
rum. Tissue sections were then treated with pepsin (Digest-All 3; Zymed
Laboratories) 4 min at room temperature and then incubated with rabbit
anti-murine MBP Ab (1:5000, a kind gift from J. Lee (Mayo Clinic, Scotts-
dale, AZ)) 1 h at room temperature, followed by 1/500 dilution of biotin-
ylated goat anti-rabbit IgG secondary Ab and avidin-peroxidase complex
(Vector Laboratories) for 30 min each. These slides were further treated
with nickel diaminobenzidine-cobalt chloride solution to form a black pre-
cipitate and counterstained with nuclear fast red. Quantification of immu-
noreactive cells was performed by morphometric analysis using the Image
Pro Plus imaging software system (Media Cybernetics). Five-micrometer
tissue sections were also stained for mucosal mast cells with chloroacetate
esterase activity as described elsewhere (41) and lightly counterstained
with methyl green. At least three random sections per mouse were ana-
lyzed. Quantification of stained cells per square millimeter of trachea was
performed by morphometric analysis using the Image Pro Plus imaging
software system (Media Cybernetics). At least four selections per mouse
were analyzed. For the lung, the subepithelial peribronchial tissue regions
associated with medium sized bronchioles were quantified. For the jeju-
num, the villus and lamina propria regions were quantified. Total cell num-
bers were counted relative to the total tissue area. Calculated eosinophil
and mast cell levels are expressed as cells/mm?.

In situ hybridization of mouse lung

In situ hybridization was performed as described previously (42). In brief,
murine eotaxin-1 cDNA in pBluescript plasmid was linearized by restric-
tion enzyme digest with Xhol or EcoRI sense and antisense probes were
generated by T7 and T3 RNA polymerase, respectively (Riboprobe Gemini
Core System II transcription kit; Promega). Murine eotaxin-2 cDNA in
pBluescript plasmid was linearized by restriction enzyme digest with Xhol
or EcoRI and antisense and sense probes were generated by T7 and T3
RNA polymerase, respectively. The radiolabeled («S35-UTP) probes were
hybridized and washed under high-stringency conditions. Expression of
each chemokine by cells in the airway was quantitated by counting the
number of positive cells (having >10 granules/cell) located in the airway
of at least seven medium-sized bronchioles (lined with columnar epithelia)
per lung section, which had at least one inflammatory cell present. Data are
expressed as positive cells per airway = SEM.

Northern blot densitometry analysis

Mice were sacrificed by CO, inhalation. Immediately after collection of
BALF, the right lobe of the lung from each mouse was homogenized in
TRIzol, and RNA was purified per manufacturer recommendations. RNA
(12 pg) was electrophoresed through 1.5% agarose, transferred to a hy-
bridization membrane, and probed with sequence specific probes for
eotaxin-1, eotaxin-2, and B-actin. Blots were placed in a phosphor imager
autoradiography cassette and the phosphor screen was scanned with a
Storm 860 scanner (Amersham Biosciences). Densitometry of the Northern
blot was performed in Imagequant software and reported as a ratio of
eotaxin expression to B-actin expression, which was similar in saline- and
OVA-challenged mice. Data are expressed as the mean number of pixels
above background divided by the mean number of pixels above back-
ground for B-actin (e.g., eotaxin/B-actin) =SEM.

Statistical analysis

Data are expressed as mean = SEM. Statistical significance comparing
different sets of mice was determined by Wilcoxon rank-sum of the
mean test.
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Results
Generation of eotaxin-2-deficient, eotaxin-1/2 DKO, and CCR3-
deficient mice

To disrupt the eotaxin-2 gene (located on chromosome 5), a tar-
geting strategy was used that deleted 1.86 kb of DNA correspond-
ing to all of exons 1 and 2 (Fig. 1A) and thus producing a null
mutation. Clones that underwent homologous recombination were
screened by Southern blot analysis using the 3" probe. Two tar-
geted clones were injected into blastocysts, and the resulting
chimeras both transmitted the disrupted eotaxin-2 allele to
progeny. Subsequently, eotaxin-2-deficient mice were crossed
with eotaxin-1-deficient mice (located on chromosome 11) of
the same 129 SvEv genetic background and F2 offspring were
identified that contained deletions of both eotaxin genes (des-
ignated eotaxin-1/2 DKO).

The murine CCR3 gene is composed of at least two exons, but
importantly, the entire open reading frame of the gene product is
present on a single exon (exon 2). To disrupt the CCR3 gene, a
targeting strategy was used that deleted 1074 bp of exon 2 (Fig.
1B). Embryonic stem cells containing CCR3-targeted clones were
injected into blastocysts, and the disrupted CCR3 allele was found
to be present in the germline of mice.

Cumulative genotyping of heterozygous crosses of mice con-
taining either the eotaxin-2 or CCR3-targeted alleles revealed that
the targeted alleles were inherited at predicted Mendelian ratios
(data not shown). The eotaxin-2-targeting strategy was verified by
the absence of eotaxin-2 in the BALF by ELISA (data not shown)
and the absence of eotaxin-2 mRNA expression in the lungs of
OVA-challenged mice (Fig. 1C). Notably, levels of eotaxin-1 were
unaffected by disruption of the eotaxin-2 locus (Fig. 1C). Addi-
tionally, the CCR3-targeting strategy resulting in the loss of CCR3
expression was verified by Northern blot analysis of lung mRNA
from OVA-challenged mice (data not shown) and by flow cyto-
metric analysis (Fig. 1D).

Analysis of eotaxin-2-deficient, eotaxin-1/2 DKO, and CCR3-
deficient mice revealed no gross or histological abnormalities in
any organ, including those with abundant eotaxin-1 and/or
eotaxin-2 expression (thymus, spleen, heart, and intestine). The
leukocytes from the thymus and spleen from wild-type, eotaxin-
2-deficient, eotaxin-1/2 DKO, and CCR3-deficient mice were sub-
jected to flow cytometry analysis for cell surface markers. No
quantitative or qualitative abnormalities were seen in leukocyte
phenotype using lymphocyte markers that included B220, CD3,
CD4, and CD8 (data not shown).

We first examined baseline eosinophil levels of the various
gene-deficient mice in various hemopoietic tissues, including the
blood, bone marrow, spleen, and jejunum (Table I). It is important
to note for this and subsequent experiments that the CCR3-defi-
cient mice were compared with their own matched wild-type
control mice because the genetic background of this strain is not
identical to the other mouse lines. This analysis revealed that
eotaxin-2-deficient mice had normal levels of eosinophils in each
compartment. In contrast, eotaxin-1/2 DKO mice had a 1.5- to
2-fold increase of eosinophils in the bone marrow and peripheral
blood compared with wild-type mice (p < 0.05, p < 0.01) and a
marked 85-fold fewer eosinophils in the jejunum (p < 0.01) (Ta-
ble I). Although CCR3-deficient mice had similar numbers of eo-
sinophils in the bone marrow, they had 2-fold fewer eosinophils in
the peripheral blood compared with wild-type controls (p < 0.05)
and over 150-fold fewer eosinophils in the jejunum (p < 0.01)
(Table I). As a control, eotaxin-1-deficient mice had markedly re-
duced eosinophils in the jejunum (1.4 * 0.4 eosinophils/mm?)
(p < 0.01) compared with wild-type control mice. To investigate
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the differences in eosinophil numbers in the bone marrow and
blood of naive mice, we examined the numbers of eosinophil pro-
genitor cells in the bone marrow. Interestingly, eosinophil progen-
itor numbers in eotaxin-1/2 DKO and CCR3 KO mice were com-
parable to levels seen in wild-type controls having 6.1 = 1.4 and
4.5 £ 0.5 eosinophil CFU/ml, respectively (mean = SEM; n = 5
and 4), compared with 6.6 = 1.4 and 4.2 * 0.4 eosinophil CFU/ml
(mean = SEM; n = 5 and 3) in their respective wild-type controls.
Taken together, while there are subtle differences of eosinophil
levels in the hemopoietic organs of mice with deletions of both
eotaxin-1 and eotaxin-2 together and CCR3, the predominant ef-

Table 1. Eosinophil levels in hematopoietic tissues and jejunum®

Sal OVA Sal OVA

J

0 10 102 103 104
CCR3 FITC

fect of these genetic deletions is a marked deficiency of gastroin-
testinal eosinophils, a primary ramification of eotaxin-1.

Eotaxin 1/2 DKO and CCR3-deficient mice have elevated
allergen-induced peripheral blood eosinophilia

To examine the role of the eotaxins and CCR3 in regulating eo-
sinophil trafficking during the induction of experimental asthma,
we subjected the various gene-targeted mice (and their strain-
matched controls) to the OVA-induced pulmonary inflammation
model. Analysis of peripheral blood from both strains of wild-type

Tissue WT? Eot-2 KO Eot-1/2 DKO CCR3 WT CCR3 KO
Bone marrow (eos/ml X 10°) 52+06 78 = 1.1 9.9 + 1.47 65=*1.6 9.6+ 1.0
Blood (eos/ml X 105) 1.5+0.2 1.5+0.2 3.2 =04 1.3 +0.2 0.7 +0.17
Spleen (eos X 10%) 82+12 77%1.5 16.1 = 6.1 129 +33 6.0 = 1.1*
Jejunum (eos/mm?) 366 + 49 358 + 64 4.3 £ 2.3 146 + 36 1.2 = 0.8%

“ Results are depicted as the mean = SEM (n = 7-10 for bone marrow; n = 11-18 for peripheral blood; n = 7-14 for spleen, and n = 6—12 for jejunum). An asterisk

“%” indicates p < 0.01 and a “™ indicates p < 0.05 compared with wild-type mice.

> WT, wild type.
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mice revealed that eosinophil levels following two OVA chal-
lenges modestly decreased compared with saline-challenged mice.
Interestingly, analysis of all of the gene-deficient mouse lines, ex-
cept eotaxin-1-deficient mice, revealed consistent increases in
OVA-induced blood eosinophilia compared with their wild-type
controls. For example, eotaxin-2-deficient, eotaxin-1/2 DKO, and
CCR3-deficient mice showed a 4-, 10-, and 6-fold increase over
their wild-type controls, respectively, while peripheral blood eo-
sinophil levels in OVA-challenged eotaxin-1-deficient mice were
similar to wild-type mice (Fig. 2). There was a modest (not sta-
tistically significant) increase in the level of eosinophils in the
saline-treated eotaxin-2 KO and eotaxin-1/2 DKO mice. Collec-
tively, these results demonstrate that the eotaxin/CCR3 pathway
can have effects on the level of allergen-induced eosinophil re-
sponses in the peripheral blood, likely by an indirect mechanism.

Eotaxin-1 and eotaxin-2 synergistically regulate allergen-
induced airway eosinophilia

Examination of the OVA-challenged eotaxin-2-deficient mice re-
vealed a ~4-fold reduction in the number of BALF eosinophils
compared with OV A-challenged wild-type mice (3.3 * 0.8 X 10°
and 12 * 3.4 X 10°, respectively) (mean = SEM; n = 15 mice
(p < 0.02)) (Fig. 3), which corresponded to a change in the per-
centage of eosinophils from 38.5 = 14.0 and 57.8 = 16.5% of the
total cells in the BALF of eotaxin-2-deficient and wild-type mice,
respectively (mean = SEM; n = 15 mice (p < 0.01)). In contrast,
eotaxin-1-deficient mice had levels of airway eosinophils similar
to wild-type mice (8.9 + 2.7 X 10°) (Fig. 3). These results estab-
lish a dominant role for eotaxin-2 compared with eotaxin-1 in reg-
ulating OVA-induced BALF eosinophilia. Analysis of eotaxin-1/2
DKO mice showed a 7-fold decrease in BALF eosinophils com-
pared with wild-type mice (12 = 3.4 X 10° to 1.8 * 0.3 X 10°,
respectively (p < 0.01)). Notably, eotaxin-1/2 DKO mice had a
decrease in BALF eosinophilia compared with mice carrying a
deletion of eotaxin-1 or eotaxin-2 alone (1.8 + 0.3 X 10° com-
pared with 8.9 = 2.7 X 10° and 3.3 = 0.8 X 10°, respectively
(p < 0.05 and p < 0.05)) (Fig. 3). Analysis of CCR3-deficient
mice revealed a consistent and profound decrease in OV A-induced

25 - p<0.001 % @ Sal
um OVA
p<0.001
p<0.001

Eosinophils/ml (x 10%)

Eot-2 KO [Eot-1/2 DKO CCR3WT CCR3 KO

WT Eot-1 KO

FIGURE 2. Peripheral blood eosinophil counts in saline and OVA-chal-
lenged mice. Wild-type (WT), eotaxin-1-deficient (Eot-1 KO), eotaxin-2-
deficient (Eot-2 KO), eotaxin-1/2 DKO (Eot-1/2 DKO), CCR3 wild-type
(CCR3 WT), and CCR3-deficient (CCR3 KO) mice were subjected to the
OVA model of allergic airway inflammation. Blood was harvested after
mice were sacrificed 18-20 h after the second challenge. Results show the
mean eosinophils/milliliter per mouse = SEM. An asterisk indicates values
that have a Wilcoxon rank-sum value <0.05 comparing OVA to the saline-
challenged mice of the same genotype. (WT, n = 9 and 18; Eot-1 KO, n =
4 and 9; Eot-2 KO, n = 6 and 15; Eot-1/2 DKO, n = 8 and 20; CCR3 WT,
n = 13 and 9; CCR3 KO, n = 6 and 18 for saline and OVA-challenged
mice, respectively).
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FIGURE 3. Eosinophil numbers in the BALF of OV A-challenged mice.
Wild-type (WT), eotaxin-1-deficient (Eot-1 KO), eotaxin-2-deficient
(Eot-2 KO), eotaxin-1/2 DKO (Eot-1/2 DKO), CCR3 wild-type (CCR3
WT), and CCR3-deficient (CCR3 KO) mice were subjected to the OVA
model of allergic airway inflammation. Mice were sacrificed 1820 h after
the second challenge, and BALF was collected, and eosinophils were
counted. All data are expressed as a mean number of eosinophils/BALF *
SEM (WT, n = 9 and 18; Eot-1 KO, n = 4 and 9; Eot-2 KO, n = 6 and
15; Eot-1/2 DKO, n = 8 and 20; CCR3 WT, n = 6 and 13; CCR3 KO, n =
6 and 18 for saline and OVA-challenged mice, respectively).

BALF eosinophilia. Analysis of noneosinophils in the BALF of
allergen-challenged mice revealed no significant differences be-
tween the genetically engineered and wild-type mice (Table II).

Eotaxin-1 and eotaxin-2 synergistically regulate allergen-
induced lung tissue eosinophilia

OVA-challenged eotaxin-1-deficient mice and eotaxin-2-deficient
mice had levels of peribronchial eosinophils similar to wild-type
mice (901 * 93, 622 *+ 134, and 717 = 119 eosinophils/mmz,
respectively, mean = SEM) (Fig. 4). However, there was a dra-
matic (85%) reduction of peribronchial eosinophils in the eotaxin-
1/2 DKO mice compared with either eotaxin-1 or eotaxin-2 single
deficiency alone (p < 0.001) being decreased from 901 * 93 and
622 + 134 eosinophils/mm? in eotaxin-1-deficient and eotaxin-2-
deficient mice, respectively, to 106 = 24 eosinophils/mm” in
eotaxin-1/2 DKO (Fig. 4). This data suggest that the eotaxins act
cooperatively to attract eosinophils and that ablation of both che-
mokines is required to significantly affect the level of tissue eo-
sinophils. Furthermore, CCR3-deficient mice had an impressive
reduction in the number of peribronchial eosinophils compared
with wild-type mice (15.7 = 5.1 vs 633 = 149 eosinophils/mm?,
respectively) (Fig. 4). Representative photomicrographs from
OVA-challenged wild-type, eotaxin-1/2 DKO, and CCR3-defi-
cient mice are shown in Fig. 5. It is interesting to note that while
wild-type mice and mice deficient in only one eotaxin chemokine
contained eosinophils primarily in the peribronchial and perivas-
cular regions, both the CCR3-deficient and eotaxin-1/2 DKO
mouse lines showed only scattered eosinophils, primarily in the
lung parenchyma not associated with the peribronchial/perivascu-
lar inflammatory infiltrates (Fig. 5 and data not shown).

Different induction patterns for eotaxin-1 and eotaxin-2

Collectively, our results substantiate cooperative and nonoverlap-
ping roles for eotaxin-1 and eotaxin-2 in regulating OV A-induced
inflammatory responses in the lung. We hypothesized that the
eotaxins may have a distinct temporal and/or spatial induction pro-
file. To test this hypothesis, we analyzed the kinetics of eotaxin-1
and eotaxin-2 accumulation in the lung between 0 and 120 h after
the second allergen challenge. Northern blot analysis of eotaxin-1
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Table II. Macrophage, neutrophil, and lymphocyte levels in the BALF"

THE EOTAXINS AND CCR3 MEDIATE PULMONARY EOSINOPHILIA

Macrophages (X 10%)

Neutrophils (x10%) Lymphocytes (X10%)

Genotype Sal OVA Sal OVA Sal OVA
WT? 20*+03 34 =10 0.2 0.1 17 £ 3.1 0.3 *0.1 15 3.1
Eotaxin-1 KO 2.1*03 33 =10 0.1 =0.02 11 £25 0.1 =0.02 10 £ 2.5
Eotaxin-2 KO 1.3+04 22 *+59 0.2 0.1 12 226 0.1 £0.1 9.0 £2.6
Eotaxin-1/2 DKO 44+ 1.0 18 = 3.1 0.3 *+0.1 12 +2.6 1.5*1.0 10 £ 2.6
CCR3 WT 12 =57 18 = 4.0 1.2+0.5 23 £5.6 0.3 £0.6 18 £5.6
CCR3 KO 7.1 *+4.1 11 £3.0 04*+02 17+53 05*+02 12+52

“The level of macrophages, neutrophils, and lymphocytes in the BALF 18-20 h after the second allergen challenge is shown. Results are depicted as the mean = SEM (n =

4-9 for saline and n = 9-20 for OVA-challenged mice).
> WT, wild type.

mRNA expression revealed peak levels at 6 h and a decline there-
after (Fig. 6A). Eotaxin-2 mRNA expression peaked somewhat
later (10 h) and returned to baseline by 24 h (Fig. 6B). We next
examined the level of eotaxin-1 and eotaxin-2 protein in the
BALF. Eotaxin-1 protein peaked at 10 h and reached 0.15 ng/ml
before declining to below the detection limit by 48 h (Fig. 6C).
Statistically significant values (p < 0.01) for OVA compared with
saline were observed at 6 and 10 h. Eotaxin-2 protein peaked at
10 h reaching 1.9 ng/ml (10-fold higher than eotaxin-1 levels)
before declining to 0.6 ng/ml by 120 h (Fig. 6D). Statistically
significant values (p < 0.01) were observed at 6, 10, and 24 h.
Comparison of eotaxin induction with eosinophil accumulation in
the BALF revealed that expression of the eotaxins preceded eo-
sinophil accumulation, which peaks at 72 h and remains sustained
for the duration of the analysis (Fig. 6E). There was not a statis-
tically significant linear relationship between eotaxin-1 and -2 lev-
els and eosinophil numbers in the BALF by Pearson’s analysis.
Thus, the largest difference between eotaxin-1 and eotaxin-2 pro-
tein expression in the BALF was the 10-fold higher eotaxin-2 con-
centration and the kinetics of protein decline.

Eotaxin-1 and eotaxin-2 are expressed in a distinct spatial
compartment in the lung

To gain more mechanistic insight into the distinct roles of
eotaxin-1 and eotaxin-2 in allergen-induced eosinophilia, we de-

p<0.001
1200 p<0.001 7 & Sal
= W ovA
p<0.001
NE p<0.001
£ 800 i
K
b
[}
]
£
& 400
w
e W W I e
wT Eot-1 KO Eot-2 KO Eot-1/2 DKO CCR3WT CCR3 KO

FIGURE 4. Eosinophil numbers in the peribronchial tissue of saline and
OVA-challenged mice. Wild-type (WT), eotaxin-1-deficient (Eot-1 KO),
eotaxin-2-deficient (Eot-2 KO), eotaxin-1/2 DKO (Eot-1/2 DKO), CCR3
wild-type (CCR3 WT), and CCR3-deficient (CCR3 KO) mice were sub-
jected to the OVA model of allergic airway inflammation. Mice were sac-
rificed 1820 h after the second challenge, and lung tissue was stained by
anti-MBP immunohistochemistry and analyzed by morphometric analysis.
All data are expressed as a mean number of eosinophils/mm?=+ SEM. (WT,
n = 8 and 20; Eot-1 KO, n = 4 and 9; Eot-2 KO, n = 4 and 14; Eot-1/2
DKO, n = 6 and 20; CCR3 WT, n = 6 and 11; CCR3 KO n = 6 and 16
for saline and OVA-challenged mice, respectively).

termined the expression patterns of eotaxin-1 and eotaxin-2 in dif-
ferent compartments of the lung. As shown in Fig. 7, analysis of
whole lung RNA revealed abundant levels of eotaxin-1 and
eotaxin-2 mRNA in the OVA-challenged lung samples compared
with saline control mice. However, in marked contrast to analysis
of the whole lung, BALF cellular RNA selectively expressed
eotaxin-2 mRNA. Thus, eotaxin-1 and eotaxin-2 are expressed in
largely different locations in the allergic lung.

Eotaxin-2 is selectively expressed by lung
macrophages/mononuclear cells

To examine the striking difference in the location of eotaxin-1 and
eotaxin-2 expression, we performed in situ hybridization for
eotaxin-2 mRNA expression. Hybridization of the eotaxin-2 anti-
sense riboprobe to the OVA-challenged lung samples revealed
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FIGURE 5. Photomicrographs of anti-MBP-stained lung sections. Lung
tissue was collected from OV A-challenged wild-type (WT), eotaxin-1/2
DKO (Eot-1/2 DKO), and CCR3-deficient (CCR3 KO) mice 1820 h after
the second OVA challenge. Lung sections (5 wm) were stained by anti-
MBP immunohistochemistry identifying eosinophils as black stained cells.
Photomicrographs were taken of representative airways with an original
magnification of X100. Arrow points indicate representative eosinophils.
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FIGURE 6. Eotaxin-1 and eotaxin-2 kinetic analysis. Wild-type mice
were subjected to a model of OV A-induced pulmonary inflammation. Mice
were sacrificed at the indicated time point after the second allergen chal-
lenge. A and B, The quantitative level of eotaxin-1 and eotaxin-2 mRNA
expression in the lung is shown, respectively. For each time point, n = 4
for saline-challenged (Sal) mice and n = 8 for OVA-challenged (OVA)
mice. C, The quantitative level of eotaxin-1 protein is shown. Data are
expressed as the mean of the nanograms (ng) of eotaxin-1/milliliter of
cell-free BALF supernatant = SEM. Points < 150 pg/ml are extrapolated.
For each time point, n = 4 for saline mice and n = 8 for OVA mice. D,
The quantitative level of eotaxin-2 protein is shown. Points < 300 pg/ml
are extrapolated. Data are expressed as the mean of the nanograms (ng) of
eotaxin-2/milliliter of cell-free BALF supernatant = SEM. For each time
point, n = 4 for saline mice and n = 8 for OVA mice. E, The number of
eosinophils counted in the BALF is shown. Data are expressed as the mean
total eosinophils/mouse = SEM. For each time point, n = 4 for saline mice
and n = 8 for OVA mice.

strong staining in the peribronchial and perivascular regions, es-
pecially prominent in the inflammatory pockets (Fig. 8, A and B
and data not shown). High-power magnification of the eotaxin-2
mRNA™ cells revealed that staining was present in mononuclear
cells consistent with macrophages in the tissue and airway lumen,
as shown by the representative light-field photomicrograph (Fig. 8,
C and D). Interestingly, in situ hybridization for eotaxin-1 mRNA
expression revealed similar strong staining in the peribronchial and
perivascular regions (Fig. 8, E and F). However, in contrast to
eotaxin-2 mRNA-positive cells and supporting Northern blot data,
no eotaxin-1-positive cells were observed in the airway lumen.
Examination under high-power magnification showed expression
in dispersed mononuclear cells deep within the inflammatory in-
filtrate (Fig. 8, E and F). Indeed, upon quantitation there were
0.0 = 0.0 eotaxin-1-positive cells/airway observed in medium
sized airways compared with 0.23 = 0.07 eotaxin-2-positive cells/
airway (mean = SEM; n = 5; p < 0.05). Control hybridization of
the antisense probe to the saline-challenged lung samples or the
sense-probe to the OV A-challenged lung samples revealed no dis-
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FIGURE 7. Eotaxin-1 and eotaxin-2 expression in BALF cells. BALF
cells from OV A-challenged wild type mice were pooled from representa-
tive saline (Sal) or OVA-challenged wild-type mice. RNA (15 ng) was
then electrophoresed through 1.5% agarose, transferred to a hybridization
membrane, and probed with sequence specific probes for eotaxin-1 and
eotaxin-2. The 18S and 28S bands of the ethidium bromide (EtBr)-stained
gel are shown as a loading control.

cernible signal for either eotaxin-1 or eotaxin-2 probes (data not
shown).

Discussion

Eosinophilia has long been recognized as an important pathogenic
factor associated with allergic airway inflammation (43). Thus, the
mechanism of eosinophil recruitment to allergic tissue has been an
area of intense research (44, 45). It has been appreciated that eo-
sinophil recruitment to the lung is chemokine dependent (9). In-
deed, the involvement of eotaxin-1 and eotaxin-2 has been de-
scribed using Abs to these chemokines (46). However, the relative
contribution of specific chemokines and nonchemokine chemoat-
tractants (e.g., leukotrienes) has not been established. In the
present study, we have used a standard mouse model of OVA-
induced pulmonary inflammation to elucidate the role of the
eotaxin/CCR3 pathway in eosinophil recruitment to the lung. To
accomplish this goal, we generated novel eotaxin-2-deficient,
eotaxin-1/2 DKO mice, and CCR3-deficient mice. Our results es-
tablish several fundamental principles concerning allergen-in-
duced eosinophil trafficking to the lungs. First, our results establish
that allergen-induced pulmonary eosinophilia is primarily medi-
ated by CCR3 and its ligands eotaxin-1 and eotaxin-2 as evidenced
by the profound synergistic reductions of airway and tissue eosin-
ophilia in OVA-challenged eotaxin-1/2 DKO and CCR3-deficient
mice compared with wild-type controls. This is a surprising ob-
servation because there are a variety of other chemoattractants im-
plicated in eosinophil homing to the allergic lung including lipid
mediators (e.g., leukotrienes (47), acidic mammalian chitinase
(10), and 5-0x0-ETE (48)) and cytokines (e.g., IL-5 (17) and IL-16
(49)). Perhaps the observed dominant effect of the eotaxins and
CCR3 in our model can be explained as being prerequisite for
some of these other molecules to exert their effects. There are two
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Eotaxin-2
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FIGURE 8. In situ hybridization for eotaxin-1 and eotaxin-2 in lung
tissue. In situ hybridization for eotaxin-1 and eotaxin-2 mRNA was per-
formed using the photographic overlay method, where positive signal ap-
pears in dark field microscopy as bright pink or white grains on a black
background and in bright field microscopy as black precipitated granules in
the overlayment. A, A representative bright field micrograph taken at X100
original magnification shows OV A-challenged lung airway probed with the
antisense strand for eotaxin-2. B, The same airway is shown in a dark field
micrograph at X100 original magnification. Please note the arrowhead and
arrow indicating eotaxin-2-positive cells in the airway and peribronchial
area, respectively. C, The cell indicated by the arrowhead is shown as a
X400 bright field micrograph, and D shows the cell indicated by the arrow
as a X400 bright field micrograph. E, A representative airway from an
eotaxin-1 antisense strand probed OVA-challenged wild-type mouse lung
is shown in a dark field micrograph (X100 original magnification), show-
ing strong signal (white) surrounding the airway. F, A bright field micro-
graph shows the same area as E. Positive signal (black granules).

reports in the literature using an OVA model of pulmonary in-
flammation in CCR3-deficient mice. Notably, the CCR3-deficient
mice in these studies were of a different genetic background and
gene targeting strategy. One report, using a slightly different sys-
temic sensitization protocol than our present study, indicated a
nominal role for CCR3 in the development of airway eosinophilia
after one challenge with aerosolized OVA (31). The other report
used an epicutaneous model of allergen sensitization and found
substantial decreases in airway and tissue eosinophils in CCR3-
deficient mice after one aerosolized OV A challenge (30). Although
the authors suggest that the distinct sensitization protocols were
responsible for the observed differences, our results show that
CCR3-dependent airway inflammation is not restricted to an epi-
cutaneous sensitization. Importantly, while there are some residual
eosinophils in the BALF and lung tissue observed in eotaxin-1/2
DKO and CCR3-deficient mice, the profound reduction of eosin-
ophilia overshadows contributions by other factors reported to be
important in eosinophil recruitment, including other chemokines
(e.g., RANTES) (50). A second fundamental principle established

by our results is that eotaxin-2 has a dominant role in the devel-
opment of OVA-induced airway eosinophilia as evidenced by the
notably greater reduction of airway eosinophils in mice deficient in
eotaxin-2 vs eotaxin-1 compared with wild-type mice. Notably,
eotaxin-1-deficient mice have been shown previously to have a
modest decrease in BALF eosinophils only after one intranasal
OVA challenge (27). We also present mechanistic data concerning
the differential role of eotaxin-1 and -2 in eosinophil recruitment
to the lung. Although both eotaxin-1 and eotaxin-2 are expressed
in the lung tissue, the dominant role of eotaxin-2 in regulating
airway eosinophilia appears to be a ramification of the selective
expression of eotaxin-2 by cells in the BALF, including macro-
phages/mononuclear cells. These results are in agreement with the
role and expression pattern of eotaxin-2 in IL-13-induced pulmo-
nary eosinophilia (33). Furthermore, the dominant role of
eotaxin-2 in the airway is supported by the observation that the
magnitude of the increase of eotaxin-2 protein in the BALF was
greater than for eotaxin-1 protein and that eotaxin-1 protein al-
ready returned to control levels by 48 h. In addition, the peak
concentration of eotaxin-2 in the BALF was >10-fold higher than
that of eotaxin-1. Although binding affinities for eotaxin-1 and -2
for CCR3 have not been published for the murine proteins, human
eotaxin-1 and eotaxin-2 competitive binding studies show identical
IC,, values (51). However, in the mouse, eotaxin-1 has a 5-fold
higher chemotactic activity at 10 ng/ml; the minimal concentration
to induce eosinophil chemotaxis is similar for eotaxin-1 and -2
(20). Combined with other studies identifying eotaxin-1 and -2
induction to be STAT6 dependent (9), these collective results
strongly support the identification of macrophage/monocyte-de-
rived eotaxin-2 as the critical STAT6-dependent eosinophil che-
moattractant responsible for allergen-induced airway eosinophilia.
Interestingly, activated STAT6 alone within a cell must not be
sufficient to activate transcription of eotaxin-1 in the infiltrating
cells that are found in the airways of OV A-challenged mice.

Our findings, showing differential eotaxin-1 and -2 expression
and subsequent eosinophil sublocalization explain and expand re-
ports in human subjects. Although eotaxin-3 may contribute to
pulmonary eosinophilia in humans (52), there are still striking sim-
ilarities between mouse and human. Our finding that infiltrating
macrophages/mononuclear cells are a source of eotaxin-2 corrob-
orate reports showing that human peripheral blood monocytes pro-
duce high levels of eotaxin-2 (53). Clinical studies have demon-
strated kinetic induction patterns of eotaxin-1 and eotaxin-2
similar to those observed in our model, where eotaxin-1 mRNA
expression peaked at 6 h, whereas eotaxin-2 peaked at 24 h fol-
lowing cutaneous allergen challenge (54). Our results extend the
human data by showing differential eotaxin expression is function-
ally linked to observed eosinophil numbers and that both eotaxin
chemokines cooperatively regulate the regional localization of al-
lergen-induced lung tissue eosinophilia.

A third fundamental principle established by our data is a co-
operative role for eotaxin-1 and eotaxin-2 in the recruitment of
eosinophils to the lung tissue as demonstrated by substantial re-
ductions in peribronchial eosinophilia and lack of spatial organi-
zation of the remaining lung tissue eosinophils in eotaxin-1/2 DKO
and CCR3-deficient mice. Cooperativity of eotaxin-1 and -2 was
also supported by in situ hybridization showing similar but also
nonoverlapping staining patterns for both eotaxins that correlated
with eosinophil localization in the lung. Notably, eotaxin-1 ex-
pression was limited to the tissue, supporting prior studies in an
IL-13-induced model of allergic airway inflammation showing
eotaxin-1 to be important in the development and/or maintenance
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of peribronchial eosinophilia (17), whereas eotaxin-2 was primar-
ily responsible for IL-13-induced airway eosinophilia (33). Addi-
tionally, in mice lacking one eotaxin, there was no compensatory
overexpression of the remaining eotaxin chemokine (33). Finally,
our results indicate a regulatory role for eotaxin-2 in the develop-
ment of peripheral blood eosinophilia, indicated by increased pe-
ripheral blood eosinophilia in OVA-challenged eotaxin-2-defi-
cient, eotaxin-1/2 DKO, and CCR3-deficient mice. Thus, mice that
were able to produce and/or respond to eotaxin-2 (wild-type and
eotaxin-1-deficient mice) did not develop OV A-induced peripheral
blood eosinophilia. Although it is most likely that the role of
eotaxin-2 in regulating blood eosinophilia is secondary to its dom-
inant role in recruitment of eosinophils from the peripheral blood
into the tissue, it is noteworthy that eotaxin-2 was first described as
a myeloid progenitor inhibitory factor (18). Although it is intrigu-
ing to speculate that eotaxin-2 and CCR3 might have a role in
eosinophilopoiesis ultimately affecting peripheral blood eosinophil
levels, our CFU data in vitro does not support a primary role for
these molecules in regulating eosinophil development, consistent
with only modest changes in eosinophil levels seen in various he-
matopoietic tissues in the eotaxin-1/2 DKO and CCR3 KO mice.

In summary, our data establishes that 1) allergen-induced pul-
monary eosinophilia is primarily mediated by CCR3 and its li-
gands eotaxin-1 and eotaxin-2; 2) eotaxin-2 has a dominant role in
OVA-induced airway eosinophilia mediated by expression of
eotaxin-2 by cells found in the BALF, including macrophages and
mononuclear cells; 3) a cooperative role for eotaxin-1 and
eotaxin-2 in recruitment of eosinophils to the lung tissue; and 4) a
regulatory role for eotaxin-2 in the development of peripheral
blood eosinophilia.

Based on these results, an agent that could block eotaxin-1 and
eotaxin-2 interaction with CCR3 is likely to effectively reduce the
number of eosinophils that migrate into the lung. A prior study has
suggested that CCR3 ablation may promote mast cell responses
(31); however, we did not observe any changes in tracheal mast
cell numbers (mast cells/mm? were 49.0 + 247, 51.6 + 24.5,
34.7 = 14.6, and 57.0 = 28.8 for OVA-challenged wild-type, Eot-
1/2 KO, CCR3 wild-type, and CCR3 KO mice, respectively; n =
4). We also did not observe any differences in mucus production in
the various genetically deficient mice compared with wild-type
(data not shown).

We have not yet been able to examine the impact of these ge-
netic deletions on the development of airway hyperresponsiveness
because we were unable to elicit airway hyperresponsiveness (as
measured by whole body plethysmography) in 129/SvEv mice us-
ing our present experimental protocol (S. M. Pope and M. E.
Rothenberg, unpublished results). It will be interesting to examine
the impact of eotaxin-1 and eotaxin-2 on airway hyperresponsive-
ness once we have completed backcrossing our mice onto a
BALB/c genetic background that is known to develop airway hy-
perresponsiveness under our experimental conditions. Interest-
ingly, our data also suggest a therapeutic agent that could effec-
tively block eotaxin-2 from interacting with CCR3 during an
allergic response might have the undesirable effect of generating
peripheral blood eosinophilia. Thus, such therapy might be more
beneficial if used in combination with heretofore disappointing
anti-IL-5 therapy, which has been shown to reduce peripheral
blood eosinophilia, but has had only limited ability to reduce tissue
eosinophilia or allergic symptoms such as bronchoconstriction and
airway hyper-reactivity (13). Interestingly, identification of mac-
rophages in the airway as a source of eotaxin-2 elucidates a spec-
ulation made by Voehringer et al. (26), where it was reported that
STAT6-competent bone marrow-derived (non-T or B) cells were
required mediators of pulmonary eosinophilia. Taken together, it is
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clear that eotaxin-1 and eotaxin-2 are the major ligands involved in
CCR3-mediated eosinophil migration to the lung in this model of
allergen-induced pulmonary eosinophilia, and as such, it would
appear that targeting multiple CCR3 ligands would be a therapeu-
tic strategy worthy of testing.
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