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Abstract

Background: An increasing number of studies have shown that hydrolyzed wheat
protein (HWP) can induce IgE-mediated hypersensitivity by skin contact and/or
food ingestion. However, there has been no study of the sensitizing potential of
HWP. In this study, the possibility of transdermal pathway for sensitization to
acid-HWP (HWP1) was investigated using BALB/c mice, and compared with that
of gluten.

Methods: HWPI1 or gluten (500 pg/mouse) was transdermally administered using
patches. After three or four cycles of sensitization for 3 days/week, active sys-
temic anaphylaxis (ASA) was induced by intraperitoneal injection of the antigen,
and rectal temperatures, scores of anaphylactic responses, and plasma histamine
levels were determined. Because HWP1 was included in facial soap in Japan, the
effect of detergent on the sensitizing potential was also investigated.

Results: Transdermal administration of HWP1 induced dose-dependent produc-
tion of IgE and IgGl. After sensitization for 3 or 4 weeks, intraperitoneal injec-
tion of HWPI1 caused ASA, leading to decreased rectal temperatures, increased
anaphylaxis scores, and increased plasma histamine levels. In addition, spleno-
cytes harvested after ASA produced IL-4, IL-5, and IL-10 by re-stimulation with
HWPI. Transdermal exposure to gluten also induced IgE and IgG1 production,
and intraperitoneal injection of gluten also induced ASA only in mice sensitized
in the presence of sodium dodecyl sulfate.

Conclusions: Transdermal exposure to HWPI is sufficient to activate key immune
pathways necessary for sensitizing mice for immediate hypersensitivity reactions.
This study shows that HWP has a sensitizing potential as well as gluten, whereas
its allergenicity may be different from that of gluten.

Wheat protein is responsible for various allergic diseases.
Wheat-dependent exercise-induced anaphylaxis (WDEIA) is
one of the most important clinical phenotypes of adult wheat

Abbreviations

IgE, immunoglobulin E; PBS, phosphate-buffered saline, pH 7.2;
EDTA-2Na, ethylenediamine-N,N,N’,N*-tetraacetic acid, disodium
salt; HRP, horseradish peroxidase; DTT, dithiothreitol; CBB,
Coomassie brilliant blue; SDS-PAGE, sodium dodecy! sulfate-
polyacrylamide gel electrophoresis; MW, molecular weight; Tris,
tris(hydroxymethyl)laminomethane.
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allergy. Recently, immediate hypersensitivity to hydrolyzed
wheat protein (HWP) was reported. Although it is generally
believed that hydrolysis reduces the allergenicity of allergenic
proteins, the number of studies indicating that HWP induces
immediate hypersensitivity by skin contact and/or food inges-
tion has increased (1-8). Hydrolyzed wheat protein is a com-
mon food and nonfood ingredient. For example, it is used in
cosmetics, shampoo, and hair conditioner. Lauriere et al. (1)
showed that immediate contact urticaria can be triggered by
HWP present in cosmetics. Moreover, some patients with
such allergies can also experience an immediate food allergy
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reaction by eating foods containing HWP. More recently, we
reported five patients in Japan, who were primarily sensitized
to HWP in facial soap and experienced WDEIA after ingest-
ing normal wheat products (2). After publication of our
report, as of June 10, 2012, more than 600 patients with such
an allergy have been reported by various institutes around
Japan. Importantly, most patients used the same facial soap
(Cha no Shizuku®; Yuuka Co., Ltd., Fukuoka, Japan) con-
taining acid-HWP.

Gluten is a complex of salt-insoluble proteins contained in
wheat and has a strong viscoelastic property. Hydrolyzed wheat
protein, mainly consisting of hydrolyzed gluten, is widely used
in cosmetics. Hydrolyzed gluten is a mixture of variously sized
polypeptides, and their sizes depend on the condition of hydro-
lysis. The commercial acid-HWP contained in the facial soap
(Glupear]l 19S8®; Katayama Chemical Industries Co., Ltd.,
Osaka, Japan, described as HWP1 in this article) was produced
from gluten by partial hydrolysis with hydrogen chloride.

Patients who had used the facial soap described above
were presumed to be sensitized to HWP1 percutaneously or
via the mucosal tissue of the palpebra. There have been sev-
eral reports of percutaneous sensitization of mice to food
allergens such as ovalbumin (OVA) (9) and hazelnut proteins
(10). These reports show that transdermal exposure of food
allergen proteins is sufficient to sensitize mice without adju-
vants and induce a Th2-type response. In our study, the pos-
sibility of a transdermal pathway for sensitization to HWP1
was investigated using BALB/c mice, and the effect of HWP1
was compared with that of gluten. In addition, because
HWPI1 was included in the facial soap, the effect of detergent
was also investigated.

Materials and methods
Reagents and HWP1

Rabbit anti-mouse IgE and IgG1 were purchased from Nordic
Immunology (Tilburg, the Netherlands). An antibody against
rabbit IgG (H+L)-conjugated to P-galactosidase was pur-
chased from American Qualex Antibodies (San Clemente, CA,
USA). 4-Methylumbeliferyl-B-p-galactopyranoside was pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Glupearl
19S® (HWP1) was supplied by Katayama Chemical Industries
Co., Ltd. (Osaka, Japan). It was produced from gluten by par-
tial hydrolysis with hydrogen chloride at 95°C for 40 min. The
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) pattern of HWP1 showed that the molecular
weight of the main band in HWP1 was 40-50 kDa, which was
larger than the main band in gluten (Fig. S1). Gluten was pur-
chased from Sigma-Aldrich (Cat. No. G5004).

Five-hundred milligrams of HWP1 and gluten were sus-
pended in 5 ml of 1 M Tris solution (pH 11.4) and left to
stand for 24 h at room temperature.

Transdermal sensitization

Seven-week-old female BALB/c mice were purchased from
Japan SLC (Hamamatsu, Shizuoka, Japan), fed a commercial
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Mouse Flat (MF) diet (Japan SLC), and maintained in a
temperature- and light-controlled environment. All animal
procedures were in accordance with the ‘Ethical Guidelines
of Animal Care, Handling and Termination’ published by
the National Institute of Health Sciences.

Mice were designated into five groups (n = 8): V group
were patched with phosphate-buffered saline (PBS) contain-
ing 0.5% SDS (w/v), HS, and GS groups were sensitized with
500 pg HWPI and gluten containing 0.5% SDS (w/v),
respectively, and H and G groups were sensitized with
500 pg HWPI1 and gluten without SDS, respectively. HS20,
HS100, and HS500 groups (n = 5) were administered with
20, 100, and 500 pg HWP1 containing 0.5% SDS (w/v),
respectively. The suspensions of HWP1 and gluten were
diluted with 1x PBS and adjusted to pH 8 before applying.

On days 1, 8, 15, and 22, the stratum corneum of dorsal
shaved mice was removed by tape-stripping repeated 10 times.
A 50 pl antigen solution was applied to the shaved area of
each mouse with a patch (Patch tester Torii; Torii Pharma-
ceutical Co., Ltd., Tokyo, Japan), and then the patched area
was covered with surgical tape. Mice were exposed to anti-
gens for 3 days and then rested for the next 4 days after
removing the patch. Transdermal antigen exposure was
repeated for three or four cycles (days 1-3, 8-10, 15-17, and
22-24).

Measurement of IgE and IgG1 production

Antigen-specific IgE and 1gG1 production was detected based
on the method in our previous report (11). Production of
both antibodies has been reported to be induced by Th2-
dominant helper T-cell activation (12). Briefly, 1 pg of anti-
gen was coated on a 96-well plate overnight at 4°C. After
washing, the wells were blocked with 0.1% casein in PBS for
1 h at room temperature and then incubated with mouse
serum (diluted with 0.1% casein/PBS at 5 x 10" for IgE
and 5 x 1072 for IgGl) for 20 h at 4°C. Plates were then
incubated with rabbit anti-mouse IgE/IgGl, followed by a
goat anti-rabbit IgG (H+L)-conjugated B-galactosidase solu-
tion. Then, 0.1 mM 4-methylumbeliferyl-p-galactopyranoside
was added to each well, and plates were incubated for 1 h at
37°C. The substrate reaction was stopped with 25 mM
sodium carbonate, and the fluorescence intensity of liberated
4-methylumbelliferone was monitored at 355 and 460 nm for
excitation and emission, respectively, using a Fluoroskan
Ascent (Thermo Fisher Scientific Inc., Waltham, MA, USA).

Systemic anaphylaxis induction

Transdermal-sensitized mice were intraperitoneally challenged
with 1 mg of antigen (100 pl) on day 18 or 25. Rectal tem-
peratures were measured with a rectal thermometer for mice
(Shibaura Electronics Co., Ltd., Saitama, Japan) during the
30 min after intraperitoneal challenge. Concurrently, anaphy-
lactic response to the antigen challenge was evaluated by
scoring symptoms (10, 13, 14). Scores were as follows: 0, no
symptoms; 1, scratching and rubbing around the snout and
head; 2, puffiness around the eyes and snout, pilar erection,

© 2012 John Wiley & Sons A/S
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reduced activity or standing still with an increased respiratory
rate; 3, periods of motionless for more than 1 min, lying prone
on stomach, transient convulsion, wheezing, labored respiration;
4, no response to whisker stimuli, slight or no activity after
prodding, tremor, convulsion, loss of consciousness; 5, death.

Measurement of plasma histamine and cytokines secreted
from splenocytes

At 30 min after challenge, blood was collected in a tube con-
taining 1% ethylenediamine-N,N,N’,N -tetraacetic acid, diso-
dium salt (EDTA-2Na), and then mice were killed. Plasma
histamine levels were measured with a Histamine EIA Kit
(Bertin Pharma, Montigny le Bretonneux, France) according
to the manufacturer’s instructions. Splenocytes were collected
from mice, and 5 x 10° cells/ml were re-stimulated with anti-
gen at a 100 pg/ml final concentration in a 24-well culture
plate at 37°C for 72 h. Cytokine secretion from splenocytes
was measured with a Bio-Plex Pro Mouse Cytokine Th1/Th2
Panel (Bio-Rad Laboratories Inc., Hercules, CA, USA)
according to the manufacturer’s instructions.

Statistics

The statistical significance of difference between experimental
groups was determined using one-way analysis of variance
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Figure 1 HWP1-specific IgE/IgG1 in the sera of mice transdermal-
ly sensitized to HWP1/gluten. HWP1-specific IgE (A and C) and
IgG1 (B and D) in the sera of mice transdermally sensitized to
HWP1/gluten were determined by ELISA. Fluorescence intensities
in diluted sera (50-fold diluted for IgE and 500-fold for IgG1) are
shown. Materials administered to each group were as follows: V
(vehicle), phosphate-buffered saline + sodium dodecyl sulfate
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followed by Dunnett’s test vs the V group. Differences were
regarded as significant at P < 0.05. For anaphylaxis scores,
statistical differences were analyzed using Kruskal-Wallis test
with Bonferroni/Dunn’s test (15).

Results

Sensitization of BALB/c mice to HWP1 and gluten by
transdermal administration

BALB/c mice were sensitized to HWP1 or gluten by transder-
mal administration as described in Materials and methods.
Transdermal administration was repeated for three or four
cycles, depending on the increase in the levels of specific anti-
bodies in mouse sera. The content of HWP1-specific IgE in
sera on Day 23 is shown in Fig. 1A. Group names were as
follows (n = 8): V, vehicle (PBS with SDS); HS, HWP1 with
SDS; H, HWPI1; GS, gluten with SDS; G, gluten. The IgE
contents of HS, H, and GS groups were significantly
increased compared with that of the vehicle group, while the
content in G group was barely increased. The IgG1 contents
of HS, H, and GS groups were also significantly higher than
that of the vehicle group (Fig. 1B). For both IgE and IgGl,
antibodies against HWP1 were markedly raised in HS and H
groups. These results indicated that HWP1 possessed remark-
able antigenicity.
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(SDS); HS, HWP1 500 pg + SDS; H, HWP1 500 pug; GS, gluten
500 pg + SDS; G, gluten 500 pg; HS20, HWP1 20 ug + SDS;
HS100, HWP1 100 pg + SDS; HS500, HWP1 500 pg + SDS.
Transdermal antigen exposure was repeated for three (C and D,
n=5) or four (A and B, n=8) cycles. Bars represent the means
of each group. *P < 0.05, **P<0.01 by Dunnett's test vs the
V group.
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Figure 2 Gluten-specific IgE/IgG1 in the sera of the mice transder-
mally sensitized to HWP1/gluten. Gluten-specific IgE (A) and IgG1
(B) in the sera of mice transdermally sensitized to HWP1/gluten
were determined by ELISA. Groups are the same as described in

At HWPI doses of 20-500 pg/mouse, both IgE and IgGl
contents were clearly increased dose dependently (Fig. 1C,D,
n=>5).

The content of gluten-specific IgE in sera on Day 23 is
shown in Fig. 2A. The IgE contents of GS, HS, and H
groups were significantly increased compared with that of the
vehicle group, while the content in G group was barely
increased. The IgG1 contents of GS, G, and H groups were
significantly increased, although there were some individual
differences in G group (Fig. 2B).

The difference in antibody content between GS and G
groups showed that SDS played an important role in sensiti-
zation by transdermal administration.

As shown in Fig. 1A,B, antibodies against gluten in the
mouse sera of GS group reacted with HWPI1. And antibodies
against HWPI in the mouse sera of HS and H groups also
reacted with gluten (Fig. 2). These results showed that there
was some cross-reactivity between HWP1 and gluten.

Elicitation of immediate hypersensitivity against HWP1

After three or four transdermal administrations of HWP1 or
gluten, on Day 18 or 25, immediate hypersensitivity reactions
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Figure 3 Changes in the rectal temperatures of mice transdermally
sensitized to HWP1/gluten after intraperitoneal challenge. A,
HWP1/gluten-sensitized mice (n=8); B, HWP1-sensitized mice.
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Fig. 1. Transdermal antigen exposure was repeated for four cycles.
Bars represent the means of each group (n = 8). *P < 0.05 by Dun-
nett's test vs the V group.

were elicited by intraperitoneal injection of the antigens used
for sensitization (1 mg HWP1 or gluten/mouse). Figure 3
shows the change in rectal temperatures of mice during the
30 min after injection. Among the four groups tested (n = 8),
mice in HS, H, and GS groups immediately reacted to their
antigens. After 30 min, average rectal temperatures of mice in
HS, H, and GS groups decreased to approximately 3.5, 2.6,
and 2.1°C, respectively, which were lower than that of the
vehicle group (Fig. 3A). The results of varied HWP1 doses
for sensitization are shown in Fig. 3B. All mice in the three
groups (n =15) were injected intraperitoneally with 1 mg/
mouse HWP1 to elicit immediate hypersensitivity. The aver-
age rectal temperature of HS20 group was the same level as
that of the vehicle group, and the temperature of HSI100
group tended to decrease compared with that of the vehicle
group. The average temperature of HS500 group was signifi-
cantly lower than that of the vehicle group by approximately
1.2°C. These results demonstrated the clear dependency of the
extent of immediate hypersensitivity reactions on the dose of
HWP1 used for sensitization by transdermal administration.
At the same time as the rectal temperature was measured,
anaphylactic responses of mice were also observed. Manifes-
tations of systemic anaphylaxis after the challenge were
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Groups are the same as described in Fig. 1. Data are the
mean + standard deviation (SD) of each group. *P < 0.05, Dun-
nett's test vs the V group.
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Figure 4 Anaphylactic responses to intraperitoneal challenge in
mice transdermally sensitized to HWP1/gluten. Anaphylactic symp-
toms within 30 min after the challenge were scored as described in

scored as shown in Fig. 4. There was little or no anaphylactic
response in all mice in vehicle and G groups. In GS group,
half of the mice showed mild to slightly severe responses
(score 1-3), while the other mice showed no responses. All
the mice in H group exhibited mild to slightly severe symp-
toms (score 2-3). In HS group, half of the mice experienced
severe symptoms (score 4). These results indicated a relation-
ship between the decrease in rectal temperatures and systemic
anaphylaxis scores after elicitation of immediate hypersensi-
tivity reactions.

Histamine content in the plasma of mice after 30 min of
immediate hypersensitivity elicitation was determined as
shown in Fig. 5. The mean value of histamine content in H
group was significantly higher than that of the vehicle group
(Fig. 5A). In HS group, a significant increase in histamine
content in the sera was not observed, while the decrease in
rectal temperature and manifestations of systemic anaphy-
laxis were most remarkable as shown in Figs 3A and 4. In
GS group, an increase in histamine content was observed,
however, the difference between GS and vehicle groups was
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Figure 5 Plasma histamine levels of mice transdermally sensitized
to HWP1/gluten after intraperitoneal challenge. A, HWP1/gluten-
sensitized mice (n = 8); B, HWP1-sensitized mice (n = 5). Groups
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Histamine (nM)

GS G

Materials and methods. Each symbol shows the greatest score of
symptoms in each mouse. Bars represent the average score for
each group (n = 8). *P < 0.05, **P < 0.01 by Bonferroni/Dunn’s test.

not significant. The results of various HWP1 doses for sensi-
tization are shown in Fig. 5B. Larger amounts of HWPI
used for sensitization resulted in a higher histamine content
in mouse plasma.

Cytokine secretion from the splenocytes of mice sensitized to
HWP1

After elicitation of immediate hypersensitivity reactions, the
splenocytes of mice were collected and cultured for 72 h with
HWPI for re-stimulation. The content of several cytokines in
the culture medium was determined after 72 h as shown in
Fig. 6. In HS100 and HS500 groups, the content of 1L-4, IL-
5, and IL-10 in the culture medium of splenocytes was
increased (Fig. 6A—C). On the other hand, the content of IL-
2 was significantly decreased in HS500 group. In HS20,
HS100, and HS500 groups, interferon (IFN)-y content was
also significantly decreased (Fig. 6D,E). These results demon-
strated that transdermal sensitization to HWP1 resulted in a
state of Th2-dominant helper T-cell activation.
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are the same as described in Fig. 1. Bars represent the means of
each group. *P < 0.05 **P<0.01 by Dunnett's test vs the V
group.
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Figure 6 Cytokine secretion by the splenocytes of mice transder-
mally sensitized to HWP1/gluten. Splenocytes were harvested
from HWP1-sensitized mice and re-stimulated with 100 pg/ml
HWP1 in 24-well plates. After re-stimulation for 72 h, cytokines in

Discussion

Hydrolyzed wheat protein has been recently reported to
induce immediate hypersensitivity via skin contact and/or
food ingestion (1-8). In this study, we chose BALB/c mice as
model animals and compared the sensitizing potential of
HWP1 with that of gluten by transdermal exposure.

There are three important and novel findings from this
study. First, repeated transdermal exposure of BALB/c mice
to HWPI1 is sufficient to sensitize mice and induces active
systemic anaphylaxis (ASA) by intraperitoneal injection in a
dose-dependent manner. Second, the mechanism underlying
the transdermal sensitization involves the activation of type-2
cytokine responses (IL-4, I1L-5, and IL-10). Third, repeated
transdermal exposure to gluten sensitizes mice in the presence
of 0.5% SDS and induces ASA.

In this study, the BALB/c strain was chosen to develop a
HWP allergy model because this strain has been recently
used for transdermal sensitization models using peanuts (12,
16), hazelnuts (10), and OVA (9, 17) as antigens. We are not
aware of previous animal studies that examine the immune
consequences of transdermal exposure to wheat proteins and
HWP.

There are some reports using mouse models of dermatitis,
which indicate effective transdermal sensitization in the
presence of 0.5% Tween 20 (18, 19). In our study, by com-
paring GS and G groups, we showed that the presence of
SDS evidently increased the efficiency of sensitization
(Figs 1 and 2). It is possible that the solubility (20) or

medium supernatants were determined with a Bio-Plex system.
Groups are the same as described in Fig. 1. Data are the
mean = SD of each group (n=5). **P <0.01 by Dunnett's test
vs the V group.

transdermal permeability of gluten was increased by SDS.
In addition, the effect of SDS may possibly depend on its
adjuvant activity by activating cytokine secretion (such as
IL-10) from epidermal cells including keratinocytes (21), or
an irritant activity (22). In the case of patients sensitized to
HWPI, detergents contained in facial soap might facilitate
such sensitization.

For transdermal sensitization, the effectiveness of an addi-
tional intraperitoneal injection has been reported (9). There-
fore, in our study, the effect of an intraperitoneal injection of
HWP1 or gluten (10 pg/mouse) at 1 week prior to the start
of transdermal administration was investigated. However, no
effect of the intraperitoneal injection on IgE and IgG1 pro-
duction, rectal temperature, or histamine content in the
plasma after elicitation of immediate hypersensitivity was
observed (data not shown).

As shown in Figs 1 and 2, antibodies against gluten in the
mouse sera of GS group reacted with HWPI1, and antibodies
against HWPI in the mouse sera of HS and H groups also
reacted with gluten. These results show that there is some
cross-reactivity between HWP1 and gluten. However, some
of the epitopes in gluten could be cleaved by hydrolysis, or
some new epitopes could appear in HWP1 owing to destruc-
tion of the gluten conformation and/or deamidation of gluta-
mine residues, which are often included in gluten, by
hydrolysis. In addition, as shown in Fig. 3, the decrease in
rectal temperature in HS group was larger than that of GS
group. Furthermore, as shown in Fig. 4, the scores of sys-
temic anaphylactic responses in HS group were significantly

© 2012 John Wiley & Sons A/S
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higher than those of GS group. These results show that the
capabilities of HWPI and gluten to induce ASA appear to be
different. The molecular aspect of HWP1 antigenicity and/or
allergenicity may be an important point that should be exam-
ined further.

In H group, almost the same levels of IgE and IgGl spe-
cific for HWPI1 were produced as that in HS group (Fig. 1),
whereas the levels of IgE and IgG1 specific for gluten in the
sera of G group were lower than that of GS group (Fig. 2).
In addition, the rectal temperature after immediate hypersen-
sitivity elicitation was decreased markedly in H group as well
as in HS group. However, the change in rectal temperature
in G group was much smaller than that of GS group and
almost the same level as that of the vehicle group (Fig. 3).
The comparison between H and G groups suggests that a
certain degree of hydrolysis of proteins increases their solu-
bility and transdermal permeability and, as a result, the abil-
ity to induce the production of specific antibodies and cause
immediate hypersensitivity reactions.

As shown in Fig. SA, histamine content in the plasma of
HS group mice after 30 min of immediate hypersensitivity
elicitation was not very high compared with that of H group,
whereas both the decrease in rectal temperature and scores of
systemic anaphylactic responses were most remarkable
among the groups of mice in this study. The reason for this
result is unclear, but it is possible that the transdermal sensi-
tization of mice with HWPI in HS group was successful
enough, and the latter part of sensitization (fourth sensitiza-
tion) played a role of transdermal challenge that induced par-
tial release of histamine from mast cells. Because of such a
condition, the histamine content in the plasma after intraperi-
toneal challenge might not be increased as much.

In summary, our findings show that transdermal exposure
to HWPI is sufficient to activate key immune pathways nec-
essary for sensitizing mice for immediate hypersensitivity
reactions. Our data also highlight the potential risk of partial
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hydrolysis of food proteins, in which hydrolyzed proteins
may exhibit increased transdermal permeability and allergenic
potency. Additionally, this experimental model using BALB/
¢ mice may be very useful for further basic and applied stud-
ies of the sensitizing potential of various hydrolyzed proteins.
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