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CCL28 is a recently identified chemokine ligand for
CCR10 and CCR3 that has been identified in mucosal
epithelial surfaces in diverse tissues. CCL28-mediated
eosinophil chemotaxis and peroxidase release were
inhibited by preincubation of cells with anti-CCR3.
CCL28 was constitutively expressed in lung tissue col-
lected from nonsensitized control mice but increased
levels were found in mice sensitized and rechallenged
with cockroach antigen (CRA). CCL28 levels peaked in
the lungs 24 hours after intratracheal challenge with
CRA, whereas eotaxin expression peaked at 8 hours.
Increased expression of CCR3 but not CCR10 could be
detected during the induction of the CRA-induced pul-
monary inflammation. To investigate the role of
CCL28 in allergic airway responses, mice were treated
with CCL28 antiserum 1 hour before receiving the
final CRA challenge. The level of airway hyperrespon-
siveness in mice treated with anti-CCL28 was signifi-
cantly reduced at 24 hours, but not 8 hours, com-
pared to mice receiving control serum. This reduction
was not related to decreased Th2 cytokine, chemo-
kine, or leukotriene levels at 24 hours although peri-
bronchial eosinophilia was significantly reduced.
Thus, CCL28 appears to play a role in regulating eo-
sinophil recruitment to peribronchial regions of the
lung possibly by coordinated temporal production
with eotaxin. (Am J Pathol 2005, 166:345-353)

Chemokines are a large family of peptide chemoattrac-
tant cytokines with diverse functions during inflammatory
and immune responses, including controlling cellular re-
cruitment, activation, and differentiation. Chemokines
have been shown to play a critical role in a number of
pathophysiological conditions including allergic airway
disease, autoimmune disease, acute and chronic inflam-

mation, and infectious diseases.””* The chemokines
have been divided into four subfamilies, CXCL, CCL, CL,
and CXXXCL on the basis of their sequence homology
and the position of cysteine residues within the protein.
Chemokines mediate their effects via interaction with
7-transmembrane-spanning G-protein-coupled recep-
tors and their diverse role in disease may stem from the
complexity of these interactions in which single chemo-
kines may bind promiscuously to multiple receptors and
individual receptors can bind to multiple chemokines.

Numerous studies have established a role for chemo-
kines in controlling the various stages of allergic airway
disease.?*© Cellular sources of the chemokines within
the asthmatic airway include alveolar macrophages and
airway epithelial cells and these resident cells may have
a profound and rapid effect on the environment within
and surrounding the airways. Chemokines previously
identified in the airways of asthmatics include CCL5
(RANTES), CCL7 (MCP-1), and CCL13 (MCP-4), each of
which is thought to play a role in regulating eosinophil
recruitment and activation.””'" These same chemokines
may also influence recruitment of Th2 lymphocytes to the
lungs, in addition to activating or modulating the pheno-
type of chemokine receptor-expressing structural cells
within the airways.'?

CCL28 (also known as MEC), the most recently identified
CC chemokine, shares 40% homology with CCL27."%* It is
encoded on chromosome 5 and human CCL28 has been
identified as having at least four exons separated by large
introns. Human and murine CCL28, like CCL6 (C10), CCL9
(MIP-1y), and CCL23 (MPIF-1) have six cysteines, two more
than the more commonly found four conserved cysteines.
CCL28 mRNA expression has been demonstrated in multi-
ple tissues although it seems to be particularly associated
with mucosal epithelial surfaces including the trachea.™
CCL28 mRNA has been detected within normal and asth-
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matic lungs whereas in vitro studies have identified CCL28
expression by bronchus-associated epithelial cells, but not
fibroblasts or endothelial cells.’® Although little is known
about the regulation of CCL28, it has been shown to medi-
ate both eosinophil and T-cell recruitment in vitro, in addition
to playing a role in mucosal immunity because of potent
broad-spectrum antimicrobial activity.'®~'® CCL28, like
CCL27, has been identified as a ligand for CCR10/GPR2"3
however Pan and colleagues'* have demonstrated that the
functional effects of CCL28 are also mediated by CCR3. We
investigated the pattern of CCL28 expression within normal
and allergen-challenged lungs and examined the role of
CCL28 in a murine model of allergic airway inflammation.

Materials and Methods

Animals and Antibodies

Dr. Fred Lewis at the Biomedical Research Laboratory
(Frederick, MD) supplied Swiss Albino mice, infected
heavily with Schistosoma mansoni helminth parasite.
These mice displayed severe infection and very signifi-
cant eosinophilia with >50% of circulating granulocytes
as eosinophils. CBA/J mice were obtained from the Jack-
son Laboratories (Bar Harbor, ME) and housed in Univer-
sity of Michigan animal facilities under pathogen-free
conditions. Chemokines and antibodies used for en-
zyme-linked immunosorbent assay (ELISA) and immuno-
staining were purchased from R&D Systems (Minneapo-
lis, MN).

Generation of Murine CCL28 Antiserum

Rabbit anti-murine CCL28 antibody was prepared by
multiple-site immunization of New Zealand White rabbits
with recombinant murine CCL28 (R&D Systems, Roches-
ter, MN) in CFA. Polyclonal antibodies were titered by direct
ELISA and specifically verified by the failure to cross-react
to mouse interleukin (mlL)-3, mIL-1, mTNF, mIL-4, mIL-10,
miL-12, mMIP-1a, mJE, mMRANTES, mC10, and mCCL27.
The IgG portion of the serum was purified over a protein A
column and tested in a sandwich ELISA. Whole serum (0.5
ml/mouse) was used in vivo to block CCL28 during the
cockroach allergen (CRA) challenge.

CRA Sensitization Protocol

Mice were sensitized and rechallenged with purified CRA
as previously described.® Briefly, 6- to 8-week-old female
CBA/J mice were immunized intraperitoneally and sub-
cutaneously with 10 ug of CRA (Bayer Corp., Elkhart, IN)
in incomplete Freund’s adjuvant. Fourteen days later the
mice received an intranasal challenge of 10 ug of CRA to
localize the inflammatory response to the airways. Mice
were then rechallenged 7 days later (day 42) by intratra-
cheal administration of 10 ug of CRA in a 40-ul volume. In
chemokine depletion studies, mice were pretreated intra-
peritoneally with murine CCL28 antiserum 1 hour before
intratracheal CRA challenge.

Measurement of Airway Hyperreactivity

Airway hyperreactivity was measured using a Buxco
mouse plethysmograph and software for calculation of
the measurements (Buxco, Troy, NY) as previously de-
scribed.’® Briefly, mice were anesthetized with sodium
pentobarbital, intubated via cannulation of the trachea
with an 18-gauge metal tube, and ventilated with a Har-
vard pump ventilator (0.3 ml tidal volume; 120 breaths
per minute). Mice were sealed within the plethysmograph
for 5 minutes before baseline resistance readings were
taken (via the division of tracheal pressure by the change in
box volume). A dose-response curve to intravenous metha-
choline was performed to determine the optimal dose re-
quired to induce airway hyperresponsiveness. Mice were
subsequently injected with 150 ug/kg of methacholine and
peak airway resistance was recorded. The change in airway
resistance was assessed by subtracting the baseline resis-
tance from the peak methacholine-induced airway resis-
tance. Data presented are mean = SEM change in airway
resistance (cm H,O/ml/second) for five animals and are
representative of data obtained in three separate experi-
ments for a total of 12 to 15 mice per group.

Histological Analysis of Lung Inflammation

Whole lungs were dissected from the thoracic cavity and
fixed by inflation with formalin. The lungs were maintained
in formalin for a further 24 hours before being processed
into paraffin using standard histological techniques.
Five-um lung tissue sections were stained with hematox-
ylin and eosin for analysis of peribronchial eosinophil
accumulation. Slides were blinded and coded. Peribron-
chial eosinophil counts were analyzed by counting the
number of eosinophils surrounding the airways in 50
high-power fields (x200).

RNA Isolation and Analysis of Gene Expression

RNA was isolated from lung tissue after homogenization in
Trizol (Invitrogen, Carlsbad, CA) according to the manufac-
turer’'s protocol. Five ug of total RNA was reverse-
transcribed in a 25-ul volume. mRNA expression was de-
termined in 1 ul of cDNA by TagMan real-time polymerase
chain reaction using a Prism 7700 sequence detection sys-
tem (PE Biosystems, Foster City, CA) using gene-specific
primers and probes labeled with 5’-6-FAM and 3’-TAMRA.
The primers and probes used for the detection of murine
CCL28mRNA were: forward primer 5’-TTTTCAAACCTCA-
GAAGCCATACTT-3'; reverse primer 5'-GGATGCTGCAT-
GAACTCACTCTT-3'; probe 5'-CCATGGCCTCCAGCTCT-
TGCACT. CCR3 mRNA expression was determined using a
predeveloped primer/probe set (PE Biosystems). Reactions
were incubated for 2 minutes at 50°C, denatured for 10
minutes at 95°C, and subjected to 40 two-step amplification
cycles with annealing/extension at 60°C for 1 minute fol-
lowed by denaturation at 95°C for 15 seconds. A predevel-
oped primer/probe set for murine GAPDH (PE Biosystems)
was used as an internal control for quantitation of the total
amount of cDNA used in the reaction. Results are normal-



ized to GAPDH expression and presented as fold increase
in MRNA expression compared to the level detected at 0
hours after intratracheal CRA challenge. CCR10 mRNA ex-
pression was measured by gene array analysis using the
Chemokine and Receptor GEArray Q Series kit (SuperAr-
ray, Bethesda, MD). Briefly, RNA (5 ng) was reverse-
transcribed and assayed according to the manufacturer’s
instructions. Results are normalized to B-actin expression
and presented as fold increase in CCR10 mRNA compared
to the level detected at O hours after intratracheal CRA
challenge.

ELISA Analysis

Lung samples were prepared for ELISA analysis by ho-
mogenization in buffer containing Complete protease in-
hibitor cocktail (Roche Diagnostics, Mannheim, Ger-
many) and 0.05% Triton X (Sigma Chemical Co., St.
Louis, MO). Murine cytokine and chemokine concentra-
tions were determined using a standardized sandwich
ELISA technique.® Briefly, Maxisorp ELISA plates (Fisher
Scientific, Pittsburgh, PA) were coated with 1 to 5 ug/ml
polyclonal capture antibody (R&D Systems) in coating
buffer (0.6 mol/L NaCl, 0.26 mol/L H3B04, 0.08 mol/L
NaOH; pH 9.6) overnight at 4°C and washed with phos-
phate-buffered saline (PBS) containing 0.05% Tween-20.
Nonspecific binding sites were blocked with 2% bovine
serum albumin in PBS for 1 hour at 37°C. After washing,
cell-free lung homogenate or standard was added to
each well and incubated for 1 hour at 37°C. Plates were
subsequently washed and incubated with biotinylated
affinity-purified polyclonal detection antibody (0.1 to 3.5
pg/ml) for 45 minutes at 37°C. After thorough washing,
streptavidin-horseradish peroxidase (BD Pharmingen,
San Diego, CA) was added to each well for 30 minutes at
37°C. Plates were washed again, and after addition of
chromogen substrate the optical density readings were
measured at 492 nm. Recombinant cytokines and che-
mokines (R&D Systems) were used to generate standard
curves and the limit of detection for the assays was
50 pg/ml.

CCL28 Immunostaining

Formalin-fixed lung tissue sections (5 um) were deparaf-
finized and rehydrated before antigen retrieval by micro-
waving in 10 mmol/L citric acid buffer. Endogenous per-
oxidase activity in the sections was blocked by treatment
with 50% methanol/1.5% H,O, for 15 minutes at room
temperature. Nonspecific binding was blocked using avi-
din-, biotin-, and serum-blocking reagents from the Cell
and Tissue staining kit according to the manufacturer’s
protocol (R&D Systems). After overnight incubation with
10 pg/ml of goat a-mouse CCL28 or control antibody at
4°C, sections were stained with reagents contained in the
AEC tissue staining kit according to the manufacturer’s
instructions (Vector Laboratories, Burlingame, CA). Anti-
body incubations were performed in staining buffer con-
taining PBS/5% nonfat dried milk/0.1% saponin. Slides
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were washed in PBS containing 0.2% Tween-20 (Sigma
Chemical Co.)

Analysis of Lung LTC,

LTC, and LTE, levels were assessed in lung homoge-
nates prepared as described above in the ELISA analysis
section. The leukotriene concentrations were determined
using LTC, or LTE,-specific ACE competitive enzyme im-
munoassay kits (Cayman Chemical Co., Ann Arbor, MI).

Rurification and Stimulation of Eosinophils

At 7 weeks after infection with S. mansoni, mice were
injected intraperitoneally with 3000 freshly isolated S.
mansoni eggs in 4% thioglycollate containing 50 ng of
murine IL-5. After 48 hours, peritoneal fluid was collected
and the cells resuspended in Dulbecco’s modified Ea-
gle’s medium containing 15% fetal calf serum, T-cell
stimulation medium (BD Biosciences, Bedford, MA). Ad-
herent cell populations were removed by culturing the
cell suspension for 1 hour at 37°C. The nonadherent cells
were washed and resuspended in phosphate-buffered
saline (PBS)/bovine serum albumin. Eosinophils were pu-
rified from the remaining leukocyte suspension using the
MACS cell-sorting system by negative depletion with anti-
MHCclll-, anti-CD45R-, and anti-CD90-coated magnetic
microbeads according to the manufacturer’'s protocol
(Miltenyi Biotec Inc., Auburn, CA). After the plate adher-
ence and MACS separation, the population of cells con-
tained >97% eosinophils with contaminating neutrophils
(1%) and mononuclear cells (1 to 2%). Eosinophils were
used immediately or cultured overnight in Dulbecco’s
modified Eagle’s medium containing 15% fetal calf se-
rum, T-cell stimulation medium, and 5 ng/ml IL-5. Eosin-
ophils were resuspended in Dulbecco’s phosphate-buff-
ered saline (DPBS)/bovine serum albumin at 2 X 10°%/m
and stimulated with murine CCL28 at concentrations
ranging from 1 to 100 ng/ml. In CCR3 blocking experi-
ments, purified eosinophils were incubated with a-murine
CCRS3 (R&D Systems) for 20 minutes and washed twice
in DPBS/bovine serum albumin before stimulation with
chemokines.

Eosinophil Chemotaxis

Chemotaxis assays using a 12-well microchemotaxis
chamber (Neuroprobe, Pleasanton, CA) were performed
as previously described."” Briefly, the bottom wells of the
chemotaxis chamber were filled with CCL28 at concen-
trations ranging from 5 to 100 mg/ml or assay medium as
negative control. The upper and lower chambers were
separated by a polycarbonate polyvinylpyrrolidone-free
PVPF filter with a 5-um pore size (Poretics, Livermore,
CA), and eosinophils (2 x 10° cells/ml) were placed in
the upper wells. The chamber was incubated at 37°C/5%
CO, for 60 minutes at which time the filters were carefully
removed and the upper surface scraped clean. Chemo-
taxis filters were stained with Diff-Quik (Baxter, Deerfield,
IL) and migration was quantified by counting the number
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of eosinophils that had completely migrated through the
filter in 10 high-powered fields (X1000). The data are
expressed as the average number of migrated cells per
high-powered field (=SEM).

Eosinophil Peroxidase Assay

Cell-free bronchoalveolar lavage (BAL) supernatants,
collected as previously described,® were analyzed for
eosinophil peroxidase as a marker of eosinophil degran-
ulation. Serial dilutions of peroxidase (Sigma) were used
as a positive control. A total of 50 ul of each BAL sample
or peroxidase control were mixed with 100 ul of substrate
(0.2 mg/ml o-phenylenediamine in Tris, pH 8, containing
0.1% Triton and 0.02% H,0.) in 96-well microtiter plates
Maxisorp ELISA plates (Fisher Scientific). The reaction
was allowed to progress for 30 minutes before quenching
with 50 ul of 4 mol/L sulfuric acid. Optical density read-
ings were measured at 490 nm and data presented as
mean optical density reading minus the optical density of
a well that did not contain peroxidase.

Statistical Analysis

All results are expressed as mean = SEM. Statistical sig-
nificance was calculated by analysis of variance or un-
paired Student’s t-test to calculate the two-tailed P value.
Significance was determined as values of P < 0.05.

Results

Chemokine and Chemokine Receptor
Expression during CRA

Lung samples were collected 0, 8, 24, 48, and 72 hours
after intratracheal administration of CRA and processed
for RNA, protein, and histological analysis. Real-time
polymerase chain reaction analysis compared fold differ-
ences in CCL28 mRNA expression at various time points
to the level of expression seen at 0 hours after intratra-
cheal CRA. The level of CCL28 mRNA in nonsensitized
control mice was not significantly different (1.3 £ 0.23)
from that seen at O hours in mice sensitized to CRA.
CCL28 mRNA expression was increased after CRA chal-
lenge with a 5.3 + 0.97-fold increase in expression de-
tected at 24 hours (Figure 1a). As with the pattern of
CCL28 mRNA expression, the CCL28 protein concentra-
tion in the lung was also increased after CRA challenge,
peaking at 24 hours, before returning to baseline levels
by 72 hours (Figure 1b). ELISA analysis revealed a
constitutive level of CCL28 of ~6 = 0.65 ng/lung in non-
sensitized control mice. Eotaxin was also constitutively
expressed in the lung (1.62 = 0.16 ng/lung) but was up-
regulated after CRA challenge. The lung eotaxin concen-
tration peaked at 8 hours after CRA challenge before re-
turning to baseline levels by 24 hours (Figure 2a). Analysis
of chemokine receptor expression in the lungs showed a
4.3-fold increase in CCR3 expression 8 hours after chal-
lenge in comparison to the level detected at 0 hours (Figure
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Figure 1. CCL28 expression in a murine model of allergic airway disease.
Pulmonary levels of CCL28 mRNA (a) and protein (b) were analyzed 0 to 72
hours after administration of intratracheal CRA. Levels of CCL28 in nonsen-
sitized control lung are represented by dashed line. Analysis of CCL28
mRNA from whole lungs was compared in allergen-challenged mice to
control mice at each time point. ELISA data are representative of three
separate experiments and presented as mean * SEM (7 = 5 mice in each
experiment).

2b). CCR3 expression returned to baseline levels by 24
hours. In contrast, although CCR10 mRNA expression was
detected in the lungs, it was not modulated by allergen
challenge (Figure 2b). Thus, we were not able to establish
that there was an increased expression of pulmonary
CCR10 during allergen activation.

Sources of CCL28 during CRA

Immunohistochemical staining identified CCL28 protein
expression primarily in airway epithelial cells in nonsen-
sitized control mice with a low number of CCL28-positive
leukocytes also visible, most likely interstitial macro-
phages (Figure 3A). A similar pattern of staining was
observed immediately after CRA challenge (Figure 3B).
Twenty-four hours after CRA challenge the most striking
observation was the high level of CCL28 expression in
both the peribronchial and perivascular leukocytes (Fig-
ure 3C). CCL28 expression was highest at 24 hours after
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Figure 2. Chemokine and chemokine receptor expression after allergen
challenge. Eotaxin levels (a) and expression of CCR3 and CCR10 mRNA (b)
were determined in lungs collected 0 to 24 hours after allergen challenge.
Real-time polymerase chain reaction analysis was assessed from five mice per
group and compared to appropriate control mice at each time point to
ascertain the fold increase. ELISA data are representative of three separate
experiments and presented as mean £ SEM (7 = 5 mice per group).

CRA challenge corresponding to the peak of inflamma-
tory cell recruitment into the lung tissue, and decreased
as the inflammation resolved. CCL28-positive peribron-
chial and perivascular leukocytes were clearly visible
under high power and as this inflammatory infiltrate is
primarily composed of mononuclear cells and eosino-
phils, the staining indicates that both cell types may be
capable of expressing CCL28 after CRA challenge (Fig-
ure 3G). CCL28-positive granulocytes were also identi-
fied in contact with the endothelial surfaces within blood
vessels (Figure 3H). The primary difference observed as
the allergic response progressed was in the staining of
CCL28 within the infiltrating leukocyte populations, sug-
gesting that leukocytes may be capable of producing this
chemokine.

Functional Effects of CCL28 on Eosinophils

CCL28 has previously been identified as a chemoattrac-
tant for human eosinophils.’* We confirmed that murine
CCL28 also induced a dose-dependent increase in mu-
rine eosinophil migration with significant increases
greater than the baseline levels being detected in the
presence of 1 to 50 ng/ml CCL28 (Figure 4a). In these
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Figure 3. Immunohistochemical localization of CCL28 in the lung. The cel-
lular sources of CCL28 were examined in nonsensitized control lungs (A) and
after administration of intratracheal CRA challenge at 0 hours (B), 24 hours
(C), 48 hours (D), and 72 hours (E). Nonspecific staining was assessed with
the use of control IgG (F). Cellular localization of CCL28 staining in peri-
bronchial (G) and perivascular (H) regions of the lung in animals 24 hours
after challenge. Original magnifications: X200 (A—F); X1000 (G, H).

same studies when we blocked CCR3 with a specific
antibody we observed an abrogation of eosinophil che-
motaxis. The anti-CCR3 monoclonal antibody did not
block CxCL10/CxCR3-induced chemotaxis, indicating
that the effect was specific for CCR3-mediated re-
sponses (data not shown). The ability of CCL28 to induce
eosinophil peroxidase release from purified eosinophils
was also investigated in cells stimulated with chemokine
concentrations ranging from 1 to 100 ng/ml. CCL28
caused a dose-dependent increase in eosinophil perox-
idase release from the cells, which was significantly re-
duced by preincubation of the eosinophils with a-CCR3
antibody (Figure 4b). Previous studies with isolated eo-
sinophils demonstrated that CCL28 functionally binds
CCR3." We therefore performed studies to examine
Ca** mobilization in fura-2-loaded eosinophils and
found that CCL28 could completely block eotaxin-in-
duced Ca*™ flux (data not shown), verifying previous
data.' Furthermore, no CCR10 mRNA could be detected
in isolated eosinophils using quantitative polymerase
chain reaction-specific primers as in Figure 2 (data not
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Figure 4. In vitro effects of CCL28 on eosinophils. Eosinophils were elicited
to the peritoneum and isolated from S. mansoni-infected mice. a: Isolated
eosinophils were placed in Boyden chambers with increasing doses of CCL28
to assess migration in the presence or absence of anti-CCR3. Eosinophil
peroxidase release was measured in response to stimulation with CCL28 in
the presence or absence of a-CCR3 antibody after 30 minutes of stimulation.
Horizontal dotted line indicates the level from unstimulated eosinophils
for comparison. Data are representative of three separate experiments and
depicted as mean = SEM (**, P < 0.01; *, P < 0.05).

shown). Thus, it appears that CCL28 is primarily function-
ing via activation of CCR3 on these isolated eosinophils.

Role of CCL28 in Allergic Lung Inflammation

To assess the role of CCL28 in allergic airway inflamma-
tion, allergen-sensitized mice were pretreated with
CCL28 antiserum 1 hour before the intratracheal CRA
challenge. Control mice received normal rabbit serum.
ELISA analysis confirmed that at 24 hours after CRA
challenge, lung CCL28 concentration was significantly
reduced from 9.46 = 0.66 ng/lung in the control serum-
treated mouse to 4.8 = 0.68 ng/lung in the CCL28 anti-
serum-treated mice, a level similar to that seen in non-
sensitized control mice. In addition to CCL28 levels, we
examined both Th2-type cytokines and other CC chemo-
kines that are induced during allergic responses. The
data in Figure 5 demonstrates that there was no signifi-
cant alteration in the level of these cytokines or chemo-
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Figure 5. Effect of CCL28 antiserum on lung cytokine and chemokine levels.
Mice were treated with CCL28 antiserum 1 hour before challenge with
intratracheal CRA and lungs were collected 24 hours later. Cytokine (a) and
chemokine (b) levels were assessed in whole lung homogenates by ELISA.
Data are representative of three separate experiments and presented as
mean * SEM (7 = 5 mice per treatment group; P < 0.05).

kines. However, treatment with CCL28 antiserum resulted
in a significant decrease in methacholine-induced airway
hyperresponsiveness at 24, but not 8 hours after allergen
challenge (Figure 6a). We also investigated the airway
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Figure 6. Effect of CCL28 antiserum on allergic lung inflammation. Mice
were treated with anti-CCL28 or control serum 1 hour before challenge with
intratracheal CRA and airway hyperresponsiveness (a) and peribronchial
eosinophilia (b) were measured 8 or 24 hours later. As indicated, the dose of
methacholine chosen for these studies induced minimal increases in control,
unchallenged mice while inducing a significant response in allergen-chal-
lenged mice. Data are representative of three separate experiments and
presented as mean = SEM (1 = 4 to 5 mice per treatment group; P < 0.05).
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Figure 7. LTC, levels in lungs and BAL are not different in control versus
anti-CCL28-treated animals. Levels of LTC, were measured in whole lung
homogenates (a) and in cell-free BAL fluid (b) collected at 8 or 24 hours after
challenge using a specific RIA detection kit. Data depicts the mean * SE from
five mice per group.

hyperresponsiveness at 48 hours but in both the control
and anti-CCL28, the response had returned to back-
ground in these studies (data not shown). The decrease
in airway resistance at 24 hours was accompanied by a
significant reduction in peribronchial eosinophil accumu-
lation (Figure 6b). BAL eosinophils were decreased, but
variable and did not reach statistical significance (data
not shown), similar to other leukocytes examined in the
BAL fluid. To assess levels of eosinophil activation we
examined leukotriene levels and although leukotriene lev-
els were elevated in the lungs and BAL of CRA-chal-
lenged mice, no significant difference in LTC, concen-
tration was detected between control and CCL28
antiserum-treated mice (Figure 7). No increase in LTE,
was detected at 8 or 24 hours after allergen challenge
whereas levels of eosinophil peroxidase were very low
and nearly undetectable in the BAL in both control and
anti-CCL28-treated animals (data not shown). Thus, al-
though the reduced response appeared to correlate fully
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with the accumulation and presence of eosinophils
around the airways of allergic mice, little difference could
be found in mediators often associated with eosinophil
activation.

Discussion

Recruitment of leukocytes to the airways during allergic
inflammation results from the coordinated release of mul-
tiple chemokines and cytokines.?® 618 This process is
controlled by site-specific production of chemokines and
the availability of multiple ligands and receptors resulting
in a complex and diverse allergic response. A number of
chemokine receptors have been implicated in allergic
airway disease.” The most widely studied of these is
CCR3, which is highly expressed on eosinophils'®2° and
has also been detected on Th2 lymphocytes.?"22 There
are currently 11 chemokines that have been shown to
bind and signal through CCRS. Initially described as the
receptor for CCL11 (eotaxin), it has since been identified
as one of the most promiscuous chemokine receptors.®>
Although CCL11 —/— mice had little effect on eosino-
phils,?*2° Humbles and colleagues®® reported that traf-
ficking of activated eosinophils to the lungs of sensitized
individuals is primarily, although not completely, depen-
dent on CCR3.2%2° CCR3-deficient mice exhibited a sig-
nificant reduction in eosinophil trafficking both to the
airway lumen and into lung tissue.?® However, because
eotaxin —/— mice and initial studies with anti-eotaxin
demonstrated little defect in eosinophil accumulation,®®
other CCR3 ligands likely contribute to the migration of
eosinophils to the peribronchial region. One of the most
recently identified CCR3 ligands is CCL28, which has
primarily remained uncharacterized.

CCL28 was originally identified as a ligand for CCR10
and was considered to be primarily an epithelial cell-
associated chemokine.'®' However, expression was
also detected at the mRNA level in a wide range of cell
types and tissues. Wang and colleagues™ detected
CCL28 mRNA in the lungs and also indicated that there
was increased expression in some asthmatic patients.
The present studies further examined the pattern and
level of CCL28 expression in both sensitized and non-
sensitized lungs, and aimed to determine the role of the
chemokine in the development of allergic airway disease
using a murine model. CCL28 was constitutively ex-
pressed in nonsensitized control lungs but the level was
increased at both protein and mRNA levels in allergen-
challenged mice. Immunohistochemical analyses identi-
fied epithelial cells as the primary source of CCL28 in
control lungs although a number of interstitial macro-
phages also stained for the chemokine. After sensitiza-
tion and rechallenge with CRA, little change in CCL28
levels was detected in the lungs at 8 hours after chal-
lenge but levels were significantly increased by 24 hours.
Interestingly, the peak of CCL28 expression in the lung
was not associated with an increase in epithelial cell-
derived CCL28, but rather with the recruitment of CCL28-
positive leukocytes. Eosinophils have previously been
shown to express high levels of CCL28 mRNA whereas
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expression was absent in highly polarized Th2 cells from
C57BL/6 mice."® Treatment with CCL28 antiserum re-
sulted in a reduction in peribronchial inflammation and in
particular caused a significant decrease in peribronchial
eosinophil accumulation. No evidence of decreases in
Th2 responses was observed and therefore CCL28 ap-
pears to play a role primarily in eosinophil recruitment.
Using in vitro analyses CCL28 has previously been shown
to activate eosinophils.’® In the present studies CCR3
expression was increased after challenge with CRA,
whereas no increase in pulmonary CCR10 was observed
after allergen challenge and we could not find CCR10
expression in isolated eosinophils. In addition, our data
indicates that anti-CCR3 blocked CCL28-induced eosin-
ophil accumulation. Altogether, the evidence indicates
that CCL28 is likely functioning primarily through CCR3.

Previous studies had identified eosinophil and lympho-
cyte chemoattractant properties of CCL28 using human
cells.™®' Qur in vitro studies with eosinophils isolated
from S. mansoni-infected mice confirmed that CCL28 was
a chemoattractant for murine eosinophils. There appears
to be a temporal relationship of CCL28 production with
eotaxin in the CRA model. Perhaps these two chemo-
kines, along with other CCR3 ligands, together play an
important role for the localization of eosinophils around
the airway. This latter notion is supported in the literature
by studies that have targeted other CCR3 ligands, such
as MCP-3 (CCL7), and demonstrated decreased eosin-
ophilia and airway pathophysiology.?” Inhibiting CCR3
during allergic asthmatic responses to reduce eosinophil
accumulation is likely the most logical approach to re-
duce eosinophil-mediated disease. This strategy has
been successfully used using anti-CCRS3 treatment and in
CCR3 —/— mice, reducing eosinophilia and the corre-
sponding airway hyperreactivity.?®2° It may be that dif-
ferent CCR3 ligands are important for various stages of
eosinophil migration and/or activation within the airway.
Interestingly, the anti-CCL28-treated animals had re-
duced peribronchial eosinophil accumulation but we
could neither find significant evidence of reduced airway
eosinophil accumulation nor reduced activation parame-
ters (LTC,) within BAL fluid samples. Thus, other CCR3
ligands, such as eotaxin, may be operative for the local-
ization/migration of the eosinophils into the airway. It may
be the combined efforts of the multiple CCRS ligands that
is important for the continued extravasation from vessel to
airway.

The reduction in airway hyperresponsiveness and peri-
bronchial eosinophilia appears to be directly linked to the
absence of CCL28 because numerous other downstream
mediators of allergic airway disease including Th2 type
cytokines, chemokines, LTC,, and IgE (data not shown)
were not modulated in the absence of CCL28. Thus, our
data indicate that CCL28 plays an important role in local-
izing eosinophil recruitment to the airway. Future studies
will attempt to identify whether the coordinated release of
other CCR3 ligands, in addition to CCL28 and eotaxin,
play a role in the temporal regulation of eosinophil accu-
mulation and activation within the airways of mice.
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