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Effects of Antisense Oligodeoxynucleotides Targeting CCR3
on the Airway Response to Antigen in Rats
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ABSTRACT

Asthma is characterized by airway hyperresponsiveness (AHR) and inflammation, consisting pre-
dominantly of eosinophils within the airway lumen and walls. Eosinophil recruitment to the airways
is mediated mainly by eotaxin and other chemokines that bind to the CC-chemokine receptor-3
(CCR3), which is highly expressed on eosinophils. This study assessed whether topical inhibition of
CCR3 mRNA expression by phosphorothioate antisense oligodeoxynucleotides (AS-ODNs) modifies
pulmonary eosinophilia and AHR in an antigen-induced allergic asthma model in Brown Norway
(BN) rats. Results show that specific inhibition of CCR3 expression in the lungs by an AS-ODN (AS4)
reduced total eosinophil infiltration and the percentage of eosinophils into the airways of ovalbumin
challenged rats. Moreover, reduction in CCR3 mRNA levels was correlated with a decrease in CCR3
protein in lung tissue. In addition, AS4 treatment had no effect on circulating eosinophils or on
eosinophils in the bone marrow. Finally, AHR was significantly decreased in AS4-treated rats when
compared with rats treated with a mismatch AS-ODN. In conclusion, inhibition of the expression of
CCR3 decreased pulmonary eosinophilia and reduced AHR after antigen challenge in rats. Topical
inhibition of CCR3 expression, using an AS-ODN, could represent a novel approach for the treat-
ment of asthma.

INTRODUCTION and other chemokines that bind to a single CC-
chemokine receptor, CCR3, which is highly expressed on
eosinophils (Combadiere et al., 1995; Yang et al., 2003;

q STHMA IS A CHRONIC INFLAMMATORY DISEASE of the
Griffiths-Johnson et al., 1993; Jose et al., 1994).

airways in which eosinophils accumulate and subse-

quently degranulate (Spry, 1971; de Monchy et al., 1995;
Gleich, 1990). Recruitment and persistence of
eosinophils within the airways are induced primarily by
specific cytokines and chemokines released by lympho-
cytes, mast cells, epithelial cells, and smooth muscle
cells (Baggiolini et al., 1997; Barnes, 2003; Sallusto et
al., 2000). Whereas eosinophil survival is largely due to
the cytokines granulocyte-macrophage colony-stimulat-
ing factor (GM-CSF), interleukin (IL)-3, and IL-5,
eosinophil recruitment seems to be mediated by eotaxin

Intratracheal administration of eotaxin in mice and
guinea pigs induces a rapid and substantial accumulation
of eosinophils in bronchoalveolar lavage (BAL) fluid
(Jose et al., 1994; Erin et al., 2002). Eotaxin can also in-
duce eosinophil degranulation, leading to the release of
proteins that damage the airway epithelium (Fujisawa et
al., 2000; Kampel et al., 2000). In human asthma, eotaxin
levels are increased, although expression of this
chemokine is localized predominantly to airway epithe-
lial cells (Lamkhioued et al., 1997). Targeting eotaxin
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alone has been suggested to be sufficient to inhibit the
eosinophilia and airway hyperresponsiveness (AHR) that
occur in animal models of asthma (Garcia-Zepeda et al.,
1996; Ponath et al., 1996). However, depletion of eotaxin
levels by disrupting the eotaxin gene only partially in-
hibits eosinophilia in mice (Rothenberg et al., 1997).

CCR3, an eotaxin receptor, is a member of the G pro-
tein-coupled seven-transmembrane receptor family and
also binds MCP-3, MCP-4, RANTES, eotaxin-2, and eo-
taxin-3 (Fujisawa et al., 2000). All these chemokines are
released by inflammatory and epithelial cells, and can
contribute to eosinophil, herpes T cell type 2 (Th2), and
basophil infiltration. CCR3 has several ligands, which
might explain why disrupting eotaxin gene expression
alone is insufficient to completely inhibit recruitment of
eosinophils to the lung. Previous in vitro studies using
BAL fluid obtained from patients with asthma showed
that a combination of antibodies directed against
RANTES, MCP-4, and eotaxin was more effective at in-
hibiting the chemoattractant effects of asthmatic BAL
fluid on eosinophils than a single antibody directed
against eotaxin (Lamkhioued et al., 1997).

Focus has been given to receptor antagonists rather
than ligand inhibition in manipulating CCR3 (Owen,
2001). Pyrrolidine-derived compounds have been dem-
onstrated to be effective antagonists of CCR3 in vitro.
However, these molecules are nonspecific because they
also bind CCR5 (Bertrand and Ponath, 2000). Antibod-
ies directed against CCR3 have been shown to cause
partial inhibition of eosinophil recruitment in vivo
(Grimaldi et al., 1999). Phosphorothioate antisense
oligodeoxynucleotides (AS-ODNs) are now commonly
used as a selective strategy to inhibit the expression of a
variety of genes (Gao et al., 1992; Stein, 2001; Wagner,
1994). This study sought to determine the effect of an
AS-ODN (AS4) targeting the CCR3 mRNA on pul-
monary eosinophilia and AHR in response to leuko-
triene D, (LTD,) in a rat model of allergen-induced lung
inflammatory response.

MATERIALS AND METHODS

Design and synthesis of phosphorothioate antisense
oligodeoxynucleotides targeting rat CCR3 mRNA

Four AS-ODNs (AS1 to AS4) were designed in house
according to the following rules: 16- to 25-mer in length;
targeting the 5' region of the mRNA; sequence with low
A and GC content; and no CpG. In addition, consensus
sequences such as AACGTT (interferon induction) and
GGGG (nonspecific antiproliferative effect) were
avoided (Stein, 2001). Antisense sequences were as fol-
lows: AS1, 5'-CAG AGA GAT ACC AAC ATG-3';
AS2, 5'-GAT CAA CAC AAC CAT CAT GT-3'; AS3,
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5'-ATA ATT TGC AGC TTC CTG T-3'; and AS4, 5'-
ACT CAT ATT CAT AGG GTG-3'. A mismatch ODN
(MM4-ODN, 5'-CAT CAT TAT CAT GAG GTG-3")
was also designed. All AS-ODNs and mismatch ODN were
synthesized with a phosphorothioate backbone and car-
tridge (RP1) purified by SIGMA-Genosys (Oakville, ON).

Antisense screening in rat peritonitis model

Animal studies were conducted in two research centers
(CHUM Research Center and Mispro Biotech Services,
Montréal, QC, Canada) and were approved by the respec-
tive animal ethics committees. Brown Norway (BN) rats
(6 to 8 weeks old) were obtained from Harlan Sprague-
Dawley (Walkersville, MD). Active sensitization was
performed by subcutaneous injection of 1 mL of saline
containing 1 mg of chicken egg ovalbumin (OVA;
Sigma-Aldrich, St. Louis, MO) and 3.5 mg of aluminum
hydroxide gel (Laboratoire MAT, Beauport, QC,
Canada). On day 14 postsensitization, rats (five per
group) were treated with an intraperitoneal injection of
either AS1, AS2, AS3, or AS4 (500 pg in 500 uL of
phosphate-buffered saline [PBS]). Control rats were
treated with the same dose of a mismatch control oligo-
deoxynucleotide (MM4) or with PBS only. Sixteen hours
after AS-ODN treatment, rats were challenged with an
intraperitoneal injection of OVA (200 pg in 500 uL of
saline) to induce eosinophil recruitment to the peritoneal
cavity. Rats were killed 8 hr after OVA challenge, and
the peritoneal cavity was washed three times with 5 mL
of PBS. Cells were recovered by centrifugation and total
leukocyte counts were performed with a hemacytometer.
Differential cell counts were performed on Cytospin
slides stained with a Hema-3 stain kit (Fisher, Ottawa,
ON, Canada). At least 200 cells were counted by oil im-
mersion microsocopy.

Antisense efficacy in rat model of allergen-
induced airway inflammation

BN rats were sensitized with OVA, as described
above. Fourteen days after sensitization, rats were in-
jected intratracheally with either sterile saline (50 wL) or
200 ug of AS4 or MM4 (in 50 uL of sterile saline). Rats
were challenged 10 min later by exposure to OVA aero-
sols (5% in saline) in a closed chamber for 15 min. To de-
termine the effect of AS-ODN treatment on cellular in-
flux to the lungs, rats were killed 15 hr after OVA
challenge, and BAL was performed. Cells were recov-
ered by centrifugation and total leukocyte counts were
performed with a hemacytometer. Differential cell counts
were performed on Cytospin slides stained with a Hema-
3 stain kit. At least 200 cells were counted by oil immer-
sion microscopy. Lungs were collected after BAL and
processed for mRNA (right lung) or immunohistochem-
istry (left lung).
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Assessment of the effect of AS4 on AHR in response
to LTD, was done in separate groups of rats. On day 14
postsensitization, rats were either unchallenged (CTL),
challenged with OVA (OVA), or treated with a single
dose (200 g, intratracheal) of AS4 followed by OVA
challenge (OVA + AS4) or MM4 followed by OVA
challenge (OVA + MM4). Fifteen hours after OVA
challenge, rats were anesthetized and intubated and base-
line lung resistance (R;) was measured. Rats were then
exposed intratracheally to incremental doses of LTD,
(Cayman Chemical, Ann Arbor, MI) in 50 uL of saline
and measurements of R; were obtained immediately after
the administration of each dose (Renzi et al., 1992). The
concentration of LTD, required to double the baseline
value was defined as EC,,)LTD, and was calculated by
linear interpolation between the two concentrations
bounding the point at which R; reached 200% of the
baseline value.

mRNA quantification in lung tissue

The right lungs were collected after BAL and tissue
was stored in RNAlater stabilization reagent (Qiagen,
Mississauga, ON, Canada). CCR3 mRNA quantification
was performed in lung tissue homogenates, using the
Quantigene mRNA quantification kit (Genospectra, Fre-
mont, CA). Briefly, this assay is performed in oligonu-
cleotide-coated 96-well plates and uses specific probe
sets spanning the mRNA sequence and the branched
DNA technology for amplification of a luminescent sig-
nal. B,-Microglobulin (82m) mRNA levels were also
quantified. 82m was used as a reference gene for normal-
ization of CCR3 mRNA Ievels in lung tissue.

Immunohistochemistry

Frozen cryosections (thickness, 7 um) from the left
lungs were fixed in methanol-acetone at —20°C for 10
min. After blocking, slides were incubated with a 10-
pg/mL concentration of anti-human major basic protein
monoclonal antibody (mAb) (MBP; S-20, Santa Cruz
Biotechnology, Santa Cruz, CA) or anti-CCR3 poly-
clonal antibody (H-52; Santa Cruz Biotechnology)
overnight at 4°C. For detection of primary antibodies,
fluorescence-labeled secondary antibodies (1:500) (Invit-
rogen, Burlington, ON, Canada) were used according to
the manufacturer’s guidelines. Sections were counter-
stained with 4',6-diamidino-2-phenylindole (DAPI) and
mounted with Prolong Antifade (Invitrogen). Slides were
coded and positive cells were counted in a blinded man-
ner. Airway sections were cut in such a way that the axial
pathway could be defined and only these sections were
read. Both small and large airways (with a perimeter of
basement membrane between 0.1 and 2 mm) were stud-
ied. Positive cells were counted only in the subepithelial

205

area beneath the basement membrane (BM) to a depth of
0.5 mm, using an eyepiece graticule (0.1 mm graticule
calibration).

Statistical analysis

Differences between groups were determined by anal-
ysis of variance (ANOVA). Results are expressed as
mean values for the group of animals analyzed * stan-
dard deviation (SD). Statistical significance (unpaired ¢
test) was determined as p < 0.05.

RESULTS

Functional screening of CCR3 AS-ODN in rat model
of allergen-induced peritonitis

Phosphorothioate AS-ODNs targeting the rat CCR3
gene were designed and their efficacy was first evalu-
ated in a rat model of allergen-induced peritonitis. On
day 14 postsensitization, BN rats were treated with a
single injection of either AS1, AS2, AS3, or AS4 (500
mg, intraperitoneal). Control rats were treated with the
same dose of a mismatch control oligonucleotide
(MM4) or with PBS only. Sixteen hours after AS-ODN
treatment, rats were challenged with an intraperitoneal
injection of OVA to induce eosinophil recruitment to
the peritoneal cavity. Rats were killed 8 h after OVA
challenge, recruited cells were recovered by washing
the peritoneal cavity, and total as well as differential
cell counts were performed. In rats treated with AS4,
the total number and percentage of eosinophils recov-
ered from the peritoneal cavity were significantly re-
duced compared with control rats treated with PBS
(67% inhibition, p < 0.001). The percentage of
eosinophils recovered from rats treated with other anti-
senses (AS1, AS2, and AS3) or with MM4 was not sig-
nificantly different from control rats. Therefore, AS4
was selected and used in all following studies.

Airway-challenged rat model to determine the
effects of AS4 on pulmonary eosinophilia

We then asked whether local blockade of CCR3
mRNA expression in lung tissue can provide protection
against allergen-induced lung eosinophilia in BN rats. On
day 14 postsensitization, rats were treated with a single
intratracheal injection of AS4 (200 ng) or MM4 control
(200 wg). Ten minutes after AS4 or MM4 treatment, rats
were challenged by exposure to OV A aerosols, and killed
15 hr later. Differential cell counts were performed on
cells recovered from BAL fluids. Results have shown that
in untreated rats (no AS-ODN), OV A challenge resulted in
a 35-fold increase in the total number of lung eosinophils
when compared with unchallenged rats (Fig. 1). The
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Inhibition by AS4 of allergen-induced eosinophil influx into the lungs of sensitized BN rats. Fourteen days after OVA

sensitization, rats were either unchallenged (CTL), challenged with OVA (OVA), or treated with a single dose (200 ug, intratra-
cheal) of MM4 followed by OV A challenge (OVA + MM4) or with AS4 followed by OVA challenge (OVA + AS4). Rats were
killed 15 hr after OVA challenge, and differential cell counts from the BAL fluid were performed. Data represent mean total cell
numbers = SD from three separate experiments (n = 7 to 12 rats per group). EOS, eosinophils; NEUT, neutrophils; LYM, lym-

phocytes; MAC, macrophages.

OVA-induced pulmonary eosinophilia was inhibited by
62% (p < 0.01) in AS4-treated rats when compared with
rats that received the MM4 AS-ODN (Fig. 1). The percent-
age of eosinophils was also markedly reduced in AS4-
treated rats when compared with MM4-treated
rats. BAL fluid from AS4-treated rats contained 15%
eosinophils, whereas BAL fluid from MM4-treated rats
contained 28% eosinophils (data not shown). The number
of eosinophils recovered from the lungs of MM4-treated
rats was not significantly different from that of rats chal-
lenged with OV A only. Moreover, neutrophil, lymphocyte,
and macrophage counts were not significantly affected in

AS4-treated rats, which suggests that the inhibitory effect
of AS4 was specific to eosinophils.

To determine whether the reduction in lung
eosinophils was associated with a reduction in circulating
eosinophils, we evaluated the effect of AS4-treatment on
the number of eosinophils in blood and in bone marrow.
In the blood of AS4-treated rats, eosinophils represented
7.4 = 5.2% of total cells compared with 7.8 = 4.8% in
MM4-treated rats, whereas the percentage of eosinophils
in the bone marrow was 7.6 = 7.7 and 6.5 = 5.9%, re-
spectively. We next examined the effect of AS4 on the
levels of eotaxin. Eotaxin levels in BAL fluid and in the
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FIG.2. CCR3 mRNA expression in airways of challenged rats treated with AS4. Rats were treated as described in Fig. 1. Lungs
were collected 15 hr after OVA challenge and CCR3 mRNA expression in lung tissue homogenates was quantified by Quantigene
analysis and normalized to 3,-microglobulin (82M) expression. Columns show mean CCR3/82M ratios * SD from three separate

experiments (n = 8 to 18 rats per group).
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FIG. 3. Immunohistochemical analysis of CCR3- and MBP-positive cells in lung tissue sections from AS4- and MM4-treated
rats. Rats were treated as described in Fig. 1. (A) Number of CCR3-positive cells per square millimeter of basal membrane (BM)
in representative lung tissue sections. Individual data points are shown along with group mean values (horizontal lines). (B) Num-
ber of MBP-positive cells per square millimeter of BM in representative lung tissue sections. Individual data points are shown
along with group mean values (horizontal lines). (C) Representative lung tissue sections from OV A-challenged rats treated with
MM4 or AS4. Frozen sections were stained for CCR3 (left, green) and MBP (middle, red). CCR3-positive cells are indicated by
green arrows, MBP-positive cells by red arrows. Overlay images (right) show colocalization of CCR3 and MBP (right, yellow ar-
rows). Original magnification, X200.
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blood of AS4-treated rats were not significantly altered
compared with control untreated rats, indicating that AS4
had no direct effect on eotaxin (data not shown). Taken
together, these results indicate that AS4 specifically in-
hibited the influx of eosinophils to the lungs, and suggest
that this inhibition was not due to a reduction in the num-
ber of circulating eosinophils or to decreased eotaxin lev-
els in the lungs and blood.

Modulation of lung CCR3 mRNA and protein
expression after AS-ODN treatment

To determine whether the inhibitory effect of AS4 on
allergen-induced eosinophilia was specific to the down-
regulation of CCR3 mRNA expression, we measured
CCR3 mRNA levels in the lungs of OV A-challenged rats
treated with the AS-ODN. As shown in Fig. 2, we ob-
served a 6-fold increase in CCR3 mRNA expression lev-
els in the lungs of OVA-challenged rats when compared
with unchallenged rats. The allergen-induced CCR3
mRNA upregulation was completely abolished by a sin-
gle intratracheal administration of AS4 before challenge
with OVA. In OVA-challenged rats, AS4 pretreatment
inhibited CCR3 mRNA expression by 78% as compared
with MM4 pretreatment (p < 0.005), and reduced CCR3
expression levels to baseline levels observed in unchal-
lenged rats. There was no significant difference in lung
CCR3 mRNA expression levels between OVA and
OVA + MM4 rats. These results suggest a correlation
between CCR3 expression and eosinophil influx in the
lungs during the allergen response.

We then assessed whether the reduction in CCR3
mRNA expression affected CCR3 protein levels in vivo.
We measured CCR3 protein expression by immunostain-
ing of frozen lung tissue sections from unchallenged
rats or OVA-challenged rats pretreated with AS4 or
MM4. Lungs from AS4-treated rats showed a signifi-
cant decrease in CCR3-immunoreactive cells in the
subepithelial region when compared with the airways of
MM4-treated rats. As shown in Fig. 3A, there were
8.35 = 2.4 positive cells/mm? of basal membrane in
AS4-pretreated rats versus 34.3 = 12.3 positive
cells/mm? of basal membrane in MM4-pretreated rats
(76% decrease, p < 0.001). AS4 treatment reduced the
number of CCR3-positive cells near to baseline levels
seen in unchallenged rats. The presence of major basic
protein (MBP), an eosinophil-specific marker, was also
evaluated in the lungs of unchallenged rats or OVA-
challenged rats pretreated with the AS-ODN. Lung tis-
sue from AS4-treated rats contained significantly fewer
MBP-positive cells than lung tissue from MM4-treated
control rats (AS4-treated rats, 2.16 = 0.75 positive
cells/s/mm? of basal membrane; MM4-treated rats,
10.7 = 2 positive cells/mm? of basal membrane; 80%
decrease, p < 0.001; Fig. 3B). AS4 treatment reduced
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the number of MBP-positive cells near to baseline lev-
els seen in unchallenged rats. These results suggest that
the downregulation of CCR3 mRNA expression by AS4
correlates with a reduction of CCR3 protein in the lung
tissue as shown by the decrease in CCR3 immunostain-
ing. Furthermore, the decrease in MBP immunostaining
suggests that AS4 treatment affected the number of ac-
tivated eosinophils present in the lungs of OV A-chal-
lenged rats, in accordance with the differential cell
count results (Fig. 1).

Airway-challenged rat model to determine the
effect of AS4 on airway hyperresponsiveness
to LTD,

We have previously shown that blocking the allergen-
induced eosinophilia in the lungs by inhibiting expres-
sion of the common S chain of the IL-3/IL-5/GM-CSF
receptor reduced AHR to LTD, (Allakhverdi et al.,
2002). To evaluate whether AS4 could affect AHR, we
determined the effect of pretreatment with AS4 (200 g,
intratracheal) on the cumulative dose-response of LTD,
15 hr after OVA challenge. As shown in Fig. 4, OVA
challenge resulted in a significant decrease in the LTD,
effective dose required to double the resistance baseline
value (EC,,LTD,) when compared with unchallenged
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FIG. 4. Evaluation of AS4 efficacy on allergen-induced
AHR. On day 14 postsensitization, rats were either unchal-
lenged (CTL), challenged with OVA (OVA), or treated with a
single dose (200 ug, i.t.) of MM4 (OVA + MM4) or AS4
(OVA + AS4) AS-ODN followed by OVA challenge. AHR to
LTD, was measured 15 hr after challenge by determining the
EC,,LTD, to double the baseline R, value. Data represent the
distribution of individual EC,,,LTD, values for each group
along with group mean values (horizontal lines) for two sepa-
rate experiments.
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rats. MM4 pretreatment had no effect on the EC,,LTD,
whereas pretreatment with AS4 significantly increased
the LTD, effective dose required to double the resistance
baseline value (438 * 86.4 ng/ml for AS4 and 113 =
31.7 ng/ml in rats pretreated with MM4, p < 0.01). Pre-
treatment of rats with lower doses of AS4 (50 or 100 ug)
had no significant effect on LTD, responsiveness (data
not shown). Collectively, these results indicate that
downregulation of CCR3 mRNA by AS4 reduced aller-
gen-induced lung eosinophilia and reduced AHR.

DISCUSSION

In humans, asthma and several other inflammatory or
allergic diseases are associated with the aberrant accu-
mulation of eosinophils and other inflammatory cells
(Walsh, 1997; Mohri et al., 1998). Key to this reaction is
the dendritic cell, a professional antigen-presenting cell
found in the airway epithelium and in peripheral lym-
phoid tissue. The interaction of T cells with dendritic
cells leads to the activation of CD4* cells and to a lesser
extent CD8™" cells. This interaction is usually associated
with proliferation and differentiation of cells that synthe-
size and secrete I1L-4, IL-5, IL-6, IL-10, and IL-13, the
profile reminiscent of Th2-type CD4* cells that act on
various cells including B cells, eosinophils, macro-
phages, and epithelial cells. Such response mediates IgE
synthesis and an eosinophilic inflammation through a co-
ordinated action of several chemoattractant molecules.
However, there is an important influence of species and
strain of animal models used to induce a Th2-type re-
sponse (Martin et al., 2004). The present study used BN
rats because these animals exhibit inflammatory re-
sponses after antigen challenge that are similar to human
allergic asthma, including high levels of specific IgE af-
ter sensitization with OVA, a high prevalence of both
early and late airway responses, pulmonary eosinophilia,
high IL-4 and IL-5 expression, low interferon (IFN)-vy se-
cretion, and increased airway responsiveness (Eidelman
et al., 1998; Renzi et al., 1993, 1996, Sapienza et al.,
1991; Allakhverdi et al., 2000).

In rodents and in humans, tissue eosinophilia has been
related to the “overexpression” of CCR3 and its ligands
eotaxin, eotaxin-2, RANTES, MCP-3, and MCP-4
(Humbert et al., 1997; Ying et al., 1999). Data from the
present study support this observation. Indeed, we have
shown that at the time of peak eosinophil influx into the
airways after OVA challenge, CCR3 mRNA expression
levels were increased when compared with levels ob-
served in the lungs of unchallenged rats.

Eotaxin has received considerable attention because of
its role in causing selective eosinophil recruitment to the
site of allergic inflammation and also eosinophil differ-
entiation from progenitors (Lamkhioued et al., 1997,
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2003; Palframan et al., 1998). Eotaxin has been identified
in BAL fluid collected from sensitized guinea-pigs post
antigen challenge (Griffiths-Johnson et al., 1993). The
demonstration of eotaxin-induced recruitment of
eosinophils led to the suggestion that downregulation of
eotaxin gene expression would prevent eosinophil re-
cruitment and reduce the changes associated with allergic
disease. However, eosinophil recruitment has been dem-
onstrated in eotaxin deficient mice (Yang et al., 1998),
indicating that eotaxin is not the only mediator for re-
cruiting eosinophils. Eotaxin deficient mice develop both
eosinophilia and AHR after allergen challenge (Tomkin-
son et al., 2001), and experiments performed in sensi-
tized mice showed that antibodies against eotaxin reduce
antigen-induced AHR by only 50% (Gonzalo et al.,
1998). These findings suggest that eotaxin accounts for
only part of the chemotactic activity of asthmatic BAL
fluid towards eosinophils. The other mediators acting
through CCR3 may play a role in the recruitment of
eosinophils in response to antigen challenge supporting
our approach that blocking the receptor may prove to be
more effective than blocking a single ligand. Results
from our in vivo experiments showed that AS4 reduced
the percentage of eosinophils in BAL fluid more than that
reported for eotaxin deficient mice (Yang et al., 1998),
again, supporting our hypothesis. Moreover, our data are
in accordance with a recent study showing that CCR3-
deficient mice had a profound decrease in OV A-induced
BAL eosinophilia (Pope et al., 2005). In addition, our re-
sults demonstrate that this effect is unlikely to be due to
AS4 affecting eotaxin protein levels as we found that
AS4 did not affect eotaxin concentration in BAL fluid or
in blood. Administration of a monoclonal antibody
(mAD) targeting CCR3 has been demonstrated to par-
tially decrease eosinophilia (Grimaldi et al., 1999), but
multiple doses of mAb were required for this effect and
no effects on airway responsiveness were reported. In an-
other study several concurrent administrations (sys-
temic/local) of a rat anti-mouse CCR3 antibody were re-
quired to deplete eosinophils from the lungs of
OV A-sensitized/challenged mice (Justice et al., 2003).
Results from the present study demonstrate that a single
topical administration of AS4 was sufficient to signifi-
cantly reduce pulmonary eosinophilia following antigen
challenge. Differences in the percent decrease in pul-
monary eosinophilia found in the present study compared
to others may be due to different animals models em-
ployed or mechanism involved (AS-ODN-mediated inhi-
bition of CCR3 mRNA expression versus eotaxin defi-
ciency or mAb-mediated inhibition of CCR3).

OVA challenge in sensitized rats has been reported to
increase the number of eosinophils in the blood and bone
marrow, but this phenomenon may take at least 24 hours
(Banner et al., 1996). Results from the present study indi-
cate that the effects of AS4 were present as early as 15
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hours after antigen challenge (Fig. 1). No significant dif-
ferences were found in the number of eosinophils in the
blood or bone marrow between control and AS4 treated
rats post antigen challenge. These results suggest that
AS4 affects local recruitment of eosinophils that are al-
ready present within lung tissues or its capillaries. A
study utilizing a rat lung explant model provides evi-
dence to support this (Eidelman et al., 1996). Eosinophils
were observed to appear within lung explants after in
vitro OVA challenge, even though no blood circulation
was present to convey eosinophils from their more com-
mon sites of origin in the bone marrow to the airways. In
addition, eosinophil progenitors have been reported to
differentiate within the airways after an appropriate stim-
ulus (Cameron et al., 2000; Robinson et al., 1999). AS-
ODNss delivered topically to the lungs may act locally on
eosinophils that are marginated in lung vessels.
Eosinophil margination within lung capillaries of the rab-
bit has been reported (Ermert et al., 1993). Therefore, it is
possible that AS-ODNs targeting CCR3 inhibit the infil-
tration of sequestered eosinophils into the airways. How-
ever, whether the inhibition of eosinophil infiltration is
only due to downregulation of CCR3 on eosinophils is
not clear. Our immunostaining (CCR3 and MBP) results
may provide clues to answer that question. Indeed, we
observed eosinophils (positive for MBP) but negative for
CCR3 in lung tissue of AS4 treated rats suggesting that
we have been able to decrease CCR3 expression in these
cells. However, our data also showed CCR3 immuno-
staining of what appears to be other cells types such as
endothelial and epithelial cells. Although this study is
preliminary and incomplete, it raises the question about
the role of CCR3 and the effect of inhibiting CCR3 ex-
pression in cell types other than eosinophils.

A growing body of evidence links eosinophils and
CCR3 to AHR (Ma et al., 2002). Therefore, we examined
whether CCR3 inhibition affected the increased AHR to
LTD, after antigen challenge. Our results suggest that
CCR3 downregulation significantly decreased the AHR
to LTD, that occurs after OVA challenge supporting the
role of CCR3 and eosinophils for AHR.

AS-ODNs reduce target mRNA and protein levels both
in vitro and in vivo, and many are being developed as
therapeutic agents against various diseases (Crooke,
2004). However, some class related toxicity (phosphoro-
thioate) has been described with parenteral delivery of
AS-ODNs, which limits the therapeutic application of
these agents. AS-ODNs, of the phosphorothioate class in
particular, can bind with low affinity to a large number of
proteins. This feature contributes to the organ distribu-
tion, accumulation and toxicity associated with systemic
delivery of AS-ODN:s. Thus, intratracheal administration
of AS-ODNs, the method used in the present study, is
one approach to limiting the systemic availability of AS-
ODNs. Moreover, the fact that AS4 can block CCR3 in
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sequestered eosinophils suggest that AS4 might be effec-
tive in a clinical setting where the treatment would be on
established disease.

In summary, results from this study demonstrate that in-
hibition of CCR3 mRNA expression in the lungs can be
achieved by topical delivery of an AS-ODN. Furthermore,
inhibition of CCR3 modifies the inflammatory (eosino-
philia) and physiological (AHR) responses to antigen chal-
lenge in BN rats. These data show the role of CCR3 for the
modulation of the allergic response and that its inhibition
by topical delivery of an AS-ODN could be a new promis-
ing therapeutic approach for the treatment of asthma.
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