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Abstract

Atopic dermatitis is a chronic skin inflammatory disease mediated by Th2-type immune responses. Although intestinal
immune responses have been shown to play a critical role in the development or prevention of atopic dermatitis, the
precise influence of intestinal immunity on atopic dermatitis is incompletely understood. We show here that orally
tolerized mice are protected from experimental atopic dermatitis induced by sensitization and epicutaneous (EC)
challenge to ovalbumin. Although the expression of Th2-type cytokines in the small intestine of orally tolerized and
EC-challenged mice did not change significantly, these mice showed decreased inflammatory responses in the small
intestine with restoration of microbial change elicited by the EC challenge. Interestingly, an increase in small intestinal
eosinophils was observed with the EC challenge, which was also inhibited by oral tolerance. The role of small intestinal

eosinophils and microbiota in the pathogenesis of experimental atopic dermatitis was further substantiated by
decreased inflammatory mediators in the small intestine and attenuated Th2-type inflammation in the skin of
eosinophil-deficient and microbiota-ablated mice with EC challenges. Based on these data, we propose that the
bidirectional interaction between the skin and the intestine has a role in the pathogenesis of atopic dermatitis and
that modulation of the intestinal microenvironments could be a therapeutic approach to atopic dermatitis.

Introduction

Atopic dermatitis (AD) is a chronic inflammatory skin
disease characterized by persistent itching accompanied
by pathological changes in the skin'?. The prevalence of
AD is considerably higher in developed countries than in
developing countries, suggesting that genetic suscept-
ibility and a dysregulated immune response to environ-
mental antigens contribute to the global AD epidemic®.
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Mutations in genes that encode proteins involved in
keratinocyte terminal differentiation, including filaggrin,
loricrin, involucrin, small proline-rich proteins, SI00A
family proteins, and late cornified envelope proteins, are
the most significant genetic risk factors for AD develop-
ment*®. In response to various environmental factors,
such as skin irritants, climate, pollutants, tobacco smoke,
water hardness, and diet®, the damaged epithelium of the
skin releases innate inflammatory cytokines such as IL-25,
IL-23, and thymic stromal lymphopoietin, which pro-
motes an aberrant Th2-type inflammation by triggering
the production of IL-4, IL-5, IL-13, IL-31, and IL-10
(ref. 7®). Based on the proposition that a defective epi-
thelial barrier has a pathogenic role in AD, a murine
model of AD has been developed by the repeated epicu-
taneous (EC) exposure of tape-stripped skin to ovalbumin
(OVA)*'°,
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Food and inhaled allergens induce atopic skin lesions,
which is also indicated by the pathogenic role of food
allergies in AD development and the beneficial effects of
elimination diets observed in children with AD'“'%
Increasing evidence indicates that along with skin barrier
dysfunction, intestinal permeability is also compromised
in patients with AD*'>. An important concept that has
emerged in this context is that a dysfunctional intestinal
barrier is the key driver of AD, as exposure to allergens via
the damaged intestinal mucosa causes oral tolerance to be
bypassed'*'®. Oral tolerance is the state of local and
systemic immune unresponsiveness induced by orally
ingested innocuous antigensw. Findings from our studies
as well as other studies showed the prevention of murine
AD-like inflammation mediated by oral tolerance'”'®,
Notably, the skin and intestine share anatomical proper-
ties'”, and these tissues serve as the primary line of
defense against exposure to the external environment.
However, it is yet to be determined if homeostatic
intestinal immune responses, represented by oral toler-
ance, play a role in protection from allergic skin
inflammation.

In this study, using a murine AD model combined with
oral tolerance induction, we investigated the role of the
homeostatic intestinal immune response in protection
against allergic skin inflammation. Based on our findings,
we propose that the bidirectional interaction between
cutaneous and intestinal immune responses plays a role in
AD development, and that the promotion of intestinal
immune homeostasis could ameliorate allergic manifes-
tations in the skin.

Results
Oral tolerance induction inhibited AD-like inflammatory
changes in the skin induced by sensitization and EC
challenge with OVA

To explore the detailed immunological changes in ato-
pic inflammatory skin with oral tolerance, we fed mice
with OVA in drinking water, and then induced AD-like
inflammation via repeated EC exposure to OVA, follow-
ing systemic OVA sensitization (Fig. 1A). The epidermal
and dermal thicknesses, which are associated with epi-
dermal hyperplasia and dermal infiltration, increased in
EC-challenged mice (Fig. 1B and C). However, in orally
tolerized mice, histologically evident pathological changes
were not observed in the skin, even with the subsequent
EC challenge (Fig. 1B and C). In line with these findings,
the infiltration of lymphoid (CD3e™ T cells) and myeloid
(Gr-1" neutrophils, F4/80" macrophages, and MBP™
(major basic protein) eosinophil) cells observed in the skin
of EC-challenged mice was inhibited significantly in orally
tolerized mice (Fig. 1D and E). We then analyzed the
expression of Th2-type inflammatory mediators in the
skin of EC-challenged mice with or without prior
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induction of oral tolerance. As shown in Fig. 2, the
expression of genes encoding innate cytokines, such as
Il1rl1 (gene encoding ST2, a receptor for IL-33) and /25,
which induce allergic inflammation”?°, increased sig-
nificantly in the skin of EC-challenged mice, along with an
increase in the expression of classical Th2-type cytokines
(II5 and 1113) and a decrease in the expression of skin
barrier markers (Flg and Lor). The expression of genes
encoding inflammatory mediators associated with eosi-
nophil infiltration and activation (Ccr3 and Prg2) and
mast cell activation (Mcptl) also increased significantly in
the skin of EC-challenged mice (Fig. 2). However, the
upregulation of the listed Th2-type inflammatory markers
was efficiently blocked in mice with oral tolerance, as
indicated by the insignificant differences in the expression
compared to that in mice in the control group (Fig. 2).
Collectively, our observations indicate that the induction
of oral tolerance to an antigen before EC exposure effi-
ciently inhibited allergic skin inflammation induced upon
EC challenge with the same antigen.

Oral tolerance induction restored intestinal immune-
environmental changes induced by EC challenge with OVA
As the digestion and absorption of orally administered
antigens occur only in the small intestine®', we hypothe-
sized that changes in the small intestinal immune
responses influence the oral tolerance-mediated inhibi-
tion of allergic skin inflammation. Therefore, we assessed
whether EC exposure to OVA induces an increase in the
expression of inflammatory mediators in the small intes-
tine and whether oral tolerance is associated with an
expressional change in these mediators in the small
intestine of EC-challenged mice. As shown in Fig. 3A, a
significant upregulation of 1I6, [l17a, and Ccr3 and
downregulation of Cldn4 (gene encoding epithelial tight
junction claudin-4) mRNA were observed in the small
intestine of EC-challenged mice, which were indicative of
intestinal inflammatory changes induced by EC antigen
challenge. The induction of oral tolerance inhibited the
expression of these mediators and significantly suppressed
the expression of Il1b, Tnf, Prg2, and Ccl5 mRNAs in the
small intestine compared to that in EC challenged mice.
As the expression of 125, 1133, 113, and Mcptl mRNAs in
the small intestine was not significantly altered by either
EC challenge or oral tolerance (Fig. 3A), it is unlikely that
immune responses in the small intestine of EC-challenged
mice are polarized into Th2-type inflammation. Aberrant
immune responses in the intestine, which are often
accompanied by the abnormal production of inflamma-
tory cytokines, are linked to an imbalance in the intestinal
microbiota®”. To investigate the global shift in intestinal
bacterial communities caused by EC challenge or oral
tolerance induction, we performed 16S rRNA sequencing
of fecal samples collected from the cecum of EC-
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Fig. 1 Histological inflammation and immune cell infiltration of the skin of EC-challenged mice was inhibited by oral tolerance induction.
A Experimental protocol. Mice were fed with or without 1% OVA in drinking water for 5 days prior to sensitization with two intraperitoneal injections
of OVA-alum or OVA, followed by three consecutive EC challenges with OVA. The control mice were sensitized with PBS followed by EC challenge
with PBS. B Hematoxylin and eosin staining of skin from the control (Con), EC-challenged (EC), and orally tolerized and EC-challenged (OT-EC) mice.
The images are representative of two independent experiments. The scale bar represents 200 um. C The thickness of the whole skin (left), epidermis
(middle), and dermis (right) of the indicated mice group. The graphs show the mean + SD values. ***P < 0.001, ***P < 0.0001 (one-way ANOVA).
D and E Immunohistochemical staining D and intensity quantification E of T cells (CD3e), neutrophils (Gr-1), macrophages (F4/80), and eosinophils
(MBP) in the skin of the indicated mice. Images are representative of two independent experiments. The scale bar represents 200 um. The graphs
show the mean % SD values. *P < 0.05, **P < 0.01, **P < 0.001 (Kruskal-Wallis test).

challenged mice with or without oral tolerance. In prin-
cipal coordinate analysis, where samples with similar
microbial profiles are clustered together, the control and
orally tolerized fecal samples were clustered, whereas
samples from the EC-challenged mice clustered indivi-
dually with the control and the orally tolerized samples
(Fig. S1). At the phylum level, compared to that in the
control group, a marked increase in Firmicutes
(Mann—Whitney test, P=0.0500) and Tenericutes
(Mann—Whitney test, P=0.0383) and a decrease in
Bacteroidetes (Mann—Whitney test, P =0.0500) were
observed in EC-challenged mice, which was reversed in
orally tolerized mice (Fig. 3B). At the family level, an
increase in Lachnospiraceae (Mann—Whitney test, P =
0.0500) and Christensenellaceae (Mann—Whitney test,
P=0.0500) and a significant decrease in Bacteroidales
(Mann—Whitney test, P=0.0500) and Prevotellaceae
(Mann—Whitney test, P = 0.0500) were observed in the
EC-challenged mice compared to that in control group
mice (Fig. 3C). The microbial composition of the control
group mice and the orally tolerized mice did not
differ significantly at the phylum and family levels (Fig. 3B
and C).

Oral tolerance induction inhibited the increase in small
intestinal eosinophils induced upon EC challenge with OVA
The lamina propria of the small intestine contains
multiple immune cells, including B cells, T cells, and
several types of innate cells, such as eosinophils, macro-
phages, and dendritic cells, which orchestrate intestinal
immune responses through active interaction with anti-
genic stimuli?!. Therefore, we studied the immune cell
populations in the lamina propria of the small intestine to
identify cellular changes induced by EC challenge or oral
tolerance. The total number of CD45™" leukocytes isolated
from the small intestinal lamina propria of the control,
EC-challenged, and orally tolerized mice did not differ
significantly (Fig. S2). The abundance of CD4" and CD8"
T cells, B220" B cells, CD11b*CD68" macrophages, and
CD11c" dendritic cells did not change significantly upon
EC challenge or oral tolerance (Fig. 4B—E). Notably, the
frequency and number of CCR3"SiglecF* eosinophils
increased significantly in the small intestine of EC-
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challenged mice (Fig. 4A), suggesting a bidirectional
relationship between cutaneous and gastrointestinal
eosinophils. The frequency and number of eosinophils in
the small intestine of orally tolerized mice were compar-
able to those in control mice (Fig. 4A).

Inflammatory changes in the skin and small intestine of
OVA EC-challenged mice were inhibited in eosinophil-
deficient AdbIGATA mice

As the induction of oral tolerance inhibited the EC
challenge-induced increase in eosinophils in the small
intestine, we hypothesized that eosinophils mediate
inflammatory changes induced by the EC challenge in the
small intestine. To confirm this, eosinophil lineage-
ablated AdblIGATA mice were subjected to EC chal-
lenge, and the immune responses in the skin and the small
intestine were analyzed. Although eosinophils were not
observed, Th2-type skin inflammation was successfully
induced by the EC challenge, as demonstrated by a sig-
nificant increase in skin thickness (Fig. 5A and B) and
serum levels of anti-OVA IgE and IgG1 (Fig. S3), as well
as by the upregulation of /5 and 1/13 in the skin of EC-
challenged AdblIGATA mice compared to that in the skin
of control AdbIGATA mice (Fig. S4A). However, the skin
thickness and histological pathologic changes reduced
markedly in EC-challenged AdbIGATA mice compared to
that in their wild type (WT) counterparts (Fig. 5A and B).
In addition, the serum levels of OVA-specific IgE and
IgG1 in the EC-challenged AdblIGATA mice were lower
than those in the EC-challenged WT mice (Fig. S3),
indicating both local and systemic attenuation of allergic
inflammatory responses with eosinophil deficiency. In line
with these findings, the expression of genes associated
with allergic inflammation, such as I/Irll and II33,
decreased significantly in the skin of EC-challenged
AdbIGATA mice compared to that in their WT coun-
terparts (Fig. 5C). In addition, the mRNA expression of
inflammatory mediators, including /16, Il6, Tnf, Il17a,
and Ccl5, decreased significantly in the small intestine,
whereas Cldn4 mRNA expression increased significantly
in EC-challenged AdbIGATA mice compared to that in
EC-challenged WT mice (Fig. 5D). The mRNA expression
of Ccr3 and Prg2, the genes associated with the migration
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Fig. 2 Skin expression of allergic inflammatory markers of EC-challenged mice was inhibited by oral tolerance induction. mRNA expression
of 16, Il1r1, I117a, 1125, 1133, 115, 1113, Flg, Lor, Mcpt1, Ccr3, Prg2, and Ccl11 in the skin of the indicated mice. All data are representative of two
independent experiments. The graphs show the mean + SD values. *P < 0.05, **P < 0.01, ***P < 0.001 (one-way ANOVA for /111, II5, Flg, and Prg2;

and activation of eosinophils, decreased significantly in
both the skin and small intestine of EC-challenged
AdbIGATA mice compared to that in WT mice (Fig. 5C
and D). It is unlikely that eosinophil deficiency influences
oral tolerance induction, considering that the skin thick-
ness and serum anti-OVA IgE and IgGl levels in the
orally tolerized and EC-challenged AdbIGATA mice
decreased significantly compared to that in EC-challenged
AdbIGATA mice and were comparable to those in orally
tolerized and EC-challenged WT mice (Figs. 5B and S3).

Inflammatory changes in the skin and small intestine of
OVA EC-challenged mice were inhibited upon the
antibiotic treatment-induced depletion of intestinal
microbiota

We hypothesized that commensal intestinal microbiota
might regulate immune responses in the skin and the
small intestine, as the microbial composition was altered
by EC challenge or oral tolerance. To explore this idea, we
orally treated mice with a combination of vancomycin and
clindamycin to deplete intestinal bacteria (Fig. 6A). Real-
time polymerase chain reaction using cecal samples
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collected from antibiotic-treated mice revealed a sig-
nificant reduction in gram-positive and gram-negative
bacterial phyla (Fig. S5). Although the antibiotic-treated
and EC-challenged mice showed a significant increase in
serum anti-OVA IgE and anti-OVA IgGl1 levels (Fig. S6)
and an upregulation in the levels of skin inflammatory
mediators compared to that observed in the antibiotic-
treated control group (Fig. S7A), the histopathological
changes in skin inflammation were almost completely
inhibited compared to that in EC-challenged mice that
did not undergo oral antibiotic treatment (Fig. 6B and C).
Analysis of the skin revealed significantly decreased
expression of the genes encoding innate (/16 and 1l1rlI)
and Th2-type cytokines (II5), as well as of the genes
encoding proteins associated with the activation of eosi-
nophils (Ccr3, Prg2, and Ccl11) and mast cells (Mcptl) in
antibiotic-treated and EC-challenged mice (Fig. 6D).
Under antibiotic treatment, the expression of inflamma-
tory cytokines in the small intestine was not enhanced
upon the EC challenge (Fig. S7B), and we observed a
significant decrease in the expression of Il1b, Tnf, Il17a,
Mcptl, Ccr3, and Ccl5 in the small intestine of EC-
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challenged mice (Fig. 6E). The depletion of intestinal
microbiota exerted insignificant effects on the induction
of oral tolerance, as the antibiotic-treated, orally tolerized,
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and EC-challenged mice showed a significant reduction in
dermal thickness (Fig. 6C) and serum anti-OVA IgE levels
(Fig. S6), and the expression of allergic inflammatory
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Fig. 5 Inflammatory changes in the skin and small intestine elicited by EC challenge were attenuated in eosinophil-deficient AdbIGATA
mice. A Hematoxylin and eosin staining of skin from the control AdbIGATA (GATA-Con), EC-challenged AdbIGATA (GATA-EC), and orally tolerized
and EC-challenged AdbIGATA (GATA-OT-EC) mice. The images are representative of two independent experiments. The scale bar represents 200 pm.
B The thickness of the whole skin (left), epidermis (middle), and dermis (right) of the indicated mice. The graphs show the mean + SD values. *P <
0.05, ***P < 0.0001 (one-way ANOVA). C mRNA expression of /16, Il1rl1, Il17a, 1125, 1133, II5, 113, Flg, Lor, Mcpt1, Ccr3, Prg2, and Ccl11 in the skin of the
indicated mice. All data are representative of two independent experiments. The graphs show the mean =+ SD values. *P < 0.05, **P < 0.01 (Student's t-
test for /1rl1 and /133; Mann-Whitney test for Mcpt1, Ccr3, and Prg2). D mRNA expression of /16, ll6, Tnf, l17a, 1125, 1133, 1113, Cldn4, Mcpt1, Ccr3, Prg2,
Ccl11, and Ccl5 in the small intestine of the indicated mice. All data are representative of two independent experiments. The graphs show the mean
L + SD values. *P < 0.05, **P < 0.01, ***P <0.001 (Student's t-test for /[1b, l6, Tnf, Il17a, and Cldn4; Mann-Whitney test for Ccr3, Prg2, and Ccl5).

mediators (Fig. S7A) in the skin also decreased compared
to that in the antibiotic-treated and EC-challenged mice.

Discussion

As the intestine is exposed to vast quantities of foreign
antigenic materials and is colonized by multiple com-
mensal microbes'®, oral tolerance, the local and systemic
immune unresponsiveness induced by orally ingested
innocuous antigens, is critical for the maintenance of
immune homeostasis'®*®. We previously demonstrated
that oral tolerance induction inhibits allergic inflammation
in the skin induced by EC antigen exposure with the
upregulation of tolerogenic immune mediators in the
mesenteric lymph node'®, It remains largely undetermined
whether oral tolerance induces immunological changes in
the small intestine, which provide a vast surface for the
absorption of orally administered antigens and contains a
large compartment of innate and adaptive immune cells*".
Here, we demonstrated that a previously uncharacterized
function of the small intestine contributes to AD patho-
genesis and oral tolerance mediated protection against the
development of AD-like inflammation by modulating
intestinal immune microenvironments.

Epithelial barrier dysfunction of the skin, attributable to
a combination of genetic and environmental factors, is not
only a hallmark of AD but also a significant risk factor for
the development of EC sensitization to food proteins*, In
our study, a significant increase in the expression of genes
encoding innate cytokines (1/6), Th17-type inflammatory
cytokine ({/17a), and eosinophil-associated marker (Ccr3)
and a decrease in the expression of genes encoding
intestinal epithelial tight junction molecule (Cldn4) were
observed in the small intestines of EC-challenged mice.
Although the role of IL-17, a key cytokine implicated in
autoimmune diseases, remains largely unresolved in
allergic disease, recent studies have shown that Th17
immune responses contribute to chronic inflammation in
AD??°, As EC-challenged mice showed I/17a upregula-
tion in their skin, although at insignificant levels, we
suggest that IL-17 could be responsible for the patho-
genesis of AD in both the skin and intestine. Considering
that the expression of inflammatory mediators in the large
intestine was not influenced by EC challenge (Fig. S8), it is
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plausible to suggest that cutaneous exposure to protein
antigens through the damaged skin epithelium induces
inflammatory changes and epithelial damage in the small
intestine. In agreement with this idea, mechanical skin
injury has been observed to increase intestinal perme-
ability through the systemic release of inflammatory
cytokines from damaged keratinocytes®’. We also
observed an increase, although insignificant, in the serum
levels of soluble CD14, which reflects gut barrier dys-
function?®, in EC-challenged mice, (P = 0.0745, Fig. S9).
The absorption of nutrients only occurs in the small
intestine because digestive enzymes and nutrient trans-
porters are embedded in the epithelium of the small
intestine®!. In addition, compared to the lamina propria of
colon, that of the small intestine is populated with mul-
tiple leukocytes, with a higher frequency of dendritic cells,
Th17 cells, and eosinophils, which contribute to the
maintenance of the small intestinal barrier integrity®®>".
The induction of Foxp3™ regulatory T cells in the
mesenteric lymph node is crucial for inducing systemic
unresponsiveness in response to antigens introduced via
the oral route®>>. We previously observed the expression
of tolerogenic immune mediators and an increase in
regulatory T cells in the mesenteric lymph nodes of mice
protected from allergic skin inflammation via oral toler-
ance induction'®. Although the expression of Foxp3
mRNA in the small intestine did not change with oral
tolerance in the EC-challenged mice (data not shown),
oral tolerance led to the downregulation of the inflam-
matory mediators and eosinophil-associated markers and
restored Cldn4 expression in the small intestine with the
alleviation of cutaneous allergic inflammatory features
induced by EC exposure to OVA. Considering that the
immune microenvironment in the small intestine pro-
vides signals to dendritic cells, which recognize and pre-
sent orally administered antigens to naive T cells in the
mesenteric lymph node®’, we propose that oral tolerance
promotes homeostatic immune responses in the small
intestine and provides protection against cutaneous sen-
sitization by inhibiting the sensitization of gut-associated
lymphoid tissue to orally administered antigens.

The exposure of tape-stripped skin to OVA in sensitized
mice increased the number of eosinophils in both the skin
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Ccl5; Mann-Whitney test for /16, Il17a, and Mcpt1).

Fig. 6 Inflammatory changes in the skin and small intestine elicited by EC challenge were attenuated in the antibiotic-treated mice. A
Schedule of antibiotic treatments. B Hematoxylin and eosin staining of skin from the antibiotic-treated control (Abx-Con), antibiotic-treated and EC-
challenged (Abx-EC), and antibiotic-treated, orally tolerized, and EC-challenged (Abx-OT-EC) mice. The images are representative of two independent
experiments. The scale bar represents 200 um. C Whole skin thickness (left), epidermal thickness (middle), and dermal thickness (right) of the

indicated mice. The graphs show the mean + SD values. *P < 0.05, **P < 0.01, ****P < 0.0001 (one-way ANOVA). D mRNA expression of Il1b, Il1rl1, 1l17a,
1125, 1133, 115, 1113, Flg, Lor, Mcpt1, Ccr3, Prg2, and Ccl11 in the skin of the indicated mice. All data are representative of two independent experiments.
The graphs show the mean £ SD values. *P < 0.05, **P < 0.01 (Student's t-test for /16, 11111, II5, Prg2, and Ccl11; Mann-Whitney test for Mcpt1 and Ccr3).
E mRNA expression of Il1b, lI6, Tnf, Il17a, 1125, 1133, 1113, Cldn4, Mcpt1, Ccr3, Prg2, Ccl11, and Ccl5 in the small intestine of the indicated mice. All data are
representative of two independent experiments. The graphs show the mean + SD values. *P < 0.05, ***P < 0.001 (Student’s t-test for Tnf, Ccr3, and

and small intestine, with increased mRNA expression of
the markers associated with eosinophil infiltration and
activation. Accordingly, compared to that in the WT
mice, the pathogenic skin changes induced upon the EC
challenge were attenuated in eosinophil-deficient mice,
with a decrease in the levels of several inflammatory
mediators in the skin and small intestine. In agreement
with this finding, it has been recently demonstrated that
EC allergen exposure leads to the local infiltration of
eosinophils at the site of allergen challenge and also
increases eosinophil concentration in the allergen non-
exposed intestine®®. Eosinophils are end-stage effector
leukocytes implicated in the pathogenesis of Th2-type
inflammation owing to their ability to release cytotoxic
granules stored in their cytoplasm®®. In addition to these
cytotoxic proteins, eosinophils possess an array of pre-
formed molecules associated with a wide range of biolo-
gical responses in specific tissues where they are
distributed®®*”. Since the lamina propria of the small
intestine has the largest pool of eosinophils in the body,
immune mediators released by small intestinal eosino-
phils shape the microenvironments of the intestine in
association with various homeostatic immune respon-
ses®. In eosinophil-deficient AdbIGATA mice, EC chal-
lenge did not lead to an increase in the levels of small
intestinal inflammatory mediators (Fig. S4B), and a sig-
nificant decrease was observed in the expression of I/1b,
1l6, Tnf, and Ccl5, along with an increase in the expression
of Cldn4 in the small intestine following EC exposure to
OVA compared to that in WT mice. Considering that a
decrease in eosinophil levels and the expression of the
listed mediators was observed in the small intestine in
orally tolerized and EC-challenged mice, we suggest that
oral tolerance controls intestinal inflammatory changes
induced by the skin antigen challenge by regulating
inflammatory activation of eosinophils distributed in the
small intestine.

As the primary interfaces with the external environ-
ment, the skin and intestine play essential roles in the
maintenance of physiological homeostasis'***. Although
the specifics of the bidirectional communication between
the skin and the intestine remain largely unknown, we
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have demonstrated that the EC OVA challenge induced a
compositional change in the intestinal microflora, and
that the antibiotic-mediated depletion of intestinal bac-
teria ameliorates the severity of experimental AD induced
by EC challenge. The induction of oral tolerance to OVA
prior to the EC challenge blocked the global shift in
intestinal bacterial communities and the associated
inflammatory changes in the skin and small intestine
induced by the EC challenge, indicating that the intestinal
microbiome plays a critical role in regulating host
immune responses. As a dysregulated intestinal micro-
biota has been linked to the increased risk of AD**°, we
hypothesized that the depletion of intestinal bacteria
before the induction of oral tolerance or EC challenge
may increase susceptibility to experimental AD. However,
mice with depleted intestinal microflora showed atte-
nuated systemic and localized inflammatory responses,
with a significant decrease in epidermal pathogenic
changes. In line with this finding, psoriatic dermatitis was
shown to be ameliorated in adult mice with depleted gut
bacteria®. Considering that the perturbation of intestinal
bacteria early in life promotes susceptibility to a wide
range of inflammatory diseases®™*? it is plausible to
suggest a distinct role of the intestinal microflora in
shaping immune responses in childhood and adulthood.

In summary, through a detailed analysis of the immune
responses in the skin and intestine, we revealed that the
induction of oral tolerance protects mice from AD-like
dermatitis and inhibits the increase in small intestinal
eosinophils and dysregulated alterations in gut microflora.
The importance of small intestinal eosinophils and
intestinal bacteria in susceptibility to experimental AD
was further substantiated by attenuated pro-inflammatory
changes in the skin in eosinophil-deficient and intestinal
bacteria-depleted mice. As the expression of small
intestinal Th2-type cytokines under EC challenge was
comparable in the eosinophil-deficient and bacteria-
depleted mice compared to that in the WT and
untreated mice, the small intestinal eosinophils or
intestinal bacteria may contribute to the maintenance of
intestinal homeostatic microenvironments rather than
influencing allergic sensitization of the intestine.
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Considering that eosinophil-deficient and bacteria-
depleted mice continued to exhibit oral tolerance-
induced attenuation of AD-like inflammation, we spec-
ulate that additional regulatory subsets of the intestine
contribute to the regulation of allergic skin inflammation,
which needs to be elucidated further.

Materials and methods
Mice

Seven-to-ten-week-old female BALB/c mice (Orientbio,
Gapyeng, Korea) and age- and sex-matched AdblIGATA
mice (Jackson Laboratory, Bar Harbor, ME, USA) were
maintained under standard temperature and humidity in
the specific pathogen-free facilities of the Center of Ani-
mal Care and Use of Lee Gil Ya Cancer and Diabetes
Institute, Gachon University. All the experiments com-
plied with the institutional principles for animal welfare.

Oral tolerance induction and OVA skin challenge

To induce oral tolerance to OVA (Sigma-Aldrich, St.
Louis, MO, USA), the mice were administered with 1%
OVA (A5253, Grade II, Sigma-Aldrich) in drinking water
provided ad libitum for 5 days, while a control group was
provided with normal drinking water. Two days after the
oral treatment, the mice were sensitized through intra-
peritoneal injection of 100 ug of OVA (A5503, Grade V,
Sigma-Aldrich) and 4 mg of alum (Inject™ Alum, Thermo
Scientific, Waltham, MA, USA). The control mice were
sham-sensitized with phosphate-buffered saline (PBS).
After 14 days of sensitization, the mice were challenged
through intraperitoneal injection of 100pg of OVA
(Grade V, Sigma-Aldrich) or PBS. Seven days after the
challenge, an EC challenge with OVA (Grade V, Sigma-
Aldrich) was performed as described'®*,

Antibiotic treatment

To deplete intestinal bacteria, the mice were fed with a
mixture of 250 mg/L clindamycin (Samjin Pharm, Seoul,
Korea) and 100 mg/L vancomycin (Korea United Pharm,
Seoul, Korea) in drinking water from the oral tolerance
induction until the end of the EC challenge. Clindamycin
and vancomycin were chosen as they target gram-negative
and gram-positive bacteria, respectively*”.

Histologic analysis

Tissue specimens were obtained from patched skin. The
specimens were fixed in 10% buffered formalin (Duksan,
Ansan, Korea) and embedded in paraffin. Multiple 4-pum
sections were stained with hematoxylin and eosin and
analyzed by using bright-field microscopy (Olympus,
Tokyo, Japan). To analyze immune cell infiltration in the
skin, sections were stained with anti-mouse CD3e poly-
clonal antibody (ab5690, Abcam, Cambridge, MA, USA),
anti-mouse F4/80 monoclonal antibody (mAb) (#123101,
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BMS8, BioLegend, San Diego, CA, USA), anti-mouse Gr-1
mAb (#550291, RB6-8C5, BD Biosciences, San Diego, CA,
USA), and anti-mouse major basic protein mAb (MT-
14.7, provided by Dr. James J. Lee; Mayo Clinic, Scotts-
dale, AZ, USA) overnight at 4 °C, followed by biotinylated
anti-rabbit IgG (Vector Laboratories, Burlingame, CA,
USA) or anti-rat IgG (Vector Laboratories) secondary
antibody. The sections were then incubated with
streptavidin-conjugated peroxidase (Vector Laboratories)
and developed with 3,3’-diaminobenzidine substrate
(Vector Laboratories). The immune cell infiltration was
quantified** using i-SOLUTION™ (IMT i-Solution Inc,
Vancouver, BC, Canada).

Isolation of leukocytes from the small intestine

Small intestinal leukocytes were harvested as descri-
bed*>*. Briefly, segments of the small intestine were
incubated with FACS buffer (PBS containing 10% fetal
bovine serum, 20mM HEPES, 100U/mL penicillin,
100 pg/mL streptomycin, 1 mM sodium pyruvate, and
10mM EDTA) for 30 min at 37 °C to remove epithelial
cells and were washed extensively with PBS. Small
intestinal segments were digested with 2 mg/mL col-
lagenase D (Roche, Manheim, Germany) and 50 pg/mL
DNase I (Roche) in RPMI 1640/10% fetal bovine serum
with continuous stirring at 37 °C for 30 min. EDTA was
added (10 mM final), and the cell suspension was incu-
bated for an additional 5 min at 37 °C. After washing, the
cells were subjected to density-gradient centrifugation in
40%/75% Percoll. The cells harvested from the interface
were washed and stained for flow cytometry.

Flow cytometry

Fc receptors of the isolated small intestinal leukocytes
were blocked with anti-mouse CD16/CD32 (2.4G2, BD
Biosciences) for 15 min at 4 °C; the cells were stained for
30 min at 4 °C with the following antibodies: mAbs against
CD45 (30-F11), CD4 (RM4-5), B220 (RA3-6B2), CD68
(FA-11), and CD11b (M1/70), purchased from Biolegend;
anti-CD11C (HL3) and SiglecF (E50-2440) mAb, pur-
chased from BD Biosciences; anti-CCR3 (83101) mAb
obtained from R&D Systems (Minneapolis, MN, USA);
and anti-CD8 (53-6.7) mAb, obtained from eBioscience
(San Diego, CA, USA). Each sample was analyzed with a
FACS Calibur™ flow cytometer (BD Biosciences) and the
data were processed using FlowJo software (Tree Star,
Ashland, OR, USA).

Microbiota analysis

Genomic DNA was isolated from frozen stool samples
using the QIAamp® Fast DNA Stool kit (Qiagen, Hil-
den, Germany) according to the manufacturer’s
instructions. Bacterial DNA was amplified, targeting the
V3-V4 regions of the 16S rRNA gene*”*®. A subsequent
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amplification was performed to add multiplexing indices
and the sequencing adapter. The amplified products
were pooled and normalized using PicoGreen (Thermo
Scientific). Sequencing was conducted at Macrogen Inc.
(Seoul, Korea), using an Illumina MiSeq (Illumina, San
Diego, CA, USA).

Real-time polymerase chain reaction analysis

RNA was extracted from the skin and small intestine of
the mice using QIAzol® lysis reagent (Qiagen) and sub-
sequently column-purified with an RNeasy® Mini Kit
(Qiagen). The RNA (500 ng) was treated with DNase I
(New England Biolabs, Ipswich, MA, USA), and cDNA
was synthesized using an iScript™ cDNA synthesis kit
(Bio-Rad Laboratories, Hercules, CA, USA). The real-time
polymerase chain reaction was performed using an iQ
SYBR® Green Supermix (Bio-Rad Laboratories) with a
CFX96™ Real-Time System (Bio-Rad Laboratories). The
primers are detailed in Table S1.

Statistical analysis

Experiments were performed in duplicate or tripli-
cate, and two independent tests were performed for
each assay except for microbiota sequencing. The
sample size for each experiment was chosen based on
published literature with a similar methodology. Two-
group comparisons were performed with either a two-
tailed unpaired Student’s ¢-test or Mann—Whitney test.
Data differences between groups were examined for
statistical significance using one-way ANOVA with the
Tukey post hoc test or Kruskal-Wallis test with Dunn’s
post hoc test. The normality of the data distribution was
analyzed using the Kolmogorov—Smirnov test. A P
value <0.05 was considered significant. GraphPad Prism
8 (GraphPad, San Diego, CA, USA) was used for the
data analysis. There were no studies in which investi-
gators were blinded.
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