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Abstract

Deoxynivalenol (DON) contamination in food is a public health concern; however, the effect of DON exposure on immune
disorders including allergies remains unclear. The aim of this study is to elucidate the effect of oral exposure to DON on pro-
inflammatory and pro-pruritic responses in a mouse model of allergic dermatitis, which was generated by topical application
of toluene-2,4-diisocyanate (TDI), a hapten that induces type-2 helper T cells. To evaluate acute exposure to DON, the mice
were orally administered vehicle alone, 0.1 mg/kg DON, or 0.3 mg/kg DON 48, 24, and 1 h before the final challenge with
TDI. To study subacute exposure, the mice were fed DON-contaminated rodent diet (0.3 ppm) during the experimental period.
After the itch behavior and ear-swelling response were monitored, the serum, auricular lymph node, and skin tissue were col-
lected for analyzing immunocyte differentiation, cytokine determination, and histological changes. Acute oral administration
of DON significantly enhanced pro-inflammatory responses including ear-swelling response, immunocyte infiltration, and
cytokine productions. Histological evaluation supported the occurrence of pro-inflammatory responses. In contrast, acute
DON exposure only slightly increased itch behavior. Subacute oral exposure to DON significantly up-regulated the inflam-
matory responses, but showed almost no effect on pruritic response. In vitro evaluation in dendritic cells and keratinocytes
indicated that DON pre-exposure induced a dose-dependent significant increase in cytokine production. Our results imply
that both acute and subacute exposures to DON are associated with pro-inflammatory responses in cutaneous allergy.
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Introduction

Contamination of mycotoxins in food and feed commodi-
ties is a serious problem worldwide; therefore, governments
around the globe have strengthened countermeasures against
mycotoxins through the development of detection methods
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of safety standards. However, certain mycotoxins such as
aflatoxins (e.g., aflatoxin B1), fumonisins, zearalenone,
type B trichothecenes (e.g., deoxynivalenol; DON), type
A trichothecenes (e.g., T-2 toxin; T-2), and ochratoxin A
still pose a high risk of contamination in maize, wheat, and
soybean in not only developing countries but also developed
countries. Among these mycotoxins, the Fusarium mycotox-
ins DON and fumonisins are the most prevalent; they were
detected in 64% and 60%, respectively, of 74,821 samples
collected from 100 countries from 2008 to 2017 (Gruber-
Dorninger et al. 2019). Particularly, DON showed the high-
est median concentration of 723 pg/kg (Gruber-Dorninger
et al. 2019). Yan et al. (2020) showed that 100% of wheat
samples and 99.83% of maize samples collected from China
in 2017 contained an average of 165.87 and 175.30 pg/kg
DON, respectively. Moreover, the DON contents in 3.63%
of wheat and 2.97% of the maize samples were above the
maximum limit of 1000 pg/kg. DON is usually detected
at low levels (< 1 mg/kg) and occasionally at higher levels
(5-20 mg/kg) in cereals intended for animal or human con-
sumption (EFSA 2017). The global occurrence and toxicity
of DON are currently considered a major food safety risk for
both human and animals. Nevertheless, the toxicity of DON,
particularly its involvement in immune disorders, remains
unclear.

DON, also known as “vomitoxin,” is a group B tri-
chothecene and is produced mainly by Fusarium gramine-
arum and Fusarium culmorum. Cereal grains including
wheat, barley, rye, maize, and oats are the predominant
sources of DON exposure (Mishra et al. 2020). The major
adverse effects of DON exposure in animals are gastroen-
teritis, growth inhibition, immunologic dysregulation, and
impairment of reproductive function (Marin et al. 2013;
Pestka 2010; Wang et al. 2014). The cardinal symptoms
of DON-induced acute intoxication in humans are nausea,
vomiting, diarrhea, abdominal pain, and headaches. (EFSA
2017). It is still unclear whether DON exposure contributes
to the development of certain diseases such as allergy.

Oral administration of DON abnormally stimulates the
immune system. Meky et al. (2001) demonstrated that DON
induces potent effects on human lymphocyte cytokine pro-
duction. Pierron et al. (2018) suggested that DON exhibits
immune-modulatory properties, especially the ability to
stimulate a specific antibody response during vaccination.
Clark et al. (2015) highlighted the effects of acute intraperi-
toneal administration of DON with anorectic responses in
mice; 1 mg/kg and 5 mg/kg DON significantly elevated the
secretions of pro-inflammatory cytokines including IL-6,
IL-1B, and TNF-a. Amuzie et al. (2009) corroborated the
DON-induced cytokine upregulation by demonstrating the
increased expression of several suppressors of cytokine sign-
aling. It is hypothesized that these immunostimulatory activ-
ities of DON could induce the development of autoimmune
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diseases or allergic diseases; however, this theory requires
further experimental support using animal models.

As an initial step to explore this hypothesis, the current
study focused on the association between oral exposure to
DON and the development of cutaneous allergy. A hapten-
induced mouse model of allergic dermatitis and in vitro
cytokine-release assay were used to elucidate the effect of
oral exposure to DON on pro-inflammatory and pro-pruritic
responses in cutaneous allergy.

Materials and methods
Animals and chemicals

Six-week-old female BALB/c mice were ordered from Japan
SLC, Inc. (Shizuoka, Japan) and used to generate a mouse
allergic dermatitis model. BALB/c mice were housed under
a 12 h daily light cycle at a temperature of 22 +3 °C and
humidity of 50% +20%. The mice were provided with food
and water ad libitum. All aspects of this study were con-
ducted in accordance with the Animal Care and Use Pro-
gram of Azabu University (Approval No. 1910097).

Toluene-2,4-diisocyanate (TDI, CAS No. 584-84-9)
was purchased from Tokyo Chemical Industry CO., LTD.
(Tokyo, Japan). Deoxynivalenol (DON, CAS No. 51481-
10-8) from Sigma-Aldrich Co., LLC. (Tokyo, Japan) was
used for the acute-exposure protocol (Supplemental Fig. 1a)
and in vitro experiments. For the subacute-exposure pro-
tocol (Supplemental Fig. 1 b), standard rodent diet (CE-2,
CLEA Japan, Inc., Tokyo, Japan) and wheat grain samples
(Minaminokaori, a Japanese hard red spring wheat) with 3
ppm of DON were mixed (Supplemental Fig. 2) to obtain a
final DON concentration of 0.3 ppm. The control diet also
contained the same amount of normal wheat. DON-contam-
inated wheat was generated by spray inoculation of two iso-
lates of F. graminearum species complex and intense sprin-
kler precipitation in accordance with the method described
by Yoshida et al. (2008).

A mouse model of allergic dermatitis

A mouse model of allergic dermatitis was generated by
repetitive sensitization and challenge with TDI, an allergen
that induces type-2 helper T cells (Th2), as described by
Fukuyama et al. (2015). Briefly, the abdomens of female
BALB/c mice were depilated with depilatory cream 1 day
prior to the first sensitization. On day 1 through day 3, 5%
TDI dissolved in acetone was topically applied onto the
abdomen after tape stripping five times with adhesive tape.
Three weeks after the first sensitization (day 22), the mice
were re-sensitized with 0.5% TDI in acetone to boost the
allergic reaction. Seven days after the re-sensitization, 0.5%
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TDI in acetone was applied onto both sides of the ear auri-
cle and rostral back skin as a challenge. DON is occasion-
ally detected at higher levels (5-20 mg/kg) in food intended
for animal or human consumption. Therefore, in the acute-
exposure study, the mice were orally administered vehicle
alone or DON at 0.1 or 0.3 mg/kg b.w. (diluted in corn oil)
48, 24, and 1 h before (3 different timings in one setting) the
final challenge with TDI to confirm the direct effect of DON
exposure on the allergic reaction (Supplemental Fig. 1a).
In the subacute-exposure study, a diet contaminated with a
low dose of DON (0.3 ppm) was continuously fed to mice
during the experimental period to mimic the actual exposure
to DON (Supplemental Fig. 1b). Itch behavior (scratching
bouts) was video monitored for 60 min immediately after
the TDI challenge. Ear-swelling response was determined
by calculating the difference in ear thickness before and 24 h
after the TDI challenge. After measuring the ear-swelling
response, the mice were euthanized under isoflurane anes-
thesia. Subsequently, the serum, auricular lymph node (LN),
and skin samples were isolated for further analysis. Repeat-
ability of the results was confirmed by means of another
setting with limited number of animals (5 mice in 0.3 mg/
kg DON), and the second setting denoted the same tendency
of the main study.

Histopathological evaluation of ear auricle

A portion of the auricular samples was fixed in 10% formalin
solution, embedded in paraffin wax, sectioned to 5 pm thick-
ness, and stained with hematoxylin and eosin. A semi-quan-
titative histopathological evaluation for folliculitis, ulcer,
edema, and cellular infiltration was performed in a blinded
fashion using the following grading system: 0, within normal
limits; 1, mild; 2, moderate; 3, severe. The total score of the
lesions was used for statistical evaluation.

Analysis of LNs

Single-cell suspensions were prepared from the LNs
removed from each mouse and were used for flow cytom-
etry and cytokine analysis (Makino et al. 2019; Tajima et al.
2019; Watanabe et al. 2018). The total number of live cells
was measured using Tali® Image-Based Cytometer (Thermo
Fisher Scientific, Inc., Kanagawa, Japan). To avoid nonspe-
cific binding in flow cytometric analysis, 1x 10° cells were
first incubated with 1 pg of mouse Fc Block (Miltenyi Biotec
K.K., Tokyo, Japan) prior to incubation with monoclonal
antibodies (FITC-conjugated anti-mouse CD3, PE-conju-
gated anti-mouse CD4, FITC-conjugated anti-mouse IgE,
PE-conjugated anti-mouse CD19, FITC-conjugated anti-
mouse CD11c, PE-conjugated anti-mouse CD40, Miltenyi
Biotec K.K.). The cells were washed and analyzed using an
EC800 flow cytometer (Sony Imaging Products & Solutions

Inc., Tokyo, Japan); 10,000 events were collected from the
disaggregated LN to analyze cell surface marker expression.
For cytokine evaluation, single-cell suspensions of LNs
(5% 10° cells/well) were incubated with Dynabeads mouse
T-Activator CD3/CD28 (Thermo Fisher Scientific, Inc.) for
24 hor 96 h. IL-4, IL-5, IL-9, IL-13, and IL-17 (R&D Sys-
tems, Minneapolis, MN) concentrations in the supernatant
were evaluated using an enzyme-linked immunosorbent
assay (ELISA). The optical density at 450 nm was measured
using a microplate reader (iMark microplate reader, Bio-Rad
Laboratories, Inc., Tokyo, Japan).

Cytokine determination in ear-skin tissue

Frozen ear-skin sample was homogenized in 500 pl of
RPMI-1640 medium containing a protease inhibitor (Halt™
Protease Inhibitor Cocktail, Thermo Fisher Scientific, Inc.)
using an electric homogenizer, as described by Tajiki-
Nishino et al. (2018). Protein content was determined using
the DC protein assay kit (Bio-Rad Laboratories, Inc.). The
concentrations of IL-4, IL-13, IL-17, IL-33, and thymic
stromal lymphopoietin (TSLP) were measured by ELISA,
following the manufacturer’s instructions (R&D Systems).

Measurement of total IgE in serum

The total IgE level in the serum was determined using
ELISA, according to the manufacturer’s protocol (Thermo
Fisher Scientific Inc.).

Cytokine-release assay in murine bone
marrow-derived dendritic cells (mBMDCs)

mBMDCs were obtained from the bone marrow of female
BALB/c mice and generated by co-culturing with GM-CSF
(PeproTech, Inc., Rocky Hill, NJ) for 8 days (Fukuyama
et al. 2015; Lutz et al. 1999; Makino et al. 2019; Tajiki-
Nishino et al. 2018; Tajima et al. 2019; Watanabe et al.
2018). Matured BMDCs (5 x 10* cells, containing > 90%
CD11c-positive matured DCs.) were isolated and seeded
in 200 pL of completed media in a 96-well plate. BMDCs
were treated with 2.5, 5, or 10 pmol/L. of DON for 24 h
before being stimulated with the Toll-like receptor (TLR) 4
ligand lipopolysaccharide (LPS; Sigma-Aldrich Co., LLC.)
at 1 pg/mL for an additional 24 h. TLR ligands such as LPS
might mimic what is happening in/on the skin; however,
we used LPS as they are a well-characterized stimulant for
DCs and keratinocytes (Fukuyama et al. 2015; Lee et al.
2011; Watanabe et al. 2018). The concentrations of IL-12
and TNFa in the supernatant were quantified using ELISA.
The phenotype of LPS-stimulated BMDCs was evaluated
using monoclonal antibodies (FITC-conjugated anti-mouse
CDl11c, PE-conjugated anti-mouse CD86, Miltenyi Biotec
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K.K.) using a flow cytometer. The DON concentrations used
in this experiment were determined based on a cytotoxicity
test conducted prior to the experiments (data not shown).
Cytotoxicity was not observed even at the highest concen-
trations. To verify the reproducibility of the experiments, a
minimum of three independent experiments were performed
using BMDCs from different mice.

Cytokine-release assay in THP-1 cell line (human
monocytic leukemia)

THP-1 cells were obtained from the European Collection of
Cell Cultures and cultured in RPMI-1640 medium (FUJI-
FILM Wako Pure Chemical Corporation, Osaka, Japan)
supplemented with 10% fetal calf serum (Sigma-Aldrich
Co. LLC.) and penicillin—streptomycin (FUJIFILM Wako
Pure Chemical Corporation). THP-1 cells (5 x 10* cells)
were seeded in 200 pL of completed medium at 70% con-
fluency in 96-well culture plates and treated for 24 h with
0.01, 0.1, or 1 pmol/L DON before being stimulated with
LPS at 1 pg/mL for an additional 24 h. The concentrations
of IL-1, IL-8, and TNF-« in the supernatant were quantified
using ELISA. The DON concentrations used in this experi-
ment were determined based on a cytotoxicity test conducted
prior to the experiments (data not shown). Cytotoxicity was
not observed even at the highest concentrations. To verify
the reproducibility of the experiments, a minimum of three
independent experiments were performed using different
passages of THP-1 cells.

Cytokine-release assay in PHK16-0b cell line (human
epidermal keratinocyte line)

PHK16-0b cells were obtained from the Japanese Collec-
tion of Research Bioresources Cell Bank and cultured with
KGM-Gold™ BulletKit™ (LONZA KK., Tokyo, Japan).
The cells (1 x 10* cells/200 pL) were seeded in a 96-well
culture plate and exposed for 48 h to DON at 2.5, 5, or
10 pmol/L before being stimulated with LPS at 1 pg/mL
for an additional 24 h. A preliminary cytotoxicity test was
used to determine the concentration of each test substance
for in vitro studies. Even at the highest concentration, none
of the test substances induced any signs of cytotoxicity (data
not shown). Levels of IL-8 in supernatants were measured
using ELISA.

Statistical analyses

Data are expressed as the mean+ 1 SEM. Analysis of vari-
ance (ANOVA) followed by Dunnett’s multiple comparison
test was used to evaluate the results of the in vivo acute-
exposure study and in vitro cytokine-release assays. For the
in vivo subacute-exposure study, Student’s ¢ test was used
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to test the significance of differences between the values of
two groups. The statistical significance was estimated at 5%
and 1% levels of probability. The data were analyzed using
Prism 8 (GraphPad Software, San Diego, CA, USA).

Results

Effect of acute exposure to DON on inflammatory
and itch response in TDI-induced mouse model
of allergic dermatitis

Initially, the direct effect of DON on the development
of allergic dermatitis was examined via acute exposure
(thrice) of the mice to DON 48, 24, and 1 h prior to the
final challenge with TDI. Figure 2a presents the ear-swelling
response, which reflects the inflammatory response induced
by TDI and DON. Oral administration of DON 0.3 mg/kg
significantly heightened the ear-swelling response compared
with the TDI+ vehicle control group (Fig. 1a, b). Upreg-
ulation of the inflammatory response by DON 0.3 mg/kg
was supported by histopathological evaluation (Fig. 1b
and Table 1). The DON 0.3 mg/kg group displayed a sig-
nificantly higher extent of folliculitis, edema, and cellular
infiltration compared with the TDI + vehicle control group.
Scratching behavior was greater in the DON-exposure
groups; however, there was no significant difference com-
pared with the TDI + vehicle control group (Fig. 1c).

Influence of acute exposure to DON on immunocyte
infiltration, IgE level, and cytokine production
after TDI challenge

To assess the influence of DON exposure on the local
immune reaction, the number of dendritic cells (DCs),
helper T cells, and IgE-positive B cells in the auricular
lymph node was measured by flow cytometry. Acute oral
exposure to DON dose dependently up-regulated the number
of DCs, helper T cells, and IgE-positive B cells (Fig. 1d-
f). Particularly, the immunocyte levels were significantly
higher in the DON 0.3 mg/kg group than in the TDI+ vehi-
cle control group. Although the number of IgE-positive B
cells in the DON 0.3 mg/kg group was significantly higher,
DON exposure did not affect the total serum IgE level, com-
pared with the control group (Fig. 1g). To elucidate whether
DON affects T-cell function, we used ELISA to analyze
IL-4, IL-5, IL-9, IL-13, and IL-17 production by T cells
stimulated with CD3/CD28 antibody. All cytokines were
increased with DON exposure in a dose-dependent manner,
and a significant change was observed in DON 0.3 mg/kg
exposure groups compared with TDI 4 vehicle control group
(Fig. 2).
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Fig.1 Pro-inflammatory and pro-pruritic responses to acute oral
administration of DON in a TDI-induced mouse model of allergic
dermatitis. The ear-swelling response (pm) (a) was significantly up-
regulated by exposure to 0.3 mg/kg DON. Representative pictures
of the ear auricles and microscopic features of ear tissues of the
TDI+ vehicle control group and the 0.3 mg/kg DON group (b). A
slight upward trend in scratching behavior (¢) was observed after the

Table 1 Histological evaluation of the ear auricle following acute oral
administration of DON in a TDI-induced mouse model of allergic
dermatitis

Group TDI vehicle DON 0.1 mg/kg DON 0.3 mg/kg
Folliculitis 0.00+£0.00 0.00+0.00 1.50+0.22%*
Edema 2.00+£0.00 2.17+0.17 2.67+0.21%%*
Cellular infiltration 1.33+0.21 1.00+0.00 2.50+0.34%%*
Total score 3.33+0.21 3.17+0.17 6.67 +£0.77**

A histological score (0, within normal limits; 1, mild; 2, moderate;
and 3, severe) was given for each observation. Results are expressed
as the mean + SEM. n=6 per group

DON deoxynivalenol, TDI toluene-2,4-diisocyanate

*p<0.05, **p<0.01 (Dunnett’s multiple comparison test) vs. the
TDI + vehicle control group
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administration of DON; however, there was no significant change. A
significant increase in dendritic cells (d), helper T cells (e), and IgE-
positive B cells (f) was observed in the DON-exposure group. How-
ever, DON exposure had almost no impact on total serum IgE levels
(ng/mL) (g). Bar=100 pm. Each result is presented as the mean+ 1
SEM. n=6 per group. *p <0.05, **p <0.01 (Dunnett’s multiple com-
parison test) vs. the TDI + vehicle control group. LN lymph node

Effect of acute exposure to DON on cytokine levels
in allergic-dermatitis mouse model

The DON-treated mice exhibited significantly higher lev-
els of IL-4, IL-3, IL-17, IL-33, and TSLP in the ear-skin
homogenate 24 h after the TDI challenge compared with
those treated with TDI + vehicle, indicating allergic inflam-
mation (Table 2).

Effect of subacute oral exposure to DON
on inflammatory and itch response
in allergic-dermatitis mouse model

Corresponding to the results of the acute-exposure study,
the ear-swelling response was significantly higher with
subacute oral exposure to DON (0.3 ppm) than with
TDI + vehicle (Fig. 3a); however, scratching behavior was
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Fig.2 Cytokine production by
activated T cells in the auricular
LN after acute oral administra-
tion of DON in a TDI-induced
male mouse model of aller-

gic dermatitis. A significant
increase in IL-4 (a), IL-5 (b),
1L-9 (¢), IL-13 (d), and IL-17
(e) was observed in the DON-
exposure group. Each result

is presented as the mean (pg/
mL)+1 SEM. n=6 per group.
*p <0.05, *¥p <0.01 (Dunnett’s
multiple comparison test) vs.
the TDI + vehicle control group
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Table 2 Responses in the ear auricle to acute oral administration of
DON in a TDI-induced male mouse model of allergic dermatitis

IL-13 secretion by T cells (pg/mL)

Group TDI vehicle DON 0.1 mg/kg DON 0.3 mg/kg

IL-4 (pg/mg 147+6 246+11 430+ 70%*
protein)

IL-13 (pg/mg 292+22 675+ 71%* 589+ 58%**
protein)

IL-17 (pg/mg 45+3 72 £5% 90 + 9%
protein)

IL-33 (pg/mg 632+46 980 + 82%* 1012 £78%*
protein)

TSLP (pg/mg 25+2 45+ 7% 42+ 3%
protein)

Ear samples were collected 24 h after TDI challenge. Results are
expressed as the means + SEM. n=6 per group

TSLP thymic stromal lymphopoietin

*p<0.05, **p<0.01 (Dunnett’s multiple comparison test) vs. the
TDI + vehicle control group
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not affected by DON (Fig. 3b). A comparable increase in
the edema score was observed upon histological evaluation
of the ear skin from mice treated orally with DON; how-
ever, folliculitis and cellular infiltration were not affected
by DON exposure (Supplemental Table 1 and Supple-
mental Fig. 3). Analysis of the local immune response
in auricular LNs revealed that oral treatment with DON,
compared with TDI + vehicle, resulted in a significantly
higher infiltration of helper T cells and IgE-positive B
cells (Fig. 3d, e) but only a slightly higher number of DCs
(Fig. 3c). Total IgE levels in the serum were not influenced
by DON, as demonstrated in the acute-exposure experi-
ment (Fig. 3f). DON treatment significantly increased the
IL-5, IL-9, and IL-13 production by activated T cells, but
did not affect IL-4 and IL-17 production (Supplemental
Fig. 4). The DON-treated and vehicle control mice exhib-
ited comparable levels of IL-4, IL-13, and IL-17 in the
ear-skin tissue; however, the IL-33 and TSLP levels were
significantly higher in the ear-skin tissue of DON-treated
mice compared with the latter, consistent with the ear-
swelling response, LN responses, and histological scores
(Supplemental Table 2).
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Fig.3 Subacute oral admin-
istration of low-dose DON
(0.3 ppm) significantly 2007 *%
exacerbated skin inflammation
but not the itch behavior in a
TDI-induced male mouse model
of allergic dermatitis. Subacute
exposure to DON significantly
increased the ear-swelling
response (um) (a), but showed
no impact on scratching behav-
ior (b). In the auricular LN, a
slight impact on the presence

of dendritic cells (¢) was noted;
however, the number of helper
T cells (d) and IgE-positive 2
B cells (e) was significantly «0\ 0‘\
increased. DON exposure did Q
not affect the total serum IgE d)

levels (ng/mL) (f). Each result is
presented as the mean=+ 1 SEM.
n=_8 per group. **p<0.01
(Dunnett’s multiple compari-
son test) vs. the TDI + vehicle
control group
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Effect of DON pre-exposure on LPS-stimulated
BMDCs

To assess whether exposure to DON affects allergic disease
in vitro, we evaluated LPS-induced TNFa production in
murine BMDCs. Production of TNFa in DON pre-treated
BMDC:s increased in a dose-dependent manner; these values
were significantly different from those for the vehicle-alone
control group (Fig. 4a). To confirm the enhanced effect of
DON, we measured the co-stimulatory molecules of DCs by
flow cytometry. CD11c and CD86 molecules were expressed
in a dose-dependent manner (Fig. 4b), which is critical for
DC function. These expressions were significantly differ-
ent between cells treated with DON (2.5, 5, and 10 pmol/L)
DON and those treated with the vehicle alone.

Impact of DON on human monocytic leukemia cell
line (THP-1) in vitro

To corroborate the data from the in vivo and BMDC experi-
ments, in vitro experiments were performed using a human
monocytic leukemia cell line (THP-1). IL-1p, IL-8, and
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TNFa secretion by LPS-stimulated THP-1 cells was signifi-
cantly enhanced by DON pre-exposure in a dose-dependent
manner (Supplemental Fig. 5).

Effect of DON pre-exposure on IL-8 secretion
by human epidermal keratinocytes in vitro

The DON pre-exposure groups displayed a significant dose-
dependent increase in IL-8 secretion by human epidermal
keratinocytes, indicating keratinocyte activation, compared
to the vehicle control group (Fig. 4c¢).

Discussion

The present study aimed to elucidate the possible association
between exposure to DON and development of cutaneous
allergy. Our findings identified several crucial aspects: (1)
in a mouse model of Th2-driven allergic dermatitis, acute
oral treatment with DON resulted in a significant increase
in inflammatory responses including ear-swelling responses,
cellular infiltrations, and cytokine productions, but the itch
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Fig.4 Effect of DON expo-
sure on BMDC and human
epidermal keratinocytes func-
tions in vitro. Secretion of a
TNFa (pg/mL) by LPS-induced
BMDCs was significantly
enhanced by pre-exposure to
DON in a dose-dependent man-
ner. b Up-regulation of LPS-
induced expression of co-stim-
ulatory molecules of BMDCs
by pre-exposure to DON. ¢ Pre-
exposure to DON significantly
induced LPS-stimulated IL-8
secretion by LPS-stimulated
human epidermal keratinocytes. > O
Each result is presented as the
mean=+ 1 SEM. n=7 per group.
*p <0.05, ¥*p <0.01 (Dunnett’s
multiple comparison test) vs.
the vehicle-alone control group.
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behavior and total IgE levels in the serum were not signifi-
cantly enhanced; (2) subacute oral exposure to a low dose of
DON significantly exacerbated the inflammatory responses
in the mouse model of allergic dermatitis; and (3) DON pre-
treatment significantly up-regulated the cytokine production
and maturation of BMDCs, as corroborated by enhanced
cytokine secretion by THP-1 and keratinocytes that were
pre-treated with DON.

Prevalence of cutaneous allergy including atopic derma-
titis, allergic contact dermatitis, and psoriasis has increased
dramatically over the last century among humans, as well
as companion animals. Dermatitis is a skin inflammatory
condition occurring in many forms including itch, eczema,
dry red skin, rash, and swelling (Williams 2005). Among
these types of cutaneous allergy, atopic dermatitis is one of
the most frequent forms of dermatitis that occurs in infants
(Rizk et al. 2019). Atopic dermatitis is also a common skin
disease in dogs and cats. Its clinical, immunological, histo-
logical, and pathological features are highly similar between
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dogs and humans due to which canine atopic dermatitis has
been suggested as an animal model for human atopic der-
matitis (Mineshige et al. 2018). Environmental and lifestyle
factors and increasing use of chemicals have often been sug-
gested as contributors to the current situation (Watanabe
et al. 2018). Thus, many studies have attempted to identify
the risk factors that contribute to the development of cuta-
neous allergic diseases. Our previous study demonstrated
that both endogenous and exogenous estrogens significantly
exacerbated skin allergy in a mouse model of Th2-type aller-
gic dermatitis (Watanabe et al. 2018). Tajiki-Nishino et al.
(2018) also indicated that the estrogen disruptor Bisphenol
A obviously augmented respiratory allergy in a mouse model
of respiratory allergic inflammation. However, as contamina-
tion with these chemicals is under strict legal regulation by
individual nations, the current increase in the incidence of
allergy cannot be clearly explained. Therefore, the present
study focuses on the mycotoxin DON as a broader environ-
mental toxin.
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DON occurs in grains and cereal products; it is often
hazardous to humans and livestock (Tucker et al. 2019;
Yan et al. 2020). Recently, Bol-Schoenmakers et al. (2016)
reported that DON facilitates allergic sensitization to food
proteins (whey) in mice including increased serum levels of
whey-specific IgE, an acute allergic skin reaction upon aller-
gen challenge, and production of Th2-type cytokines such
as IL-5 and IL-13 in whey-restimulated splenocytes. Their
data illustrated the possible contribution of DON contami-
nants in Th2-type allergic sensitization in humans, as well as
companion animals. Abnormal Th2 immune responses are
also found in atopic dermatitis and are considered a potent
target for treatment (Werfel et al. 2016). We hypothesized
that oral exposure to DON facilitates Th2-driven cutaneous
allergy; thus, we attempted to elucidate the possible interac-
tion between DON exposure and Th2-type cutaneous allergy.

Initially, we investigated the direct relationship between
acute oral administration of DON and the development of
Th2-type allergy in a highly reliable mouse model of TDI-
induced allergic dermatitis, which has been widely used for
evaluation of immunotoxicological effects of environmen-
tal chemicals including estrogen disruptors and Benzo[a]
pyrene (Tajiki-Nishino et al. 2018; Tajima et al. 2019;
Watanabe et al. 2018). The biggest advantage of this model
is that inflammatory and itch responses can be simultane-
ously observed; thus, we monitored pro-inflammatory and
pro-pruritic responses to DON exposure in this model.
Our first in vivo experiment focused on the acute response
to short-term oral exposure to DON at high doses. The
results showed that DON exposure significantly induced a
pro-inflammatory effect in a dose-dependent manner. The
mouse model used in this study mainly represents the acute
phase of Th2 immune responses in cutaneous allergy. Future
studies may use an atopic dermatitis model representing the
chronic phase to accurately determine whether DON affects
serum IgE levels. Cytokine production (IL-4, IL-5, IL-13,
IL-9, IL-17, IL-33, and TSLP) by stimulated T cells and
skin tissue supported the observation of pro-inflammatory
responses upon acute DON exposure. IL-9 has been shown
to be released from Th9 cells in models of allergic inflam-
mation; it plays an important role in mast-cell accumulation
and activation (Sehra et al. 2015). Additionally, Th17 cells,
a helper T-cell subset that secretes IL-17A, IL-17F, IL-22,
IL-23, and TNF-a, play an important role in the develop-
ment of allergic inflammation (Ahn et al. 2020; McGeachy
and Cua 2008). Recent evidence has suggested that group
2 innate lymphoid cells (ILC2) and their effector cytokines
including IL-4, IL-5, IL-9, IL-13, and IL-17 promote acute
skin inflammation (Schwartz et al. 2019). Although the
mouse model used in this study was a Th2-dominated allergy
model, Th9 and Th17 immunoreactions were also influ-
enced by DON exposure. Besides T-cell-derived cytokines,
keratinocytes have been indicated to actively participate in

the cutaneous immune response (Steinhoff et al. 2001); thus,
we monitored IL-33 and TSLP as representative cytokines
secreted by keratinocytes. The major targets of IL-33 in vivo
are tissue-resident immune cells such as mast cells, ILC2,
and regulatory T cells. Other cellular targets include Th2
cells, eosinophils, basophils, DCs, Th1 cells, CD8 + T cells,
NK cells, iNKT cells, B cells, neutrophils, and macrophages.
IL-33 is thus emerging as a crucial immune modulator
with pleiotropic activities in type-2, type-1, and regulatory
immune responses; it may play important roles in allergic
and chronic inflammatory diseases (Cayrol and Girard 2014;
Liew et al. 2016; Molofsky et al. 2015). Additionally, TSLP
is an epithelial cell-derived cytokine synthesized in response
to various stimuli, including protease allergens and micro-
organisms including viruses and bacteria. TSLP polarizes
DC:s to induce type-2 inflammation and directly expand and/
or activate Th2 cells, ILC2, basophils, and other immune
cells. TSLP is thus considered a master regulator of type-2
immune responses at the barrier surfaces of skin (Bell et al.
2013; Pandey et al. 2000). The present study suggested that
significant enhancement of IL-33 and TSLP secretion via
DON exposure might directly activate Th2 cells, ILC2, and
other immune cells, resulting in the exacerbation of pro-
inflammatory responses in cutaneous allergy.

DON is usually detected at low levels (< 1 mg/kg); there-
fore, in the second experiment, we examined whether suba-
cute (more than 4 weeks) oral exposure to low-dose DON
exacerbates cutaneous allergy in a mouse model of allergic
dermatitis. The overall results correspond to the results from
the acute-exposure study including IL-5, IL-9, and IL-13
secretions by stimulated T cells, IL-33, and TSLP levels in
the skin tissue. These observations demonstrate that DON
exacerbates Th2-type cutaneous allergy not only via acute
exposure at a high dose but also via chronic exposure at a
low dose. On the other hand, unlike acute exposure, expo-
sure to low-dose DON did not affect IL-4 and IL-17 secre-
tions by stimulated T cells; IL-4, IL-13, and IL-17 levels
in the skin tissue, itch behavior, and total serum IgE levels.
These findings from the subacute-exposure protocol simul-
taneously suggest that DON-induced allergic responses are
dose-dependent and there might be a threshold level.

Finally, we examined the direct effect of DON exposure on
the function of immune cells in vitro using mBMDCs, THP-1,
and keratinocytes. DCs are pivotal in both the initiation and
maintenance phase of allergic inflammatory diseases. Thus, we
exposed mature BMDCs to DON for 24 h and stimulated them
with LPS to examine the effect of DON on mature DCs. TNFa
production was significantly up-regulated by DON at multiple
doses, as corroborated by the increased expression of co-stim-
ulatory molecules (CD11c and CD86) in DON pre-treatment
groups. The active influence of DON on DC function was fur-
ther confirmed by the significant elevation of IL-1, IL-8, and
TNFa secretion by THP-1 cells. THP-1, a human monocytic
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leukemia cell line, could replace DCs in in vitro skin sensiti-
zation tests (Ashikaga et al. 2006). Additionally, we observed
a significant dose-dependent upregulation of IL-8 production
by human keratinocytes following pre-treatment with DON.
IL-8 can be secreted by any cell with TLR activation that is
involved in the innate immune response; IL-8 is elevated in
human patients with atopic dermatitis (Hatano et al. 1999;
Kaburagi et al. 2001; Kimata and Lindley 1994).

Collectively, our findings demonstrate that both acute
(high dose) and subacute (low dose) oral administration of
DON is directly associated with pro-inflammatory responses
in a mouse model of allergic dermatitis. Our results addition-
ally demonstrate the ability of DON to significantly induce a
cytokine response in DCs and keratinocytes in vitro. To our
knowledge, this is the first study to illustrate the direct effect
of DON on the development of cutaneous allergy. Next, we
plan to explore the immunomodulatory effects of DON using
actual allergens for humans, e.g., house dust mite, and other
human-relevant models such as atopic dermatitis and allergic
asthma.
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