Exposure to food allergens through inflamed skin promotes
intestinal food allergy through the thymic stromal

lymphopoietin-basophil axis
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Background: Exposure to food allergens through a disrupted
skin barrier has been recognized as a potential factor in the
increasing prevalence of food allergy.

Objective: We sought to test the immunologic mechanisms by
which epicutaneous sensitization to food allergens predisposes to
intestinal food allergy.

Methods: Mice were epicutaneously sensitized with ovalbumin
or peanut on an atopic dermatitis—like skin lesion, followed by
intragastric antigen challenge. Antigen-specific serum IgE levels

From “the Department of Microbiology and "the Institute for Immunology, Perelman
School of Medicine, “the Department of Pathobiology, School of Veterinary Medicine,
and “the Department of Dermatology, Perelman School of Medicine, University of
Pennsylvania, Philadelphia; °the Division of Experimental Pathology, Institute of Pa-
thology, University of Bern; ‘the Laboratory for Cytokine Regulation, Research Center
for Integrative Medical Science, RIKEN Yokohama Institute, Kanagawa; ®the Division
of Molecular Pathology, Research Institute for Biomedical Science, Tokyo University
of Science, Chiba; "the Sir William Dunn School of Pathology, University of Oxford,
Oxford; ‘Inflammation Research, Amgen, Seattle; and Jthe Department of Pediatrics,
Division of Allergy and Immunology, Children’s Hospital of Philadelphia,
Philadelphia.

Research in the Artis laboratory is supported by the National Institutes of Health
(AI061570, AI087990, AI074878, AI106679, AI095466, AI095608, AI102942, and
ATI097333 to D.A.); the Crohn’s and Colitis Foundation of America (to D.A.); the Bur-
roughs Wellcome Fund Investigator in Pathogenesis of Infectious Disease Award (to
D.A.); the Swiss National Science Foundation Prospective and Advanced Research
Fellowships (PBBEP3_130438 and PAOOP3_136468 to M.N.); T32-AR007465 and
KL2-RR024132 to B.S.K.; and F32-AI085828 to M.C.S. The ACC Flow Cytometry
and Cell Sorting Shared Resource is partially supported by an NCI Comprehensive
Cancer Center Support Grant (2-P30- CA016520). This work was supported by the Na-
tional Institutes of Health/National Institute of Diabetes and Digestive and Kidney Dis-
eases P30 Center for Molecular Studies in Digestive and Liver Diseases
(P30-DK050306), its pilot grant program, and scientific core facilities (Molecular Pa-
thology and Imaging, Molecular Biology, Cell Culture and Mouse).

Disclosure of potential conflict of interest: M. Noti has received research support from the
Swiss National Science Foundation. B. S. Kim, M. C. Siracusa, and D. Artis have
received research support from the National Institutes of Health (NIH). M. R. Comeau
is employed by and is a shareholder of Amgen. J. M. Spergel has received research sup-
port from the Department of Defense; is a board member for the American Academy of
Allergy, Asthma & Immunology, the American Partnership for Eosinophilic Disor-
ders, and the International Association for Food Protein Enterocolitis; has consultant
arrangements with DBV Technologies and Dannone; has received grants from Food
Allergy Research and Education, the NIH, and Allergen Research Corporation; re-
ceives payment for lectures from MEI; receives royalties from UpToDate; receives
payment for development of educational presentations from MEI and Abbott; and re-
ceives stock/stock options from DBV Technologies. The rest of the authors declare that
they have no relevant conflicts of interest.

Received for publication June 29, 2013; revised January 6, 2014; accepted for publication
January 20, 2014.

Corresponding author: David Artis, PhD, Department of Microbiology, Institute for
Immunology, Perelman School of Medicine, University of Pennsylvania, 421 Curie
Blvd, BRB II/III, Rm 356, Philadelphia, PA 19104-6160. E-mail: dartis@mail.med.
upenn.edu.

0091-6749/$36.00

© 2014 American Academy of Allergy, Asthma & Immunology

http://dx.doi.org/10.1016/j.jaci.2014.01.021

Philadelphia, Pa, Bern, Switzerland, Kanagawa and Chiba, Japan, Oxford, United Kingdom, and Seattle, Wash

and Ty2 cytokine responses were measured by ELISA.
Expression of type 2 cytokines and mast cell proteases in the
intestine were measured by using real-time PCR. Accumulation
of basophils in the skin and mast cells in the intestine was
examined by using flow cytometry. In vivo basophil depletion
was achieved by using diphtheria toxin treatment of Baso-DTR
mice. For cell-transfer studies, the basophil population was
expanded in vivo by means of hydrodynamic tail vein injection
of thymic stromal lymphopoietin (TSLP) cDNA plasmid.
Results: Sensitization to food allergens through an atopic
dermatitis—like skin lesion is associated with an expansion of
TSLP-elicited basophils in the skin that promote antigen-
specific Ty2 cytokine responses, increased antigen-specific
serum IgE levels, and accumulation of mast cells in the intestine,
promoting the development of intestinal food allergy. Critically,
disruption of TSLP responses or depletion of basophils reduced
the susceptibility to intestinal food allergy, whereas transfer of
TSLP-elicited basophils into intact skin promoted disease.
Conclusion: Epicutaneous sensitization on a disrupted skin
barrier is associated with accumulation of TSLP-elicited
basophils, which are necessary and sufficient to promote
antigen-induced intestinal food allergy. (J Allergy Clin Immunol
2014;uuN:EEE-NEN,)

Key words: Food allergy, atopic dermatitis, epicutaneous sensitiza-
tion, thymic stromal lymphopoietin, basophils, mast cells, IgE

The prevalence of food allergies has increased in the past
several decades, with an estimated 5% of children and 3% to 4%
of adults in industrialized countries living with the daily concern
that exposure to certain foods might trigger a life-threatening
allergic reaction.'> Food allergies are defined by an adverse im-
mune response that occurs repeatedly after exposure to a given
food and can manifest in symptoms ranging from itching, hives,
and diarrhea to acute anaphylaxis with a life-threatening decrease
in blood pressure and airway constriction.”” As a result, subjects
must avoid certain foods to guard against accidental exposures.’
Currently, there is no treatment to prevent or cure food allergies,
and available medications only treat symptoms after the allergic
reaction occurs.”’”” Because the public health and economic ef-
fects of food allergies continue to grow, there is an urgent need
to develop new intervention strategies to prevent and treat this
debilitating condition.

Cross-linking of allergen-specific IgE on mast cells has been
shown to play a critical role in the pathogenesis of food allergy,
and therapeutic strategies to target the IgE-mast cell axis in
patients have shown their potential for the prevention of
anaphylactic responses.'’"'? Although studies in animal models
and patients have demonstrated a clear role for the IgE-mast
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Abbreviations used
AD: Atopic dermatitis
CPE: Crude peanut extract
DC: Dendritic cell
DT: Diphtheria toxin
DTR: Diphtheria toxin receptor
EoE: Eosinophilic esophagitis
OVA: Ovalbumin
TSLP: Thymic stromal lymphopoietin
WT: Wild-type

cell axis in the pathogenesis of food allergies, little is known about
the early immunologic events that initiate these effector re-
sponses. Epidemiologic studies have demonstrated that cutaneous
inflammation associated with atopic dermatitis (AD) is a signif-
icant risk factor for the development of food allergies.g‘13 The
concept of skin barrier defects contributing to allergic sensitiza-
tion is further supported by animal studies demonstrating that
epicutaneous sensitization can predispose to antigen-induced
allergic inflammation at other barrier sites.'*'” These data indi-
cate that the skin might be a highly relevant site of food
allergen sensitization.'?> However, the immunologic mecha-
nisms by which antigen sensitization in the skin can predispose
to allergic inflammation in the intestine are incompletely
understood.

Using a new model of food allergy, we demonstrate that
epicutaneous sensitization to food antigens on an AD-like skin
lesion is associated with the infiltration of thymic stromal
lymphopoietin (TSLP)—elicited basophils that promote the devel-
opment of IgE-mediated intestinal food allergy in response to oral
antigen exposure. In this model TSLP-elicited basophils were
necessary and sufficient for the development of antigen-induced
intestinal food allergy, indicating that the TSLP-basophil axis
might offer a new therapeutic target in the treatment and
prevention of food allergy.

METHODS
Mice

Wild-type (WT) BALB/c mice were purchased from Jackson Laboratories
(Bar Harbor, Me). BALB/c Tslpr™”* and BALB/c Tslpr ™ mice were pro-
vided by Amgen (Seattle, Wash). C57BL/6 Baso-DTR and BALB/c Igh7 "/~
mice were bred and housed in specific pathogen-free conditions at the
University of Pennsylvania. All experiments were performed with age- and
sex-matched control animals that were analyzed side by side within each
experiment. Animal experiments were performed under Institutional Animal
Care and Use Committee—approved protocols and in accordance with the
guidelines of the Institutional Animal Care and Use Committee of the Univer-
sity of Pennsylvania.

Reagents and treatments

Mice were treated daily with 2 nmol of MC903 (calcipotriol; Tocris
Bioscience, Bristol, United Kingdom) in 20 pL of 100% EtOH on ears in the
presence of 100 g of ovalbumin (OVA) or crude peanut extract (CPE) for 14
days. As a vehicle control, the same volume of EtOH and OVA or CPE was
applied. For tape stripping, animals were shaved on the back, tape stripped 6
times, and sensitized with 100 g of OVA or saline as a control daily for 14
days. For TSLP injections, mice were injected intradermally with 5 pg of
recombinant TSLP (generous gift of M. Comeau, Amgen) in the presence of
100 pg of OVA. All mice were challenged intragastrically with 50 mg of OVA,
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50 mg of BSA, or 10 of mg CPE on days 14 and 17.5 and killed 12 hours after
the final oral antigen challenge. On first intragastric OVA or CPE challenge,
mice were continuously fed water containing 1.5 g/L. OVA or given continuous
access to roasted peanut. For basophil depletion by diphtheria toxin (DT),”*
Baso-DTR mice were treated with 500 ng of DT administered intraperitone-
ally, as indicated.

Other methods

See the Methods section in this article’s Online Repository at www.
jacionline.org for assessment of the clinical allergy score, flow cytometry,
adoptive basophil transfer, ELISA, histology, and real-time PCR.

Statistics

Results are shown as means * SEMs. Statistical significance was
determined by using a nonparametric 2-tailed Mann-Whitney ¢ test, 1-way
ANOVA, or nonparametric 2-way ANOVA. Results were considered signifi-
cant at a P value of .05 or less.

RESULTS
Antigen sensitization in the context of AD-like skin
inflammation promotes allergic intestinal
inflammation

To study the potential mechanisms by which intestinal food
allergy develops after epicutaneous sensitization, we established
a mouse model of food allergy in which mice were sensitized to
food antigens on a developing AD-like skin lesion induced by
topical treatment with the vitamin D analog MC903.”*”> WT
BALB/c mice were epicutaneously sensitized to a model antigen,
OVA, on a developing AD-like skin lesion associated with
increased skin TSLP production (Fig 1, A and B). After epicuta-
neous sensitization, mice were challenged intragastrically with
OVA, resulting in the manifestation of allergic reactions and
inflammation characterized by an increased clinical allergy score
(Fig 1, C), antigen-specific IgE responses (Fig 1, D), type 2
inflammation in the intestine (Fig 1, E and F), accumulation of in-
testinal mast cells (Fig 1, G), and expression of mast cell-specific
proteases (Fig 1, H) in the small intestinal lamina propria. Control
vehicle—treated mice or mice that were sensitized to OVA and
challenged intragastrically with a control antigen (BSA) ex-
hibited minimal or no signs of intestinal food allergy (Fig 1,
C and H, and see Fig El in this article’s Online Repository at
www.jacionline.org). A similar pattern of disease was observed
in mice that were epicutaneously sensitized to peanut, another
clinically relevant food allergen (see Fig E2 in this article’s
Online Repository at www.jacionline.org). Clinical symptoms,
including episodes of scratching, piloerection, and reduced activ-
ity, resolved within 60 minutes after each oral antigen exposure.

Mice were sensitized by means of repeated application of OVA
to tape-stripped skin to test whether epicutaneous sensitization
predisposing to intestinal food allergy can also occur through a
mechanically disrupted skin barrier (see Fig E3, A, in this article’s
Online Repository at www.jacionline.org). Similar to the MC903
based model, oral antigen exposure resulted in an increased
allergy score (see Fig E3, B), increased antigen-specific serum
IgE levels (see Fig E3, C), and accumulation of mast cells in
the small intestinal lamina propria (see Fig E3, D). Collectively,
using 2 different models of epicutaneous sensitization, we
demonstrate that antigen sensitization through a compromised
skin barrier can promote the development of antigen-induced
intestinal food allergy.
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FIG 1. Epicutaneous sensitization promotes antigen-induced food allergy. A, Experimental protocol.
B, TSLP protein in the skin. C, Allergy score. D, OVA-specific serum IgE levels. E, Hematoxylin and eosin
staining from the jejunum. Scale bar = 100 um. Arrows, Tissue-infiltrating granulocytes. F, Type 2 cytokine
expression in the jejunum. G, Frequencies of mast cells in the lamina propria. H, Jejunal mouse mast cell
protease 1 (Mcpt1) and Mcpt2 expression. Results are from 3 to 4 mice per group. Data are representative
of 3 independent experiments. i.g., Intragastric; ND, no disease. *P <.05; **P<.01; and ***P <.001.

Intestinal food allergy in this model was associated with
systemic antigen-specific IgE responses (Fig 1, D) and accumula-
tion of IgE-bearing mast cells in the intestine (Fig 1, G), suggest-
ing that the IgE-mast cell axis might play a critical role. Mice
deficient in IgE (Igh-77/ ") were epicutaneously sensitized on
an AD-like skin lesion and subsequently challenged intragastri-
cally with OVA to test the role of IgE in this model. Although
oral antigen challenge of Igh-7+/ * BALB/c mice resulted in an
increased clinical allergy score and antigen-specific serum IgE
levels, Igh-7 /" mice did not manifest allergic symptoms (see
Fig E4 in this article’s Online Repository at www.jacionline.
org). Consistent with other models of food allergy and data
from studies in patients, these findings demonstrate IgE as an
important effector molecule in the pathogenesis of food
allergy.”®**

Antigen-induced food allergy is dependent on
TSLP-TSLP receptor interactions

Skin barrier dysfunction is associated with increased expression
of TSLP in the skin and development of type 2 cytokine—associated
allergic inflammation.'****!  Furthermore, gain-of-function

polymorphisms in 7SLP and increased TSLP responses have
been associated with increased susceptibility to multiple allergic
diseases in human subjects and mice.””"*”" Recent studies
demonstrated that mice with AD-like skin lesions are more suscep-
tible to the development of airway inflammation after aeroantigen
challenge in a TSLP-dependent manner.” Taken together, these
studies provoked the hypothesis that TSLP might be a key mech-
anism by which cutaneous sensitization to food antigens promotes
the development of intestinal food allergy. WT BALB/c (Tslpr™'™)
mice or mice deficient in the receptor for TSLP (Tslpr ’~) were
epicutaneously sensitized and subsequently challenged intragastri-
cally with OVA to test the role of TSLP in this model of epicutane-
ous sensitization to intestinal food allergy (Fig 2, A). After oral
antigen challenge, Tslpr“ * mice exhibited an increased clinical
allergy score (Fig 2, B), enhanced antigen-specific serum IgE
levels (Fig 2, C), increased intestinal inflammation associated
with type 2 cytokine responses (Fig 2, D and E), accumulation
of mast cells in the intestinal lamina propria (Fig 2, F), and
increased expression of mast cell-specific proteases (Fig 2, G).
In striking contrast, Tslprf/ ~ mice exhibited limited antigen-
induced food allergy based on all parameters examined (Fig 2,
B-G). Collectively, these data indicate that TSLP-TSLP receptor
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FIG 2. TSLP-TSLP receptor responses mediate antigen-induced food allergy. A, Experimental protocol.
B, Allergy score. C, OVA-specific serum IgE levels. D, Hematoxylin and eosin staining from the jejunum.
Scale bar = 100 um. Arrows, Tissue-infiltrating granulocytes. E, Type 2 cytokine expression in the jejunum.
F, Frequencies of mast cells in the lamina propria. G, Jejunal mouse mast cell protease 1 (Mcpt1) and Mcpt2
expression. Results are from 3 to 4 mice per group. Data are representative of 3 independent experiments.
i.g., Intragastric; ND, no disease; ns, not significant. *P<.05; **P <.01; and ***P <.001.

interactions are necessary for the development of intestinal food
allergy in this model.

TSLP is sufficient to promote antigen-induced
intestinal food allergy

WT BALB/c mice were treated intradermally with recombi-
nant TSLP in the presence of OVA or either PBS or OVA alone to
test whether TSLP alone is sufficient to promote antigen-induced
food allergy (Fig 3, A).'* Oral antigen challenge of mice sensi-
tized to OVA in the skin in the presence of recombinant TSLP
resulted in an increased allergy score (Fig 3, B), increased
antigen-specific serum IgE levels (Fig 3, C), increased intestinal
inflammation associated with type 2 cytokine responses (Fig 3,
D and E), and accumulation of mast cells in the intestine (Fig 3,
F) that were associated with increased expression levels of mast
cell-specific proteases (Fig 3, G) compared with those seen in
control animals (Fig 3, B-G). Of note, intradermal injection of
OVA alone resulted in episodes of scratching illustrated by an
increased allergy score, but no differences were observed in other

parameters. Collectively, these data demonstrate that TSLP—
TSLP receptor interactions are necessary (Fig 2) and sufficient
(Fig 3) to promote allergic responses in the intestine on oral anti-
gen exposure.

TSLP-elicited basophils promote antigen-specific
Th2 cytokine responses in the skin

TSLP is known to act on multiple cellular targets, including
T cells, dendritic cells (DCs), mast cells, and basophils.‘”’”
We recently demonstrated that AD-like skin lesions are associ-
ated with the infiltration of TSLP-dependent basophils that
promote Ty2 cytokine—associated inflammation in the skin."’
Therefore we hypothesized that TSLP-elicited basophils
might promote cutaneous antigen-specific Ty2 cytokine re-
sponses that contribute to the activation of IgE-mast cell re-
sponses and the subsequent development of intestinal food
allergy.

Consistent with previous studies,”"* AD-like skin lesions in this
model were associated with the accumulation of TSLP-dependent
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FIG 3. TSLP is sufficient to promote antigen-induced intestinal food allergy. A, Experimental protocol.
B, Allergy score. C, OVA-specific serum IgE levels. D, Hematoxylin and eosin staining from the jejunum.
Scale bar = 100 um. Arrows, Tissue-infiltrating granulocytes. E, Type 2 cytokine expression in the jejunum.
F, Frequencies of mast cells in the lamina propria. G, Jejunal mouse mast cell protease (Mcpt1) and Mcpt2
expression. Results are from 3 mice per group. Data are representative of 3 independent experiments. i.d.,
Intradermal; i.g., intragastric; ND, no disease. *P < .05 and **P < .01.

basophils in the skin but not the intestine (see Fig E5 in this article’s
Online Repository at www.jacionline.org and data not shown). To
test whether TSLP-elicited basophils influenced the development
of antigen-specific Ty2 cytokine responses and associated skin
inflammation, we used a genetic approach in which basophils are
selectively depleted by DT because of expression of the diphtheria
toxin receptor (DTR) on their surface."’ By using this strategy,
Baso-DTR* mice and Baso-DTR™ littermate control animals
were epicutaneously sensitized with MC903 plus OVA while simul-
taneously being treated with DT (Fig 4, A). DT treatment resulted in
efficient depletion (approximately 90%) of basophils in Baso-
DTR™ mice (Fig 4, B) that was associated with a reduction in
skin inflammation (Fig 4, C and D). Skin-draining lymph node cells
were restimulated ex vivo with antigen to test whether basophil
depletion affected Ty2 cytokine responses. Although Baso-
DTR™ mice treated with MC903 plus OVA in the presence of
DT exhibited increased antigen-specific Ty2 cytokine responses,
this response was significantly reduced in mice depleted of baso-
phils (Fig 4, E). Taken together, these data demonstrate that
TSLP-elicited basophils in the context of an AD-like skin lesion
promote skin inflammation and antigen-specific Ty2 cytokine
responses.

TSLP-elicited basophils regulate antigen-induced
food allergy

Given that TSLP-dependent basophils promoted local antigen-
specific Ty2 cytokine responses (Fig 4, E), we sought to test the
role of basophils in mediating intestinal food allergy. By using
the same approach described above to deplete basophils, Baso-
DTR™ or Baso-DTR ™ mice were epicutaneously sensitized and
orally challenged while simultaneously being treated with DT
(Fig 5, A). Strikingly, although skin-sensitized control Baso-
DTR™ mice exhibited intestinal food allergy in response to
oral antigen exposure (Fig 5, B-G), depletion of basophils in
Baso-DTR™ mice limited antigen-induced food allergy by all pa-
rameters examined (Fig 5, B-G). Collectively, these findings
demonstrate that the TSLP-basophil axis regulates antigen-
specific Ty2 cytokine responses, systemic antigen-specific IgE
levels, and accumulation of intestinal mast cells promoting the
development of intestinal food allergy.

Gain-of-function studies using adoptive transfer of basophils
were performed to test whether basophils are sufficient to promote
antigen-induced intestinal food allergy. BALB/c mice received
hydrodynamic tail vein injections of cDNA plasmid encoding
TSLP to expand the basophil population in vivo."’ Three weeks
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FIG 4. AD-like skin lesions are associated with accumulation of TSLP-elicited basophils in the skin. A, Exper-
imental protocol. B, Frequencies of basophils in the skin. C, Hematoxylin and eosin staining from the skin.
Scale bar = 100 um. D, Ear thickness measurement. E, Ty2 cytokine responses in antigen-restimulated
skin-draining lymph nodes. Results are from 3 to 4 mice per group. Data are representative of 3independent
experiments. nd, Not detected. **P <.01 and ***P <.001.

after TSLP plasmid injections, basophils were sort purified from
the periphery and injected intradermally into the ears of naive
BALB/c mice in the presence of OVA on various days before
oral antigen exposure (Fig 6, A). Although control mice treated
with PBS or OVA alone did not manifest signs of intestinal
food allergy, mice adoptively transferred with TSLP-elicited ba-
sophils in the presence of OVA exhibited signs of antigen-
induced intestinal food allergy based on all parameters assessed
(Fig 6, B-G). Collectively, these data demonstrate that TSLP-
elicited basophils are both necessary and sufficient to promote
IgE-mediated intestinal food allergy in this model.

DISCUSSION
AD in infancy is a risk factor for having food allergies later in
life.®'* However, the immunologic mechanisms by which antigen

sensitization in the skin can predispose to allergic inflammation in
the intestine are incompletely understood. Using a new model of
intestinal food allergy initiated by epicutaneous antigen sensitiza-
tion, we demonstrate that TSLP-elicited basophils orchestrate the
development of IgE-mediated intestinal food allergy. We show that
in the context of an AD-like skin lesion, basophils infiltrate the skin
in a TSLP-dependent manner and promote antigen-specific Ty2
cytokine responses. Furthermore, we demonstrate that TSLP-
elicited basophils are both necessary and sufficient for the develop-
ment of IgE-mediated intestinal food allergy. These findings
support the hypothesis that antigen sensitization through a disrup-
ted skin barrier is a risk factor for the development of food allergy
and provide a cellular mechanism by which TSLP-elicited baso-
phils promote allergic inflammation in the intestine.

Accurately modeling the progression of allergic disease in
patients using murine model systems presents numerous
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FIG 5. TSLP-elicited basophil responses regulate antigen-induced food allergy. A, Experimental protocol.
B, Allergy score. C, OVA-specific serum IgE levels. D, Hematoxylin and eosin staining from the jejunum.
Scale bar = 100 um. Arrows, Tissue-infiltrating granulocytes. E, Type 2 cytokine expression in the jejunum.
F, Frequencies of mast cells in the lamina propria. G, Jejunal mouse mast cell protease 1 (Mcpt1) and Mcpt2
expression. Results are from 3 to 5 mice per group. Data are representative of 3 independent experiments.
i.g., Intragastric; ND, no disease; nd, not detected. *P < .05; **P <.01; and ***P <.001.

challenges, particularly regarding the time scale of the events that
lead from sensitization to an allergen at one mucosal site to
allergic disease at multiple mucosal barrier surfaces. Despite
these challenges, previously described murine model systems
have provided significant insight into the mechanisms that
mediate the pathogenesis of intestinal food allergy. Consistent
with other food allergy models,'** antigen-induced allergic re-
actions in this model were mediated by the IgE-mast cell axis
because mice deficient in IgE did not manifest allergic symptoms
in response to oral antigen exposure. Although other models of
epicutaneous sensitization reported anaphylactic reactions in
response to oral allergen exposure,'® no decrease in temperature
after oral antigen exposure was observed in the described model
(data not shown). Furthermore, epicutaneous sensitization in the
absence of antigen did not result in increased mucosal mast cell
frequencies compared with other studies.'® Differences in the
schedules of sensitization of the various models might account
for the observed discrepancies in models of epicutaneous sensiti-
zation. Importantly, epicutaneous antigen sensitization in the
model described here resulted in the simultaneous development
of intestinal food allergy and, as previously reported, eosinophilic

esophagitis (EoE)-like disease, 2 commonly coexisting food-
induced allergic disorders.”” Eosinophil accumulation in this
model was not only restricted to the esophagus but also evident
in the skin, stomach, intestine, and periphery of mice with intes-
tinal food allergy/EoE-like disease.”” Taken together, the
described model provides a new research tool that can be used
to test new hypotheses and potential treatment protocols in the
context of food allergy/EoE.

Although the effector mechanisms in the pathogenesis of food
allergies are well known, the sites of sensitization to food
allergens and the upstream immunologic mechanisms that initiate
and regulate subsequent effector responses in the intestine are
poorly understood. We previously demonstrated that TSLP
promotes the population expansion of basophils and that gain-
of-function polymorphisms in the gene encoding TSLP are
associated with atopy and peripheral basophilia.25 “O'In the pre-
sent model system AD-like skin lesions were associated with a
significant infiltration of TSLP-elicited basophils, which were
necessary and sufficient to promote the development of antigen-
induced intestinal food allergy. Although topical treatment with
MC903 results in continuous TSLP expression and a high clinical
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allergy score on oral antigen exposure of previously sensitized
mice, adoptive transfer of basophils into an environment with
low TSLP levels might affect the survival and activation status
of transferred basophils, resulting in a lower but still significant
clinical allergy score compared with control values. Importantly,
similar to the model system used, increased expression of TSLP
and infiltration of basophils into lesional skin has been reported
previously in patients with AD (Kim et al, personal communica-
tion, and Ito et al“). Together, these data indicate that TSLP-
elicited basophil responses might be a key upstream mechanism
that precedes the induction of effector antigen-specific IgE re-
sponses and the accumulation of mast cells in the intestine, pro-
moting allergic intestinal inflammation.

The mechanisms by which TSLP-elicited basophils promote
efficient antigen sensitization and CD4" Ty2 cell polarization in
this model remain to be elucidated. Previous studies have shown
that in some settings MHC class [I-dependent interactions between
basophils and CD4" T cells can augment Ty2 cytokine re-
sponses.***° However, it is likely that DCs and other antigen-
presenting cells contribute to antigen sampling, processing, and
presentation. Basophil-derived mediators might upregulate OX40
ligand on DCs, creating a Ty2-permissive environment.’”***¢
Further studies are necessary to investigate the complex interplay

between TSLP-elicited basophils, DCs, and T cells in mediating
local antigen sensitization and Ty2 polarization.

Recent studies suggest that several cardinal features of food
allergy, including Ty2 sensitization to allergens, IgE responses,
and expansion of intestinal mast cells, result from enhanced
IL-4 signaling in human subjects and mice.***’ The critical role
of IL-4 in mediating intestinal food allergy is further substantiated
by the observation that IL-4—deficient mice are protected from
antigen-induced food allergy in this model (data not shown).
Importantly, TSLP-elicited basophils have been attributed a crit-
ical role in the induction and propagation of type 2 immune re-
sponses by providing an early innate source of IL-4.%** Our
findings that TSLP-elicited basophils are recruited early in the
context of AD-like inflammation and are critical for the develop-
ment of subsequent intestinal food allergy provoke the hypothesis
that basophil-derived IL-4 might be a key mechanism by which
allergic inflammation at one epithelial barrier surface can pro-
mote the development of allergic inflammation at another barrier
site. Given the short lifetime of a mature basophil, it is likely that
basophils accumulate in inflamed skin in response to increased
TSLP levels and, before degranulation, release IL-4 into the pe-
riphery, which might account for optimal Ty2 polarization, IgE
class-switching, expansion of intestinal mast cells, and
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subsequent intestinal allergic inflammation. In this context adop-
tive transfer of IL-4—enhanced green fluorescent protein—positive
basophils into the skin of WT recipients was not associated with
an accumulation of IL-4—enhanced green fluorescent protein—
positive basophils in the periphery 24 hours after transfer, indi-
cating that transferred cells might not leave the skin (data not
shown). However, further studies are necessary to interrogate
the fate of TSLP-elicited basophils recruited to the skin and the
role of basophil-derived IL-4, which might regulate susceptibility
to intestinal food allergy. Importantly, recent clinical trials with
anti-IL-4 antibodies (dupilumab) in patients with AD demon-
strated promising results in the improvement of eczema
severity.”” Given that patients with AD are at a higher risk of
food allergies, targeting IL-4 responses in patients with AD might
be a previously unrecognized therapeutic pathway to limit the
development of intestinal food allergy.

In conclusion, we have established an experimental model of
food allergy that recapitulates many characteristics of human
disease in that the skin might be a relevant source of allergen
sensitization. AD is a known risk factor for food allergy, and human
AD skin lesions are associated with increased TSLP expression and
basophil infiltration. These responses, coupled with systemic
allergen-specific IgE responses and accumulation of IgE-bearing
mast cells in the intestine, likely act to fuel intestinal allergic
inflammation. Using this model, we provide a previously unrec-
ognized cellular mechanism by which the TSLP-basophil axis
promotes antigen-specific Ty2 cytokine responses, systemic
antigen-specific serum IgE levels, and accumulation of IgE-
bearing intestinal mast cells, promoting the development of IgE-
mediated intestinal food allergy. Targeting the TSLP-basophil
axis in the context of AD might offer a novel therapeutic approach
for early intervention and therapeutic strategies to prevent the
development of intestinal allergic inflammation.

We thank members of the Artis laboratory for discussions and critical
reading of the manuscript. We thank the Matthew J. Ryan Veterinary Hospital
Pathology Laboratory and the Abramson Cancer Center Flow Cytometry and
Cell Sorting Resource Laboratory for technical advice and support.

Clinical implications: Targeting the TSLP-basophil axis might
offer a novel therapeutic approach for early intervention and

therapeutic strategies to prevent the development of food
allergy.
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METHODS
Allergy scoring

Starting 20 minutes after oral antigen challenge, mice were individually
observed for a period of 30 minutes, and a clinical allergy score was quantified
as follows: 0, no symptoms; 1, less than 4 episodes of scratching and rubbing
around the nose and head; 2, 4 to 10 episodes of scratching and rubbing around
the nose and head; 3, more than 10 episodes of scratching and rubbing around
the nose and head; 4, hunching and piloerection; 5, immobility (unresponsive
to nonharmful tactile disturbance); and 6, death. Investigators were blind to the
treatment group conditions when scoring for allergy symptoms.

Flow cytometry

Small intestinal lamina propria cells or cells from the skin were isolated, as
described previously.”'" Single-cell suspensions were incubated with Aqua
Live/Dead Fixable Dye (Invitrogen, Carlsbad, Calif) for dead cell exclusion
and stained with anti-mouse fluorochrome-conjugated mAbs against B220,
CD3e, CD4, CDS, CDS8, CDllc, NK1.1, CD19, IgE, CD45, CD49b, or
CD117 (c-kit; BD Bioscience [San Jose, Calif], BioLegend [San Diego, Calif],
and eBioscience [San Diego, Calif]). Mast cells were identified as live lin™
(CD3, CD5, CD19, CDllc, and NK1.1), CD45", c-kit™, and IgE™ cells,
and basophils were identified as live lin, CD45%, c-kit~, CD49b™, and
IgE™ cells.

Adoptive basophil transfer

WT BALB/c mice were injected with a cDNA plasmid encoding TSLP, as
previously described.”* Three weeks after TSLP ¢cDNA injection, basophils
were sort purified, and 5 to 10 X 10* cells were transferred intradermally
(ears) in the presence of 100 g of OVA on various days. As a control, mice
were injected with PBS or 100 wg of OVA alone.

NOTI ET AL 10.e1

ELISA, histology, and real-time PCR

Ears were incubated overnight in culture medium, and -cell-free
supernatants were stored to measure skin TSLP levels. Measurement of
TSLP was performed with a commercially available DuoSet ELISA kit
(eBioscience). Antigen-specific serum IgE responses were measured, as
described previously.”* For histologic analysis, tissues were fixed in 4%
paraformaldehyde and embedded in paraffin, and sections were stained
with hematoxylin and eosin. For real-time PCR analysis, RNA was isolated
with an RNeasy mini kit (Qiagen, Hilden, Germany), according to the man-
ufacturer’s instructions. cDNA was generated with a Superscriptll reverse
transcription kit (Invitrogen). Real-time quantitative PCR was performed
on cDNA by using SYBR green master mix (Applied Biosystems, Foster
City, Calif) and commercially available primer sets from Qiagen (Quantitect
primer assays). Samples were normalized to (-actin and displayed as fold
induction over control values.
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FIG E1. Clinical allergy score. Allergy scores from WT BALB/c mice
epicutaneously sensitized with OVA and orally challenged with OVA or

BSA as a control are shown. Results are from 3 mice per group. Data are
representative of 2 individual experiments. ND, No disease.
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FIG E2. Epicutaneous sensitization with CPE. A, Experimental protocol. B, Allergy score. C, CPE-specific
serum IgE levels. D, Hematoxylin and eosin staining from the jejunum. Scale bar = 50 pm. Arrows,
Tissue-infiltrating granulocytes. E, Jejunal type 2 cytokine expression levels. F, Frequencies of small intes-
tinal lamina propria mast cells. Results are from 3 to 4 mice per group. Data are representative of 2 indepen-
dent experiments. i.g., Intragastric; ND, no disease; ns, not significant. *P <.05 and **P <.01.
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FIG E3. Epicutaneous sensitization on tape-stripped skin promotes intes-
tinal food allergy. A, Experimental protocol. B, Allergy score. C, OVA-
specific serum IgE levels. D, Frequencies of small intestinal lamina propria
mast cells. Results are from 3 to 4 mice per group. Data are representative
of 2 independent experiments. ND, No disease. *P < .05.
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FIG E4. Antigen-induced intestinal food allergy is dependent on IgE. A, Al-
lergy score. B, OVA-specific serum IgE levels. Results are from 3 mice per
group. Data are representative of 2 or more independent experiments.
ND, No disease; nd, not detected. **P < .01.
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FIG E5. TSLP-dependent basophil frequencies in the skin. For statistical
analysis, MC903 plus OVA Tslpr’* or MC903 plus OVA Tslpr /" mice are
compared. Results are from 3 mice per group. Data are representative of
2 independent experiments. **P <.01.
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