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ackground & Aims: Eosinophilic esophagitis (EE) is fre-
uently associated with atopic disease, including derma-
itis and asthma. Data are emerging that atopic skin
ay provide an early entry point for antigen sensitiza-

ion. We aimed to test the hypothesis that epicutaneous
xposure to antigen primes for subsequent respiratory
ntigen-induced EE. Methods: Wild-type and genetically
ngineered mice were subjected to epicutaneous anti-
en sensitization and the development of experimental
E, and immune responses were examined. Results: We
how that exposure to antigen via the epicutaneous
oute primes for marked eosinophilic inflammation in
he esophagus triggered by a single airway antigen chal-
enge. The development of experimental EE is associ-
ted with significant skin eosinophilia, accelerated bone
arrow eosinophilopoiesis, blood eosinophilia, and

arge increases in serum antigen-specific immunoglob-
lin G1/immunoglobulin E using ovalbumin or Aspergil-

us fumigatus as the epicutaneous antigen. Mechanistic
nalysis with gene-targeted mice showed that interleu-
in-5 was required for esophageal eosinophilia and that

nterleukin-4, interleukin-13, and STAT6 contributed to a
esser extent. Conclusions: These findings provide the
rst evidence that epicutaneous exposure to allergens
otently primes for EE via a Th2-dependent mechanism.

osinophil-associated gastrointestinal disorders selec-
tively affect the gastrointestinal tract with eosino-

hil-rich inflammation in the absence of known causes
or eosinophilia.1,2 These disorders include eosinophilic
sophagitis (EE), eosinophilic gastritis, eosinophilic gas-
roenteritis, eosinophilic enteritis, and eosinophilic coli-
is and are occurring with increasing frequency.2–9 Re-
ent studies have suggested that eosinophils are integral
embers of the gastrointestinal mucosal immune system

nd that eosinophilic gastrointestinal disorders are pri-
arily polygenic allergic disorders that involve mecha-

isms that fall between pure immunoglobulin (Ig)
–mediated and delayed Th2 cell responses.10 Preclinical
tudies have identified a contributory role for the cyto-
ine interleukin (IL)-5 and the eotaxin chemokines, pro-

iding a rationale for specific disease therapy.11 An es-
ential question is to determine the cellular and
olecular basis for eosinophil-associated gastrointestinal

isorders and the means by which antigen sensitization
ccurs and elicits disease manifestations.

Epidemiologic studies have found that the develop-
ent of atopic dermatitis (AD) in childhood is a strong

redictive factor for persistence of allergic disease into
dulthood.12–14 Whether this association represents a
enetic predisposition for both diseases or an etiologic
onnection has not been established. Studies by Spergel
nd Paller and other groups have shown that epicutane-
us exposure to the antigen ovalbumin (OVA) under
onditions that promote AD-like skin inflammation can
rime for subsequent allergic responses in the air-
ay.15–18 These results strongly support an etiologic link
etween the development of AD and subsequent atopic
esponses; however, whether this response is applicable to
ther end organs (in addition to the respiratory tract)
uch as the esophagus has not been established. Under-
tanding if this is applicable to EE is important because
he majority of patients with EE have preexisting atopic
isease, often involving the skin or lungs.4,19–21 Experi-
entation in the allergy field has largely focused on

nalysis of the cellular and molecular events induced by
llergen exposure in sensitized animals (primarily mice)
nd humans. Although no animal model adequately
imics human disease, experimentation in animals has

rovided an experimental framework to dissect the key
ells and molecules involved in disease pathogenesis. In
hese studies, mice are typically sensitized with antigen
eg, OVA in the presence of adjuvant [alum]) by intra-
eritoneal injection. Subsequently, mice are challenged
y exposure to local allergen (eg, via intratracheal, intra-
asal, or nebulized routes for asthma models) and patho-
ogic responses are monitored.22–25 In other murine mod-

Abbreviations used in this paper: AD, atopic dermatitis; BALF, bron-
hoalveolar lavage fluid; EE, eosinophilic esophagitis; IL, interleukin;
VA, ovalbumin.

© 2005 by the American Gastroenterological Association
0016-5085/05/$30.00
doi:10.1053/j.gastro.2005.06.027
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ls, unsensitized mice are repeatedly exposed to mucosal
llergens (eg, extracts of Aspergillus fumigatus antigens)
nd the development of experimental asthma or EE is
onitored.26 Following 9 doses of intranasal A fumigatus

ntigen, but not OVA, concomitant eosinophilic inflam-
ation of the lung and esophagus develops with features

hat mimic the human diseases asthma and EE, respec-
ively.26 It is important to note that the standard OVA/
lum experimental asthma model does not induce EE,
ighlighting that A fumigatus, which does induce EE,
ay have a special etiologic role. Additionally, while

eroallergen sensitization is commonly seen in patients
ith EE, food sensitization is comparably present.4,7,19–21

The experimental systems in the lung have established
strong correlation between the presence of CD4� Th2

ells, eosinophils, and disease severity, suggesting an
ntegral role for these cells in the pathophysiology of
llergic disease. IL-4 and IL-13 signaling involves utili-
ation of the IL-4 receptor � chain27,28 and the induction
f Janus kinase 1 and STAT6.29–32 Indeed, mice deficient
n IL-4, IL-5, IL-13, or STAT6 have reductions in select
eatures of OVA-induced experimental asthma.33–37 Re-
ently, IL-13 delivery to the lung has been shown to also
nduce experimental EE by a STAT6-dependent path-
ay.38 However, the role of IL-13 and STAT6 in anti-
en-induced EE has not been established. Notably, stud-
es with the A fumigatus–induced model have shown the
mportance of STAT6-independent pathways for the de-
elopment of certain features of allergic lung disease.37,39

t remains to be determined if Th2 cytokines and STAT6
re required for the development of EE triggered by A
umigatus exposure.

In this study, we aimed to determine if epicutane-
us exposure to antigen would prime for subsequent
llergen-induced responses in the esophagus of mice.
dditionally, we aimed to dissect the mechanism in-
olved, focusing on the role of the Th2 cytokines IL-4,
L-5, and IL-13 and the transcription factor STAT6.
ur results show that epicutaneous exposure to A

umigatus and OVA potently primes for systemic al-
ergic disease manifested by large increases in antigen-
pecific IgG1 and IgE, eosinophilia in the blood and
one marrow, and, following a single antigen chal-
enge, significant eosinophilia in the esophagus. Fur-
hermore, atopic disease elicited by this protocol in-
uces priming of eosinophilic inflammation in the
sophagus and lung that is largely dependent on IL-5
nd, to a lesser extent, IL-4, IL-13, and STAT6. As
uch, these studies provide a new paradigm concern-
ng the potential etiology of EE, involving cutaneous

ntigen sensitization as an initiating event. s
Materials and Methods

Mice

Four- to 8-week-old BALB/c mice (National Cancer
nstitute, Frederick, MD), STAT6- deficient BALB/c mice
Jackson Laboratory, Bar Harbor, ME), and IL-5–deficient
originally obtained from Drs K. Matthaei and P. S. Foster,
ohn Curtin School of Medical Research, Australian National
niversity, Canberra, Australia), IL-13–deficient, IL-4/IL-13
ouble-deficient, and their littermate F6 BALB/c controls
originally obtained from A. MacKenzie, Medical Research
ouncil Laboratory of Molecular Biology, Cambridge, England)
ere kept in a specific pathogen-free environment. All procedures
ere performed in accordance with the ethical guidelines in the
uide for the Care and Use of Laboratory Animals of the Insti-

utional Animal Care and Use Committee approved by the Vet-
rinary Services Department of the Cincinnati Children’s Hospital
edical Center Research Foundation.

Allergen Sensitization Protocol

Mice were sensitized as previously described with some
odification.16,40 Briefly, mice were anesthetized with isoflu-

ane (IsoFlo; Abbott Laboratories, North Chicago, IL), their
acks shaved with an electric razor, and allergen applied via a
� 1–cm patch of sterile gauze that was previously immersed

n a diluted allergen solution. The allergen solutions were
ade as follows: 100 �g of OVA (grade V; Sigma Chemical
o, St Louis, MO) was diluted in 100 �L of normal saline, and
00 �g of A fumigatus antigen (Allergenic Extract; Hollister-
tier, Spokane, WA) was diluted to 100 �L with normal
aline. The allergen diluents consisted of 100 �L of normal
aline as a control for OVA or 100 �L of 5% glycerin diluted
ith normal saline as a control for A fumigatus. The patch was

ecured by a transparent Bioclusive dressing (Johnson & John-
on Medical Inc, Arlington, TX) and a Band-Aid (Johnson &
ohnson) for 1 week. Following a rest period of 2 weeks (no
atch), this procedure was repeated 3 times over the course of
weeks for OVA sensitization or repeated 2 times over the

ourse of 4 weeks for A fumigatus sensitization. The experi-
ents were performed with 4 groups: (1) OVA group, (2)

aline group (as the control for the OVA group), (3) A fumiga-
us group, and (4) control group (as the control for the A
umigatus group).

Blood Eosinophil Counts

Eosinophil counts were measured by Discombe’s anal-
sis using 5 �L of blood obtained from the lateral tail vein as
reviously described.41

Serum IgE and Antigen-Specific IgG1

Serum total IgE levels were measured using the BD
ptEIA ELISA Set (BD Biosciences, San Diego, CA). The

ptical density was immediately read at 450 nm. The IgE
oncentration of each sample was calculated by using a stan-
ard curve. OVA- and A fumigatus–specific IgG1 were mea-

ured as described previously by coating sample wells with 100
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September 2005 EPICUTANEOUS ANTIGEN PRIMES FOR EE 987
L of OVA (100 �g/mL) and A fumigatus (50 �g/mL), respec-
ively.42 The optical density was read at 450 nm. Data are
resented as the serum dilution required to obtain an optical
ensity of 0.6.

Airway Challenge

Two days after the end of epicutaneous sensitization,
ice were deeply anesthetized with isoflurane inhalation and

iven a single intranasal challenge with 25 �L of allergen (1
g/mL OVA or 1 mg/mL A fumigatus) or 25 �L of each

ehicle alone.

Bronchoalveolar Lavage Fluid Analysis

Twenty-four hours after the airway challenge, mice
ere killed and the recovered bronchoalveolar lavage fluid

BALF) was collected immediately by lavaging once with 1.0
L phosphate-buffered saline, cytospinned (Cytospin 3;
hermo Shandon, Sewickley, PA), and stained with Diff-
uick (Dade Behring Inc, Deerfield, IL), and differential cell

ounts were determined.

Bone Marrow Analysis

Twenty-four hours after the last epicutaneous sensiti-
ation, mice were killed and bone marrow cells were obtained
rom the femoral bone; cytospin slides were prepared as pre-
iously described43 and then stained with Diff-Quick, and
osinophil cell counts (expressed as the percentage of total
one marrow cells) were determined by counting 1000 cells/
lide. The eosinophil maturation assay was performed in 1 mL
ethylcellulose culture, which was made up of methylcellu-

ose medium (Methocult M3234; Stemcell Technologies, Se-
ttle, WA), 20% fetal calf serum, and 5 ng/mL of recombinant
ouse IL-5 (R&D Systems, Minneapolis, MN) with 1 � 105

onadherent mononuclear cells to identify the differentiated
ells from bone marrow precursor cells. Sample cells in 10-day
ulture were evaluated as previously described43 according to
he criteria established by Lee et al.44

Tissue Processing and Staining

Esophagus, lung, and skin tissue were immediately
xed in 10% formalin, paraffin embedded, and cut into 5-�m-
hin sections. To identify tissue eosinophils, immunostaining
or eosinophil major basic protein was performed as previously
escribed11 using rabbit anti-murine major basic protein
kindly provided by Dr. James Lee, Mayo Clinic, Scottsdale,
Z). Diff-Quick staining was also used to assess eosinophils

nd mast cells in a modified fashion after deparaffinization.
riefly, slides were fixed in acetone/methanol at room temper-
ture for 5 minutes and then stained with Diff-Quick solu-
ions, followed by a single wash in tap water and a 1-minute
xposure to methanol and xylene. The count was performed
nder light microscopy. Quantification of immunoreactive
ells in the lamina propria was performed by morphometric
nalysis using the Metamorph Imaging System (Universal
maging Corp, West Chester, PA) and Image Pro Plus System

Olympus America, Melville, NY). e
Statistical Analysis

For all cell counts, stained slides were read randomly
nd in a blinded fashion. The nonparametric Mann–Whitney

test was used for comparison of data between groups, and
nalysis of variance was used to evaluate the differences in
linical symptoms and time studies.

Results

Epicutaneous OVA Induces Cutaneous and
Systemic Th2 Responses

Previous studies have shown that epicutaneous
xposure to the food antigen OVA induces AD-like
osinophilic inflammation locally in the skin accompa-
ied by production of Th2-associated Ig and lymphocyte
esponses.15,16,40,45 Furthermore, following a single respira-
ory OVA challenge, epicutaneously sensitized mice devel-
ped marked lung inflammation.16,18 Related to this obser-
ation, we tested several hypotheses concerning EE. First,
e were interested in determining if epicutaneous ad-
inistration of antigen alone would induce EE. To ex-

mine this, we exposed mice to repeated doses of epicu-
aneous OVA or A fumigatus antigen, the latter being the
ntigen that has previously been associated with the
evelopment of experimental EE following repeated in-
ranasal administration. Notably, exposure to either epi-
utaneous antigen alone failed to induce eosinophil ac-
umulation in the esophagus even though they promoted
arked AD-like skin inflammation. For example, follow-

ng 51 days of epicutaneous OVA or control, histologic
nalysis of the local skin site showed 40.0 � 7.31 versus
.67 � 2.56 eosinophils/mm2 (P � .01) and 158 � 29.4
ersus 51.5 � 7.98 mast cells/mm2 (P � .05), respec-
ively, even though esophageal eosinophil levels were
arely detectable (data not shown). Cutaneous eosino-
hils were mostly located in the dermis and were pri-
arily not degranulated (data not shown). We next

ypothesized that epicutaneous administration of anti-
en followed by intranasal antigen would induce EE.
otably, mice exposed to epicutaneous OVA developed
arked EE following a single administration of intrana-

al OVA (Figure 1A). Additionally, mice exposed to
picutaneous A fumigatus developed marked EE follow-
ng a single administration of intranasal A fumigatus. As
control, nonsensitized control mice failed to develop EE

ollowing intranasal allergen challenge. Furthermore, al-
ergen-sensitized mice failed to develop EE when exposed
o intranasal control saline (Figure 1A). Histologic anal-
sis showed readily detectable eosinophils in the lamina
ropria of the esophagus of mice (Figure 1B). Scattered

osinophils were seen in the epithelial and muscle layers.
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Kinetic Study on Eosinophil Accumulation
in the Lung and Esophagus

The development of experimental EE was associ-
ted with the development of marked lung inflamma-
ion. A kinetic analysis of eosinophil accumulation in the
ung and esophagus after a single antigen challenge with
VA or A fumigatus is shown in Figure 2A and B,

espectively. Eosinophil accumulation in both tissues was
otable between 1 and 4 hours following respiratory
ntigen challenge. Interestingly, eosinophilia peaked by

hours for both OVA and A fumigatus in the esophagus. h
n the lung, eosinophilia peaked between 18 and 24
ours. Notably, barely detectable eosinophils were
resent in the lung and esophageal tissue before antigen
hallenge.

Systemic Effect of Epicutaneous Antigen
Administration

To examine the events associated with epicutane-
us priming for EE, we analyzed the consequences of
picutaneous antigen exposure on eosinophil levels in the

Figure 1. Esophageal eosinophilia
in epicutaneously sensitized mice.
(A) The eosinophil level in the esoph-
agus of mice sensitized with OVA or
A fumigatus (�) or control vehicle
(�). Mice were exposed to epicuta-
neous antigen for 1 week; following
a rest period of 2 weeks, this proce-
dure was repeated over the course
of 7 weeks (OVA) and 4 weeks (A
fumigatus). Two days following the
last day of epicutaneous antigen ex-
posure, mice were exposed to intra-
nasal allergen or control saline
(SAL). Data are expressed as mean
� SEM with 8 mice/group. **P �
.01 compared with control or saline
group. (B) Eosinophils were identi-
fied by immunostaining with anti–
major basic protein. Representative
eosinophils are indicated by arrows.
Significant eosinophilia was ob-
served in the OVA group but not in
the control group. Eosinophils were
observed mainly in the lamina pro-
pria (LP), but occasional eosinophils
were observed in epithelial (E) or
muscle layers (M). L, lumen. (Origi-
nal magnification: upper figures,
100�; lower figure, 400�.)
ematopoietic organs. As shown in Figure 3A, the eo-
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September 2005 EPICUTANEOUS ANTIGEN PRIMES FOR EE 989
inophil count in the bone marrow was significantly
ncreased following epicutaneous OVA. In addition, the
umber of mature eosinophils in ex vivo cultures of bone
arrow mononuclear cells (an index of eosinophilopoi-

sis) of OVA-sensitized mice was significantly increased
Figure 3B). Furthermore, following epicutaneous OVA
xposure, the blood eosinophil counts were elevated com-
ared with the saline group on days 7, 28, and 50 (Figure
C). The reason for the decrease in eosinophils at day 21
s not known. However, it is interesting to speculate that
his may represent dwindling Th2 immunity after the
rst antigen patch because day 21 is the last of 14 rest
ays after the first antigen exposure. These data suggest
hat epicutaneous antigen exposure induces a systemic
h2 response, as measured by the expansion of eosino-
hils. Consistent with this, mice exposed to epicutaneous
VA had significant increases in antigen-specific IgG1

nd IgE notable by days 19 and 29, respectively (data not
hown). For example, following 50 days of epicutaneous

igure 2. Kinetic analysis of eosinophil accumulation in the (A) lung
nd (B) esophagus following epicutaneous antigen sensitization. Two
ays following the last day of epicutaneous antigen exposure, mice
ere exposed to intranasal allergen or control saline, and the level of
osinophils was kinetically determined for both the OVA (closed cir-
les) and A fumigatus (open circles) groups. *P � .05, **P � .01,
**P � .001 compared with control group. Data are expressed as
ean � SEM; n � 5–8 mice per condition.
VA, the titer of OVA-specific IgG1 and IgE increased S
rom 0.0 � 0.0 to 30,970 � 8506 and 0.0 � 0.0 to 41.8
31.9, respectively (mean � SEM; n � 8; P � .001).

The Role of IL-5 in Epicutaneous Antigen-
Associated EE

We were next interested in examing the role of
L-5 in the induction of epicutaneous antigen-induced
osinophil responses. To examine this, we monitored

igure 3. Epicutaneous antigen-induced eosinophilopoiesis. (A) The
osinophil count in the bone marrow was assessed by differential
taining following OVA or control sensitization. (B) Eosinophil devel-
pment in methylcellulose in ex vivo cultures after 50 days from the
nitial antigen sensitization. (C) The level of eosinophils in the periph-
ral blood during the first 50 days of epicutaneous OVA (closed
quares) or control saline (open squares) exposure is shown. *P �
05 compared with the saline group. Data are expressed as mean �

EM; n � 8 mice per condition.
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osinophil responses in mice deficient in IL-5. Notably,
ollowing epicutaneous OVA or A fumigatus, IL-5–defi-
ient mice developed markedly attenuated eosinophilia
n the esophagus following respiratory allergen challenge
ompared with wild-type mice (Figure 4A and B). To
urther examine eosinophil responses in these mice, eo-
inophil levels in the skin, blood, and lungs following
picutaneous sensitization were determined. In the skin,
ntigen-induced eosinophilia was attenuated, although
nflammation with the other cell types was still observed.
he data for OVA-induced skin inflammation are shown

n Table 1. Additionally, allergen-induced blood eosin-
philia was absent in these mice (Figure 5A). In the lung,
llergen-induced eosinophilia was markedly decreased in
hese mice (Figure 5B). Taken together, these results
how an essential role for IL-5 in promoting eosinophil
esponses following epicutaneous sensitization.

The Role of Th2 Cytokines in Epicutaneous
Antigen-Induced EE

We were next interested in testing the role of the
lassic Th2 cytokines (IL-4 and IL-13) and their signal-
ng molecule STAT6 in the development of epicutaneous
ntigen-associated EE. To examine this, we induced ex-
erimental disease in mice with genetic deficiencies of
ither IL-13, IL-4 and IL-13 together, or STAT6, as well
s control BALB/c mice. Notably, mice deficient in IL-13
lone or IL-4 and IL-13 together had reduced antigen-
nduced EE following OVA (Figure 4A) or A fumigatus
ntigen (Figure 4B) exposure and challenge compared
ith wild-type mice. Notably, the effect was only mod-

st compared with IL-5–deficient mice (Figure 4A and
). To further examine eosinophil responses in these
ice, eosinophil levels in the skin, blood, and lungs

ollowing epicutaneous sensitization were determined. In
he skin, antigen-induced eosinophilia was attenuated
ut similarly not as significantly as the decrease seen in
L-5–deficient mice (Table 1). Additionally, allergen-
nduced blood eosinophilia was diminished in these mice
Figure 5A). Similar trends were seen in the A fumigatus

odel. For example, the eosinophil blood level increased
rom 8.8 � 2.1 to 17.9 � 2.7 � 104 cells/mL between
ays 0 and 30 of A fumigatus exposure in wild-type mice
P � .05); in contrast, the values changed from 0.3 �
.2 to 0.7 � 0.4 (not significant), 2.6 � 1.1 to 8.1 � 1.8
P � .05), 6.7 � 2.8 to 6.4 � 3.0 (not significant), and
.0 � 1.2 to 9.3 � 1.6 � 104 cells/mL (P � .05) in mice
eficient in IL-5, IL-13, IL-4/IL-13, and STAT6, respec-
ively. In the lung BALF, allergen-induced eosinophilia
as also decreased in these mice (Figure 5B).
Finally, we were interested in determining the role of
h2-associated molecules in antigen-induced Ig re- s
ponses. Notably, OVA-specific IgG1 and IgE were
trongly dependent on IL-13, but not completely (Figure
A and B). Furthermore, IL-4/IL-13 double-deficient
ice and STAT6-deficient mice failed to develop detect-

ble levels of OVA-specific IgG1 and IgE. In contrast,
L-5–deficient mice developed normal levels of OVA-
pecific IgG1 and IgE (Figure 6A and B).

Discussion

Eosinophil infiltration into the esophagus is a
ommonly observed medical problem in patients with
iverse conditions, including gastroesophageal reflux dis-
ase, drug reactions, eosinophilic gastroenteritis, and pri-
ary EE.1–10 Importantly, recent clinical studies have

igure 4. Esophageal eosinophil levels in Th2 cytokine-deficient
ice. Epicutaneously sensitized mice were challenged with (A) control
aline or OVA or (B) diluent control or A fumigatus. Mice were wild-type
WT) control or deficient in IL-5, IL-13, IL-4/IL-13, or STAT6 and
nalyzed after 29 and 50 days from the initial antigen sensitization for
fumigatus and OVA, respectively. *P � .05, **P � .01 compared
ith wild-type saline group. Data are expressed as mean � SEM; n �
mice per condition.
uggested that these disorders (especially primary EE) are
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ccurring with increasing frequency.6,9 Additionally, the
evel of eosinophils in the esophagus negatively correlates
ith response to conventional therapy for gastroesopha-
eal reflux.46 Furthermore, a causal role for esophageal

igure 5. Blood and BALF eosinophil levels in Th2 cytokine-deficient
ice. (A) Blood eosinophil levels were measured 24 hours after the
nd of epicutaneous sensitization. (B) Two days after the end of
picutaneous sensitization, mice were challenged with control saline
r OVA and eosinophil levels were measured in the BALF 24 hours
fter one intranasal OVA challenge. Mice were wild-type (WT) control
r deficient in IL-5, IL-13, IL-4/IL-13, or STAT6. **P � .01, ***P �
001 compared with wild-type saline group. Data are expressed as

able 1. Cutaneous Allergic Inflammation in Th2 Cytokine-De

Mice Eosinophils Mas

ild-type 40.0 � 7.31 158
L-5 KO 0.56 � 0.56a 144
L-13 KO 12.1 � 5.31b 95.8
L-4/IL-13 DKO 15.2 � 7.42c 115
TAT6 KO 17.0 � 9.12c 120

OTE. Values represent mean � SEM of the cell count in the sub
picutaneous OVA exposure.
O, gene-deficient knockout mice; DKO, double gene-deficient knock
P � .001, bP � .01, cP � .05 compared with wild type.
oean � SEM; n � 8 mice per condition.
osinophils in the development of epithelial hyperplasia,
cardinal feature of primary EE, has been shown in an

xperimental model of intranasal aeroallergen-induced
E,26 consistent with the presence of activated eosino-
hils in human EE.47 Taken together, these studies high-
ight the importance of further dissecting the pathogen-
sis of EE. Accordingly, the present study was designed
o examine the means by which antigen sensitization
ight lead to EE and the molecular and cellular pro-

esses involved in the development of experimental EE.
ased on the high reported concordance between atopy
nd EE in clinical studies,10,19,20 we hypothesized that
D may precede the development of EE in an experi-
ental model system in mice. Notably, EE and AD share

ommon features, including eosinophil infiltration, eo-
inophil degranulation, and squamous epithelial cell hy-
erplasia,48–50 suggesting that common pathogenetic
echanisms may be operational. To address this, we

ested the ability of epicutaneous antigen exposure to
nduce EE. First, we showed that epicutaneous exposure
o the allergens OVA or A fumigatus alone induces AD-
ike skin inflammation and a strong systemic Th2 re-
ponse. Despite chronic cutaneous antigen exposure and
he development of accelerated bone marrow eosinophi-
opoiesis and circulating eosinophilia, eosinophils do not
igrate into the esophagus. However, when we subse-

uently expose epicutaneously sensitized mice to a single
ose of intranasal antigen, this induces a marked degree
f EE (and lung inflammation). Notably, the develop-
ent of allergen-induced experimental EE has been pre-

iously observed only following multiple doses of intra-
asal A fumigatus (not OVA exposure).26 Thus, these data
stablish that epicutaneous sensitization is a highly effi-
ient process for the development of experimental EE
compared with intranasal antigen sensitization alone).
urthermore, these data establish that the development
f experimental EE can be triggered by the classic ex-
erimental allergen OVA, not just the respiratory aeroal-
ergen A fumigatus. As such, this experimental system

t Mice

s Neutrophils Mononuclear cells

.4 95.8 � 18.2 296 � 55.5

.7 71.9 � 17.1 323 � 20.1

.0 75.9 � 11.8 347 � 37.0
9 94.3 � 19.7 346 � 37.0
.4 117 � 15.6 347 � 34.6

elial region/mm2 (n � 8 mice per condition) following 51 days of

ice.
ficien

t cell

� 29
� 19
� 12
� 9.7
� 33

epith

out m
pens up new approaches for dissecting the pathogenesis



o
f
t
f
t
o
b
t
O
l
r
r
w
f

e
s
q
l
p
p

a
t
d
c
c
l
r
k
t
s
t
r
t
h
fi
d
d
p
a
t
e
m
e
fi
n
l
q
4
h
s
fi
c
s
d
l
(
a
t
c
t
t

t
b
e
m
t
i
i
s
i

F
c
m
w
S
g
L

992 AKEI ET AL GASTROENTEROLOGY Vol. 129, No. 3
f experimental EE, because numerous tools are available
or analysis of OVA-specific immunity. Our finding that
he systemic Th2 response is associated but not sufficient
or EE development is consistent with our prior finding
hat intratracheal IL-13 can elicit experimental EE with-
ut inducing a systemic Th2 response and/or peripheral
lood eosinophilia.38 Our results are in agreement with
hose of Spergel et al, who have shown that epicutaneous
VA can promote a Th2-associated skin response and

ung inflammation following only a single dose of respi-
atory antigen.16 Notably, we extend these results by
eporting that A fumigatus can promote this response as
ell and that epicutaneous antigen sensitization primes

or a Th2-associated response in the esophagus.
We report an essential role for IL-5 in mediating the

ffects of antigen-induced EE following epicutaneous
ensitization. Prior studies have shown that IL-5 is re-
uired for the induction of experimental EE by aeroal-
ergens and that IL-5 overexpression (by transgenesis or
harmacologic delivery) is sufficient to promote eosino-

igure 6. Systemic Th2 responses in epicutaneously sensitized Th2
ytokine-deficient mice. (A) OVA-specific IgG1 and (B) IgE levels were
easured 24 hours after the end of epicutaneous sensitization. Mice
ere wild-type (WT) control or deficient in IL-5, IL-13, IL-4/IL-13, or
TAT6. **P � .01, ***P � .001 compared with wild-type saline
roup. Data are expressed as mean � SEM; n � 8 mice per condition.
D, lower than detection limit.
hil trafficking to the esophagus.11,26 In addition, esoph- F
geal eosinophilia induced by exposure of OVA-sensi-
ized mice to enteric-coated OVA beads is IL-5
ependent.11 This latter finding is particularly signifi-
ant because these oral antigen–challenged IL-5–defi-
ient mice still mount intestinal eosinophilia,42 high-
ighting that there is a differential requirement of IL-5 in
egulating esophageal and intestinal eosinophilia. IL-5 is
nown to prime eosinophils to respond to chemoattrac-
ants and to induce eosinophil adhesion molecule expres-
ion and activation.51 Thus, IL-5 may induce eosinophil
rafficking to the esophagus by enhancing eosinophil
esponsiveness to endogenous chemokines expressed by
he esophagus, such as the eotaxins, or by up-regulating
oming receptors specifically involved in eosinophil traf-
cking to the esophagus. It also remains possible that the
ecreased level of esophageal eosinophils seen in IL-5–
eficient mice may be related to the decreased circulating
ool of eosinophils, at least in part. Of note, eotaxin-1 is
constitutively expressed chemokine in the esophagus52

hat is induced by the Th2 cytokines IL-4 and IL-13. To
valuate the potential role of IL-4, IL-13, and STAT6 in
ediating allergen-induced eosinophil trafficking to the

sophagus, we examined mice that were genetically de-
cient in either IL-4 and IL-13 together or STAT6. It is
oteworthy that although antigen-induced EE was
argely dependent on these signaling molecules, the re-
uirement was only partial because allergen-treated IL-
/IL-13 double-deficient and STAT6-deficient mice still
ad higher esophageal eosinophil counts compared with
aline-treated wild-type mice. These results provide the
rst evidence that allergen-induced EE is dependent on
lassic Th2 cytokine signaling. Prior studies have only
hown that IL-13–induced experimental EE is STAT6
ependent. Furthermore, the finding that IL-5 is abso-
utely required for the development of experimental EE
compared with the partial requirement for IL-4, IL-13,
nd STAT6) draws increasing attention to the impor-
ance of IL-5 in disease pathogenesis. Indeed, recent
linical studies have reported overexpression of IL-5 in
he esophageal lesions of patients with primary EE53 and
he beneficial role of anti–IL-5 in a patient with EE.54

Our study highlights the intimate connection between
he development of allergic respiratory responses and EE,
ecause EE only developed following respiratory allergen
xposure. Furthermore, our study is the first to show that
echanistic differences may exist between the lung and

he esophagus. For example, the kinetic analysis follow-
ng allergen challenge shows that eosinophil infiltration
nto the esophagus peaks within 4 hours following the
ingle allergen challenge, whereas eosinophil infiltration
nto the lung continues to peak for at least 24 hours.

urthermore, our results show that the development of
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E is less dependent on IL-4, IL-13, and STAT6 com-
ared with the development of allergic airway inflam-
ation. However, it is important to note that a direct

omparison may not be valid because our studies in the
ung are primarily based on BALF analysis.

In summary, these investigations dissect the cellular
nd molecular mechanisms involved in eosinophil hom-
ng to the murine esophagus. These data show that
llergen delivery to the skin potently primes for respira-
ory antigen-induced EE. In addition, we show a critical
ole for IL-5 and (to a lesser extent) IL-4, IL-13, and
TAT6, strongly implicating Th2-associated immune
esponses in the pathogenesis of EE. Prior studies have
mplicated Th2 cytokines based on detection of the Th2
ytokines IL-4 and IL-13 in EE tissue biopsy speci-
ens53,55 and the ability of IL-13 delivery to the lung to

nduce experimental EE.38 Our study is the first to show
hat the classic Th2 signaling molecules IL-4, IL-13, and
TAT6 are indeed required for antigen-induced disease
athogenesis, at least in part. Taken together with our
rior findings that EE is often associated with a history
f atopy,4,9,21 these results draw attention to the potential
ole of epicutaneous antigen sensitization in the etiology
f experimental EE in mice.
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