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Brown Norway rats were immunized with gluten, and 
then fed a diet containing hypoallergenic flour or an 
amino acid mixture. The rats were then made to inhale a 
solubilized gluten to induce gluten-specific bronchial 
asthma. The antibody levels in the serum of rats were 
measured by ELISA, and cell counts were done on 
cytospin preparations of bronchoalveolar lavage fluid. 
Body weight was decreased after allergen challenge in 
rats fed the amino acid mixture but not in rats fed the 
hypoallergenic flour. Antibody levels in the serum were 
significantly lower in rats fed hypoallergenic flour than 
in those fed the amino acid mixture. Differential cell 
counts in the bronchoalveolar lavage fluid showed that 
the numbers of eosinophils, lymphocytes, and neu
trophils were significantly lower in rats fed the 
hypoallergenic flour than in those fed the amino acid 
mixture. These results suggest that hypoallergenic flour 
actively suppresses the allergic reactions, probably by 
inducing oral tolerance. 

Key words: hypoallergenic flour; wheat-specific al
lergy; allergy prevention; Brown Norway 
rats; IgE 

The number of patients suffering from food allergy 
is increasing throughout the world. I) Cereal-associat
ed allergies are considered to be an especially serious 
problem, because cereals are consumed as the staple 
food in most countries. The main symptoms of 
wheat-associated allergy are eczema, urticaria, asth
ma, and rhinitis, which develop shortly after wheat 
products are eaten or inhaled. The wheat-associated 
asthma reaction is usually called bakers' asthma, be
cause many employees working in bakeries or confec
tioneries suffer this symptom. 2

) The 12-16 kDa pro
teins, members of the a-amylase/trypsin inhibitor 
family were identified as the major allergens in salt-

t To whom correspondence should be addressed. 
Fax: + 81-11-706-2496; E-mail: nabe-j@chem.agr.hokudai.ac.jp 

soluble fractions of wheat. 3) It has been reported that 
IgE from patients with atopic dermatitis react not 
only to the salt-,soluble fractions but also to salt
insoluble fractions of wheat. 4-6) We identified an IgE
binding epitope of gluten as Gln-X-Y -Pro-Pro, 
where X and Yare replaceable amino acid 
residues.7,8) 

Our laboratory has been undertaking studies to 
prepare hypo allergenic foods. We first developed a 
process for producing a hypo allergenic rice prepara
tion,9,IO) and the product has been approved as a 
physiologically functional food for specified health 
use by The Japanese Ministry of Health and Welfare. 
More recently we proposed a procedure for produc
ing hypoallergenic wheat flOUr. II ) This procedure in
cludes the digestion of wheat flour with cellulase and 
actinase, and successfully reduces the allergenici
ties. ll

) Because the hypoallergenic flour has poor fun
ctionalities for food processing and needs to be 
processed into easy-to-eat foods, we proposed 
methods to prepare noodles and bread. 12) 

Hyposensitization therapy has been thought to be 
an effective immunotherapy to remedy allergic reac
tions, and has been applied to bronchial asthmal3

) 

and bee venom allergic patients. 14) It has been shown 
that treatment with peptides from the major cat aller
gen Fel d 1,15) house dust mite allergen Del pI, 16) and 
Japanese cedar pollen allergen Cry j 117) induce 
specific tolerance in T cells in mice in the same man
ner as the whole allergen. In human beings, treat
ment with T cell epitope peptides of Fel d 1 was clini
cally successful. 18,19) Because the hypoallergenic flour 
that we developed contains large amounts of 
oligopeptides, II) we hypothesized that it could be 
preventive and/or curative against gluten-specific al
lergic reactions via allergen-specific immunotoler
ance. 

Abbreviations: BALF, bronchoalveolar lavage fluid; BSA, bovine serum albumin; CHG, chymotryptic hydrolysate of gluten; DIG, digox
igenin 
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The Brown Norway rat model of allergic sensitiza
tion has been extensively characterized and has sever
al inflammatory and immunological features that 
resemble those of asthma, including airway eo
sinophilic inflammation, development of bronchial 
hypersensitiveness, and expression of TH2 cytokines 
such as IL-4 and IL-5 in the sensitized and challenged 
lung. 2o

,21) In this study we demonstrate that the wheat 
gluten-specific bronchial asthma reaction can be 
prevented by dietary hypoallergenic flour. 

Materials and Methods 

Animals and diets. Five-week-old male Brown 
Norway rats were purchased from Charles River 
(Tokyo, Japan), and housed in individual cages in a 
temperature-controlled (23 ± 2°C) room with a dark 
period from 1900 to 0500. They were allowed free ac
cess to an AIN93G composition diet22

) and water be
fore the experiment. For the measurement of allergy
preventing effect of hypoallergenic four, after seven 
days of consuming the AIN93G diet, rats weighing 
113 ± 1 g (n = 18) were actively immunized with glut
en and divided into two groups of 9 animals. One 
group was fed the hypo allergenic flour diet and the 
other group the amino acid diet (Table 1). The amino 
acid composition of the amino acid mixture was same 
as that of wheat flour. For the comparison of the al
lergy-preventing effect between hypo allergenic flour 
and intact wheat flour, after seven days of consuming 
the AIN93G diet, rats weighing 114 ± 1 g (n = 18) 
were actively immunized with gluten and divided into 
three groups of 6 animals. Rats were fed the 
hypo allergenic flour diet, intact flour diet, or amino 
acid diet (Table 1). 

This study was approved by the Hokkaido Univer
sity Animal Use Committee, and animals were main
tained in accordance with the guidelines for the care 
and use of laboratory animals at Hokkaido Universi
ty. 

Preparation of hypoallergenic flour. Hypoaller
genic flour was prepared by the method of Watanabe 
et al. lll Briefly, wheat flour was hydrolyzed with cel
lulase (from Trichoderma viride, 86.8 units/mg 
solid, Amano Pharmaceutical Co., Tokyo, Japan) at 
50°C for 1 hour, and then the actinase (250 Tyr units 
/mg solid, Kaken Pharma Co., Nagoya, Japan) reac
tion was done at 40°C for 1 hour at pH 7.0. The ra
tios of wheat flour / enzyme and water / flour were 
100 / 0.5 and 0.6 by weight, respectively. 

Preparation of the gluten fraction of wheat flour. 
Gluten balls made from soft flour (250 g, Showa 
Sangyo Co., Tokyo, Japan, commercial name: 
Cleopatra) were suspended in 500 mL of 0.1 M Tris
HCI (pH 8.6) containing 4 M urea. The suspension 
was centrifuged, and the supernatant was dialyzed 
against water. The resulting dialysate was lyophilized 
and then pulverized. 

Preparation of solubilized gluten. Because gluten 
is a water-insoluble protein, the chymotryptic 
hydrolysate of gluten (CHG) was used as the solubi
lized allergen for inhalation. The gluten fraction 
(10 g) was added to an aqueous solution (100 mL) of 
a-chymotrypsin (50 mg, Sigma Chemical Co., MO, 
USA, type II, 40 units/mg protein) and incubated at 
37°C for 6 hours. During the reaction, the pH was 
adjusted to 8.0 every 15 minutes. The reaction mix-

Table 1. Composition of Diet 

Diet 
Component ---.~~~~.---- ------~~----

Hypoallergenic flour 
Wheat starch l 

Amino acid mixture2 

Wheat flour 3 

Casein4 

Soybean oil5 

Cellulose6 

Mineral mixture7 

Vitamin mixture7 

L-cystineS 

Choline bitartrateS 

Sodium bicarbonateS 

Hypoallergenic flour 

700 

129.5 
70 
50 
35 
10 
3 
2.5 

1 Wheat starch was purchased from Showa Sangyo Co. (Yukiwariso; Tokyo, Japan). 
2 Amino acid composition of the mixture is the same as that of hypoallergenic flour. 
J Wheat flour was purchased from Showa Sang yo Co. (Cleopatra; Tokyo, Japan). 

Amino acid mixture 

g/kg diet 

627.3 
70 

129.5 
70 
50 
35 
10 
3 
2.5 
2.7 

4 Casein was purchased from the New Zealand Dairy Board (ALACID; Wellington, New Zealand). 
j Soybean oil, L~cystine, choline bitartrate, and sodium bicarbonate were purchased from Wako Pure Chemical Industries, Ltd. 
6 Cellulose was purchased from Advantec Toyo, Ltd. (Tokyo, Japan). 
7 The mineral mixture and vitamin mixture are identical to AIN-93G-MX and AIN-93-VX as reported by Reeves et al., 22) respectively. 

Intact flour 

700 
129.5 
70 
50 
35 
10 
3 
2.5 
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ture was centrifuged and the resulting supernatant 
was chromatographed on Sephadex G-15 (Pharmacia 
Biotech, Uppsala, Sweeden) to obtain a high 
molecular-weight peptide fraction (eluate from Vo to 
1.5Vo). The fraction was lyophilized and used as 
solubilized gluten. 

Immunization and challenge. Rats were actively 
immunized by a subcutaneous injection of 1 mg/rat 
of gluten fraction suspended in 0.5 mL of Imject 
Alum (Pierce, IL, USA) into the back of the neck. At 
the same time, 0.2 mL of Bordetella pertussis vaccine 
(Wako Pure Chemical Industries Ltd., Osaka, 
Japan) containing 6 x 108 heat-inactivated bacilli in 
PBS was administered intraperitoneally as an ad
juvant. Fourteen to sixteen days after immunization, 
the rats were made to inhale a PBS solution of 3% 
solubilized gluten for 10 minutes, administered by an 
ultrasonic nebulizer (NE-UI2; Omron, Tokyo, 
Japan). 

Antibody measurement. Serum levels of IgG 1, 
IgG2a, and IgE specific to wheat were measured by 
ELISA. All assays were done in 96-well microtiter 
plates (Becton Dickinson, NJ, USA). For the detec
tion of wheat-specific IgG 1 and IgG2a, plates were 
coated overnight at 4°C with 4 M urea containing 
Tris-HCI extract of wheat flour. Plates were blocked 
with PBS containing 2% bovine serum albumin 
(BSA) at 37°C for 1 hour. Test sera diluted with PBS 
containing 0.2% BSA and 0.02% Tween-20 (PBS/ 
BSA-Tween) were then added and incubated at 37°C 
for 2 hours. After the incubation, horseradish perox
idase-conjugated mouse anti-rat IgG 1 (MARG 1-2, 
Zymed, CA, USA), or mouse anti-rat IgG2a 
(MARG2a-l, Zymed) in PBS/BSA-Tween was added 
and incubated at 37°C for 2 hours. Between each 
step, the wells were washed five times with PBS con
taining 0.02% Tween-20 (PBS-Tween). Plates were 
developed at room temperature after the addition of 
o-phenylenediamine (0.4 mg/mL) and hydrogen 
peroxide (0.016%) in citrate-phosphate buffer (pH 
5.0). Finally, 2 M H 2S04 was added, and the absor
bance at 490 nm was measured with a microplate 
reader (Model 550; Bio-Rad, CA, USA). 

To detect wheat-specific IgE, plates were coated 
overnight at 4°C with mouse anti-rat IgE (MARE-I, 
Zymed) in carbonate buffer (pH 9.6). After blocking, 
diluted serum samples were added and incubated at 
37°C for 2 hours. After the incubation, digoxigenin 
(DIG)-labeled solubilized gluten in PBS/BSA-Tween 
was added and incubated at 37°C for 2 hours. The 
DIG labeling kit was purchased from Roche 
(Mannheim, Germany), and coupling to solubilized 
gluten was done by the manufacturer's instructions. 
The horseradish peroxidase-conjugated anti-DIG 
Fab fragment (Roche) in PBS/BSA-Tween was ad
ded and incubated at 37°C for 1 hour. Color de-

velopment and measurement were as described for 
the wheat-specific IgG 1 and IgG2a. 

The absorbance units of the diluted test samples 
were confirmed empirically as tripled concentrations. 

Bronchoalveolar lavage and cell counting. Twenty
four hours after gluten challenge, the animals were 
anesthetized by an intraperitoneal injection of Nem
butal (sodium pentobarbital 50 mg/kg body weight; 
Abbott Laboratories, IL, USA). Following 
laparotomy, the rats were killed by bleeding from the 
abdominal aorta and blood samples were collected 
for antibody measurement. The tracheae were then 
catheterized, and bronchoalveolar lavage was done 
with 5 x 5 mL of Hanks' balanced salt solution 
(Gibco BRL, MD, USA). The lavage fluid was cen
trifuged, and the cell pellets were suspended in 1 mL 
of RPMI1640 (Gibco BRL). The cell suspension was 
diluted with Turk solution (Wako Pure Chemical In
dustries Ltd.), and total cell counts were done with a 
hemocytometer. Differential cell counts were done 
using cytospin preparations stained with May-Griin
wald-Giemsa. In each sample at least 500 cells were 
identified according to standard structures as alveolar 
macrophages, eosinophils, lymphocytes, neutrophils, 
or other cells. 

Statistical analysis. Values in the text are means ± 
SEM. Student's t test and Duncan's multiple range 
test were applied to compare the mean values among 
two and three groups, respectively. A p value of less 
than 0.05 was accepted as statistically significant. 

Results 

Body weight change after gluten challenge 
The initial body weights of the two groups were the 

same and averaged 113 ± 1 g. Body weight gains per 
14 days were the same, 74 ± 2 g and 74 ± 2 g for rats 
fed the hypoallergenic flour diet and amino acid diet, 
respectively. Average daily food intake was 13.8 ± 
0.2 g for rats fed the hypo allergenic flour diet, 15.3 ± 
0.4 g for those fed the amino acid diet. Intake of the 
hypoallergenic flour diet was significantly lower than 
that of amino acid diet (p < 0.05). Body weight 
decreased after gluten challenge in the amino acid 
diet group (change rate was - 0.77 ± 1.50%). In con
trast, the body weight of the rats fed the hypo aller
genic flour diet increased after the challenge (change 
rate was 2.13±0.42%, p<0.05). 

Wheat-specific antibody production 
There was no detectable wheat-specific antibody in 

rats without immunization (data not shown). Two 
weeks after immunization, rats fed the hypoallergen
ic flour diet and those fed the amino acid diet both 
produced detectable levels of wheat-specific IgG 1, 
IgG2a, and IgE antibodies. The serum levels of 
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wheat-specific IgG 1, IgG2a, and IgE in the hypo aller
genic flour diet group were significantly lower than 
those in the amino acid diet group (Fig. 1, p < 0.05). 

Changes in the number of cells in bronchoalveolar 
lavage fluid 

The total cell number in the bronchoalveolar 
lavage fluid (BALF) of the hypoallergenic flour group 
was significantly smaller than that in the amino acid 
group (Fig. 2, p < 0.05). Rats receiving the hypoaller
genic flour showed significantly lower numbers of 
eosinophils, lymphocytes and neutrophils in BALF 
(Fig. 2, p < 0.01). In contrast, the number of alveolar 
macrophages was higher in the hypoallergenic flour 
group (Fig. 2, p < 0.05). In a preliminary experiment, 
more than 95% of total cells in BALF of both non
immunized gluten-inhaled rats and immunized BSA
inhaled rats were alveolar macrophages (data not 
shown). Therefore the observed accumulation of eo
sinophils in the BALF should be considered as a 
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Fig. 1. Wheat-specific IgG 1, IgG2a, and IgE Levels of the 
Amino Acid Mixture Diet Group (AA) and Hypoallergenic 
Flour Diet Group (Hypo) after Allergen Inhalation. 

Values are given as means ± SEM, n = 9. 
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Fig. 2. Comparison of Total Cell Count and Cell Profile in 
BALF between Rats Fed the Amino Acid Mixture Diet (AA) and 
Those Fed the Hypoallergenic Flour Diet (Hypo) after Allergen 
Inhalation. 

Values are given as means±SEM, n=9. *, p<0.05; **, 
p<O.Ot. TCC, total cell count; Mac, alveolar macrophages; 
Eos, eosinophils; Lym, lymphocytes; Neu, neutrophils. 

result of gluten-specific allergic reaction. 

Comparison of allergy-preventing effect between 
hypoallergenic flour and intact wheat flour 

The serum levels of wheat-specific IgG 1 and IgG2a 
in the hypo allergenic flour diet and intact flour diet 
groups tended to be lower than those in the amino 
acid diet group (Fig. 3). The serum level of 19B in the 
hypo allergenic flour and intact flour diet groups was 
significantly lower than that of amino acid diet group 
(Fig. 3, p < 0.05). There was no significant difference 
in the serum wheat-specific antibody level between 
hypoallergenic flour diet group and intact flour diet 
group. The total cell count in the BALF of the 
hypo allergenic flour diet and intact flour diet groups 
was smaller than that in the amino acid group, but 
the difference was not significant (Fig. 4). 

Discussion 

Brown Norway rats are known as a high IgE 
responder strain23

,24) and are used as a model of bron
chial asthma because sensitized rats have been report
ed to show airway hyperresponsiveness and eo-

_AA 
1.2 ~ Intact 1.2 0.4 

a D Hypo I c:: 
o 0.9 0.9 0.3 
0\ a 
'<t 
'c;J T ab 
<l.) 

g 0.6 0.6 0.2 
'" of: 
S; 

..0 
<t: 0.3 0.3 0.1 

0 0 0 
IgGI IgG2a IgE 

Fig. 3. Wheat-specific IgG 1, IgG2a, and IgE Levels of the Ami
no Acid Mixture Diet Group (AA), Hypoallergenic Flour Diet 
Group (Hypo) and Intact Flour Diet Group (Intact) after Aller
gen Inhalation. 

Values are given as means ± SEM, n = 6. Values with different 
letters are significantly different (p < 0.05). 
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Fig. 4. Comparison of Total Cell Count in BALF between Rats 
Fed the Amino Acid Mixture Diet (AA), Intact Flour Diet (In
tact) and Those Fed the Hypoallergenic Flour Diet (Hypo) after 
Allergen Inhalation. 

Values are given as means ± SEM, n = 6 
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sinophilic inflammation after antigen exposure.20,21) 
In this study, gluten-sensitized Brown Norway rats 
were used as an allergic airway inflammation model. 
For the allergen challenge, it was necessary to solubi
lize the gluten for its inhalation. Since we previously 
demonstrated that gluten solubilized by chymotryptic 
hydrolysis retained IgE-binding activity as demon
strated by ELISA, using serum from patients with 
wheat-associated atopic dermatitis,7) CHG was ex
pected to be a good alternative to intact gluten to 
induce gluten-specific bronchial asthma. In our preli
minary experiment, significant eosinophilic infiltra
tion in BALF was observed in gluten-immunized rats 
inhaled with CHG, while total cell count and cell pro
file in BALF of non-immunized rats that inhaled the 
solubilized gluten and gluten-immunized rats that in
haled BSA were comparable to those of untreated 
animals (unpublished data). These results suggest 
that the observed eosinophilic infiltration in BALF 
represents the allergic airway inflammation specific to 
gluten. Thus, an allergic inflammation model specific 
to gluten has been clearly established by using CHG 
as a solubilized allergen. Despite the fact that gluten 
is a major food allergen, few models for studying the 
gluten-specific allergic reaction have been reported. 
Therefore, our model will be useful for studying the 
gluten-specific allergic reaction. 

In this study, hypo allergenic flour inhibited the 
decrease in body weight after challenge, which may 
reflect the severity of allergic inflammation. More 
clearly, the results demonstrated that hypoallergenic 
flour consumption inhibited the increase in the num
bers of eosinophils, lymphocytes, and neutrophils in 
BALF after allergen challenge (Fig. 2). Since it has 
been reported that eosinophils accumulated in the 
airway in animal models of bronchial asthma25) and 
in allergic asthma patients,26) these results strongly 
suggest that hypo allergenic flour prevents gluten
specific allergic inflammatory reactions. 

Oral administration of antigen effectively induces 
antigen-specific immunotolerance. Indeed, this study 
showed that consumption of intact wheat flour in 
gluten-immunized rats tended to suppress the rise in 
serum antibodies against wheat (Fig. 3) and the cell 
infiltration in BALF (Fig. 4) after challenge, suggest
ing prevention of allergic inflammation through oral 
tolerance. More importantly, consumption of 
hypo allergenic flour suppressed not only the rise in 
serum antibody levels against wheat, but also the cell 
infiltration in BALF after allergen challenge in the 
same extent as intact flour (Fig. 3, 4). These results 
suggest that hypo allergenic flour contains enough of 
the components required for inducing oral tolerance. 
Hirahata et al. 17

) reported that the oral administra
tion of a dominant T cell determinant peptide could 
induce oral tolerance with resulting inhibition of T 
cell responses and antibody production in allergen
primed mice in the same manner as the whole aller-

gen. Since hypoallergenic flour contains large 
amounts of oligopeptides, the absorbed peptides may 
possibly affect the immunoreactions. However fur
ther studies will be necessary to test this hypothesis. 
Nevertheless, we believe that the hypoallergenic flour 
is a better immunotolerance inducer than intact 
wheat flour from the viewpoint of clinical applica
tion, because the majority of wheat-allergic patients 
did not show allergic symptoms after hypoallergenic 
flour intake in a clinical test (Taniuchi, S. et al. un
published data). 

Different patterns of cytokine release are charac
teristic of certain subgroups of T helper cells, termed 
THI and TH2; the former secrete IL-2 and IFN-y, 
while the latter secrete IL-3, IL-4 and IL-5, according 
to observations in mice. 27) It has been reported that 
the production of TH2 cytokines against antigen 
stimulation was important to the allergic asthma 
reaction. 28) IL-4 has been shown to be essential for in
ducing IgE synthesis. 29) We showed in this study that 
the rise in wheat-specific IgE concentration after im
munization was inhibited by hypoallergenic flour 
consumption (Fig. 1). Thus it seems possible that 
hypoallergenic flour suppresses wheat-specific IgE 
production via a change in the THI /TH2 balance to a 
TH 1 predominant status. In our laboratory, a more 
sophisticated study is currently under way to clarify 
the precise mechanisms of the allergy-preventing 
effect of hypoallergenic flour. 

We have developed the hypoallergenic flour aiming 
not to stimulate the gluten-specific allergic reactions. 
Actually, our previous study demonstrated that one 
of the major peptides in the hypoallergenic flour did 
not induce histamine release from the basophils of 
wheat allergic patients.8) In addition, our preliminary 
experiment showed that inhalation of hypoallergenic 
flour did not induce the accumulation of eosinophils 
in the BALF of gluten-sensitized and amino acid-fed 
Brown Norway rats. These observations suggest that 
hypoallergenic flour does not stimulate gluten
specific allergic reactions in gluten-sensitized patients 
and animals. More importantly, these results suggest 
that hypo allergenic flour actively suppresses the aller
gic reactions, probably by inducing oral tolerance. 
Since it has been reported that initial priming of the 
allergen-specific T cell response may occur before 
birth,30) allergy prevention by daily food intake will 
be important. Work along this line would be of both 
immunological and clinical importance in developing 
practical countermeasures to a world-wide social 
problem, wheat allergy. 
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