Journal of Pharmacological Sciences 152 (2023) 76—85

JP

since1951
b4
Journal of
Pharmacological
Sciences

Journal of Pharmacological Sciences

journal homepage: www.elsevier.com/locate/jphs

Contents lists available at ScienceDirect

Full Paper

Oral allergy induction through skin exposure to previously tolerated | g
food antigens in murine models e

Hirotaka Yamashita * *, Hiroki Matsuhara °, Hiroyuki Tanaka > ¢, Naoki Inagaki ¢,

Masato Tsutsui

2 Department of Pharmacology, Graduate School of Medicine, University of the Ryukyus, 207 Uehara, Nishihara, Okinawa, 903-0215, Japan

b Immuno-Pharmacology, Field of Biofunctional Control, Medical Information Science Division, United Graduate School of Drug Discovery and Medical
Information Science, Gifu University, 1-1 Yanaido, Gifu 501-1194, Japan

€ Laboratory of Immunobiology, Department of Biofunctional Analysis, Gifu Pharmaceutical University, 1-25-4 Daigakunishi, Gifu 501-1196, Japan

d Department of Pharmacy, Faculty of Pharmacy, Gifu University of Medical Science, 4-3-3 Nijigaoka, Kani City, Gifu 509-0293, Japan

ARTICLE INFO

Article history:

Received 14 February 2023
Received in revised form

16 March 2023

Accepted 27 March 2023
Available online 30 March 2023

Keywords:

Food allergy

Oral tolerance

Murine model
Percutaneous sensitization

ABSTRACT

Food allergies (FAs) are caused by a failure of the immune system to regulate oral tolerance (OT). The use
of soap containing hydrolyzed wheat overrides acquired OT to wheat through skin exposure. However, in
mouse models, the experimental OT is robust, suggesting that acquired OT to allergens prevents the
development of FAs. We aimed to analyze the mechanisms and developed a mouse model of FA that
overrides acquired OT via skin exposure. Three murine FA models (intraperitoneal [IP], epicutaneous
[EC], and intradermal [ID]) were compared to evaluate if allergies to ovalbumin (OVA) that had been
previously tolerated orally could be induced. In the ID model, OT was overridden, and allergic reactions of
severe anaphylaxis were developed. To analyze this effect in the ID model, we measured the migration of
dendritic cells (DCs) into lymph nodes. The induction of OT promoted the migration of CD103* dermal
DCs; moreover, repeated percutaneous doses of OVA for sensitization gradually increased the migration
of CD11b* dermal DCs. The difference in the proportion of regulatory T cells between ID-sensitized
groups at the first ID injection disappeared at the tenth injection. Although OT was robust in the IP

model, ID sensitization was found to override OT.
© 2023 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological
Society. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Immune tolerance to a wide range of foodstuffs is necessary for
maintaining health. Previously, it has been thought that food al-
lergy (FA) results from the sensitization of the immature gastro-
intestinal tract to certain types of food during infancy. However, a
recent study suggested sensitization to food primarily develops
through skin exposure to the allergen. Conversely, it is thought
exposure of the intestinal tract to the allergens helps develop
tolerance.!

Abbreviations: AUC, area under the curve; BDL, below the detection limit; DC,
dendritic cell; DDC, dermal dendritic cell; EC, epicutaneous; FA, food allergy;
FVD520, Fixable Viability Dye eFluor520; ID, intradermal; IP, intraperitoneal; LC,
Langerhans cells; OT, oral tolerance; OVA, ovalbumin; SDLN, skin-draining lymph
nodes; TSLP, thymic stromal lymphopoietin.
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In our previous research, we developed mouse models of both
FA and oral tolerance (OT).? Further, the mice were intraperitone-
ally injected with ovalbumin (OVA) and then orally administered
OVA to induce anaphylaxis. We found preliminary oral treatment
with OVA prevented sensitization, almost completely suppressing
the elevation of OVA-specific IgE and inducing OT. In other studies,
experimental OT was found to suppress the development of auto-
immune disease,’ contact hypersensitivity,* and asthma.>® This
finding suggests OT is a consequence of homeostasis maintenance
in a robust immune system. However, the experimentally induced
OT to food allergens in these studies does not account for cases of
sensitization to wheat caused by skin contact with wheat protein
soap.” In the case, the patients who could eat foods containing
wheat developed wheat-dependent exercise-induced anaphylaxis
to use hydrolyzed wheat protein containing facial soap, and the
reasons why skin exposure to a food antigen could override OT
remain unclear. In the present study, we used murine models to
investigate how skin exposure can cause allergen sensitization after
induction of OT to a previously tolerated food antigen.
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2. Materials and methods
2.1. Animals

Female BALB/c mice were purchased from Japan SLC, Inc
(Hamamatsu). This study was conducted in accordance with the
guidelines of the Animal Experiment Committees of Gifu Pharma-
ceutical University and the University of the Ryukyus and with the
Guide for the Care and Use of Laboratory Animals by the National
Institutes of Health. Given the risk of mortality due to anaphylaxis
in this study, we established the endpoint for euthanasia as
persistent hypothermia (>5 °C for 5 h).

2.2. Creation of murine food allergy and oral tolerance models

The FA and OT models were developed in the same way as
described in our previous study (intraperitoneal [IP] model) (Fig. 1A,
supplementary Table 1).>® Briefly, we induced OT in BALB/c mice by
administering 1 mg of OVA (Merck KGaA, Darmstadt, Germany) once
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a day for 5 consecutive days. Moreover, the mice were sensitized via
IP injection of 1 pg OVA or phosphate-buffered saline (PBS), both
mixed with Imject™ alum (Thermo Fisher Scientific, Rockford, IL,
USA). Further, to induce an allergic response, 30 mg OVA was orally
administered thrice a week for 3 weeks. In the epicutaneous (EC)
model, OVA solution (1 mg OVA in 20 pL PBS) or PBS was placed on
the filter paper of the Finn chamber (Smart Practice, Phoenix, AZ,
USA) for 3 days; it was then applied to the dorsocervical shaved skin
with tape strippingand fixed at the site using the film dressing
(Fig. 1B, supplementary Table 1). Furthermore, to create the intra-
dermal (ID) model, 1 pg OVA in 20 L PBS was injected intradermally
into the back skin of each mouse without shaving or tape stripping
(Fig. 1C, supplementary Table 1). Notably, ID injection was adminis-
tered once a day for 3 consecutive days in a week over 4 weeks.

2.3. Evaluation of OVA-induced anaphylaxis

FA induction was estimated based on a decrease in body tem-
perature using a rectal thermometer (KN-91, Natsume, Tokyo) for
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Fig. 1. The protocols of murine models of food allergy and oral tolerance. Intraperitoneal (IP) model: On days 0 and 14, BALB/c mice were sensitized via intraperitoneal injection
with OVA or PBS mixed with adjuvant (alum). The oral administration of 30 mg OVA three times a week for 3 weeks (days 28, 31, 33, 35, 38, 40, 42, 45, and 47) caused a food allergy.
Oral tolerance was induced by the oral administration of 1 mg OVA for 5 consecutive days (days —11, —10, -9, —8, and —7) (A). Epicutaneous sensitization (EC) model: Filter paper
with OVA or PBS was attached to the back skin four times for 3 consecutive days a week (days 0—2, days 7—9, days 14—16, and days 21—-23) (B). Intradermal (ID) model: ID injections
were administered once a day for 3 consecutive days a week for 4 weeks (days 0, 1, 2, 7, 8, 9, 14, 15, 16, 21, 22, and 23) (C). On day 0, the mice were intradermally injected with 1 ug
OVA. On days 1 and 3, skin-draining lymph nodes (SDLN) were collected (D). The mice were intradermally injected with 1 ug of OVA on days 0, 1, 2, 7, 8, 9, 14, 15, 16, and 21. SDLN
were collected on days 21 (before the tenth injection), 22 (1 day after the tenth injection), and 24 (3 days after the tenth injection) (E).
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1 h after the oral administration of 30 mg OVA and the symptoms of
diarrhea.”® Furthermore, allergic diarrhea was evaluated based on
the shape and consistency of the feces, and it was assigned a
severity score from O to 3, with 0, 1, 2, and 3 representing solid,
semi-solid, slurry, and watery states, respectively.

2.4. Detection of immunoglobulins, mast cell protease-1, and OVA in
plasma

OVA-specific IgE and IgG1 levels in the plasma collected at the
time points indicated in each graph were determined using an
ELISA modified from the previously described methods.'® Notably,
the expression of murine mast cell protease-1—which is expressed
in intestinal mucosal mast cells and promotes mucosal perme-
ability in intestinal allergic hypersensitivity reactions''—against
plasma collected 1 h after the last oral administration was
measured using the ELISA kit (Thermo Fisher Scientific) according
to the manufacturer's instructions. Moreover, ELISA was used to
determine the concentration of OVA in plasma in each model using
the previously described methods.’

2.5. Flow cytometry evaluation of dendritic cell migration into skin-
draining lymph nodes and regulatory T-cells

Skin-draining lymph nodes (SDLN) (i.e., axillary and brachial
lymph nodes) were collected from ID model mice 1 and 3 days after
the first ID injection (days 1 and 3 in Fig. 1D, supplementary Table 2)
as well as before and 1 and 3 days after the tenth injection (days 21,
22 and 24 in Fig. 1E, supplementary Table 2). Supplementary Figure 1
shows the classification of dendritic cells (DCs). DCs gated by the
positive expression of CD11c¢ (clone N418, BioLegend, Inc., San Diego,
CA, USA) were classified as CD11b (clone M1/70, BioLegend Inc.),
CD207 (clone 4C7, BioLegend Inc.), and CD103 (clone 2E7, BioLegend
Inc.). Anti-CD16/32 (clone 93, BioLegend Inc.) was used as an Fc
blocker. Fixability Viability Dye eFluor520 (FVD520, Thermo Fisher
Scientific) was used for the elimination of dead cells. We defined DC
with intermediate expression of CD11b, positive expression of
CD207, and low negative expression of CD103 (CD11b™{CD207+C-
D103%/-DCs) as Langerhans cells (LCs), and CD11b™CD207* and
high expresstion of CD103 (CD11b™D207"CD103"DCs) as
CD207*demal DCs (DDCs),''? cD11bicD207%/-CD103/-DCs as
CD11b*DDCs, and CD11b~CD207-CD103*DCs as CD103*DDCs.'*"
Notably, data on LCs and DDCs were presented as the proportion
of the number of cells divided by the number of CD11c" cells.
Moreover, we defined CD4"CD25"CD127 T cells as Tregs to use anti-
CD3 (clone 145-2C11, BioLegend Inc.), anti-CD4 (clone GK 1.5, Bio-
Legend Inc.), anti-CD25 (clone PC61, BioLegend Inc.), and anti-CD127
(clone SB/199, BioLegend Inc.). Previously, it has been reported that
there is an inverse correlation between the expression of FoxP3 and
CD127 in CD4*CD25* T cells.'® Furthermore, the proportion of Tregs
was analyzed in SDLN collected 3 days after the first and the tenth ID
injections.

2.6. Statistical methods

Data are presented as mean + standard error of the mean. Sta-
tistically significant differences between the study groups were
determined using the Student's t-test, Welch's t-test, and Dunnett's,
Tukey's, or Turkey—Kramer test. Moreover, the diarrheal scores for
each mouse are presented as dots with the average score for each
group. Furthermore, the statistical significance of the score was
evaluated using the Mann—Whitney U test and Steel's or
Steel-Dwass test.
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3. Results
3.1. Oral tolerance in the EC model

Regarding the comparison between the IP and EC models, body
temperature decreased after the fifth administration (day 38) of
OVA in the IP model FA group and after the seventh administra-
tion (day 42) in the EC model FA group (Fig. 2A). Moreover, after
the last oral administration of OVA (day 47), the decrease in body
temperature of the IP and EC model mice remained the same
(Fig. 2B). Notably, similar results were found for allergic diarrhea
(Fig. 2C). In the EC model OT group, following the last oral
administration of OVA (day 47), few mice developed mild diarrhea
(Fig. 2D). Fig. 2E presents changes in plasma levels of OVA-specific
IgE. Higher levels of OVA-specific IgE were detected in the IP
model FA group than in the EC model FA group on days 13 (before
the second IP injection or the third EC sensitization), 27 (before
the first oral administration), and 36 (before the fifth oral
administration). Notably, the IgE levels were the same in both FA
groups of the IP and EC models on day 46 (before the last oral
administration) (Fig. 2F). OVA-specific IgE was detected in all mice
in the EC model OT group but only one mouse in the IP model OT
group (Fig. 2F).

3.2. Oral tolerance in the ID model

We compared the IP, EC, and ID models to determine whether
ID injection for allergen sensitization is an effective alternative to
EC application. Notably, some mice in the FA groups died due to
severe anaphylaxis following oral administration of OVA. Fig. 3A
shows the survival curve of the analyzed mice. Interestingly, in the
OT group of the ID model, one mouse died after the last admin-
istration (day 47). Fig. 3B, C and 3D present the body temperature
data by the time course (Fig. 3B) as well as the data on the fifth
(Fig. 3C, day 38) and the last oral administration (Fig. 3D, day 47).
The figure also demonstrates severe hypothermia at the fifth oral
administration was followed by a gradual decrease in body tem-
perature, which further decreased in the IP and ID model FA
groups. Notably, this symptom relief was caused by the death of
several mice in each group after the fifth oral treatment (day 38).
The number of mice is indicated by the numbers presented below
in the column in Fig. 3C and D. The decrease in body temperature
of the ID model OT group was more severe than that of the OT
groups of IP model and EC model. (Fig. 3D). Remarkably, the onset
of diarrhea occurred around the same time as the onset of hypo-
thermia in the FA groups of each model (Fig. 3E). During the fifth
oral administration (day 38), diarrhea observed in the OT group
was lower than that observed in the FA group of the ID model
(Fig. 3F). However, in the last oral administration (day 47), severe
diarrhea was observed in the ID model OT group (Fig. 3G).
Moreover, the IgE levels in the FA groups of the EC and ID models
increased from day 27 (before the first oral administration,
Fig. 4A) to 46 (before the last administration, Fig. 4B). Further-
more, elevated IgE levels were observed in the OT groups of the EC
and ID models (Fig. 4A and B). Compared with the IgE levels in the
OT groups of the IP model, the levels in the OT groups of the EC and
ID models were significantly increased (Fig. 4B). As systemic
anaphylaxis in mice was also mediated by IgG via macrophages
and basophils,'”'® we measured IgG1 levels in our analysis (Fig. 4C
and D). Notably, the transition of IgG1 was similar to that of IgE.
Moreover, the levels of mast cell protease-1—an indicator of
degranulation of the intestinal mast cells—were elevated in all
mice in the ID model OT group (Fig. 4E).
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Fig. 2. Comparison of the intraperitoneal and epicutaneous sensitization models. A food allergy (FA) was induced in mice sensitized via intraperitoneal (IP) injection of OVA or OVA
application to damaged skin (EC) by oral administration of 30 mg OVA (days 28, 31, 33, 35, 38, 40, 42, 45, and 47). Oral tolerance (OT) was induced before sensitization by oral
administration of 1 mg OVA (days —11, —10, -9, —8, and —7). Anaphylaxis was evaluated by monitoring a decrease in rectal temperature (A, B) and by scoring the severity of allergic
diarrhea (C, D). Panels A and C show the time course. Panels B and D show the data from the last oral administration (day 47). OVA-specific IgE levels in the plasma were measured
using ELISA (E, time course; F, day 46). The values are shown as the mean + SEM (n = 5 or 6). In panel D, each dot represents an individual datum, and the bars represent the mean
values. *p < 0.05, **p < 0.01, or the directly indicated p-value are calculated for the FA group of each model using the Dunnett's or Steel's test. {p < 0.05 and p-values are presented
for data analyzed using the Student's or Welch's t-test or Mann—Whitney U test. BDL, below the detection limit.
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3.3. The migration of dendritic cells into skin-draining lymph nodes
and Treg proportion in the ID model

We attempted to elucidate the mechanism of OT overrides using
the ID model. We analyzed the migration of DC into SDLN in the ID
model at two time points: after the first injection in the first week
(Fig. 1D) and before the first injection in the fourth week (Fig. 1E).
Further, we estimated the expression of CD103 in the three cell
populations (I, CD11b~CD207~ cells; 1I, CD11b™CD207+ cells; and
111, CD11bM'CD207°/~ cells) on the contour line plot (X-axis, CD11b;
Y-axis, CD207) gated in CD11c (Supplementary Fig. 1). Following
the first injection in the first week, the proportion of LC in the OT
group was significantly lower than that in the group sensitized via
OVA injection (Sens group, Fig. 5A, day 3). Notably, there was no
difference in CD207"DDC counts between the Sens and OT groups
after the first injection (Fig. 5B). CD11b"DDC counts were decreased
in all OT groups after 1 day of the first injection (Fig. 5C, day 1). In
contrast, CD103*DDC counts were increased in all OT groups after 3
days of the first injection (Fig. 5D, day 3). However, in the fourth
week, we were unable to confirm the differences in LC counts be-
tween the Sens and OT groups (Fig. 5E). We also found CD207"DDC
counts increased in response to repeated OVA injections in the OT
groups, with increases being more pronounced after 3 days of each
injection (day 24) than after 1 day of each injection (Fig. 5F, day 22).
A similar trend was observed in CD11b"DDC counts (Fig. 5G), and
CD103*DDC counts with greater increases were observed 1 and 3
days after injections in the OT groups than in the Sens groups
(Fig. 5H, days 22 and 24). Subsequently, we evaluated the propor-
tion of CD4*CD257CD127 T cells defined as Tregs in SDLN of the ID
model at 3 days after the first (Fig. 51, day 3) and the tenth ID in-
jections (Fig. 5], day 24). Notably, we were able to confirm the
differences between the Sens and OT groups in the first injection
but not in the tenth injection.

4. Discussion

OT is characterized by the suppression of an excessive immune
response to food. In particular, the development of FA is seen as
overriding of OT. According to the dual allergen exposure hypoth-
esis, tolerance occurs because of oral exposure to food, and allergic
sensitization is caused by cutaneous exposure.” In particular,
several epidemiological studies have reported that intentional
feeding of allergenic foods to young children can prevent the
development of FA.?°~23 A birth cohort study reported the use of
neonatal moisturizers reduces the risk of developing atopic
dermatitis and protein sensitization.>* According to the results of
these studies, the prevention of FAs requires early acquisition of OT
for each allergen in childhood before skin contact sensitization.
Furthermore, preliminary oral treatment with OVA prevented the
humoral immune response of OVA-specific IgE and IgG in a mouse
FA model.’

According to the abovementioned studies, acquired OT is a
robust mechanism and its early induction is the most effective way
to prevent FAs. However, an exception to this has been observed in
cases of adult wheat allergies acquired through skin contact with
soap containing hydrolyzed wheat protein. In such a case, percu-
taneous application of the allergen overrode previously acquired
OT. This suggests some degree of plasticity in the mechanisms
underlying FA and tolerance development.

Journal of Pharmacological Sciences 152 (2023) 76—85

Based on the asthma model, we established an FA model via EC
sensitization.”> We then compared our standard FA model sensi-
tized via IP injection (IP model) with the EC model. In the FA group
of the IP model, the first IP injection of OVA with adjuvant led to an
early rise in OVA-specific IgE, and the IgE level was peaked before
the first oral administration (Day 13 and Day 27 in Fig. 2E). In the FA
group of the EC model, IgE was upregulated later and had not risen
compared to the IP model before the first oral administrations (Day
27 in Fig. 2E), but it eventually reached the same level as that in the
FA group in the IP model (Fig. 2F). Notably, it is thought that the
earlier increasing in IgE in the FA group of the IP model compared to
EC model was involved in the manifestation of FA symptoms
(Fig. 2A and C) and the survival (Fig. 3A). IP injection of the allergen
in combination with an adjuvant as well as its administration
quickly resulted in a strong immune response. Interestingly,
although the strong systemic response in the IP model could not
override OT, topical exposure could induce a mild increase in IgE
level in the EC model (Fig. 2F). Moreover, although it has already
been established murine FA models can be developed via EC
sensitization,’® we believe the clear detection of OVA-specific IgE in
the OT group of the EC model is a novel finding. However, we were
unsure whether EC sensitization overrode OT because IgE levels
were low and FA symptoms were minimal (Fig. 2B and D). We have
confirmed several times that the invalidation of OT in the EC model
is weak and unstable (Figs. 2, 3 and 4, and unpublished data). We
hypothesized the lack of stable FA symptoms was due to a variation
in the rate of plasma IgE levels in the EC model OT group.
Furthermore, the variation was dependent on successful EC sensi-
tization. During 3 days of EC sensitization, the OVA filters attached
to some mice were removed by self-scratching and biting by other
mice. Biting the filter may affect the acquisition or interruption of
OT. Therefore, we established the ID model.

Notably, IL-33 and thymic stromal lymphopoietin (TSLP), pro-
duced in response to skin damage, are known to accelerate Th2
responses.”’-*® In a murine asthma model, ID injection of OVA with
TSLP or IL-33 increased IgE production and worsened asthma-like
airway inflammation.?>>° As the cytokines were required for the
development of allergic symptoms in these reports, we thought
adjuvant treatment will be necessary to initially induce ID sensi-
tization. Accordingly, we administered ID injections of OVA with IL-
33 as a strong adjuvant (data not shown). However, a single ID
injection of OVA without IL-33 was sufficient to cause percutaneous
sensitization and increase OVA-specific IgE levels (Fig. 4A and B).
Notably, ID-sensitized mice in the FA group experienced severe
hypothermia and some died (Fig. 3A and D). One of our most
interesting findings was that ID injection of OVA without adjuvant
had a strong sensitizing effect.

To clarify the difference in sensitization between the IP, EC, and
ID models, we compared plasma OVA concentrations
(Supplementary Fig. 2). Although the OVA concentration became
high for a short time upon EC sensitization, it did not persist
(Supplementary Fig. 2A). In our ID model, 3 consecutive days of
peak OVA concentration and a stable concentration on each day
were observed (Supplementary Fig. 2B and C). We believe FA
symptoms were induced in our ID model due to the lower amount
of OVA and higher frequency of injections.

The experimentally induced OT was robust and lethal anaphy-
lactic shock was rare, but one mouse died due to hypothermia in
the ID model OT group (Fig. 3A). Furthermore, IgE levels increased

group. Some mice died due to anaphylaxis; a survival graph is shown (A). The upper and lower numbers of the columns denote the numbers of the mice. Anaphylaxis was indicated
by a decrease in rectal temperature (B—D) and by scoring allergic diarrhea (E—G). Panels B and E show the time course. Panels C and F provide data from the fifth oral administration
(day 38), and panels D and G provide data from the last oral administration (day 47). Statistical analyses were conducted using the Tukey and Tukey—Kramer tests, Steel-Dwass test
(*p < 0.05, **p < 0.01, and ***p < 0.001 among the OT groups), Student's and Welch's ¢ tests, or Mann—Whitney U test. ({p < 0.05, +1p < 0.01, and {1{p < 0.001, FAvs. OT). AF, after the

last administration.
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Fig. 4. Inmunoglobulin and mast cell protease-1 levels in the FA and OT groups of each model. OVA-specific IgE (A, B) and IgG1 (C, D) levels in the plasma were measured using
ELISA (A and C on day 27, B and D on day 46). Mast cell protease-1 levels were measured using ELISA in the plasma collected 1 h after the last oral administration on day 47 as an
indicator of intestinal mast cell degranulation (E). The upper numbers in the columns represent the number of mice. Statistical analyses were conducted using the Tukey and
Tukey—Kramer test (*p < 0.05, **p < 0.01, and ***p < 0.001 among the OT groups) or Student's and Welch's t-tests (ip < 0.05 and t{{p < 0.001, FA vs. OT). BDL, below the detection

limit.
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Fig. 5. Migration of dendritic and regulatory T cells into skin-draining lymph nodes. We measured the number of dendritic cells (DCs) that migrated into skin-draining lymph nodes
(SDLN) 1 and 3 days after the first intradermal injection of OVA in the first week of ID model protocol (Day 1 and Day 3, A—D), and before or 1 and 3 days after the fourth-week
injection of ID model protocol (Day 21, Day 22, and Day 24, E—H). DC gated by the positive expression of CD11c were classified as CD11b, CD207, and CD103. Notably, we defined
CD11b™CD2077CD103"°/"DC as Langerhans cells (LC) (A, E) and CD11b™CD207"CD103"DC as CD207*dermal DC (DDC) (B, F). We defined CD11bCD207'°/~CD103/-DC as
CD11b"DDC (C, G) and CD11b~CD207 CD103*DC as CD103"DDC (D, H). Data were adjusted for the number of CD11c* cells. The proportion of regulatory T cells (Treg) defined as
CD3*CD4"CD25"CD127 in SLDN was analyzed on day 3 of the first and fourth week (Day 3 and Day 24, I, ]). (*p < 0.05 and **p < 0.01, Sens vs. OT).

in the OT group of the ID model compared to the IP model (Fig. 4B).
Notably, the data of the ID model OT group indicated obvious
anaphylaxis (Figs. 3D, G, and 4E). Some symptoms in the OT group
of the ID model were mild compared to the FA group, but the
observation of clear symptoms was an important finding for
elucidating the mechanism of OT invalidation. Thus, we were able
to create a stable FA model through percutaneous sensitization that
could override the previously acquired OT via ID injection. Effective
overriding of OT in the ID sensitization might depend on long-term
optimal blood OVA concentration (Supplementary Fig. 2).

Two underlying pathways of anaphylaxis have been defined in
mice: the classical IgE-mediated pathway and the alternative IgG-
mediated pathway.>' Thus, we measured OVA-specific IgG1 levels
in addition to IgE levels (Fig. 4C and D). Notably, after sensitization,
the IgE level of the ID model FA group was higher than that of the
EC model; however, the result for the IgG1 level was the opposite
(Fig. 4A and C). On the date before the last administration, a similar
trend was observed in the IgG1 and IgE levels in the FA and OT
groups in each model (Fig. 4B and D). These data prohibited us to
assess IgE- or IgG-dependent anaphylaxis in the EC and ID models.

It would be better to analyze the EC model to elucidate the
mechanism of overriding OT for using hydrolyzed wheat-containing
soap. However, the OT invalidation in the EC model was weak and
unstable, therefore we estimated the overriding OT in the ID model
to analyze DC migration into SDLN. DCs are heterogeneous leuko-
cytes found in the epidermis and dermis and are involved in both the
allergic response and immune tolerance.'® LC is a subset of DCs found
in the epidermis. Murine LC has been characterized by the expres-
sion of surface markers, such as langerin (CD207), CD11¢, CD11b, and
epithelial cell adhesion molecules.>> Another CD207+DC subgroup is
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CD207"dermal DC (CD207"DDC), which expresses CD103 in the
dermis.”>>? In our models, LC was found to be related to the initiation
of allergic responses after percutaneous sensitization in the first
week; however, it may not be related after removing OT from data in
the fourth week (Fig. 5A and E). CD207"DDC increased in the OT
groups in the fourth week, suggesting that it plays a role in over-
riding OT (Fig. 5F). CD103*"DDC and CD11b"DDC are subsets found in
the dermis.'**> The CD103*DC subset can promote OT in an FA
model according to activation of regulatory T-cells in the in-
testines.>>* CD11b * DC subset can activate CD4*T-cells and accel-
erate Th2-differentiation.>® As tape stripping induce long-lasting
CD103°DDC (equivalent to CD11b*DDC) migration into SDLN,*
CD11b*™DC might have initiated sensitization to food antigens in
the percutaneous sensitization. Moreover, CD11b*DC migration into
mesenteric lymph nodes was related OT invalidation.? Therefore, in
FA induced by percutaneous sensitization, CD103*DDC may be
associated with OT for food antigens, whereas CD11b*DDC may be
associated with food antigen sensitization. We concluded that the
immune tolerance induced by CD103"DDC subset was broken by the
induction of inflammatory CD11b*DDC subset by the repeated im-
mune stimulations through the skin.

In addition to the timing of DC analyses, we examined the
proportion of Tregs in SDLN collected 3 days after the first (day 3)
and the tenth oral administration (day 24). We found the propor-
tional difference between the Sens and OT groups on the first week
was reduced on the fourth week (Fig. 51 and ]). Notably, the effect of
repeated ID injection on DC migration overrode OT, depending on
Treg.

We were unable to identify the mechanisms through which the
percutaneous administration of OVA overrode more effectively
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than systemic IP injection of OVA. In the IP model, macrophages®’
and inflammatory monocytes>® could capture the antigen in the
systemic immune system. We hypothesized differences in antigen-
capturing cells and pathways are related to the differential effects
of EC and IP allergen administration on established OT.

The primary aim of this study was to reproduce the case of
wheat soap in animal models. Therefore, we developed the EC
model for OT. However, we were not able to obtain a stable
refractive OT in the EC model. We then developed the ID model,
which obtained stable results using a simple technique, but it was
an artificial model. However, we believe both models share similar
sensitization mechanisms. OVA adhered to the injured skin is
absorbed through the dermis and be captured by the DDCs in the EC
sensitization.

We developed an FA model in which sensitization to food al-
lergens was induced via ID injection. We found ID injection of an
allergen could efficiently override a previously acquired OT. We
believe further analysis of our ID models of FA and OT will help
elucidate the causes of FAs.
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