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We have already reported that WBBG6F1-W/W' (W/W") mice, which have mutations in the c-kit gene, are
highly susceptible to oral sensitization, and that the proportion of TCRYS-T cells among the intraepithelial lym-
phocytes (IELs) (y-1ELs) of W/W" is much lower than in congenic wild-type (+/+) mice. In this study we exam-
ined an inhibitory role of y§-IELs in oral sensitization using two different methods. First, wild-type (+/+) mice
were sensitized by oral administration of 1.0 mg ovaibumin (OVA) by gavage every day for 9 weeks after anti-
TCRy& antibody treatment 4 times. The treatment resulted in an enhanced OVA-specific IgG1 antibody produc-
tion, active systemic anaphylaxis (ASA), and Th2-dominant cytokine production. Next, W/W' mice whose bone
marrow cells were reconstituted from C57BL/6J mice for 5 mounths were sensitized by oral administration of
OVA. The OVA-specific IgG1 antibody titer in the bone marrow-reconstituted W/W' mice was aeither signifi-
cantly enhanced, nor ASA was induced. The proportion of y8-IELs in the reconstituted mice was much higher
than that in the untreated W/W" mice. The above findings suggest that the decrease or imcrease in number of Y&~
IELs enhances or decreases oral semsitization respectively. These results show that y6-IELs have an important

role im the oral toleramnce to food antigens.

Key words todent; food aliergy; y8-T cell; flow cytometry

The number of patients with food allergies has been in-
creasing for various reasons (e.g., changes in diet, increased
stress, etc.), but the mechanisms of the development and reg-
ulation of food allergy have not yet been fully elucidated.
Thus, oral sensitization models in animals are important for
better understanding the induction and regulation mecha-
nisms of food allergy.'™

When the allergenicity of dietary proteins is evaluated in
animal, it is desirable to perform the sensitization orally,
preferably without using adjuvants. However, since orally ad-
ministered food antigens induce tolerance by various mecha-
nisms, > it is important to optimize the dosage of the aller-
gen and the duration of immunization in order to achieve oral
sensitization without inducing tolerance.

In previous studies, we compared animal food allergy
models using various strains of mice and rat,” and found that
significant antigen-specific antibody production was success-
fully induced without any adjuvant by orally administering
OVA for 9 weeks in B10A mice and BALB/c mice. More re-
cently, W/W" mice have been proven to be a good responder
to food allergens, because their antigen-specific antibody
titer was much higher than in the other murine strains used.”

It is important to clarify the cause of the high susceptibil-
ity of the W/W" mice to oral sensitization in order to eluci-
date the mechanism of development of food allergy.

W/W" mice have mutations in the c-kit gene and exhibit
defects or a deficiency of mast cells, red blood cells, and in-
terstitial cells of Cajal, which ordinarily express c-kit
protein.>'® The c-kit protein is a member of the type III re-
ceptor tyrosine kinase family, and its dimer is a ligand for the
stem cell factor (SCF).!" We have reported low susceptibility
of the congenic wild-type (+/+) mice to oral sensitization.
The lack of high sensitivity in c-kit-positive wild-type (+/+)
mice suggested that the susceptibility of W/W" mice to oral
sensitization is related to the mutations in the c-kit gene.!?

* To whom correspondence should be addressed.  e-mail: rteshima@nihs.go.jp

The population of ¥8-IELs is much smaller in W/W" mice
than in wild-type mice.'” Moreover, it has been demon-
strated that the ratio of the y&-IELs to total T cells in mouse
intestinal mucosa is much higher than in other peripheral
lymphoid tissues,'? and that y5-IELs have been found to de-
velop thymus independently in cryptopatches (CPs), which
are located in the lamina propria. CPs are the small clusters
of immature lymphocytes (c-kit+, IL-7R+, Thy-1+, LFA-
1+).1419 Thus, y8-IELs are thought to play an important
role in immune responses in the mucosa, although their func-
tion in oral sensitization is not fully understood.'®

The objective of this study was to identify the cause of the
high susceptibility of W/W" mice to oral sensitization, and
we performed two experiments to achieve this objective. In
the first experiment, congenic wild-type (+/-+) mice were
treated with the anti-TCRY& antibody before oral sensitiza-
tion to OVA. In the second experiment, bone marrow cell-re-
constituted W/W" mice with increased y§-1ELs were orally
sensitized with OVA.

MATERIALS AND METHODS

Mice Female CS57BL/6J (Jius) (5 weeks), WBB6F1-
+/+(6 weeks) and WBB6F1-W/WY (3 weeks) mice were
purchased from Japan SLC (Shizuoka, Japan) and kept under
pathogen-free conditions in our animal facility for 1 week
before use. Mice were handled in accordance with NIHS An-
imal Care and Use Guidelines.

Treatment with Anti-mouse TCRYS Antibody and
Oral Immunization of Wild-Type Mice WBBG6F1-(+/+)
(wild-type) mice (7 weeks) were treated with 0.2 mg of puri-
fied hamster anti-mouse TCRy§ antibody (GL-3; CEDAR-
LANE) or purified hamster IgG (ICN Pharmaceuticals, Inc,
Ohio, U.S.A.) on the day 0, 7, 14 and 35 by intraperitoneal
(i.p.) injections.'” From the day 7 to the day 70, the mice
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were sensitized by administration of 1.0mg OVA (grade V,
Sigma Chemical Co, St Louis, MO, U.S.A.) by gavage daily
for 9 weeks.

Reconstitution of Bone Marrow Cells in W/W"' Mice
Bone marrow cells were obtained from C57BL/6J (Jms) (6
weeks) mice,'™'” and 1X107 of them were injected i.v. into
4-week-old W/W" mice according to the method of Harrison
and Astle.”” Five months later the W/W" mice were sensi-
tized by oral administration of 1.0 mg OVA by gavage every
day for 9 weeks.

Hematological Examination Red blood cell (RBC)
counts, white blood cell (WBC) counts, platelet (PLT)
counts, hemoglobin (HGB) volumes, and hematocrits (HCT)
were determined with an automatic hematology analyzer (M-
2000, Sysmex corp., Japan).

Antibody (IgE, IgG1 and IgG2a) Titer Determination
The serum titers (reciprocal of serum dilution with fluores-
cence intensity at 50% of the maximum level) of OVA-spe-
cific IgE, IgG1 and IgG2a were determined by a previously
reported method.® A 50 ul volume of OVA (40 yg/ml) in
50mum sodium carbonate buffer, pH 9.6, was added to each
well of a 96-well microtiter plate, and the plate was incu-
bated overnight at 4 °C. The solutions were discarded, and
each well was washed 4 times with 200 ul PBS containing
0.05% Tween 20 (PBS/Tween). To minimize the nonspecific
binding of serum proteins to unoccupied solid-phase sites,
200 1 of 0.1% casein in PBS was added, and the plates were
incubated for 1h at room temperature. The casein solution
was removed, and each well was washed in the same manner
as above. A 50 ul volume of the diluted serum containing
OVA-specific antibodies was then added to each well, and the
plates were incubated for 20h at 4°C. The solutions were
then removed, and each well was washed. A 50 ul volume of
rabbit anti-mouse IgE, IgGl, and IgG2a (10~ dilution in
PBS containing 0.1% casein [Nordic Immunology, Tilburg,
the Netherlands]) was added to each well, and the plates were
incubated for 1h at room temperature. The solution in each
well was then removed and washed. A 50 ul volume of -
galactosidase-linked goat anti-rabbit Ig conjugate (1072 dilu-
tion in PBS containing 0.1% casein [Amersham Pharmacia
Biotech, Uppsala, Sweden]) was added to each well, and the
plates were incubated for 1 h at room temperature. The anti-
body-enzyme conjugate solution in each well was then re-
moved and washed. The wells were incubated for 1 h at 37 °C
with 100 21 PBS containing 0.1 mm 4-methylumbelliferyl-B-
galactoside (Sigma). Finally, 25 ul of 1M sodium carbonate
was added to each well. The fluorescence intensity of the lib-
erated 4-methylumbelliferone was monitored at 365 nm and
460nm for excitation and emission, respectively, with a
Titertek Fluoroscan reader (Flow Laboratories Inc., Costa
Mesa, CA, US.A)).

Cytokine Assays of Splenocytes Spleen cells were col-
lected from the OVA-immunized mice (4—7 mice per
group), and the cells (5X10° cells/ml) were re-stimulated
with OVA in vitro at a final concentration of 100 ug/ml in a
24-well culture plate at 37°C for 3d.*” The levels of IL-4,
IL-5, IL-12 (p70), and IFN-7 in the culture medium (RPMI
1640) after 3 d of co-culture with OVA were measured with
an OptEIA mouse cytokine ELISA set (PharMingen, San
Diego, CA, US.A.). Absorbance was measured at 450 nm
with a microplate reader (EL 340, Bio-Tek Instruments,
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Winooski, VT, US.A.).

Induction of Active Systemic Anaphylaxis (ASA) and
Measurement of Body Temperature ASA challenge was
performed by i.p. injection of 1.0mg of OVA after oral ad-
ministration. The body temperature changes associated with
ASA were monitored with a rectal thermometer for mice
(Shibaura Electronics Co. Ltd., Japan) without general anes-
thesia.

Determination of Serum Histamine during the ASA
Reaction Blood was collected from the eye 10min after
i.p. challenge with 1.0mg OVA and allowed to stand for
30min at room temperature before centrifugation to obtain
the serum. Serum histamine levels were measured by the
post-column HPLC method, as described previously.??

Isolation of Mouse IELs IELs were isolated as previ-
ously described by Nagafuchi.?® In brief, the small intestine
(duodenum, jejunum, and ileum) was removed from the
mice, and small intestine was turned inside-out with the help
of polyethylene tubing. Each reversed intestine was cut into
four segments, and the segments were placed in a conical 50-
ml polypropylene tube containing 45 ml of Hanks’ balanced
salt solution (HBSS) (GIBCO) containing 5% FBS (Sigma
chemical Co). The tube was shaken at 37 °C for 45 min (hori-
zontal position on an orbital shaker at 135 rpm), and the cell
suspension was passed through a glass-wool column to re-
move adherent cells. The cells were then suspended in 30%
(wt/vol) Percoll (Amersham Pharmacia Biotech) and cen-
trifuged for 20min at 1800rpm. The cell pellet was col-
lected; IELs were purified by density gradient centrifugation
using Percoll as the separation medium (1800 rpm, 20 min);
and IELs were recovered at the 44% and 70% Percoll inter-
phase. More than 90% of the IELs were recovered.

Flow Cytometry (FCM) Two-color or three-color
analysis of spleen and IEL subsets was performed. The anti-
bodies used for FCM were phycoerythrin (PE)-labeled anti-
mouse CD8a (53-6.7, PharMingen), fluorescein isothio-
cyanate (FITC)-labeled anti-mouse CD4 (1129.19; PharMin-
gen), peridinin chlorophyll protein (PerCP)-labeled anti-
mouse CD3¢ (145-2C11; PharMingen), FITC-labeled anti-
mouse Integrin 7 chain (M293; PharMingen), PE-labeled
anti-mouse TCRy& (UC7-13DS5; Santa Cruz Biotechnology,
Delaware, CA), PE-labeled anti-mouse TCRy§ (GL3; Im-
munotech, Marseille, France), FITC-labeled anti-mouse
TCRaf (H57-597; Immunotech), PerCP-labeled anti-mouse
CD4 (H129.19; PharMingen), and FITC-labeled anti-mouse
CD8B (53-5.8; PharMingen) antibodies. All incubations
were performed in the dark. A single cell suspension of lym-
phocytes in PharMingen Stain Buffer containing 2% FBS
was incubated with 50 ul of properly diluted mAb at 4 °C for
30min. The cells were washed in HBSS by centrifugation,
and after staining, a total of at least 10000 cells was analyzed
with a FACS Calibur (Becton Dickinson, Sunnyvale, CA,
U.S.A.). The data were analyzed with Cellquest® software.

Statistical Analysis All values are expressed as
means*standard deviation of the mean. Statistical compar-
isons were performed with Student’s #test for hematological
and flow cytometric analysis, or Mann Whitney’s U-test for
the analysis of serum antibody titer.
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Fig. 1. Expression of TCRof and TCRY6 on IELs from Anti-TCRy&-Antibody-Treated WBBGF 1-(+/+) Mice
[ELs were isolated from (a) anti-TCRy8-antibody-treated and (b) control WBB6F 1-(+/+) mice orally sensitized with 1.0 mg of OVA. Cells were stained with the antibodies as
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Table 1.

t experiments.

Serum OVA-Specific Antibody of WBB6F1-(+/+) Mice Orally Sensitized with OVA

WBB6F1-(+/+) mice

OVA-specific antibody

Normal Control oTCRY8-Ab-treated
1gG1 <50 6287319 2394x1147%t
IgE <50 <50 6121
1gG2a <50 <50 <50
OVA-specific antibedy titers of the sera from normal (non-sensitized) mice, control (control | 1gG d and OVA itized) mice, and oTCRyJ-Ab-treated

(aTCRy&-Ab-treated and OVA-sensitized) mice were examined. ) Mean=S8.D., n=4. * Significant difference from normal at p<0.05. + Significant difference from the control

(hamster-1gG-treated) at p<<0.05.

RESULTS

Effect of Anti-TCRy$ Antibody Treatment on Oral
Sensitization of Wild-Type Mice The congenic wild-type
(+/+) mice were sensitized by oral administration of 1.0 mg
OVA by gavage every day for 9 weeks after the hamster anti-
TCRY 6 antibody or purified hamster IgG (control) treatment.

First, the lymphocyte subset composition of spleen and
IELs after oral sensitization was analyzed by FCM. In the
anti-TCRy8-antibody-treated mice, there was a decreasing
trend in the number of TCRyS-T cells of the spleen com-
pared with the control mice (data not shown). No changes in
the composition of other splenic subsets were found. As
shown in Fig. 1, the proportion of y&-IELs in the anti-
TCRy §-antibody-treated mice (0.54%) was much lower than
that in the control-antibody-treated mice (9.9%). In addition,
the proportion of CD8ca+ T cells, including TCRy4-T
cells, which were thought to be a thymus-independent T cell
subset of IELs, showed a decreasing tendency in the anti-
TCRy §-antibody-treated mice (data not shown).

Second, antigen-specific antibody production in OVA-sen-
sitized wild-type (+/+) mice was examined as described in
the Materials and Methods section. As shown in Table 1,
there was a significant increase in specific IgG1 antibody
titer in the anti-TCRy&-antibody-treated mice as compared
with the conirol-antibody-treated mice. The OVA-specific
IgE antibody titer also increased slightly in the anti-TCRyd-
antibody-treated group. By contrast, no increase in OVA-spe-
cific [gG2a antibody titer was observed in any of the groups.

Third, ASA induction in the orally sensitized mice was as-
sessed as described in the Materials and Methods section. As

e
)
2
g ~—<&— Normal
5 -1.2 —&— Control
= 4 | A Antibody-treated L
16 . . . . : . , . .
4] 60 120 180 240 300 360 420 480 540 600

Time (sec) after challenge

Fig. 2. Changes in Body Temperature of Anti-TCRyd Antibody-Treated
WBB6F1-(+/+) Mice after Systemic Immunization

Body temperature was monitored at 1-min intervals after OVA challenge. Each value
represents the mean for 10 mice. * Significant difference from normal at p<0.05. + Sig-
nificant difference from the control at p<<0.05.

shown in Fig. 2, a decrease in body temperature (hypother-
mia) was observed in the anti-TCRy&-antibody-treated mice,
but hypothermia did not occur in the control antibody-treated
mice. The serum histamine concentration after ASA induc-
tion slightly increased in the anti-TCRyd-antibody-treated
group, but that there was no significant change in the control-
antibody-treated groups (data not shown).

Fourth, in vitro production of cytokines by re-stimulated
splenocytes from the orally sensitized +/+ mice was exam-
ined. As shown in Fig. 3, there were significant increases in
the production of 1L-4 and IL-5 by splenocytes in the anti-
TCRYd-antibody-treated mice as compared with the OVA-
non-sensitized mice. On the other hand, the Thl-type cy-
tokine (IL-12 (p70) and IFN-y) levels in the splenocyte cul-
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Fig. 3. Cytokine Preduction by Splenocytes from Anti-TCRy §-Antibody-Treated WBB6F1-(+/+) Mice

Splenocytes were isolated from WBBG6F1-(+/+) mice orally sensitized with 1 mg of OVA or saline alone (white) after i.p. éensiﬁzaﬁon with 1 mg of OVA. (a) IL-4, (b) IL-5, (c)
IL-12(p70), and (d) IFN-y cytokine production by splenocytes was measured as described in Materials and Methods. Each value represents the mean=S.D. for 4 mice.

Table 2. Hematological Changes in W/W" and Wild Type Mice

W/wY WBB6F1-(+/+)
Control Reconstitution
Saline 1.0mg OVA
Saline 1.0mg OVA Saline 1.0mg OVA
RBC (x10%ul) 563.9+40.19 549.6+36.0 722.2+170.7% 748.3+135.5%* 986.3%50.7 976.9+:49.9
HGB (g/dl) 12.03+0.91 11.77£1.09 11.54x1.19 11.43x1.19 15.13+0.73 14.79£0.95
HCT (%) 3823241 37.35+2.32 41.20+4.84* 40.60£5.72 50.84+2.46 50.342.64

a) Mean8.D. *,»+ Significantly different from control WBB6F1-W/W" saline at p<0.05 and 0.01, respectively.

ture medium were decreased. These finding suggested that
oral sensitization of WBBG6F1-(+/+) mice after the anti-
TCRYd antibody results in a state of Th2-dominant helper T
cell activation. By contrast, there was no significant change
in the control-antibody-treated group as compared with
OVA-non-sensitized group, although the production of IL-5
increased slightly.

The above findings suggested that the decrease in the num-
ber of TCRy8-T cells caused by anti-TCRY S antibody treat-
ment has increased oral sensitization of wild-type WBB6F1-
(+/+) mice. ’

Effect of Reconstitution with Bone Marrow Cells on
Oral Sensitization of W/W" Mice to OVA. Bone marrow
cells from C57BL/6J mice were injected i.v. into 4-week-old
W/WY mice, and the mice were allowed to reconstitute for 5
months as described in Materials and Methods.

According to the Harrison’s paper,”” lymphocyte and ery-
throid repopulation in W/W" mice was relatively low in unir-
radiated recipient.

Therefore, we first carried out hematologic analysis to
confirm reconstitution of the bone marrow after 5 month in-
oculation. As shown in Table 2, the RBC count of the W/W"
mice was about half that of the wild-type mice. However, it
recovered to about 80% of the wild-type in the reconstituted
W/W" mice. Significant rises in HCT were observed in the

reconstituted W/W" mice compared to the control W/W"'
mice. The PLT and WBC counts were within the normal
range in both groups (data not shown).

Next, the lymphocyte subset composition of splenocytes
and IELs was analyzed by FCM. The splenocytes showed an
increasing trend in the CD4+ T cell subset in the antigen-
sensitized control mice as compared with the sensitized re-
constituted mice (data not shown). As shown in Table 3, the
population of TCRyS-T cells in the IELs was much higher in
the reconstituted W/W" mice than in the control W/W" mice.

The above results indicated that bone marrow cells from
C57BL/6J mice were successfully grafied in the W/W" mice.

After oral administration of OVA for 9 weeks in the re-
constituted W/W" mice, we examined the following three pa-
rameters to know the oral sensitization of the mice. First,
antigen-specific antibody production was examined. As
shown in Table 4, there were marked increases in the OVA-
specific IgG1 and IgE antibody titers in the OVA-oral-sensi-
tized W/W" mice. By contrast, the rise in OVA-specific IgG1
titer was not significant, and no rise in OVA-specific IgE and
IgG2a titers was observed in the reconstituted mice.

Second, ASA induction in orally sensitized mice was ex-
amined. As shown in Fig. 4, a significant decrease in body
temperature was observed in the OVA-sensitized and OVA-
challenged W/W" mice. However, no significant decrease in
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Table 3. Flow Cytometric Analysis of the [ELs of W/W" and Wild Type Mice
W/W" mice WBB6F1-(+/+)
Control Reconstituted
Saline 1.0 mg OVA
Saline 1.0mg OVA Saline 1.0mg OVA
TCRy$ 3.802+1.1779 2 102£1.235* 9.920%£4.932% 8.850£6.071 14.62£4.360 17.26+7.650
(TCRoB~y8+) .802x1. 102x1. .920x4. .850£6. 6214, 26*7.
a) Mean=S.D. (%(gated)), n=7. * Significant difference from the W/W" control saline group at p<0.05.
Table 4. Serum OVA-Specific Antibody of W/W” Mice Orally Sensitized with OVA
W/W" mice
OVA-specific Control Reconstituted
antibody Saline 1.0mg OVA Saline 1.0mg OVA
IgGl <50 39407+18199%* <50 22515662
IgE <50 274319 <50 <50
IgG2a <50 100109 <50 <50

a) MeanS.D., n=7. * Significant difference from the control saline group at p<<0.001.
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Fig. 4. Changes in Body Temperature of the Bone-Marrow-Cell-Reconsti-
tuted W/W" Mice after Systemic Immunization

The body temperature of (a) control and (b) the reconstituted W/W" mice was moni-
tored at 1-min intervals after OVA challenge. Each value represents the mean for 10
mice. * Significant difference from the control saline group at p<<0.05.

body temperature was observed in the OVA-sensitized and
OVA-challenged bone marrow-reconstituted W/WY mice.
Measurement of the serum histamine concentration after the
ASA reaction revealed that the histamine levels of the con-
trol W/W" mice were below the detection limit and that the
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histamine level was lower in the reconstituted groups (about
1/10 the level in the wild-type mice; data not shown).

Third, the in vitro production of cytokines by splenocytes
re-stimulated with antigen was measured. As shown in Fig.
5, there were significant rises in the production of Th2-type
cytokine (IL-4, IL-5) in the OVA-sensitized W/W" mice,
which showed Th2-dominant helper T cell activation. How-
ever, there was no significant increase in the production of
Th2-type cytokines in the OVA-sensitized and bone marrow-
reconstituted W/W" mice. Thl-type (IL-12 (p70) and IFN-y)
cytokine levels were also measured in the splenocyte culture
medium but no changes in concentration were observed in
either the W/W" mice or the reconstituted W/W" mice.

The proportion of y8-IELs in the reconstituted W/W"
mice was much higher than in the control W/W" mice. Thus,
the increase in y8-IELs seemed to cause the decreased oral
sensitization in the reconstituted W/W" mice.

DISCUSSION

The W/W" mice are a good model for studying induction
of food allergy, since antigen-specific antibody responses are
easily induced by oral antigen administration.*'? In this
paper, we have attempted to clarify the cause of high suscep-
tibility of the W/W" mice to oral sensitization in order to elu-
cidate the mechanism of food allergy induction.

Most TCRy8-T cells in IELs (y8-1ELs) are CD8a+ and
c-kit+ cells, and they develop thymus-independently from
CPs, which are small clusters of c-kit+ immature lympho-
cytes located in the lamina propria."**¥ Impaired develop-
ment of y8-IELs in W/W" mice has been considered to be
caused by the mutation in the c-kit gene. We speculated that
the decrease in ¥&-IELs and impairment of the function of
y8-1ELs was involved in the oral sensitization of W/W" mice
in a previous paper,'? and in this study, we have performed
two different experiments to claify the direct role of yd-1ELs
in oral sensitization.
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Fig. 5. Cytokine Production by Splenocytes from the Reconstituted W/W"
Mice

Splenocytes were isolated from W/WY mice orally sensitized with 1 mg of OVA or
saline alone (white) after i.p. sensitization with 1 mg of OVA. (a) IL-4, (b) IL-5, and (c)
IFN-7 cytokine production by splenocytes was measured as described in Materials and
Methods. Each value rep the mean:=S.D. for 7 mice.

Firstly, congenic wild-type (+/-) mice were treated with
anti-TCRy§ antibody before oral administration of OVA.
The efficacy of treatment was sustained for 5 weeks after the
final anti-TCRy§ antibody treatment, because FCM showed
a striking reduction in the population of TCRyé-T cells in
the antibody-treated mice even though OVA was adminis-
tered daily throughout the period (Fig. 1). The mechanism
for the decrease of TCRy3-T cells by the antibody treatment
seems to be down regulation of TCR expression on TCRY§-
T cells or the depletion of those cells by complement-depen-
dent cytolysis.!”

Oral sensitization of WBB6F1-(+/+) mice after the anti-
TCRY$ antibody treatment yielded the following findings: (i)
increases in antigen-specific antibody titers in the anti-
TCRY$ antibody-treated mice (Table 1), (ii) hypothermia
after ip. antigen challenge, demonstrating ASA induction
(Fig. 2), and (iii) Th2-dominant T cell cytokine production
(Fig. 3). These results demonstrate that the decrease in num-
ber of TCRy&-T cells caused by anti-TCRy§ antibody treat-
ment increased oral sensitization.

Secondly, bone marrow cells from C57BL/6J mice, which
are one of the parents of WBB6F1 mice, were grafted into
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W/W" mice.!®!?

Oral sensitization of the reconstituted W/W" mice gave the
following results: (i) reduced antigen-specific antibody titers
in the reconstituted mice (Table 3), (ii) no hypothermia after
i.p. antigen challenge (Fig. 4), and (iii) no Th2-dominant cy-
tokine production (Fig. 5). These results suggest that the in-
crease in yd-IELs causes the decrease in oral sensitization in
the reconstituted W/W" mice.

TCRY&-T cells are known to be committed to protection
against enteral infection by parasites and viruses, and also re-
cently shown to be involved in the regulation of allergy de-
velopment. >~ Interestingly, a recent report has shown that
TCRyJS-T cells regulate the induction and maintenance of
systemic unresponsiveness induced by oral immunization.?®
Moreover, Fujihashi et al. reported on a role of TCRYS-T
cell in the induction of oral tolerance at a low- or high-dose
antigen using TCRJ-deficient mice.?® Notably, a lack of tol-
erance was found when TCRé-deficient mice were orally
sensitized with low-dose antigen, which is consistent with
our present results.

The site of induction of oral tolerance is still a matter of
controversy. Since the oral antigen is taken up through the in-
testine, the gut-associated lymphoid tissue (GALT) seems to
be involved with the induction of oral tolerance.?”

It has been reported that TCRY-T cells produce the regu-
latory cytokine transforming growth factor-81 (TGF-f1) in
vitro and induce oral tolerance in vivo,’” suggesting that the
TCRYS-T cells among the IELs produce the regulatory cy-
tokines (TGF-f31 and/or IL-10) upon stimulation and func-
tion as regulatory T cells which inhibit antigen-specific T
cells.??

In conclusion, the decrease in the number of y§-IELs
caused by anti-TCRy& antibody treatment increased oral
sensitization of wild-type (+/+) mice. The increase in the
number of ¥§-IELs seems to be involved in the production of
oral tolerance. Thus, the susceptibility of W/W" mice to oral
sensitization seems to be associated with the decreased num-
bers of y§-IELs. Moreover, our findings indicate that W/W"
mice are a good model for studying the mechanism of induc-
tion of food allergy, including the role of TCRYS-T cells in
food-antigen-induced hypersensitivity.
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Abstract

Background: The allergenic potential of chicken egg
white ovomucoid (OVM) is thought to depend on its sta-
bility to heat treatment and digestion. Pepsin-digested
fragments have been speculated to continue to exert an
allergenic potential. OVM was digested in simulated gas-
tric fluid (SGF) to examine the reactivity of the resulting
fragments to IgE in sera from allergic patients. Methods:
OVM was digested in SGF and subjected to SDS-PAGE.
The detected fragments were then subjected to N-termi-
nal sequencing and liquid chromatography/mass spec-
trometry/mass spectrometry analysis to confirm the
cleavage sites and partial amino acid sequences. The
reactivity of the fragments to IgE antibodies in serum
samples from patients allergic to egg white was then
determined using Western blotting (n = 24). Results: The
rate of OVM digestion depended on the pepsin/OVM
ratio in the SGF. OVM was first cleaved near the end of
the first domain, and the resulting fragments were then
further digested into smaller fragments. In the Western
blot analysis, 93% of the OVM-reactive sera also bound
to the 23.5- to 28.5-kDa fragments, and 21% reacted with

the smaller 7- and 4.5-kDa fragments. Conclusion: When
the digestion of OVM in SGF was kinetically analyzed,
21% of the examined patients retained their IgE-binding
capacity to the small 4.5-kDa fragment. Patients with a
positive reaction to this small peptide fragment were
thought to be unlikely to outgrow their egg white allergy.
The combination of SGF-digestibility studies and human
IgE-binding experiments seems to be useful for the eluci-

dation and diagnosis of the allergenic potential of OVM.
Copyright © 2005 S. Karger AG, Basel

Introduction

+ Chicken egg white is one of the strongest and most fre-
quent causes of food allergies among young children [1-
5]. Egg white contains several allergens, including ovalbu-
min, ovotransferrin, lysozyme and ovomucoid (Gal d 1,
OVM). OVM accounts for about 11% of all egg white pro-
teins [6] and has a molecular weight of 28 kDa, containing
a carbohydrate content of 20-25% [7]. OVM is known to
be stable to digestion and heat, and cooked eggs can cause
allergic reactions in OVM-specific allergic patients [8-
11]. One possible reason for this is that OVM contains
linear epitopes that are only slightly affected by conforma-
tional changes induced by heat denaturation.
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OVM consists of 186 amino acids divided into three
domains of about 60 amino acids each; the third domain
has been reported to be the most important domain with
regard to allergenicity [12]. In a previous report, N-gly-
cans in the third domain were suggested to be essential for
allergenicity [13]; however, a recent report found that the
deletion of the N-glycans did not affect the allergic reac-
tivity.

We previously reported the digestibility of 10 kinds of
food proteins in simulated gastric fluid (SGF) [8, 14].
OVM was digested relatively rapidly, but several frag-
ments were detected by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) followed by Coo-
massie blue (CBB) staining. The reactivity of these frag-
ments with IgE antibodies from the sera of patients with
egg white allergy is very important to understanding the
mechanism of OVM allergy.

A few previous reports have described the reactivity of
IgE in sera from patients with egg white allergies with
OVM-derived fragments. Kovacs-Nolan et al. [15] sepa-
rated pepsin-digested fragments of OVM using high-per-
formance liquid chromatography (HPLC) and examined
the IgE-binding activities of each fragment using an
enzyme-linked immunosorbent assay (ELISA). Besler et
al. [16] investigated the reactivity of pepsin-digested frag-
ments with patient IgE using Western blotting and
showed that the fragments retain their binding capacity to
human IgE in some serum samples from OVM-allergic
patients. However, little attention has been paid to the
digestive conditions, and the number of serum samples
has been somewhat small in these studies. Urisu et al. [17]
reported that the sera of subjects that tested positive or
negative during an oral egg white challenge exhibited a
significant difference in their reactivity with pepsin frag-
ments.

In the present report, kinetic data for different genera-
tions of SGF-stable OVM fragments were obtained, and
the reactivity of the fragments with serum IgE from
patients with egg white allergies was investigated using
Western blotting.

Materials and Methods

Pepsin (catalog number P6887) and chicken egg white OVM
(T2011, Trypsin Inhibitor, Type I1I-O) were purchased from Sigma
Chemical Co. (St. Louis, Mo., USA). The concentration of the OVM
test solution was S mg/ml of water. The gels and reagents used for the
SDS-PAGE analysis were purchased from Invitrogen (Carlsbad, Cal-
if., USA).

24 Int Arch Allergy Immunol 2005;136:23-32

Serum Specimens

Sera from 24 patients with egg white allergies and a healthy vol-
unteer were used after obtaining informed consent from the patients
and ethical approval by the Institutional Review Board of the
National Institute of Health Sciences. Twenty-two of the patients had
been diagnosed as having an egg white allergy at hospitals in Japan,
based on their clinical histories and positive IgE responses to egg
white proteins by radioallergosorbent test (RAST), while the remain-
ing 2 allergen-specific sera were purchased from Plasma Lab Interna-
tional (Everett, Wash., USA); the commercial sera originated from
adult Caucasians who had been diagnosed as having several food
allergies, including egg white, based on their clinical history and skin
tests. The commercial sera also showed positive IgE responses to egg
white proteins when examined using RAST.

Preparation of SGF

Pepsin (3.8 mg; approximately 13,148 units of activity) was dis-
solved in 5 ml of gastric control solution (G-con; 2 mg/ml NaCl, pH
adjusted to 2.0 with distilled HCI), and the activity of each newly
prepared SGF solution was defined as the production of a AA280 of
0.001/min at pH 2.0 and 37°C, measured as the production of tri-
chloroacetic acid-soluble products using hemoglobin as a substrate.
The original SGF was prepared at a pepsin/OVM concentration of 10
unit/pg, and this solution was diluted with G-con for the experiments
performed at pepsin/OVM concentrations of 1 and 0.1 unit/ug. The
SGF solutions were used within the same day.

Digestion in SGF

SGF (1,520 ul) was incubated at 37°C for 2 min before the addi-
tion of 80 ul of OVM solution (5 mg/ml). The digestion was started
by the addition of OVM. At each scheduled time point (0.5, 2, 5, 10,
20, 30, and 60 min), 200 pl of the reaction mixture was transferred to
a sampling tube containing 70 pl of 5 x Laemmli buffer (40% glycer-
ol, 5% 2-mercaptoethanol, 10% SDS, 0.33 M Tris, 0.05% bromophe-
nol blue, pH 6.8) and 70 ul of 200 mM NayCOs. For the zero-point
samples, the OVM solution (10 pl) was added to neutralized SGF
(190 ul of SGF, 70 ul of 5x Laemmli buffer, and 70 ul of 200 ma/
Na,COs). All neutralized samples were then boiled at 100°C for
3 min and subjected to SDS-PAGE.

SDS-PAGE Analysis and Staining Procedure

Samples (15 pul/lane) were loaded onto a 10-20% polyacrylamide
Tris/Tricine gel (Invitrogen, Carlsbad, Calif., USA) and separated
electrophoretically. The gels were fixed for 5 min in 5% trichloroace-
tic acid, washed for 2 h with SDS Wash (45.5% methanol, 9% acetic
acid), stained for 10 min with CBB solution (0.1% Coomassie Bril-
liant biue R, 15% methanol, 10% acetic acid), and destained with
25% methanol and 7.5% acetic acid. The stained gel images were
then analyzed using Image Gauge V3.1 (Fuji Film, Tokyo, Japan),
and the density of each band was quantified. Periodic acid-Schiff
(PAS) staining [ 18] was used to detect the glycosylated fragments.

N-Terminal Sequence Analysis

OVM (1.5 mg) was digested in SGF containing | unit/ml pepsin,
concentrated by centrifugation using Centriprep YM-3 (Millipore
Corporation, Bedford, Mass., USA) and subjected to SDS-PAGE fol-
lowed by electrical transblotting to a 0.2-pm polyvinylidene difluo-
ride membrane (Bio-Rad, Richmond, Calif., USA) and CBB stain-
ing. The detected fragment bands were then cut out and sequenced
using a Procise 494HT Protein Sequencing System (Applied Biosys-
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tems, Foster City, Calif., USA) or an HP G1005A Protein Sequenc-
ing System (Hewlett-Packard, Palo Alto, Calif., USA); each fragment
was analyzed for 5 cycles.

Carboxymethylation and Peptide Mapping Using Liquid
Chromatography/Mass Spectrometry/Muass Spectrometry
(LC/MS/MS)

The digested OVM sample was separated electrophoretically as
described above, stained with CBB, and the stained bands were cut
out. The gel pieces were homogenized in 20 mM Tris-HCI (pH 8.0)
containing 0.1% SDS and the proteins were extracted. The extracts
were concentrated and purified by acetone precipitation. The ace-
tone precipitates were incubated with 2-mercaptethanol (92.5 mM )
in 72 ul of 0.5 M Tris-HCl buffer (pH 8.6) containing 8 M guanidine
hydrochloride and 5 mA EDTA at room temperature for 2 h. To this
solution, 1.5 mg of monoiodoacetic acid was added, and the mixture
was incubated at room temperature for 2 h in the dark. The reaction
mixture was desalted using a MicroSpin G-25 column (Amersham
Bioscience, Uppsala, Sweden) and lyophilized. Reduced and carbox-
ymethylated proteins were digested with trypsin (50 ng/p! in 50 mM
NH;HCO3).

Tandem electrospray mass spectra were recorded using a hybrid
quadruple/time-of-flight spectrometer (Qstar Pulsar i; Applied Bio-
systems, Foster City, Calif., USA) interfaced to a CapLC (Magic
2002; Michrom BioResources, Auburn, Calif,, USA). Samples were
dissolved in water and injected into a C18 column (0.2 x 50 mm,
3 um, Magic C18, Michrom BioResources). Peptides were eluted
with a 5-36% acetonitrile gradient in 0.1% aqueous formic acid over
60 min at a flow rate of | wl/min after elution with 5% acetonitrile for
10 min. The capillary voltage was set to 2,600 V, and data-dependent
MS/MS acquisitions were performed using precursors with charge
states of 2 and 3 over a mass range of 400-2,000.

Western Blotting of Digested Fragments with Human Serum IgE

The digested OVM samples were applied to a 10-20% polyacryl-
amide Tris/Tricine 2D gel, followed by electrical transfer to a nitro-
cellulose membrane. The membrane was then blocked with 0.5%
casein-PBS (pH 7.0) and cut into 4-mm strips. The strips were incu-
bated with diluted human serum (1/4 to 1/5) in 0.2% casein-PBS (pH
7.0) at room temperature for 1 h and then at 4°C for 18 h. After
washing with 0.05% Tween 20-PBS, the strips were incubated with
rabbit anti-human IgE (Fc) antibodies (Nordic Immunological Labo-
ratories, Tilburg, The Netheriands) at room temperature for 1 h, and
then with horseradish peroxidase-conjugated donkey anti-rabbit Ig
antibodies (Amersham Biosciences, Little Chalfont, UK) at room
temperature for 1 h. Finally, the strips were reacted with Konica
ImmunoStain HRP-1000 (Konica, Tokyo, Japan), according to the
manufacturer’s protocol.

Results

Kinetics of OVM Digestion by Pepsin

OVM was digested in SGF containing various concen-
trations of pepsin, and the fragments were separated by
SDS-PAGE and stained with CBB (fig. 1). The molecular
weight of OVM, based on its amino acid sequence, is
about 20 kDa, but a broad band representing intact OVM

Digestive Analysis and Allergenic Potential
of OVM Pepsin Fragments

appeared at about 34-49 kDa in the SDS-PAGE gel
because of the presence of five N-linked sugar chains. The
pepsin band was detected at 39 kDa, overlapping with the
intact OVM band, and lysozyme (14 kDa) contamination
was detected in the OVM sample that was used. Intact
OVM rapidly disappeared within 0.5 min in SGF (pepsin/
OVM = 10 unit/ug), and a fragment band was detected at
7 kDa. When the pepsin content in SGF was reduced to 1
and 0.1 unit/ug, the digestion rate markedly decreased.
Intact OVM was still detected after 30 min when the pep-
sin/OVM ratio was 0.1 unit/ug. The fragment bands were
clearer (fig. 2) when a concentrated SGF-digested OVM
solution (pepsin/OVM = | unit/ug, digestion times 5 and
30 min) was used, followed by SDS-PAGE. As shown in
figure 2, a strong 23.5- to 28.5-kDa band (FR 1) was
detected at 5 min, while 10- (FR 2), 7- (FR 3) and 4.5- to
6-kDa {(FR 4) bands were detected after 30 min. FR 1 and
FR 2 were both positively stained by PAS, suggesting that
the FR 1 and FR 2 fragments have high carbohydrate con-
tents. The time courses for the amounts of intact OVM
and the four fractions are plotted in figure 3, where the
pepsin/OVM ratio is 1 unit/ug. FR 1 rapidly increased but
slowly disappeared after 2 min. FR 2 and FR 3 also rapid-
ly reached maximum values at 5 min and then slowly dis-
appeared. On the other hand, FR 4 gradually increased
throughout the entire period of the experiment.

Preheating (at 100°C for 5 or 30 min) of the OVM
solution (5 mg/ml in water) did not influence the digestion
pattern (fig. 1).

Table 1. N-Terminal sequences of pepsin fragments

Digestion Fraction Fragment Residues Sequence Ratio
period %2
S min FR 1 1-1 50-54 FGTNI 73.1
' 1-2 51-55 GTNIS 11.6
1-3 1-5 AEVDC 6.9
5 min FR2 2-1 1-5 AEVDC 68.8
2-2 134-138 VSVDC 28.2
5 min FR 3 3-1 1-5 AEVDC 48.4
3-2 134-138 ~ VSVDC 24.3
3-3 104-108 NECLL 9.6
3-4 85-89  VLCNR 6.5
30 min FR 4 4-1 134-138 VSVDC 30.6
4-2 104-108 NECLL 24.0
4-3 19-23 VLVCN 20.6

2 Molar ratios of the fragments to the total amount in each frac-
tion.

Int Arch Allergy Immunol 2005;136:23-32 25

— 210 —



Pepsin/OVM  Ratio

10 unit/ pg 1 unit/ ug 0.1 unit/ ug
kDa 7 S - = - q —— -
Ey 200 | - - “ - . -
§ 163 = = = = OVM = =
& 2231 - = - . - = =
3} A o ¥ gt e b
st 3 . i S b e
2 365 . @ @ o ap e wp od e e —Pepsing o ‘ G @ Pepsin E:i
2 = T = - -
o Lysgzyme 2 ol
~§ - ¥ [P 2 o siry-com v o= " le—FR2 ;:—.ﬂ__«ma*ﬁma ==
5 [ERT | 2 ) g
% 3 FRA ; &
MCIC21!1 2346567 8SIS2M M C1C21 234567 8S1S2M

OVM

boiled for 5 min
.
e
i
H
1
(TR IR LRI

== =
e Y .
‘“’immmwmx
- v e = =
1C1C21 234567 8S1S2M M CIC212345678SI2M
= &= 1 128
= . _
= = - =
& = = =
i —_— : s N .
= E?W = =§QQ§§§1§~ =
2 @ A
=] : =
..8 T e e ; ‘*‘\w‘,ﬁ’ —
1C1C212345¢678S51S2M M ICICZ1 234567 881S2M

Fig. 1. Kinetic patterns of OVM digestion in SGF-containing pepsin.
Digested samples were analyzed by SDS-PAGE followed by CBB
staining. The digestion patterns of OVM without preheating (upper
panels), preheated at 100°C for 5 min (middle panels), and pre-
heated at 100°C for 30 min (lower panels) are shown. The ratio of
pepsin to OVM was 10 unit/1 pg (left), 1 unit/1 pg (middle), and 0.1
unit/1 pg (right). Lane M = Molecular weight markers; lanes C1 and

Sequence Analysis of OVM Fragments

The sequences of the five N-terminal residues in each
fragment were analyzed, and the data are summarized in
table 1. Figure 4 schematically depicts the identified frag-
ments; the arrows in the upper panel indicate the sites of
pepsin cleavage. .

The internal sequences of the FR 1, FR 3, and FR 4
fragments were also identified by LC/MS/MS and are
shown in table 2 and in the upper panel of figure 4.

26 Int Arch Allergy Immunol 2005;136:23-32

C2 = OVM without pepsin at 0 (Cl) and 60 (C2) min; lanes [-8 =
SGF-digested OVM at 0, 0.5, 2, 5, 10, 20, 30 and 60 min, respective-
ly; lanes S1 and S2 = SGF alone at 0 (S1) and 60 (S2) min; lanes I =
OVM without preheating; FR 1 = fraction 1 containing a fragment at
23.5-28.5 kDa; FR 2 = fraction 2 containing a 10-kDa fragment;
FR 3 = fraction 3 containing a 7-kDa fragment; FR 4 = fraction 4
containing 4.5- to 6-kDa fragments.

Reactivity of the Fragments with Serum IgE from

Patients with Egg White Allergy

Western blot analysis using patient sera as the source of
the primary antibodies was performed to identify sera
that reacted with intact OVM and the SGF fragments.
Representative blotting data are shown in figure 5, and all
the results are listed in table 3. Ninety-two percent of the
serum samples from allergic patients reacted with OVM,
and 93% of the OVM-positive sera reacted with FR 1
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Fig. 2. CBB and PAS staining of OVM fragments following digestion
in SGF (pepsin/OVM = 1 unit/ug) for 5 and 30 min. Lane M =
Molecular weight markers; lane 1 = original OVM (2.5 pg/lane); lanes
2 and 3 = OVM digested for 5 and 30 min, respectively, and concen-
trated (12 ug, equivalent to the original OVM/lane). Samples were
applied to two SDS-PAGE gels and electrophoresed. One plate (left
panel) was stained with CBB reagent, and the other (right panel) was
stained with PAS reagent.

Fig. 3. Quantification of the SGF-digestion pattern of intact OVM
and the digestion fragments at a pepsin/OVM ratio of 1 unit/ug. The
intensity of each band was calculated using the ratio of the band’s
density to the total density of the originally detected band at t = 0.
Values are the mean of duplicate analyses. Similar results were

observed in another set of experiments.

Table 2. Identified inside sequenées in

pepsin- and trypsin-digested OVM P?psix} Fraction Residues Sequence
digestion
5 min FR 1 83-89 VMVLCNR
90-103 AFNPVCGTDGVTYD
90-112 AFNPVCGTDGVTYDNECLLCAHK
90-122  AFNPVCGTDGVTYDNECLLCAHKVEQGASVDKR
113-122  VEQGASVDKR
5 min FR 3 90-112 AFNPVCGTDGVTYDNECLLCAHK
90-122 AFNPVCGTDGVTYDNECLLCAHKVEQGASVDKR
104-111  NECLLCAH
104-112 NECLLCAHK
104-121 NECLLCAHKVEQGASVDK
104-122 NECLLCAHKVEQGASVDKR
113-122 VEQGASVDKR
134-159  VSVDCSEYPKPDCTAEDRPLCGSDNK
165-185 CNFCNAVVESNGTLTLSHFGK .
30min FR4 90-112  AFNPVCGTDGVTYDNECLLCAHK
104-111f NECLLCAH
104-112 NECLLCAHK
104-122 NECLLCAHKVEQGASVDKR
112-122 KVEQGASVDKR
113-121  VEQGASVDK
113-122 , VEQGASVDKR
165-185 CNFCNAVVESNGTLTLSHFGK

Digestive Analysis and Allergenic Potential
of OVM Pepsin Fragments
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after 5 min of digestion. Three of the serum samples also
reacted with FR 2, FR 3, and FR 4 after 30 min of diges-
tion.

The three samples that react with FR 2, FR 3, and FR 4
were obtained from patients who exhibited persistent
allergies to egg white. One of these serum samples, No.4,
was obtained from a 3-year-old girl who is presently 6
years old; her total IgE level has decreased slightly to
4,450 IU/ml, but the specific IgE level for egg white
remains at more than 100 IU/ml, and the patient has not
outgrown her hypersensitivity to eggs. Another patient,
No. 13, was a I-year-old boy; 7 years later, his total and
egg white-specific IgE levels had been reduced to 947 and
6.85 IU/ml, respectively, but eating raw eggs still caused
allergic symptoms. The third FR 4-positive patient, No.
19, was an 1 1-year-old boy whose total IgE level decreased
to 3,940 IU/ml and whose egg white-specific IgE de-
creased to 13.5 [U/ml after a period of about 2 years; how-
ever, this patient has also not outgrown his allergies.
These cases and our previously reported data [17] indi-

cate that the induction of egg white tolerance may be diffi-
cult in patients whose serum IgE exhibits binding activity
to digested small fragments of OVM.

Discussion

In the SGF-digestion system, preheating the OVM
(100°C for 5 or 30 min) did not affect the OVM digestion
pattern (fig. 1), consistent with the results of previous
reports [9] in which heat treatment did not markedly
decrease the allergenicity of OVM. On the other hand, a
decrease in the pepsin/OVM ratio dramatically reduced
the digestion rate, suggesting that digestibility may vary
depending on the amount of OVM intake and the condi-
tions of the individual’s digestion system. In its native
state, OVM possesses serine protease inhibitor activity.
Fu et al. [11] and our group [10] previously reported that
intact OVM was stable for 60 min in simulated intestinal
fluid. Kovacs-Nolan et al. [15] also reported that pepsin-

Intact QVM
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N 13144 17

N 1457 911 131417

Fig. 4. Amino acid sequence and schematic representation of the
SGF-digestion pattern of OVM. The amino acid sequence of OVM is
shown in the upper panel. The arrows indicate the SGF-digested
points according to the results of an N-terminal analysis of the OVM
fragments (table 1), and the underlined regions indicate sequences
identified by LC/MS/MS. Solid line = FR 1; dotted line = FR 3;
dashed line = FR 4. Shaded areas represent reported human IgE epi-
topes [16]. The lower panel is a summary of the OVM digestion pat-
tern according to N-terminal analysis.

Digestive Analysis and Allergenic Potential
of OVM Pepsin Fragments

Fig. B. Western blot analysis of intact OVM and the fragments with
serum IgE from egg white allergic patients and a normal volunteer.
The fragments were prepared as described in the legend of figure 2.
The number of each strip corresponds to the sample numbers in
table 2.
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Table 3. Reactivity of OVM and pepsin fragments with patient serum IgE

No. IgE content, IU/ml Reactivity with patient [gE!
total egg white-specific intact OVM  FR | FR2 FR3 FR 4
i 3,700 >100 +4+ ++ - - -
2 402 3.74 + n.d. n.d. n.d. n.d,
3 251 6.85 + n.d. n.d, n.d. n.d.
4 6,510 >100 +++ +++ + + ++
5 2,060 >100 ++ ++ - - -
6 1,240 12.4 ++ n.d. n.d. n.d. n.d.
7 4,180 313 ++ ++ - - -
8 56 20.1 + n.d. n.d. n.d. n.d.
9 1,355 50.7 ++ ++ - - -
10 22,810 2.11 + n.d. n.d. n.d. n.d.
11 1,463 4.65 + - - - -
12 14,230 0.70-3.49 + n.d. n.d. n.d. n.d.
i3 8,000 >100 +++ +++ + + ++
14 22,490 1.05 +++ + - - -
15 934 66.3 + n.d. n.d. n.d. n.d.
16 345 20.1 + n.d. n.d. n.d. n.d.
17 1,500 80 ++ + - - -
18 3,300 >10 - n.d. n.d. n.d. n.d.
19 20,500 26.8 +++ ++ + + +
20 138 45.4 ++ + - - -
21 940 2.44 + + - - -
22 91 0.70-3.49 + + - - -
23 828 0.9 ++ + - - -
24 21 3.50-17.4 - n.d. n.d. n.d. n.d.
positive/tested 22/24 (92%)? 13/14(93%)3 3/14 (21%)> 3/14(21%)° 3/14 (21%)°
n.d. = Not done.
! Intensity of the reactivity of each band was evaluated by the ratio to normal serum: - = <1; + = 1-2; + = 2-5;

++ = 5-10; +++=>10,
Percent of egg white-positive samples.
Percent of intact OVM-positive samples.

digested OVM retains its trypsin inhibitor activity. There-
fore, OVM and its pepsin-digested fragments were
thought to be stable in the small intestine.

At a pepsin/OVM ratio of 1 unit/pg, FR 1 reached a
maximum level after 2 min of digestion, while both FR 2
and FR 3 reached maximum levels after 5 min of diges-
tion; thereafter, FR 1, FR 2, and FR 3 gradually de-
creased. However, FR 4 increased continuously through-
out the 30-min period of digestion and the major frag-
ments were seen after 30 min of digestion (fig. 3). FR 4
was mainly composed of three fragments whose N-termi-
nals were 134V, 104N and 19V (table 1). A C-terminal
sequence, 165N-185C, was also identified in FR 4 (ta-
ble 2). These fragments contain known IgE epitopes [19]
and therefore may cause allergic responses. Three of the

30 Int Arch Allergy Immunol 2005;136:23-32

OVM-positive sera from patients with egg white allergy
reacted positively with the FR 4 fragments (table 3).

The present results are consistent with the previous
finding that pediatric subjects with a higher IgE-binding
activity to pepsin-treated OVM were unlikely to outgrow
their egg allergy [17]. For peanut allergies, differences in
IgE-binding epitopes have been reported between the
patients with clinically active peanut allergies and those
who developed a tolerance, regardless of the presence of
high or low peanut-specific IgE levels [20].

The N-terminal residue of the major fragment (4-1) of
FR 4 was Val-134 (30%; table 1). This fragment retains
most of domain 111, which has been reported to have sig-
nificantly higher human IgG- and IgE-binding activities
than those of domains I and II [12]. A domain-III OVM
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variant has also been reported to cause a reduction in
immunogenicity and allergenicity [21].

Domains I, I1, and III contain one, three, and one N-
glycosylation sites, respectively [7]. The possible relation
between the carbohydrate chain in domain I11 and allerge-
nicity is interesting. One report suggested that this carbo-
hydrate chain may play an important role in allergenic
determinants against human IgE antibody [13], and
another report suggested that the carbohydrate chains of
OVM may protect against peptic hydrolysis [22]. How-
ever, the carbohydrate moieties have been shown to have
only a minor effect on allergenicity [23]. As shown in fig-
ure 2, intact OVM, FR [, and FR 2 fragments were
detected using PAS staining, suggesting the presence of
carbohydrate chains, but FR 4 was not stained with the
PAS reagent, despite being clearly detected with CBB.
Therefore, FR 4 might contain little or no carbohydrate
chains. Since FR 4 seems to maintain its allergenic poten-
tial, as described above, the absence of the carbohydrate
chains in FR 4 suggests that they are not necessary for
OVM allergenicity. Since the minimum peptide size capa-
ble of eliciting significant clinical symptoms of allergic
reactions is thought to be 3.1 kDa [24], FR 4 may be able
to trigger mast cell activation and elicit clinical symp-
toms.

In this report, the SGF-digestion kinetic pattern of
OVM was investigated in detail, and the partial sequences
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Applicability of the Quantification of Genetically Modified
Organisms to Foods Processed from Maize and Soy
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Analytical Technology Laboratory, Asahi Breweries, Ltd., 1-1-21 Midori, Moriya,

Ibaraki 302-0106, Japan, Center for Food Quality, Labeling and Consumer Services, 2-1 Shintoshin,
Chuo-ku, Saitama-shi, Saitama 330-9731, Japan, National Food Research Institute. 2-1-12 Kannondai,
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Iruma-gun, Saitama 356-8511, Japan, and National Institute of Health Sciences, 1-18-1 Kamiyoga,
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The applicability of quantifying genetically modified (GM) maize and soy to processed foods was
investigated using heat treatment processing models. The detection methods were based on real-
time quantitative polymerase chain reaction (PCR) analysis. Ground seeds of insect resistant GM
maize (MON810) and glyphosate tolerant Roundup Ready (RR) soy were dissolved in water and
were heat treated by autoclaving for various time intervals. The calculated copy numbers of the
recombinant and taxon specific deoxyribonucleic acid (DNA) sequences in the extracted DNA solution
were found to decrease with time. This decrease was influenced by the PCR-ampiified size. The
conversion factor (Ci), which is the ratio of the recombinant DNA sequence to the taxon specific
DNA sequence and is used as a constant number for calculating GM% at each event, tended to be
stable when the sizes of PCR products of two DNA sequences were nearly equal. The results
suggested that the size of the PCR product plays a key role in the quantification of GM organisms in
processed foods. It is believed that the G of the endosperm (3n) is influenced by whether the GM
originated from a paternal or maternal source. The embryos and endosperms were separated from
the F1 generation seeds of five GM maize events, and their C; values were measured. Both paternal
and maternal GM evenis were identified. In these, the endosperm C; was lower than that of the
embryo, and the embryo C; was lower than that of the endosperm. These results demonstrate the
difficulties encountered in the determination of GM% in maize grains (F2 generation) and in processed
foods from maize and soy.

KEYWORDS: Zea mays; Glycine max; genetically modified; MONS10; Roundup Ready; processed food;

endosperm; embryo; heat ireatment; GMO detection; quantitative analysis

INTRODUCTION

A rapid increase in the growth of genetically modified
organisms (GMO) as well as dependence on foodstuffs including
these materials have occurred in recent years (/). Some
consumers are concerned about the use of advanced technology
and potential health and environmental risks associated with
GMOs (2). One particular matter of concern to consumers has
been the proper labeling of food products that have been
produced using GM technology. Labeling systems have been
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introduced for GM foods in the European Union’(EU), Korea,
Japan, Australia, and other countries; however, the labeling of
GM foods is not compulsory in the United States and Canada.
Under current legislation, the presence of GM material in
conventional food products does not have 1o be labeled, provided
that such use can be shown to be adventitious and technically
unavoidable. The governments of the following countries have
announced the following threshold levels for the unintentional
mixing of GMOs with food products: 0.9% in the EU (3), 3%
in Korea (4), and 5% in Japan (5).

Polymerase chain reaction (PCR) is a widely used technique
to confirm the existence of GMOs and to ensure the reliability
of labeling systems (6—18). For initial use in GMO screening,
qualitative PCR, which determines whether more than a
particular detectable limit of GMOs is present in a sample, is
considered the method of first choice (6—12); real-time PCR
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