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ABSTRACT

Food allergy is an important and common health issue, and there is a need to identify

and characterize the sensitizing mechanisms. One of the common causes of food

allergy is ovalbumin (OVA), a dietary antigen from eggs. We hypothesized that

OVA-induced food allergy in the gut involves the activation of the chemokine

regulated on activation, normal T cell expressed and secreted (RANTES), which then

recruits eosinophils to lesioned tissue. The purpose of this study was to clarify

whether RANTES expression correlates with eosinophil infiltration in the gut of
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OVA-sensitized BALB/c mice in response to oral OVA challenge. BALB/c mice were

immunized with OVA 1 mg and sensitized after 2 weeks by intragastric administration

of OVA. Sensitization to the oral OVA challenge was analyzed by examining

eosinophil infiltration into the gut tissue (immunohistochemistry), mucosal eosinophil

cationic protein (ECP) concentration, and RANTES mRNA expression (reverse-

transcriptase polymerase chain reaction and Southern blotting) at 3, 6, 12, and 24 h after

the challenge. There was marked edema of the intestinal villi, and eosinophil

infiltration to the lamina propria peaked at 6 h in OVA-sensitized mice. RANTES

mRNA expression peaked at 3 h and 6 h and declined thereafter. The expression of

RANTES mRNA in the allergic mice was much higher than in the nonallergic, normal,

or unsensitized control mice. Tissue eosinophilia and intestinal ECP levels were

significantly correlated with the RANTES mRNA level. We conclude that RANTES

may play a central role in the pathogenesis of food-mediated gastrointestinal allergy.

Key Words: RANTES; Eosinophils; Food allergy; Murine model; RT-PCR;

Southern blotting.

INTRODUCTION

Food allergy is an important and common health issue. Allergens from fish and

eggs are some of the most frequent causes of food allergic reactions reported in the

literature (Poulsen et al., 2001). Egg allergens have been found in both the white and

the yolk, and the egg white proteins ovomucoid, ovalbumin (OVA), ovotransferrin, and

lysozyme have been described (Poulsen et al., 2001). OVA is a robust allergen and has

been widely used to create animal models of food allergy for several years (Dearman et

al., 2002; Knippels et al., 2000; Ohtsuka et al., 1996; Satter et al., 2002; van Halteren

et al., 1997; Yamashiro et al., 1994). It is therefore necessary to identify and

characterize the immunopathological mechanisms of OVA-mediated food allergy.

Chemokine is the general term for the cytokines that possess chemotactic activity

for leukocytes and play important roles in allergy. Chemokines, which are 8–10-kD

proteins released through secretion, activate and attract leukocytes to inflammatory foci

by binding to specific G-protein-coupled seven transmembrane-spanning cell surface

receptors (Saito and Chihara, 2001). For eosinophils in particular, migration from the

circulation is controlled in part by chemokines through a family of G-protein-coupled

chemokine receptors (CCRs). Two subfamilies, CXC and CC chemokines, are dis-

tinguished based on the position of the first two cysteines. Some of the chemokines that

have chemotactic activity for eosinophils include interleukin IL-5 (Yamaguchi et al.,

1988), IL-8 (Warringa et al., 1993), IL-16 (Rand et al., 1991), regulated on activation,

normal T cell expressed and secreted RANTES (Kameyoshi et al., 1992), eotaxin

(Rothenberg et al., 1995), macrophage inflammatory protein-1 alpha (MIP-1 alpha)

(Lukacs et al., 1995), and monocyte chemotactic protein-3 (MCP-3) (Dahinden et al.,

1994). Studies of human eosinophils have demonstrated that signaling through CCR3

receptors is a prominent pathway leading to chemotaxis, although several other

receptor-ligand interactions also appear to mediate eosinophil recruitment (Borchers

et al., 2002). Eosinophils may play significant roles in gastrointestinal pathology.

In food allergic colitis, marked eosinophilia is observed in the gut lamina propria

(Jenkins et al., 1984). The eosinophil cationic protein (ECP) concentration in feces

also significantly increased after challenge with cow’s milk in atopic dematitis patients
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who were positive for the challenge test (Majamaa et al., 1996). Furthermore, a

number studies have shown that eosinophils are increased in the mucosae of the

digestive tract following diseases of the digestive tract (Denis et al., 2001; Lampinen

et al., 2001). Recently, it has been shown in active ulcerative colitis that there is

increased influx of activated eosinophils to the intestinal mucosa and an increased

release of eosinophil-derived proteins, such as ECP (Lampinen et al., 2001), sug-

gesting that eosinophilic infiltration may contribute to tissue injury and intestinal

inflammation. Eosinophils have been shown to express the gene encoding RANTES,

and both IL-4 and RANTES have previously been shown to be expressed by mature

eosinophils (Velazquez et al., 2000a,b).

RANTES and related molecules constitute the C–C class of the beta chemokine

supergene family with inflammatory properties. Compared with the other members,

RANTES is a potent chemoattractant and activator of eosinophils and plays significant

roles in allergic inflammation (Fujisawa et al., 2000; Saito and Chihara, 2001).

Previously, it was shown that RANTES levels are increased in the airways of patients

with asthma, and RANTES was found to play an important role in lung allergic

inflammation, lung leukocyte infiltration, bronchial hyperresponsiveness, and the

recruitment of eosinophils (Baggiolini and Dahinden, 1994; Berkman et al., 1996; Conti

and Digioacchino, 2001; Hasegawa et al., 2001; Velazquez et al., 2000a,b). In the skin,

levels of RANTES were significantly elevated at antigen-challenge sites (Zweiman

et al., 1997), and cutaneous injection of RANTES caused eosinophil recruitment (Beck

et al., 1997; Conti and Digioacchino, 2001). Furthermore, a recent study showed that

keratinocytes of patients with atopic dermatitis invariably responded with significantly

earlier and higher RANTES expression compared to that in psoriasis patients after tumor

necrosis factor (TNF)-alpha and interferon (IFN)-gamma adminstration (Giustizieri et al.,

2001). In addition, Rajakulasingam et al. (1997) reported that nasal allergen challenge

provoked significant increases in RANTES mRNA and protein levels. In the gut, it was

demonstrated that RANTES mRNA was expressed in the colon of patients with atopic

dermatitis (Yamada et al., 1996). All of these findings suggest a crucial role of RANTES

in both acute and chronic inflammatory conditions and that eosinophil infiltration is a

key player in the pathological mechanism(s).

In our previous study, we reported that IL-5 played an important role in eosinophil

recruitment to the lesion site in the gut of OVA-sensitized mice after challenge (Bae

et al., 1999). Despite the increased knowledge about the role of chemokines in allergy,

the mechanisms underlying chemotactic factors in intestinal food allergy are not fully

understood. We hypothesized that RANTES is activated following food allergy,

resulting in gastrointestinal eosinophil infiltration.

MATERIALS AND METHODS

Animals and Immunizations

Seven-week-old female BALB/c mice (CLEA Co., Tokyo, Japan) were used in this

study. The mice were housed in the animal facilities of Korea University Medical

School and provided with a commercial rodent diet OVA free. They were maintained on

a 12 h:12 h light-dark cycle and water was provided ad libitum. All experiments were

performed in accordance with the animal use and ethics guidelines of Korea University.
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The mice were initially divided into two groups. Group 1 (GRP1) had a total of

seventy animals and group 2 (GRP2) had a total 35. GRP1 mice were immunized

systemically with OVA 1 mg in 5 mg of alum as previously described by Tomoe et al.

(1992). Group 2 (GRP2) served as negative controls and were injected with alum 5 mg

without OVA. The specific IgE antibody in the serum of the sensitized mice was

evaluated by passive cutaneous anaphylaxis (PCA), using 7-week-old male Sprague-

Dawley rats (CLEA Co.). Positive sensitization was achieved by injecting 1:2 dilutions

(beginning at 1:40) of serum from the immunized mice (50 ml) into the shaved dorsal

skin of the rats. After 48 h, the rats received an intravenous injection of OVA 1 mg/

1% Evans blue dye 0.5 ml in phosphate-buffered saline (PBS, 137 mM NaCl, 2.4 mM

KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4). The rats were killed 10 min after

the injection, and blue discoloration 5 mm or more in diameter at the injection site was

taken as confirmation of a positive reaction.

Antigen Challenge

For antigen challenge, GRP1 animals were further divided into two groups of

seventy mice each and designated as group (n = 35) 1 test (GRP1-TEST) and group

(n = 35) 1 control (GRP1-CON). The group 2 controls were redesignated as group

(n = 35) 2 control (GRP2-CON). Challenges were performed 2 weeks after the final

sensitization by delivering OVA through an intragastric cannula. All mice were fasted

18 to 24 h prior to antigen provocation. As a control, oral challenge was also performed

using PBS in GRP1-CON and GRP2-CON. The mice were killed 3, 6, 12, and 24

h after antigen challenge, and tissue samples were quickly removed, frozen, and stored

at-80�C until used for immunohistochemistry, reverse-transcriptase polymerase chain

reaction (RT-PCR) and Southern blotting.

Eosinophil Immunohistochemistry

The jejunum (10 cm proximal to the cecum) was removed from all mice 3, 6, 12,

and 24 h after antigen challenge. Cryostat sections (5 mm) were made from the snap-

frozen tissue and stained with chromotrope 2R antibody at 1:000 dilution according to

the manufacturer’s protocol. Briefly, frozen tissue sections were fixed with 4%

paraformaldehyde in PBS for 20 min at room temperature and incubated with 10% goat

serum plus 0.3% Triton X-100 in PBS for 60 min to block nonspecific binding. The

sections were incubated with the primary antibody at a dilution of 1:200 in PBS, 5%

goat serum, and 0.1% Triton X-100 at 4�C overnight, followed by goat anti-rabbit IgG

[R&D, MN.USA] at a dilution of 1:300 at room temperature for 2 hours. Hematoxylin

was used to stain for eosinophils. Eosinophilic density was estimated as the mean

number of cells in 10 microscopic fields at �400 magnification.

RNA Extraction, RT-PCR, and Southern Blotting

Tissues were washed three times in ice-cold PBS. Total RNA was extracted using

the Fast Prep
TM

FP120 and Fast RNA
TM

Kit Green (BIO 101, Vista, CA, USA). Samples

were treated for 10 min at 37�C with 1 ml (0.75 Units) of RNAse-free DNase in

1 � DNase buffer to digest genomic DNA. cDNA synthesis was performed using
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Superscript II (Gibco BRL, Rockville, MD, USA) by reverse transcription in a reaction

mixture containing first-strand buffer, 2 ml of 0.1 M dithiothreitol, 1 ml of 10 mM

dNTP, 100 units of M-MLV reverse transcriptase, and 1 ml of 100 ng/ml Oligo-(dT)

primers (Borchers et al., 2002; Dahinden et al., 1994; Jenkins et al., 1984; Kameyoshi

et al., 1992; Lukacs et al., 1995; Majamaa et al., 1996; Rothenberg et al., 1995). Three

microliters of reverse-transcriptase product was used as a template for primers designed

to amplify full-length coding sequences of RANTES (GeneBank accession no.:

M77747). The primers were: sense 5’-GCTCCAATCTTGCAGTCGTGTT; and

antisense 5’-ATTTCTTGGGTTTCGTGGTCG. PCR amplifications were carried out

in a final volume of 100 ml containing 1� reaction buffer, 2 mM MgCl2, 0.4 mM each

of four dNTPs, 0.5 mM each of a pair of the primers, 0.5 units of Taq DNA

polymerase, and 3 ml of cDNA. The amplification reactions were performed in a

thermocycler for 35 cycles, which consisted of 94�C for 1 min, 56�C for 1 min, and

72�C for 1.5 min, followed by a final extension at 72�C for 10 min (Takara Ex Taq
TM

,

Takara Shuzo, Shiga, Japan). PCR products were electrophoresed through 1% agarose

gel impregnated with ethidium bromide 0.5 mg/ml. The resulting bands were visualized

by transillumination at 312 nm and photographed with a Kodak Digital Science camera.

The amplified products were blotted onto Hybond
TM

N+ membrane (Amersham,

Buckinghamshire, UK) using standard methods. An oligonucleotide probe of mouse

RANTES was labeled with peroxidase complexes, hybridized, and detected using

ECL
TM

direct nucleic acid labeling and detection systems (Amersham) according to the

manufacturer’s protocol.

Statistical Analysis

The data are expressed as means ± standard deviation (SD). Statistical significance

was assessed using the paired Student’s t-test for comparison of mean values between

the time course and using one-way ANOVA with Tukey’s post hoc test for com-

parisons of mean values among the three groups. A P value of at 0.05 was considered

to represent statistical significance.

RESULTS

Morphological Changes and Eosinophil Infiltration

Immunization with OVA elevated the total IgE level and induced the production of

OVA-specific IgE antibodies in the sera of treated mice. Compared with baseline OVA-

specific IgE levels before challenge (640 ± 12.43 optical density [OD] units), OVA-

challenged mice showed significantly elevated IgE level 640 over OD units after

intragastric challenge, which were not observed in control animals in GRP1-CON and

GRP2-CON.

Histopathological examinations of the intestines confirmed an anaphylactic

response in the gut after the oral challenge with OVA, as revealed by marked edema

of the intestinal villi (Figure 1a). Examination of the tissue sections revealed that the

intestinal mucosa had been infiltrated by eosinophils in the sensitized specimens. This

finding suggests that the intestinal mucosa was in an inflammatory state, probably
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induced by cytokines released by eosinophils. PCA analysis was positive at 300-fold

dilution only in OVA-sensitized mice, while it was negative in GRP1-CON and GRP2-

CON (data not shown). Positive cells were counted in 10 villi under light microscopy.

Activated cells in small bowel epithelium 6 h after challenge in GRP1-TEST (Figure 2)

showed an increase of 35.07 + 6.47 as compared with GRP1-CON (14.53 + 4.26

positive cells/microscopic field, ** P < 0.01) and GRP2-CON 16.87 + 3.93 positive

cells, ** P < 0.01). No edema of the intestinal villi was seen in GRP1-CON and GRP2-

CON, and only a few eosinophils infiltrated the gut compared with GRP1-TEST

(Figure 1B and Figure 2). Analysis revealed that the chemotactic activity was higher in

sensitized mice (GRP1-TEST) than in controls (Figure 2, **P < 0.01). The chemotactic

activity correlated with the levels of RANTES mRNA expression. Eosinophil

infiltration in GRP1-TEST peaked at 6 h and declined thereafter. This time course

of eosinophil infiltration is similar to the results of our previous study (Figure 2) (Bae

et al., 1999).

RANTES mRNA Expression

The results of RT-PCR and Southern blotting demonstrated that RANTES mRNA

expression was increased in the gut of GRP1-TEST, but not in GRP1-CON and GRP2-

CON, suggesting OVA-specific induction of RANTES mRNA in the gut (Figure 3).

Our results show that sustained transcript expression was detected for up to 24

h postsensitization. The expression of translated RANTES transcripts was confirmed to

Figure 1. Morphological section of the jejunum showing marked edema of villi and eosinophil

infiltration in GRP1-TEST (OVA-sensitized) mice (a) and absence of edema with little or no

eosinophil infiltration in GRP1-CON and GRP2-CON (b).
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Figure 2. Extent of eosinophil infiltration in the gut of GRP1-TEST, GRP1-CON, and GRP2-

CON (mean ± SD). O/O: OVA sensitization-OVA challenge (GRP1-TEST), O/P: OVA

sensitization-PBS challenge (GRP1-CON), A/O: alum sensitization-OVA challenge (GRP2-

CON). HPF: high-power field (�400). + P < 0.05 and ++ P < 0.01, significantly different in the

O/O (GRP1-TEST) at 3, 6, 12 and 24 hours. ** P < 0.001, significantly different in the O/O

(GRP1-TEST) and O/P (GRP1-CON) or A/O (GRP2-CON).

Figure 3. Time course of RANTES mRNA expression in the gut after oral challenge based on

RT-PCR = 280 bp RANTES (A upper panel), GAPDH (B middle panel), and Southern blotting

(SB; C lower panel) data. Lane 1: untested control, lanes 2, 5, 8, and 11, OVA sensitization-OVA

challenge (GRP1-CON), lanes 3, 6, 9, and 12: OVA sensitization-PBS challenge (GRP1-CON),

lanes 4, 7, 10, and 12: alum sensitization-OVA challenge (GRP2-CON).
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be elevated at 3 and 6 h postchallenge, but declined over the next 18 h to low levels at

24 h (Figure 3).

DISCUSSION

RANTES is considered a crucial factor for eosinophil infiltration in several organs

(Baggiolini and Dahinden, 1994; Beck et al., 1997; Berkman et al., 1996; Hasegawa

et al., 2001; Velazquez et al., 2000a,b; Zweiman et al., 1997), although the role

RANTES plays in eosinophil recruitment in the allergic gut tissue is not fully

understood. The purpose of this study was to investigate whether RANTES plays a role

in OVA-mediated food allergy in a mouse model by recruiting eosinophils to gastro-

intestinal lesion sites. Following antigenic challenge, in the OVA-sensitized mice, but

not in controls, we observed: 1) marked edema of intestinal villi and eosinophil

infiltration of the gut; 2) a peak in eosinophil infiltration 6 h after OVA challenge,

supporting our previous results (Bae et al., 1999); 3) increased RANTES mRNA

expression that peaked at 6 h and declined over the next 18 h; and 4) a peak increase in

RANTES mRNA expression that coincided with increased tissue eosinophil infiltration.

In this study, we observed that an increase in local gut expression of RANTES

resulted in increased eosinophil influx to the lamina propria after OVA challenge in

sensitized mice. Eosinophils are recognized as central effector cells in the inflamed

asthmatic airway (Iwamoto et al., 1992). Eosinophils release toxic basic proteins and

lipid mediators such as cysteinyl-leukotrienes that cause bronchial epithelial injury and

airflow obstruction (Sampson, 2000). The inflammatory role of RANTES in attracting

eosinophils to tissue lesions has previously been reported in the skin and the lungs

(Iwamoto et al., 1992; Nakajima et al., 1992). Several other factors are reported to

induce RANTES expression. For example, RANTES is strongly induced by respiratory

syncytial virus infection in cultures of upper airway epithelial cells (Chung and Kim,

2002). Katayama et al. (2002) also showed that RANTES was induced by TNF-a and

was markedly increased by the addition of IFN-g, resulting in increased eosinophil

chemoattractant activity.

As in the skin and lung, our present results showed that local antigen-induced

RANTES mRNA expression in the gut was observed as early as 3 h after oral

challenge, peaked at 6 h, and declined after 24 h. Peak RANTES expression coincided

with peak eosinophil recruitment. This time course of RANTES expression differed

from those reported in other studies. In allergic subjects, when RANTES was injected

intradermally recruitment of eosinophils was induced with peak responses at 24 h (Beck

et al., 1997). In addition, Lukacs et al. demonstrated that accumulation of eosinophils

within the lung peaked 24 h after allergen challenge (Lukacs et al., 1996). The time

course of local antigen-induced RANTES mRNA expression synchronized with that of

eosinophil infiltration in this study. Ronthenberg et al. (1995) demonstrated constitutive

expression of eotaxin mRNA in the gut of mice. Yamada et al. (1996) reported

RANTES mRNA expression in the colon of patients with atopic dermatitis.

Considering the inflammatory roles of cytokines and chemokines, eosinophil-

selective cytokines and chemokines including IL-5, eotaxin, and RANTES may

represent targets for novel therapies (Sampson, 2000). In vitro (Lukacs et al., 1996) and

in vivo (Venge et al., 1996), pretreatment with specific antibodies for RANTES
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induced a significant attenuation in eosinophil infiltration (Katayama et al., 2002).

Furthermore, RANTES-mediated chemokine production was inhibited by pertussis

toxin, indicating that G-protein-coupled chemokine receptors participate in RANTES

signaling (Luo et al., 2002). In this study, we did not attempt to raise RANTES-specific

antibodies to determine whether they would inhibit eosinophil influx into the intestine.

In conclusion, our results demonstrated an important role of RANTES in

eosinophil infiltration of the gut, as previously reported for the skin and lung. In a

study similar to ours, Bae et al. (1999) reported marked eosinophil infiltration of the

lamina propria was induced by oral challenge in Balb/c mice intraperitoneally

sensitized with OVA, which peaked 6 h after the oral challenge. However, Bae and co-

workers did not investigate any involvement of RANTES. Our present findings

revealed that OVA induces rapid and transient RANTES mRNA expression and

showed that RANTES may play a central role in the pathogenesis of food-mediated

gastrointestinal allergy.
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