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INTRODUCTION

Eosinophilic gastroenteritis (EGE) is a member of eosinophil-
ic gastrointestinal diseases (EGIDs) which include eosinophilic 
esophagitis, eosinophilic gastritis, EGE, and eosinophilic colitis. 
EGE is characterized by accumulation of eosinophils within the 
gastrointestinal (GI) tract. Various GI symptoms occur depend-
ing on the organ affected and the intensity of eosinophilic in-
flammation. Common symptoms are vomiting, irritability, ab-
dominal pain, dysphagia, diarrhea, and weight loss.1 Recent 
electronic survey results indicate that the estimated incidence 
of EGE remains relatively low, with 22-28 cases per 100,000 pa-
tients.2 However, estimation of the actual incidence of EGE is 
difficult because many cases are not properly diagnosed or re-
ported. Although the underlying etiology and pathophysiology 
of EGE are currently unknown, growing evidence suggests that 
atopy and food allergy appear to play a role.3,4

With the exception of the esophagus, eosinophils are a consti-
tutive component of the GI tract, in which eosinophils play vital 

roles in host defense against parasitic infections and in normal 
tissue homeostasis. However, eosinophils are also implicated in 
the pathogenesis of various diseases. Although the role of eo-
sinophils in EGE is not fully understood, they are believed to be 
a principal effector cell that induces GI tissue injury and dis-
ease pathogenesis.3,5

Of the mediators involved in trafficking of eosinophils into the 
GI tract, interleukin (IL)-5 and eotaxin play a central role.6-8 Pre-
vious studies have identified IL-5 as an essential eosinophil 
growth factor and eotaxin as a critical chemokine in eosinophil 
homing and tissue recruitment. Eotaxin-3 is a key player in the 
eosinophilia observed in eosinophilic esophagitis, while eotax-
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in-1 is involved in the lower GI eosinophilic diseases.9 Eosino-
phils express cysteine-cysteine chemokine receptor-3 (CCR3), 
a specific receptor for eotaxin, which is involved in selective re-
cruitment of this leukocyte to sites of inflammation. Therefore, 
eotaxin and its receptor, CCR3, are potential therapeutic targets 
for EGE.

In this study, we used a mouse model of oral food allergen-in-
duced GI eosinophilic inflammation to determine whether tar-
geting of CCR3 is an effective therapeutic intervention in EGE.

MATERIALS AND METHODS

Mouse model of oral allergen-induced intestinal eosinophilic 
inflammation

In this study, 8- to 10-week-old BALB/c mice (8 mice/group; 
Orient Bio Inc., Seongnam, Korea) were sensitized and chal-
lenged with ovalbumin (OVA; grade V; Sigma-Aldrich, St. Louis, 
MO, USA), as previously described.5,10 In brief, mice were intra-
peritoneally sensitized on days 0 and 14 (50 μg of OVA ad-
sorbed to 1 mg of aluminum hydroxide [Sigma-Aldrich] adju-
vant) and intragastrically challenged on days 28, 30, 32, 35, 37, 
and 39 (50 mg of OVA suspended in 250 μL of phosphate buff-
ered saline [PBS]) (Fig. 1). Control age- and sex-matched BALB/
c mice were sensitized and challenged with PBS. Mice were 
sacrificed 1 hour after the final OVA challenge on day 39. Mice 
jejunums were removed 10 cm distal to the stomach, fixed with 
4% paraformaldehyde solution for 24 hours, and embedded in 
paraffin, and 5-μm tissue sections were prepared for analysis. 
Stained and immunostained slides were quantified by an im-
age analysis system (Image-Pro Plus; Media Cybernetics, Silver 
Spring, MA, USA) under fixed light microscope conditions. An 
investigator blinded to the study group performed slide analy-
sis. All animal experimental protocols were approved by the 
Korea University Animal Subjects Committee.

Therapeutic intervention with anti-CCR3 antibody
Different groups of mice were administered 5 mg/kg of either 

a rat anti-mouse CCR3 mAb (kindly provided by James Lee, 
PhD, Mayo Clinic, Scottsdale, AZ, USA) or a control rat IgG 

(R&D Systems, Minneapolis, MN, USA) in 100 μL PBS via intra-
peritoneal injection 1 hour before each OVA challenge, as pre-
viously described (Fig. 1).11

Blood and bone marrow eosinophil quantitation
Peripheral blood (PB) was collected from different groups of 

mice by cardiac puncture, as previously described.12 Erythro-
cytes were lysed using a 1:10 solution of 100 mM potassium 
carbonate-1.5 M ammonium chloride. The remaining cells 
were re-suspended in 1 mL of PBS. Bone marrow (BM) cells 
were flushed from femurs with 1 mL of PBS, centrifuged, and 
re-suspended in 1 mL of PBS. To perform differential cell 
counts, 200 μL of PB cell suspension or 20 μL of bone marrow 
cell suspension were cytospun onto microscope slides and air-
dried. Slides were stained with Wright-Giemsa, and differential 
cell counts were performed under a light microscope.

Intestinal eosinophil and mast cell quantitation
Eosinophils in jejunal tissue were detected by immunohisto-

chemistry using an anti-mouse major basic protein (MBP) an-
tibody (kindly provided by James Lee, PhD, Mayo Clinic), as 
previously described.13 Tissue sections were also stained for 
mucosal mast cells using chloroacetate esterase (Sigma-Al-
drich) activity, as previously described,14 and then lightly coun-
terstained with hematoxylin. Quantification of eosinophils and 
mast cells was performed using a light microscope attached to 
an image analysis system. Results are expressed as the number 
of eosinophils or mast cells per mm2 of lamina propria. At least 
10 randomly selected areas of jejunal mucosa were counted in 
each slide at ×20 magnification.

Analysis of intestinal mucosal epithelial cell proliferation
To investigate intestinal epithelial cell proliferation, 5´-bromo-

deoxyuridine (5´-BrdU) (Zymed Laboratories Inc., South San 
Francisco, CA, USA) incorporation of jejunal epithelial cells was 
measured as previously described.15 Briefly, mice were intraper-
itoneally injected with 0.25 mL of 5´-BrdU 3 hours before sacri-
fice. Then, immunohistochemical detection of BrdU in intesti-
nal mucosal epithelial cells was performed using a BrdU Immu-

Fig. 1. Experimental protocol. Mice were intraperitoneally sensitized on days 0 and 14, and intragastrically challenged with OVA on days 28, 30, 32, 35, 37, and 39. 
One hour before each OVA challenge, anti-CCR3 or isotype control antibody was intraperitoneally administered (arrows). Mice were sacrificed 1 hour after the final 
OVA challenge, and their jejunums were analyzed. OVA, ovalbumin; CCR3, cysteine-cysteine chemokine receptor-3.
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nohistochemistry Kit (Chemicon, Temecula, CA, USA) accord-
ing to the manufacturer’s instructions. Epithelial cell prolifera-
tion was quantitated as the percentage of BrdU-labeled cells per 
500 crypt cells assessed in well-oriented crypt-villous units.

Intestinal villus/crypt morphologic changes
Intestinal eosinophilic inflammation is associated with de-

creased villous height, increased crypt depth, and reduced vil-
lus crypt ratio. To investigate intestinal villus/crypt morpholog-
ic changes, villous height and crypt depth in the jejunum were 
measured using a light microscope attached to an image analy-
sis system. Ten well-oriented crypt-villus units from hematoxy-
lin-eosin-stained sections were randomly chosen for villous 
height and crypt depth measurement at ×10 magnification. 
Results are expressed as villus/crypt ratio.

Measurement of intestinal eotaxin-1/IL-5/IL-13 levels
Intestinal tissue was homogenized in 2.0 mL of PBS (pH 7.4), 

and supernatants were obtained by centrifugation (1,800 rpm 
for 10 minutes) and frozen at -80°C in polypropylene tubes un-
til assayed. Eotaxin-1, IL-5, and IL-13 levels in intestinal muco-
sa were measured by enzyme-linked immunosorbent assay 
(ELISA) using immunoassay kits (R&D systems) according to 
the manufacturer’s instructions. Intestinal tissue protein levels 
were quantitated using a BCA protein assay (Pierce, Rockford, 
IL, USA). Results are expressed as pg eotaxin-1 or IL-5/mg in-
testinal mucosa protein.

Measurement of OVA specific immunoglobulin E (IgE)
Serum OVA-specific IgE concentrations were determined by 

ELISA. Ninety-six well plates were pre-coated with 100 μg/mL 
OVA, blocked with 10% FBS. Mouse serum samples diluted 1:50 
were added to the OVA-coated wells. Two hours after incuba-
tion at room temperature, the plates were washed with wash 
buffer and biotinylated anti-mouse IgE (BD Bioscience, San Di-

ego, CA, USA) was added. The optical density (OD) was read at 
450 nm within 30 minutes.

Weight gain
Diarrhea is difficult to quantitate in mice, so differences in 

weight gain were measured as a surrogate end-point for the se-
verity of diarrhea, as previously described.5 Mice were weighed 
in grams using PAG 2102 (OHAUS Corporation, Parsippany, NJ, 
USA) on days 0 and 39. The results are expressed as % weight 
gain from day 0.

Statistical analysis
Results from the different groups were compared by t test and 

Mann-Whitney test using a statistical software package (Graph 
Pad Prism, San Diego, CA, USA). P values <0.05 were consid-
ered statistically significant. All results are presented as mean±

standard error of mean (SEM).

RESULTS

Effect of anti-CCR3 antibody on the number of eosinophils in 
PB and bone marrow

The number of PB eosinophils significantly increased in OVA-
challenged mice compared with non-OVA-challenged ones 
(9.75%±2.96% vs 2.17%±0.82% eosinophils, P=0.016). Admin-
istration of anti-CCR3 antibody significantly reduced OVA-in-
duced PB eosinophilia compared with that of control antibody 
(1.63%±0.43% vs 9.75%±2.96% eosinophils, P=0.006; Fig. 2A).

The number of BM eosinophils also significantly increased in 
the OVA-challenged mice compared with the non-OVA-chal-
lenged ones (10.78%±1.39% vs 6.13%±0.63% eosinophils, 
P=0.016). In contrast to the significant reduction in PB eosino-
phils, administration of anti-CCR3 antibody had no effect on 
the number of BM eosinophils (Fig. 2B).

Fig. 2. Eosinophils in the bone marrow and PB. PB was collected by cardiac puncture and bone marrow cells were flushed from the femurs on day 39. Cell suspen-
sions were cytospun onto microscope slides and then stained with Wright-Giemsa. Differential cell counts were performed in PB (A) and BM (B) cells. Data are ex-
pressed as means±SE. PB, peripheral blood; BM, bone marrow; SE, standard error. *P<0.05.
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Effects of anti-CCR3 antibody on the numbers of eosinophils 
and mast cells in intestinal mucosa

The number of eosinophils in the intestinal mucosa signifi-
cantly increased in OVA-challenged mice compared with non-
OVA-challenged ones (358.20±12.40 vs 179.90±8.12 eosino-
phils/mm2, P<0.001). Administration of anti-CCR3 antibody 
almost completely inhibited OVA-induced eosinophil recruit-
ment into the intestinal mucosa compared with that of control 
antibody (10.37±2.04 vs 358.20±12.40 eosinophil/mm2, 
P<0.001; Fig. 3C).

The number of mast cells in the intestinal mucosa also signifi-
cantly increased in OVA-challenged mice compared with non-
OVA-challenged mice (14.49±1.54 vs 134.90±10.23 mast cells/
mm2, P<0.001). In contrast to the significant reduction in the 
number of eosinophils, the administration of anti-CCR3 anti-
body had no effect on the number of mast cells in intestinal 
mucosa (Fig. 3D).

Effects of anti-CCR3 antibody on intestinal eotaxin-1/IL-5/IL-
13 expression

Because eotaxin-1, IL-5, and IL-13 are important in eosino-
phil trafficking, the effect of anti-CCR3 antibody administration 

on the expression of these chemokine and cytokines in the in-
testinal mucosa was assessed. The expression of these media-
tors significantly increased in OVA-challenged mice compared 
with non-OVA-challenged ones. However, administration of 
anti-CCR3 antibody had no effect on the expression level of 
these mediators (Fig. 4A-C).

Effect of anti-CCR3 antibody on OVA-specific IgE
OVA-specific IgE was significantly increased in OVA-chal-

lenged mice compared with non-OVA-challenged ones (0.69±

0.11 vs 0.25±0.07, P<0.007). Administration of an anti-CCR3 
antibody had no effect on the increased level of OVA-specific 
IgE (Fig. 4D).

Effect of anti-CCR3 antibody on intestinal epithelial cell 
proliferation

The percentage of BrdU-labeled jejunal epithelial cells signifi-
cantly increased in OVA-challenged mice compared with non-
OVA-challenged ones (69.03%±6.54% vs 20.83%±3.05% BrdU-
labeled intestinal epithelial cells, P<0.001). Administration of 
anti-CCR3 antibody significantly reduced OVA-induced intesti-
nal epithelial cell proliferation compared with administration 

Fig. 3. Eosinophils and mast cells in the jejunum. Eosinophils and mast cells in the jejunum were detected using anti-MBP immunostain (A) and chloroacetate ester-
ase staining (B), respectively. Red dots indicate MBP+ or chloroacetate esterase+ cells. The numbers of eosinophils (C) and mast cells (D) per mm2 of jejunal lamina 
propria were quantitated in different groups of mice. Data are expressed as means±SE. MBP, major basic protein; SE, standard error. *P<0.001.
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of control antibody (43.88%±7.93% vs 69.03%±6.54% BrdU-la-
beled intestinal epithelial cells, P=0.030; Fig. 5).

Effects of anti-CCR3 antibody on villous atrophy and crypt 
hyperplasia

The villus/crypt ratio of intestinal mucosa was significantly re-

duced in OVA-challenged mice compared with non-OVA-chal-
lenged ones (3.14±0.16 vs. 7.79±0.61, P<0.001). Administra-
tion of anti-CCR3 antibody significantly restored the OVA-in-
duced reduction in the villus/crypt ratio compared with ad-
ministration of control antibody (5.24±0.28 vs 3.14±0.16, 
P<0.001; Fig. 6).

Fig. 5. Mucosal epithelial cell proliferation in the jejunum. The incorporation of BrdU in the mucosal epithelial cells was measured 3 hours after intraperitoneal injec-
tion of 5´-BrdU on day 39. (A) BrdU-labeled epithelial cells (dark brown dots) in the jejunal mucosa. (B) The percentage of BrdU-labeled cells per 500 crypt cells was 
quantitated in different groups of mice. Data are expressed as means±SE. BrdU, bromodeoxyuridine; SE, standard error. *P<0.05; †P<0.001.
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Effect of CCR3 antibody on weight loss
Baseline body weight at day 0 was not different between the 

experimental groups. Weight gain was significantly reduced in 
OVA-challenged mice compared with non-OVA-challenged 
ones (-8.74%±0.84% vs 4.87%±1.09% weight gain, P<0.001). 
Administration of anti-CCR3 antibody partially restored the 
OVA-induced weight loss compared with administration of 
control antibody (-4.18%±1.44% vs -8.74%±0.84% weight gain, 
P=0.013).

DISCUSSION

In this study, we demonstrated that administration of an anti-
CCR3 antibody significantly reduced eosinophilic inflamma-
tion in the intestinal mucosa. This was associated with signifi-
cantly reduced intestinal epithelial cell proliferation, normal-
ization of intestinal villous/crypt ratio, and reduction of weight 
loss induced by diarrhea. Although previous studies have dem-
onstrated that eotaxin and its specific receptor, CCR3, play piv-
otal roles in eosinophil trafficking into the GI tract at baseline,7 
this is the first study to demonstrate that targeting of CCR3 can 
affect eosinophil level in food allergen-induced GI eosinophilic 
inflammation.

Elimination diets and systemic or topical corticosteroids have 
been used to treat EGE. However, a standard therapy has not 
yet been defined. Elimination diets implicated by skin tests 
have shown variable effects, but amino acid-based elemental 
diets resolved both symptoms and tissue eosinophilia in a large 
portion of EGE patients.16 The main drawbacks of dietary treat-
ment are symptom recurrence with reintroduction of non-ele-
mental foods, risk of nutritional imbalance, and psychological 
burden on patients and their families. Systemic or topical corti-
costeroids have showed favorable results in EGE patients in 
which dietary treatment is not feasible or effective.17,18 However, 

long-term use of systemic corticosteroids is limited due to the 
risk of systemic side effects, and the role of topical corticoste-
roids as a long-term treatment strategy is still unclear. Further-
more, many EGE patients do not achieve complete symptom 
remission with these approaches. Therefore, there is still a great 
need for new therapeutic interventions.

Previous studies have suggested that eosinophils play a key 
role in tissue injury and GI symptoms associated with EGIDs.5,15,19 
CCR3 is expressed on the cell surface of eosinophils and can 
bind several eosinophil-active chemokines such as eotaxin, 
RANTE, and MCP-3. Among these chemokines, eotaxin is the 
most potent chemoattractant for eosinophils and exclusive li-
gands for CCR3, making CCR3 an attractive therapeutic target in 
eosinophil-mediated diseases. There have been a variety of ap-
proaches for targeting CCR3 using small molecule receptor an-
tagonists, monoclonal antibodies, and antisense oligonucle-
otides. Although a few molecules have advanced into the clinic 
trials for patients with asthma and/or allergic rhinitis based on 
the results from animal models, early results were not promis-
ing.20,21 However, human trials of monoclonal anti-CCR3 anti-
body have not been initiated. In addition, recent emergence of 
CCR3 as a novel target for eosinophilic esophagitis and age-re-
lated macular degeneration suggests that CCR3 efficacy may be 
different in various disease setting.20

In this study, the number of jejunal eosinophils significantly 
increased in OVA-challenged mice compared with non-OVA-
challenged ones. Administration of anti-CCR3 antibody signifi-
cantly reduced eosinophilic inflammation in the intestinal mu-
cosa, tissue injury, and weight loss induced by diarrhea. How-
ever, administration of anti-CCR3 antibody had no effect on the 
number of BM eosinophils and the expression of eotaxin-1 and 
T helper 2 (Th2) cytokines involved in eosinophil trafficking 
into the GI tract, such as IL-5 and IL-13. In this regard, previous 
studies showed that mouse Th2 cells did not express detectable 
levels of CCR3 and treatment with anti-CCR3 antibody inhibit-
ed the migration and differentiation of bone marrow CD34+ 
progenitor cells, especially eosinophil-lineage progenitors.11,22 
These results suggest that anti-CCR3 antibody decreases tissue 
eosinophilic inflammation by reducing recruitment from BM 
into PB and sites of inflammation, rather than by decreasing 
BM production of eosinophils in mouse models. Our results are 
in consistent with those of previous studies.

In addition to the level of Th2 cytokines, anti-CCR3 antibody-
treated mice also had showed similar levels of serum OVA-spe-
cific IgE with OVA-challenged ones. Because no CCR3 has been 
detected on B cells, the similar levels of OVA-specific IgE in 
mice treated with the anti-CCR3 antibody could be due to no 
effects of anti-CCR3 antibody on the increased levels of IL-13 
which contribute to IgE synthesis.

While the inhibitory effect of the antibody on eosinophil re-
cruitment into the GI mucosa was potent enough to ameliorate 
eosinophil number to below normal, the effect on EGE symp-

Fig. 6. Villus/crypt morphologic changes. Using a light microscope attached to 
an image-analysis system, villous height and crypt depth in jejunum were mea-
sured in ten randomly selected crypt-villous units from hematoxylin-eosin 
stained sections at ×10 magnification. Data are expressed as means±SE. SE, 
standard error. *P<0.001.
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toms was modest in this study. This suggests that other cells are 
also involved. Mast cells play a critical role in the development 
of EGE symptoms, especially diarrhea.10 Because CCR3 is also 
expressed on mast cells, we examined the effect of anti-CCR3 
antibody administration on the number of mast cells in intesti-
nal mucosa. The number of mast cells in the GI mucosa signifi-
cantly increased in OVA-challenged mice. However, in contrast 
to the effect of anti-CCR3 antibody on eosinophilic infiltration 
into the GI mucosa, the antibody did not affect accumulation of 
mast cells in the GI mucosa. In this regard, previous studies 
have suggested the different role of CCR3 on mast cells in hu-
mans and mice. In vitro studies using human mast cells have 
demonstrated migration to the CCR3 ligand eotaxin,23 whereas 
murine mast cells did not migrate toward CCR3 ligands.24 The 
number of intestinal mast cells in response to helminth infec-
tion and the number of basal mast cell progenitors  were not 
significantly different between CCR3-/- and wild type mice.25,26 
Furthermore, eotaxin-1/CCR3 was required for IgE-mediated 
degranulation of murine mast cells.27 Our results are in agree-
ment with those of previous studies. Therefore, it is possible 
that the effect of anti-CCR3 antibody on the severity of diarrhea 
could partially result from inhibition of mast cell activation.

In summary, this study showed that anti-CCR3 antibody 
could significantly reduce the severity of eosinophilic inflam-
mation, mucosal injury, and weight loss associated with diar-
rhea in a mouse model of food allergen-induced GI eosinophil-
ic inflammation. Thus, CCR3 may be a novel therapeutic target 
for the treatment of EGE and other GI eosinophil-mediated dis-
eases.
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