J Nutr Sci Vitaminol, 49, 112-119, 2003

Further Evidence Regarding the Effect of Dietary Protein on Oral Tolerance

against Beta-Lactoglobulin through Th1-Mediated Immune
Response in Mice

Sherin AuMen!, Mohammed A. SATTER', Shigeru Yamamoro?, Ken-ichi MAEDA®,
2
Yoshihiro MiNaTo? and Fusao O1a**

! Department of Food Microbiology and ? Department of Applied Nutrition, School of Nutrition,
Faculty of Medicine, and * Health Service Center, The University of Tokushima,
Tokushima 770-8503, Japan

(Received September 9, 2002)

Summary Oral tolerance is a potential strategy for preventing or minimizing aberrant
immune responses. Although, oral tolerance has been extensively studied, to date the effects
of dietary protein on the induction of oral tolerance are poorly understood. We have previ-
ously shown that restricted dietary protein induces oral tolerance to ovalbumin. This study
was designed to investigate whether or not such tolerance occurs with beta-lactoglobulin
(BLG) instead of ovalbumin (OVA) and if the tolerance resulting from this feeding regimen
involves Th1-mediated immune response. Female BALB/c mice fed either 20% or 5% di-
etary protein were given 5 mg BLG or water orally for four consecutive days and then im-
munized intraperitoneally (ip) twice with BLG at 3-wk intervals. Oral tolerance induction
was compared in BLG-fed and water-fed mice by measuring total IgE, BLG-specific antibod-
ies, footpad reactions, splenocyte proliferation, and cytokine production. When mice were
given BLG orally before ip immunization, the Th1-mediated immune responses (production
of IL-2, IFN-y, and IgG2a) were significantly reduced, whereas the Th2-mediated immune
responses (production of IL-4 and IgG1) were unchanged. The Th1-mediated immune re-
sponses were markedly down-regulated in mice fed 5% protein as compared to those in mice
fed 20% protein. Moreover, the production of total IgE, BLG-specific IgE, splenocyte prolifer-
ation, and footpad reactions were more reduced in mice fed 5% protein than those in mice
fed 20% protein. The present study provides evidence that dietary protein plays an impor-
tant role in the induction of oral tolerance against BLG as the result of, clear down-regula-

tion of Th1 helper activity accompanied by a reduction in IgE.

Key Words

Oral tolerance is a biological pathway for the induc-
tion of systemic immunological hyporesponsiveness
against a specific food antigen to prevent or minimize
aberrant immune responses (1-3). Ingested food pro-
teins are normally degraded to their smaller compo-
nents with digestive enzymes in the gastrointestinal
tract and are absorbed into the intestinal epithelium.
But some dietary foods escape from the degradation
process and are absorbed considerably as allergenic epi-
topes. Thus, a failure in or defectiveness of oral toler-
ance may lead to an adverse reaction(s) to dietary food
antigens (i.e., food allergy), resulting in the production
of specific antibodies including IgE, a key molecule of
anaphylaxis (4).

Oral tolerance is characterized by a systemic hypore-
sponsiveness to ingested food antigens and can be ex-
plained by at least two possible mechanisms depending
upon the antigen dose and frequency of administration
(5-7). A high dose of antigen has been demonstrated to
lead to T helper 1 (Th1) anergy, whereas multiple low
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doses of antigen supported active suppression by down-
regulating the regulatory T-cells secreting cytokines.
Other factors such as aging (3), genetic background
(&), and environment are also critical for the induction
or maintenance of oral tolerance. Although, it has been
reported that nutritional status and some nutrients af-
fect cellular and humoral immune responses (9, 10), to
date the effects of nutritional status on oral tolerance to
dietary antigens are poorly understood. In particular,
nutritional status appears to be an influential factor for
increased allergic reactions judging from the rarity of
allergic diseases until World War II, and over the past
few decades allergies have been frequently considered to
be a social problem caused by recent changes in life-
style and dietary habits (11-13). Although Asian coun-
tries used to have a low rate of allergic diseases as com-
pared to Western countries, increasing prevalence has
been reported in Japan, Hong Kong, and Taiwan, with
wide variations within the continent. Next to egg al-
lergy, cow’s milk allergy is a common issue in view of its
high incidence of 2—10% among children (14, 15) and
1% among the adult population (16). Therefore, we
tried to investigate whether the manipulation of nutri-
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tional status affects the induction of oral tolerance to di-
etary food antigens. We have previously shown that,
when mice were maintained on restricted dietary pro-
tein, a marked oral tolerance was induced to ovalbu-
min, a major allergen that causes egg allergy. The ob-
servations in this study, however, may look unique to
the experimental system examined in vitro and in vivo
and therefore could not be indicative of other antigens
to induce such tolerance. BLG is a major allergen in
cow’s milk, and there are few reports describing the ef-
fects of dietary protein on the induction of oral toler-
ance to it. Hence, the objective of this study is to investi-
gate whether or not restricted dietary protein induces
oral tolerance to BLG and if the resulting tolerance is se-
lectively limited to Thl-mediated immune responses.
Our data indicate that oral tolerance was established
more markedly in mice fed restricted dietary protein,
which helps us understand nutritional conditions to re-
duce adverse food reactions.

MATERIALS AND METHODS

Animals, diets, and husbandry. Specific pathogen-
free female BALB/c mice 6 wk of age and weighing 15—
20 g were purchased from Charles River Japan (Tokyo,
Japan). They were maintained for a week on a cow’s
milk free standard laboratory diet (Oriental Yeast
Company Ltd., Tokyo, Japan.). Mice were then ran-
domly divided into two groups: one was given a 20%
protein diet and the other a 5% protein diet. The 20%
and 5% protein diets were iso-caloric (Table 1). The
diets, containing 20% or 5% egg white (% of w/w) as
the sole source of protein, were prepared by a previously
published method (17). Each diet was made into dough
with one third of its weight in water. All experimental
mice were kept under standard animal housing condi-
tions (18) with free access to the food and water. Every
day in the morning, food and water were renewed, and
food intake and body weight of the mice were mea-
sured. All experiments were approved by the Animal
Research Fthics Committee at The University of
Tokushima, Japan.

Induction of oral tolerance and immunization.  The ex-
perimental design for the induction of oral tolerance
and immunization is shown in Fig. 1. To induce oral tol-
erance, mice were given 5 mg of BLG (Sigma Chemical
Co., St. Louis, MO, USA) in 0.5 mL of distilled water for
four consecutive days by gastric intubation using an
18-gauge plastic feeding tube with a round tip. Control
mice received distilled water alone. Four days after the
last oral administration of BLG, all mice were immu-
nized twice ip at 3-wk intervals with 100 ug (0.5 mL) of
alum-precipitated BLG dissolved in phosphate-buffered
saline (PBS). Mice were given BLG or distilled water
orally 3 wk after they started to receive the experimen-
tal diets and maintained on the same diet until they
were sacrificed.

Collection of serum. One week after the last immu-
nization, blood and spleens were collected from different
groups of mice under anesthesia. Sera were separated
by centrifugation and kept at —70°C until use for the

Table 1. Composition of experimental diets.
Dietary egg white (%)
Constituent (g/kg)
20 5
Egg white 200 50
Carbohydrate' 670 820
Cellulose 20 20
Mineral mixture? 50 50
Vitamin mixture’ 10 10
Corn oil 50 50
Total energy (kcal/kg) 3,930 3,930

! Starch : sucrose, 2 : 1 ratio.

2 Obtained from Oriental Yeast Co. Ltd., Tokyo, Japan.
The mixture consists of (mg/kg diet): CaHPO,-2H,0,
7,280; KH,PO,, 12,860; NaH,PO,, 4,680; NaCl, 2,330:
Ca-lactate, 17,550; Fe-citrate, 1,590; MgSO,, 3,590:
ZnC0,, 55; MnS0, - 4-6H,0, 60; Cus0, - 5H,0, 15; KI, 5.
? Obtained from Oriental Yeast Co. Ltd. The composition
is expressed in units or milligrams of vitamins per kg of
diet: thiamin-HCI, 12; riboflavin, 40; pyridoxine-HCI, 8;
vitamin B, ,, 0.005; ascorbic acid, 300; p-biotin, 0.2; folic
acid, 2; calcium pantothenate, 50; p-aminobenzoic acid,
50; niacin, 60; inositol, 60; choline chloride, 2,000;
retinol acetate, 5,000; ergocalciferol, 1,000 IU; toco-
pherol acetate, 50; menadione, 52.

BLG given ip immunized with ip immunized with
5 mg/mouse BLG 100 pg/mouse BLG 100 pg/mouse  gacrifice
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Fig. 1. Experimental design for the induction of oral
tolerance and/or immunization of mice. Groups
of mice were given 5mg/d of BLG or distilled water
orally for four consecutive days and then immunized
ip twice at 3-wk intervals with 100 ug/mouse BLG.
Experimental diets were given to the mice 3 wk before
the oral administration of BLG started and continued
until they were sacrificed on day 28 to collect blood
and spleens for analysis.

analysis of total and specific antibodies against BLG.
Determination of Total IgE in serum. The amount of
total IgE in the serum was determined by enzyme-
linked immunosorbent assay (ELISA) as described pre-
viously (18). Briefly, 96-well microtiter plates (Greiner
Labortechnik, GmbH) were coated with 100 uL./well of
rat anti-mouse IgE monoclonal antibody (Yamasa
Corporation, Chiba, Japan) and incubated overnight at
4°C. The non-specific protein binding sites were blocked
by incubating for 90 min at room temperature with
200 uL/well of 3% BSA (Sigma) dissolved in Tris-HCl
buffer (25 mm, pH 7.4) containing 0.04 M NaCl, 5 mm
KCI (TBS), and 0.1% (w/v) NaN;. Microtiter plates were
washed three times with TBS containing 0.5% Tween-
20 (TBS-T). They were dispensed in duplicate with
serum samples (10-fold dilutions), and serially diluted
standard IgE in Tris-HCI buffer (20 mm, pH 7.2) con-
taining 0.01 mM PMSF, 0.01 mm leupeptin, and 2 mm
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EDTA, and incubated for 90 min at room temperature.
For a calibration curve, an antidinitrophenyl mono-
clonal mouse IgE (Yamasa Corporation) was used
as the standard IgE. After being washed three times
with TBS-T, the plates were reacted for 90 min at room
temperature with 100 ul/well of biotinylated anti-
mouse IgE rat monoclonal antibody (1 ug/ml) in PBS.
They were washed and then incubated for 90 min
at room temperature with an avidin-biotin-alkaline
phosphatase complex (Vectastain ABC Kit, Vector
Laboratories, Burlingame, CA, USA). After four wash-
ings, the plates were incubated for 20 min at room
temperature with 100 uL/well of a substrate mixture,
p-nitrophenyl phosphate (PNPP, Kirkegaard & Perry
Laboratory Inc., Gaithersburg, MD, USA). A solution of
150 mm EDTA was used to stop the enzymatic reaction
and the resulting color was measured at 415 nm in a
microplate reader (Hitachi F-3010, Japan). The total
IgE concentrations were determined by referring to a
standard curve constructed using serial dilutions of
standard monoclonal IgE.

Measurement of specific antibodies against BLG in
serum.  Serum samples were collected from different
groups of mice and assayed for specific antibodies by in-
direct ELISA (18). Briefly, microtiter plates (Greiner)
were coated with 100 uL/well of BLG (100 pg/mL) in
carbonate buffer (50 mm, pH 9.6) and left overnight at
4°C. The non-specific protein binding sites were blocked
by incubating with 200 uL/well of 3% BSA (Sigma) in
TBS for 90 min at room temperature. Four washings
with TBS-T were performed before each reagent was
successively reacted. For the determination of BLG-spe-
cific IgE, I1gG1, and IgG2a, the plates were dispensed in
duplicate with 100 ul/well (10-, 300- or 20-fold dilu-
tions) serum samples and incubated for 90 min at room
temperature. Then the microtiter plates were incubated
for 90 min at room temperature with 100 uL/well bi-
otinylated anti-mouse IgE rat monoclonal antibody
(Yamasa Corporation), anti-mouse IgGl rat mono-
clonal antibody (BD PharMingen, San Diego, CA, USA),
or anti-mouse IgG2a rat monoclonal antibody (BD
PharMingen). They were finally reacted with an avidin-
biotin-alkaline phosphatase complex and a substrate
mixture (PNPP) and treated further in the same way for
the determination of total IgE.

Preparation of splenocytes.  Spleens from different ex-
perimental groups of mice were removed 1 wk after the
last immunization with BLG and placed in RPMI-1640
(Sigma) containing Antibiotic-Antimycotic (GIBCO BRL
Life Technologies, Inc., Grand Island, NY, USA) and
25 mm HEPES. Single-cell suspensions were prepared as
described previously (10) with some modifications. In
brief, spleens were cut into pieces and cell suspensions
were prepared by rubbing them through a stainless
steel mesh and passing the resulting suspension
through two layers of sterile cloth. Red blood cells were
depleted by treatment with a Tris-ammonium chloride
lysing buffer in an ice bath. After three washes with
medium, cells were resuspended in RPMI-1640 con-
taining Antibiotic-Antimycotic (GIBCO BRL), 5X107°

M 2-mercaptoethanol, and 10% heat-inactivated FBS
(Sigma Chemical Co., St. Louis, MO, USA). The viability
of cells was determined by the trypan blue exclusion
method and kept on ice until use on the same day.

Specific proliferation against BLG.  The single-cell sus-
pensions described above were resuspended at a final
concentration of 2.5x10°cells/mL in a medium con-
taining Antibiotic-Antimycotic (GIBCO BRL), 25mwMm
HEPES, 5X107° M 2-mercaptoethanol, and 10% heat-
inactivated FBS (Sigma). Then the cells (5x10°
cells/well) were cultured in triplicate wells for 72 h in
either medium alone or in medium with 100 ug/mL
BLG, 5 ug/mL ConA, or 10 pug/mL LPS at 37°C under a
humidified atmosphere of 5% CO,. They were then
pulsed with 1 pCi/well tritium thymidine (specific activ-
ity: 74 GBq/mm or 2 Ci/mM, Amersham Pharmacia
Biotech., England) for the last 17 h. After harvesting
the cells onto fiberglass filters, radioactivity was
counted for the incorporation of *H-thymidine using a
direct beta counter (MATRIX™ 9600, PACKARD, A
Canberra Company, USA).

Cytokine production to BLG. For the cytokine assay,
spleen cells were prepared as described above. They
were resuspended at a final concentration of 1Xx107
cells/mL in RPMI-1640 medium containing Antibiotic-
Antimycotic (GIBCO BRL), 25 mm HEPES, 5X10 °um
2-mercaptoethanol, and 10% FBS. Cells (5x10° cells/
well) were then cultured in 24-well culture plates with
or without BLG at 37°C under a humidified atmosphere
of 5% CO,. Culture supernatants were collected after 72
or 96 h of incubation by centrifugation at 400Xg for 5
min to determine IFN-y and IL-2 or IL-4, respectively.
They were then aliquotted and stored at —70°C until
assayed.

The cytokine level in the culture supernatants was
quantified using an ELISA technique described previ-
ously (18). Briefly, 96-well microtiter plates (Greiner)
were incubated overnight at 4°C with 100 uL/well anti-
mouse IL-4 rat monoclonal antibody (2 ug/mlL,
PharMingen) or anti-mouse IFN-y rat monoclonal anti-
body (2 ug/ml, PharMingen). After washing, the im-
munoplates were treated with 100 uL/well 3% BSA for
90 min at room temperature to block nonspecific bind-
ing sites. They were then dispensed in duplicate with
100 uL/well culture supernatant and serial dilutions of
recombinant standard IL-4 or IFN-y (PharMingen) and
incubated overnight at 4°C. The plates were washed
four times with buffer and then reacted for 90 min at
room temperature with 100 ul./well biotinylated anti-
mouse IL-4 or IFN-y rat monoclonal antibody (1 ug/mlL,
PharMingen). They were washed again and reacted for
90 min at room temperature with an avidin-biotin-
alkaline phosphatase complex (Vectastain). After five
washings, the plates were reacted a final time for 90
min at room temperature with 100 ul/well substrate
mixture (PNPP). A solution of 150 mMm EDTA was used
to stop the enzymatic reaction and the resulting color
was measured at 415nm in a microplate reader
(Hitachi F-3010, Japan). The concentration of I1.-4 or
IFN-y in the culture supernatants was calculated by
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plotting the readings of immunoplate wells on the cali-
bration curve prepared above.

The IL-2 level in the culture supernatants was meas-
ured by cytokine ELISA kits (PharMingen) following the
manufacturer’s instructions.

Footpad reactions.  Spleens were collected from the
mice given BLG orally or control mice, which received
water instead of BLG. Single-cell suspensions were pre-
pared and pooled according to groups of treatment.
Splenocytes (1Xx107 cells/mouse) in 100 uL of saline
were transferred into BALB/c mice via the tail vein.
After transfer, 100 ug/foot BLG was injected into the
left hind footpad to elicit a DTH reaction. Footpad
swelling was measured with a dial caliper (Ozaki, Co.
Ltd., Tokyo, Japan) 48 h after the injection. The right
hind footpad was injected with saline and served as the
control. Results were calculated by subtracting the
measurements of control mice injected with saline from
those of the BLG-injected mice.

Statistical analysis. The results were presented as
mean*SD. Statistical significance of difference between
the values was analyzed by Student’s t-test followed by
Duncan’s multiple range test. Results were considered
significant at p<<0.01 or p<0.05.

RESULTS

Food consumption and body weight

Mice were given free access to a 5% or 20% protein
diet for the whole experimental period. Consumption of
food and gain of body weight of mice were significantly
affected by the protein content in the diets. During the
experimental period, the average food intake was
2.86+0.21 and 2.55%0.25 g/d for mice receiving the
5% and 20% protein diets, respectively. After 7 wk on
the experimental diets, food intake per day was signifi-
cantly higher for mice receiving the 5% protein diet as
compared to those mice receiving the 20% protein diet.
The average initial body weight of mice receiving the
5% and 20% protein diets was 18.4*0.1 g and 18.0*
0.1, respectively. However, on the day of sacrifice, the
average body weight of the mice receiving the 20% and
5% protein diets was 24.1+0.3 and 21.7x0.3 g, re-
spectively. The difference between the two groups was
statistically significant, with a p<<0.05.
Total IgE in serum

As shown in Fig. 2, the level of total IgE in the sera of
water-fed mice immunized ip with BLG was elevated in
both the 20% and 5% protein groups. There was no sta-
tistical difference in the concentration of total IgE be-
tween the animal groups fed the 20% and 5% protein
diets. When mice were orally given soluble BLG before
ip immunization, both the 20% and 5% protein groups
showed a significantly lower concentration of total IgE
than those of mice given water orally instead of BLG.
Moreover, in the BLG-fed groups the 5% protein group
also showed a significantly lower concentration of total
IgE as compared to the 20% protein group.
Specific antibodies against BLG in serum

BLG-specific serum antibodies IgE, 1gG1, and IgG2a
in mice fed the 20% and 5% protein diets are shown in
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Fig. 2. Total IgE in the sera of mice fed 20%
and 5% protein diets. The mice were given 5 mg/d
of BLG or water orally for four consecutive days and
then immunized twice with alum-precipitated BLG
(100 pug/mouse) at 3-wk intervals. Serum samples
were collected 1 wk after the last immunization and
their total IgEs were measured by ELISA as described
in Materials and Methods. The results are expressed as
mean=SD from 10 or 12 mice per group. Open and
crossed columns represent the mice fed 20% and 5%
dietary protein, respectively. Single and double aster-
isks indicate the statistical significance of difference
with p values of <0.05 and 0.01, respectively.

Fig. 3. Remarkable levels of IgE, IgG1, and IgG2a were
produced in both 20% and 5% protein groups when the
mice received water plus ip immunization of 100 ug
BLG (water-fed). The oral administration of soluble BLG
for four consecutive days before ip immunization with
the same antigen showed a different effect on antibody
production. In the BLG-fed group, both mice in the 20%
and 5% protein groups showed significantly lower levels
of IgE antibody against BLG as compared to the water-
fed control groups. In the BLG-fed groups, the IgE level
was moderately lower in mice fed the 5% protein diet as
compared to those fed the 20% protein diet when they
were given soluble BLG orally.

BLG-specific 1gG1 and IgG2a isotypes in the sera
were also determined. Both 20% and 5% protein groups
showed significantly lower titers of [gG2a in the BLG-fed
groups than those in the water-fed control groups.
Moreover, in the BLG-fed groups, the 5% protein group
also showed a significantly lower titer of IgG2a as com-
pared to the 20% protein group. In contrast, both the
20% and 5% protein groups did not show any statistical
difference in BLG-specific IgG1 between the water and
BLG-fed groups.

Proliferation of splenocytes

The proliferation of lymphocytes from different
groups of experimental mice was examined by the in-
corporation of *H-thymidine into splenocytes upon in
vitro stimulation with BLG, ConA, or LPS (Fig 4). In the
5% protein groups, mice fed BLG before ip immuniza-
tion showed significantly lower responses to BLG, ConA,
and LPS than those of mice given water orally instead of
BLG. In contrast, for the mice fed 20% protein, there
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Fig. 3. Specific antibody titers against BLG in the sera

of mice fed a 20% or 5% protein diet. The mice were
treated as described in Fig. 1. Serum samples were col-
lected 1 wk after the last immunization and assayed by
ELISA as described in Materials and Methods. Specific
antibody titers are expressed as mean=+SD taken from
10 or 12 mice per group. Open and crossed columns
represent the mice fed 20% and 5% dietary protein, re-
spectively. Double asterisks indicate the statistical sig-
nificance of difference with a p value of <0.01.

was no statistical difference between the water-fed and
BLG-fed groups in the levels of proliferation in terms of
specific and non-specific stimulation.
Cytokines responses to BLG

The effects of dietary protein on the production of
some regulatory cytokines from spleen cells were exam-
ined following in vitro stimulation with BLG (Fig. 5).
Without the oral administration of BLG (water-fed),
production of IL-2 and [FN-y was moderately higher in
the 5% protein group as compared to the 20% protein
group. It was significantly reduced in the 5% protein
group, whereas it remained unchanged in the 20% pro-
tein group when the animals were given BLG orally. On
the other hand, a substantial amount of IL-4 was
detectable even in the 5% protein group as well as

O Water-fed
BLG-fed

H-thymidine incorporation (cpm)

:

NS BLG ConA LPS NS BLG ConA LPS

< > 44— >
20% protein 5% protein

Fig. 4. BLG-specific and non-specific (ConA and LPS)
proliferative responses of mice fed 20% or 5% dietary
protein. Spleen cell suspensions were prepared as de-
scribed in Materials and Methods. In the presence of
BLG (100 ug/mL), ConA, LPS, or medium only, cells
(5X10° cells/well) were cultured in triplicate wells for
55h and a further 17 h with *H-thymidine. The prolif-
erative responses were measured by counting the ra-
dioactivity of *H-thymidine incorporated in cells from
each animal group. The results are expressed as mean
(cpm)=SD taken from 10 or 12 mice per group. The
single asterisk indicates the statistical significance as
compared to the water-fed control group with a p
value of <0.01.

the 20% protein group upon BLG administration.
Moreover, in both the BLG-fed and water-fed groups,
the production of I1.-4 was significantly lower in the 5%
protein group than that in the 20% protein group.
Footpad reactions to BLG

To test whether or not the effect of dietary protein on
spleen cell proliferation in vitro is reflected in immuno-
logical reaction in vivo, we examined footpad reactions
in the mice. As shown in Fig. 6, the 5% protein group
showed significantly lower footpad swelling than that of
water-fed control mice. In contrast, in the 20% protein
group, footpad swelling was not significantly different
between the BLG-fed and water-fed control groups.

DISCUSSION

Oral tolerance is a state of immunological unrespon-
siveness induced by prior feeding of specific food anti-
gens. When food antigens are presented, antigen-spe-
cific cells develop in different ways depending on the
dose, frequency, and nature of the antigen, resulting in
different states of oral tolerance. Nutritional status may
also be a major factor to ensure the induction of oral
tolerance (19). Although dietary protein was shown to
affect the induction of oral tolerance against ovalbu-
min, a major allergen that causes egg allergy (18), in
our previous study, it is not clear yet whether this toler-
ance occurs with other antigens through Th1l and/or
Th2-mediated immune responses. To address the effects
of dietary protein on oral tolerance, groups of mice were
maintained on two different diets prepared in such a
way that they provided the same amount of calories
with different amounts of protein. In this study, the
mice that were maintained on a low dietary protein ate
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Fig. 5. Cytokine production against BLG by spleen
cells of mice fed 20% or 5% dietary protein. Cell sus-
pensions were prepared as described in Materials and
Methods. Cells (5X10° cell/well) were cultured in trip-
licate wells with or without BLG (500 ug/mL). After
72 or 96 h of incubation, the concentration of IL-4,
IFN-y, and IL-2 in the culture supernatants was deter-
mined by ELISA. The levels of cytokines against BLG
were calculated by subtracting the readings of the con-
trol cultures from those of the BLG-stimulated cul-
tures. The results are expressed as mean=SD taken
from 10 or 12 mice per group. Open and crossed
columns represent the mice fed 20% and 5% dietary
protein, respectively. Double asterisks indicate a statis-
tical significance of difference with a p value of <0.01.

more food than the mice on the protein-sufficient diet in
order to meet their physiological needs. Moreover, mice
fed the 5% protein diet had a lower gain in body weight
and fewer lymphocytes in their spleens despite the ade-
quate consumption of food. These results were consis-
tent with a previous study from our laboratory (18) and
the results of others (10, 17).

Oral tolerance was induced by exposing mice to BLG
followed by ip immunization with the same antigen and
then evaluated. To investigate the in vivo level of toler-
ance generated by multiple feedings of BLG, the produc-
tion of total IgE and specific IgE, 1gG2a, and IgG1 anti-
bodies against BLG were measured. First, the marked ef-
fects shown in mice fed the 5% dietary protein were
characterized by down-regulated total Igk when com-

020% Protein
03 -

— 5% Protein

g 025

g/ 0z | T = * ¥ 1

2 L1 =

T 015 - N

% 0.15 \\

‘g 0.05 - \\ \\

= N , N ,
N=10 N=I2 N=10 N=12
Water-fed BLG-fed

Fig. 6. Footpad reactions in mice after the transfer of

spleen cells from tolerant mice fed 20% or 5% dietary
protein. Spleens were collected from the mice given
BLG or water orally and subsequent ip immunization
as shown in Fig. 1. Single-cell suspensions were pre-
pared and pooled according to group of treatment.
Naive mice received spleen cells intravenously
(1X107 cells/mouse) from each group of mice. The
mice were then tested for footpad reaction to BLG as
described in Materials and Methods. Footpad swelling
was measured 48 h after the injection of BLG. The re-
sults are expressed as mean=SD taken from 10 or 12
mice per group. Open and crossed columns represent
the mice fed 20% and 5% dietary protein, respectively.
Double asterisks indicate a statistical significance of
difference with a p value of <0.01.

pared to those in mice fed the 20% protein diet. The
oral administration of antigen before ip immunization
showed different effects on the production of specific an-
tibody titers against BLG. The different antibody levels
seen in this study are attributed to the regulatory cy-
tokines secreted from different T-cells; IgE and IgG1 are
antibodies dependent on Th2 cytokine IL-4, while the
production of IgG2a requires the participation of Thl
cytokine IFN-y (20). In fact it was reported that IFN-y
knockout mice (lacking Thl cells) orally immunized
with a high dose of OVA did not produce any IgG2a an-
tibody (21). IgG2a thus represents Thl-mediated re-
sponse, which might also be demonstrable by using IL-2
knockout mice. In our study, specific IgG2a antibody
against BLG was markedly down-regulated in the sera
of tolerant mice fed the 5% dietary protein, whereas no
effect was observed in specific IgG1 antibody. It is inter-
esting to note that, in contrast to specific IgG1, the IgE
titer was significantly lower in the sera of tolerant mice
fed the 5% dietary protein. Although both IgE and [gG1
antibodies are regulated by the same Th2 cells cy-
tokines, their production in the sera of tolerant mice fed
5% protein suggests the involvement of a distinct regu-
latory mechanism. This result is consistent with a pre-
vious study showing a decrease in IgE with no effect on
IgG1 in systematically challenged mice (22).

[L-4 is a necessary molecule for the induction of both
IgE and IgG1 isotypes, as demonstrated in [L-4 deficient
mice (23). It has also been reported that less IL-4 is re-
quired for the production of a peak IgG1 compared with
that for the peak IgE response (24). Mice on a low di-
etary protein without any presensitization and/or im-
munization showed suppressed production of 1L-4 from
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their spleen cells when compared to the mice fed nor-
mal dietary protein (10). The low level of I1.-4 in toler-
ant mice fed 5% dietary protein was sufficient for down-
regulating specific IgE, but did not affect specific IgG1.

To demonstrate the effects of dietary protein on oral
tolerance at the cellular level by a more direct means,
we examined some cytokines produced from spleen cell
cultures and the proliferation of splenocytes from each
group of mice after restimulation with BLG. While IL-4,
IL-2, and IFN-y were secreted specifically in response to
BLG in the spleen cells of control mice, the secretion of
IL-2 and IEN-y, but not IL-4, was significantly reduced
in the supernatants from the spleen cells of tolerant
mice. In addition, reduction of IL-2 and I[FN-y was more
effective in the mice fed the 5% protein than that in the
mice fed the 20% protein. It is well documented that
CD4" Th1 cells secrete IFN-y and IL-2 for cell-mediated
immunity and delayed type hypersensitivity, whereas
CD4" Th2 cells preferentially secrete IL-4, IL-5, and IL-
10, which provide help for antibody response (25).
Thus, in this study, it was shown that mice fed the 5%
protein diet developed a selective tolerance of Th1-me-
diated immune response with lower production of
IgG2a, II-2, and IFN-y, whereas the Th2-mediated re-
sponse remained intact with no effect on [L-4 and IgG1
antibody production in vivo.

The oral tolerance established in the present study
was also examined for specific and non-specific prolifer-
ation of spleen cells upon stimulation in vitro with BLG
and ConA/LPS, respectively. Both specific and non-spe-
cific proliferation to BLG, and, ConA and LPS, respec-
tively, were significantly reduced in tolerant mice fed the
5% dietary protein, whereas no statistically significant
differences were observed between the tolerant and
control groups of mice fed the 20% dietary protein.
These findings indicate that both specific and bystander
suppression to antigen might be induced by multiple
feedings of BLG to mice as described by Pecquet S et al.
(26).

The mechanism(s) and a factor(s) involved in the in-
duction of oral tolerance still remain unclear. There is
considerable evidence that cytokines play an important
role in inducing systemic oral tolerance. The interac-
tion of the CD28 molecule with the B7 family on anti-
gen-presenting cells is essential for T-cell activation (1).
Both B7-1 and B7-2 molecules are known to costimu-
late the production of IL-2 and IFN-y, whereas B7-2
costimulates the production of IL-4 more effectively
(27). Thus, in our system, the restricted dietary protein
might have some suppressive effects on the B7-1 mole-
cule, which reduced the production of IL-2 and IFN-y,
but not that of IL-4, and led to the anergy of Th1 cells.

The present study has provided evidence that re-
stricted dietary protein plays an important role in the
induction of oral tolerance through the hyporesponsive-
ness of Th1 helper functions. BLG is a major allergen in
milk protein and can cause type I allergy with a possi-
bility of type IV allergic reactions as manifested by foot-
pad reactions. Considering the increasing prevalence of
allergic conditions, several approaches are currently

under evaluation to overcome the immunological disor-
ders (7, 26). The results also indicate that multiple ex-
posure of BLG to mice successfully suppresses the Th1-
mediated immune responses accompanied with the
down-regulation of specific IgE by restricted dietary pro-
tein, which might be of great benefit for improving im-
mune deviation.
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