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ABSTRACT

EE is an emerging disease reported in children and
adults of urbanized countries, where indoor insect al-
lergens are major health risk factors. Review of our
hospital patient database uncovered that a number of
EE patients have hypersensitivity to indoor cat, dog,
cockroach, and dust mite allergens. We tested the
hypothesis whether inhaled indoor insect allergens
are effective inducers of experimental EE. We deliv-
ered cat, dog, cockroach, and dust mite allergen ex-
tracts intranasally to wild-type and eotaxin-1/2-,
CCR3-, and IL-5-deficient mice. Interestingly, wild-
type mice exposed to cockroach or dust mite aller-
gens develop a significant increase in the levels of
esophageal eosinophils and mast cells compared
with saline-challenged mice. The eosinophil numbers
in the esophagus of cockroach- and dust mite-ex-
posed mice were 18.3 + 6.8/mm? and 33.4 +
11.1/mm?2 compared with 2.3 + 1.8/mm?2 and 2.1 = 1.2/
mm? in saline-challenged mice. Additionally, we ob-
served an additive effect of these two allergens in in-
ducing esophageal eosinophilia and mastocytosis.
Histopathological analysis detected intraepithelial
esophageal eosinophilia in mice exposed to both al-
lergens. Furthermore, mice exposed to cockroach
and/or dust mite had increased levels of total IgE and
antigen-specific IgG1 in the blood and increased
esophageal expression of eosinophil-active cytokines
(IL-13) and chemokines (eotaxin-1). Notably, mice de-
ficient in eotaxin-1/2, CCR3, and IL-5 showed ablated
esophageal eosinophilia following cockroach or dust
mite allergen exposure. These data indicate that in-
door insect allergens are potent inducers of IL-5 and
eotaxin-mediated esophageal eosinophilia. These ex-
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perimental studies are in accordance with clinical
data but may have some limitations inherent to animal
models of human disease. J. Leukoc. Biol. 88:
337-346; 2010.

Introduction

It is well established that the indoor environment is a
source of human health risk factors [1-3]. Indoor environ-
ments, especially homes, have been recognized as major
sources of aeroallergen exposure in adults and children
[4-7]. In particular, exposure to dust mite and cockroach
allergens is an important indoor factor in the inner city, as
these insects are ubiquitous and highly allergenic [1, 8]. In
most industrialized countries, the modern home is a sealed
and highly thermally insulated building that commonly has
air quality compromised with indoor allergens. In animal
models, unsensitized mice develop concomitant eosinophilic
inflammation of esophagus following nine doses of intrana-
sal aeroallergen Aspergillus fumigatus antigen, but not by
OVA [9]. The Aspergillus-induced esophageal eosinophilia is
accompanied by intraepithelial eosinophils, extracellular
granule deposition, and epithelial cell hyperplasia, features
that mimic the pathophysiological changes observed in indi-
viduals with various forms of EE [9-15]. It is important to
note that the standard OVA/alum experimental asthma
model does not induce EE, highlighting a special etiological
role for aeroallergens in this disorder [9]. EE is an inflam-
matory, cell-mediated esophageal disease characterized by a
high number of intraepithelial eosinophils and is triggered
by allergens and overexpression of Th2 cytokines (IL-5 and
IL-13) [9, 16, 17]. Food and aeroallergens have been impli-
cated in the induction of human EE based on the presence
of a high degree of food and aeroallergen hypersensitivity
and the ability of food dietary restrictions to improve EE
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[13]. The prevalence of pediatric and adult EE continues to
increase, especially in industrialized countries over the last
decade [7, 12, 14, 18-29]. However, a causal relationship
between insect allergens, such as dust mite or cockroach,
and development of EE has not yet been demonstrated.
The patient dataset compiled by the CCED at CCHMC indi-
cates that children with EE have a high prevalence of allergy
to environment allergens, especially to indoor allergens, such
as dust mite, cockroach, and mold. The inhaled dust mite or
cockroach allergens stick to the mucous in the airway, and
sensitized children and adults develop inflammatory reactions
quickly [7, 30, 31]. In the present study, we performed a com-
prehensive analysis of factors that might be associated with EE,
focusing on aeroallergens present in the inner city. We tested
the hypothesis whether indoor allergens induce EE in mice.
First, we analyzed EE patient clinical records maintained by
our allergy clinic and the CCED. Our analysis included imme-
diate hypersensitivity to cockroach, house dust mite, cat, and
dog allergens, as measured by SPT. Second, we exposed mice
to indoor allergens (cockroach, house dust mite, cat, and dog)
and examined airway and esophageal eosinophilia to deter-
mine if EE had developed. Cockroach and dust mite allergens
induced eosinophil-active chemokines and cytokines in the
esophagus, and mice exposed to both of these allergens devel-
oped experimental EE in a time- and dose-dependent manner

involving a mechanism dependent on IL-5, eotaxin, and CCR3.

Based on these findings, the present study demonstrates that
indoor insect allergens can induce experimental EE in mice
and may play a role in development of human EE.

MATERIALS AND METHODS

Normal and EE patient characteristics

Normal individuals and EE patients (2-18 years old) were selected without
regard to their atopic status or gender. Diagnosis was established based on
the maximum eosinophil counts/hpf (X400) and the lack of response to
acid suppression. [10, 26] “Normal” was defined as having 0 eosinophils/
hpf and no basal layer expansion. The normal biopsies were obtained from
patients who had symptoms typical of gastroesophageal reflux disease and
EE but had completely normal findings for esophageal endoscopic and mi-
croscopic analyses. Patients with EE were defined as having more than 24
esophageal eosinophils/hpf and are consistent with the First International
Gastrointestinal Eosinophil Research Symposium's recommendation for research
studies about EE [10]. The history of allergy in the EE patients was col-
lected from medical records.

Evaluation of allergen sensitization

EE patients and atopic and nonatopic control groups received SPT for as
many as 62 foods and 11 indoor and outdoor aeroallergen extracts. SPT
was performed and interpreted as described previously [32, 33].

Mice

Specific pathogen-free BALB/c mice were obtained from Jackson Labora-
tory (Bar Harbor, ME, USA). All of the experiments were performed on
age- and gender-matched mice, 6-8 weeks of age. The eotaxin-1/2 double
gene-deficient mice were generated in our laboratory as described previ-
ously [34, 35]. The CCR3-deficient mice (BALB/c background) were a
kind gift of Drs. Alison A. Humbles and Craig J. Gerard, Harvard Medical
School (Boston, MA, USA). The IL-5-deficient mice were obtained origi-
nally from Drs. Klaus I. Matthaei and Paul S. Foster of the John Curtin
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School of Medical Research, Australian National University (Canberra, Aus-
tralia). All animals were maintained in a pathogen-free barrier facility and
handled according to institutional guidelines.

Experimental EE induction

A mouse model of allergic EE was established using modified methods de-
scribed previously [9]. In brief, mice were lightly anesthetized with isoflu-
rane (Iso-Flo, Abbott Laboratories, North Chicago, IL, USA), and 100 pg
(50 ul) dog, cat, cockroach (Bayer Pharmaceuticals, Spokane, WA, USA),
or dust mite extract (Greer Laboratories, Lenoir, NC, USA) or 50 ul nor-
mal saline alone (or as mentioned in individual experiments) was applied
to the nares using a micropipette at three treatments/week for 4 weeks.
After allergen instillation, mice were held upright until alert. Mice were
sacrificed between 18 and 20 h after the last allergen or saline challenge.

BALF collection and analysis

The mice were killed by CO, inhalation. Immediately thereafter, a midline
neck incision was made, and the trachea was cannulated. The lungs were
lavaged two times with 1.0 ml PBS containing 1% FCS and 0.5 mM EDTA.
The recovered BALF was centrifuged at 250 g for 5 min at 4°C and resus-
pended in 200 ul PBS containing 1% FCS and 0.5 mM EDTA. Lysis of
RBCs was carried out using RBC lysis buffer (Sigma-Aldrich, St. Louis, MO,
USA), according to the manufacturer’s recommendations. Total cell num-
bers were counted with a hemacytometer. Cytospin preparations of 5 X 10"
cells were stained with Giemsa-Diff-Quick (Dade Diagnostics of P.R., Inc.,
Aguada, Puerto Rico), and differential cell counts were determined. The
BALF eosinophil counts were expressed as an indication of lung eosino-
philia.

Eosinophil analysis in the esophagus

Esophageal, 5 wm paraffin tissue sections were immunostained with anti-
serum against mouse eosinophil MBP (anti-MBP), as described previously
[36, 37]. In brief, endogenous peroxide in the tissue was quenched with
0.3% hydrogen peroxide in methanol followed by nonspecific protein
blocking with normal goat serum. Tissue sections were then incubated with
rat anti-MBP (1:2000) overnight at 4°C, followed by a 1:200 dilution of bio-
tinylated anti-rat IgG secondary antibody and avidin-peroxidase complex
(Vector Laboratories, Burlingame, CA, USA) for 30 min each. These slides
were developed further with nickel diaminobenzidine-cobalt chloride solu-
tion to form a black precipitate and counterstained with hematoxylin. Neg-
ative controls included replacing the primary antibody with normal rat se-
rum.

Mast cell analysis

Esophageal, 5 wm paraffin tissue sections were de-paraffinized and stained
with hexazonized new fuchsin (Sigma-Aldrich) with 4% sodium nitrate in
naphthol-AS-D chloroacetate (Sigma-Aldrich) and PBS solution for 30 min
and counterstained with hematoxylin. In addition, toludine blue staining
was performed to identify degranulated mast cells in the tissue sections.
The histological analysis was performed using light microscopy, and mast
cells were counted and expressed as cells/hpf. Nonhexazonized new fuch-
sin was used as a negative control.

Quantification of eosinophils and mast cells

Eosinophils were quantified by counting the anti-MBP-positive cells in the
epithelial mucosa and lamina propria. Combined eosinophil numbers in
each esophageal tissue section were calculated with the assistance of digital
morphometry using the Metamorph Imaging System (Universal Imaging
Corp., West Chester, PA, USA) and expressed as eosinophils/mm2, as de-
scribed previously [16, 17]. The CAE or toludine blue-positive mast cells in
the epithelial mucosa and lamina propria were counted using light micros-
copy, and their combined numbers in each esophageal tissue section were
expressed as mast cells/hpf.
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Protease-free allergen

Protease activity of allergens was measured by the QuantiClevave™ pro-
tease assay kit (Pierce, Rockford, IL, USA), as described in the manufac-
turer’s protocol. This assay is based on the use of succinylated casein in
conjugation with TNBSA. The protease will act on succinylated casein to
cleave peptide bonds, exposing primary amines. TNBSA reacts with pri-
mary amines to produce an orange-yellow color that can be quantified
at 450 nm by a spectrophotometer for optimum results. The cockroach
and dust mite antigens were incubated with a dose-dependent antipro-
tease, such as trypsin, glutathione, and DTT. We found that 100 mM
DTT inhibited maximum allergen protease activity. The allergen sam-
ples incubated with DTT were dialyzed overnight at 4°C using a 1000-
m.w. cut-off size dialysis cassette (Pierce). Protein concentration was
measured as described in the above section. The Balb/c mice were in-
tranasally challenged with DTT-treated dust mite extract, original dust
mite extract, and saline, as per the protocol described above. Addition-
ally, the product data sheet of the cockroach and dust mite allergens
indicates that both allergens have some LPS contamination. We mea-
sured LPS concentration in dust mite and cockroach extract using the
Limulus amoebocyte lysate QCL-1000 (Cat. #50-647U, Lonza, Walkers-
ville, MD, USA) product following the manufacturer’s provided proto-
col. LPS contamination range in both allergens was 1.1-1.5 ng/ml, indi-
cating that we are introducing 0.05-0.07 ng LPS to the mice/challenge.
This low LPS concentration will not affect our present hypothesis, as
LPS induces Thl responses mostly, not Th2 [38].

Real-time PCR analysis

The RNA samples (1 ug) were subjected to reverse transcription using
iScript RT (Bio-Rad, Hercules, CA, USA), according to the manufactur-
er’s instructions. The cytokine and chemokine mRNA levels were quan-
tified by real-time PCR using the LightCycler instrument and LightCy-
cler FastStart DNA master SYBR Green I as a ready-to-use reaction mix
(Roche, Indianapolis, IN, USA). Results were then normalized to B-ac-
tin, amplified from the same ¢cDNA mix and expressed as fold induction
compared with the controls. cDNA were amplified using the primers
listed in Supplemental Table 1.

Serum IgE and antigen-specific IgG1

Total serum IgE levels were measured using the BD OptEIA ELISA set
(BD Biosciences, San Diego, CA, USA) as per the manufacturer’s proto-
col. Similarly, antigen-specific IgG1 in mouse serum samples was mea-
sured as per the protocol described earlier [39]. Briefly, sample wells
were coated with 100 ul cockroach or dust mite extract (50 ug/ml),
blocked with 10% FBS in PBS, and washed with 0.05% Tween-20 in PBS.
Serum samples were serially diluted with 10% FCS in PBS. After a 2-h
incubation at room temperature, plates were washed with 0.05%
Tween-20 in PBS, and 100 ul HRP-conjugated anti-mouse IgG1 (1:1500
dilution from 1 mg/ml, BD PharMingen, San Diego, CA, USA) was
added. Using streptavidin-HRP detection (100 ul/well, TMB substrate
regents, BD Biosciences), the reaction was stopped using 2 N H,SO,,
and OD was read at 450 nm immediately.

Cytokine analysis

Levels of IL-4, IL-5, and IL-13 were determined by using the BD OptEIA
ELISA set (BD Biosciences) as per the manufacturer’s protocol. Briefly,
esophageal homogenate was applied to a 96-well ELISA plate precoated
with cytokine-specific mAb and blocked against nonspecific protein binding
with 10% FBS. The plate was incubated 2 h at room temperature and
washed with 0.05% Tween-20-PBS. Biotinylated, cytokine-specific mAb was
applied to each well, followed by avidin-HRP conjugate reagent. Finally,
TMB substrate solution (BD PharMingen) was added to each well, the
color was developed in the dark at room temperature, and the OD was
read at 450 nm immediately. The cytokine concentration of each sample
was calculated by using a standard curve and normalized to total tissue pro-
tein.
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Figure 1. Clinical characteristics of EE patients. The 236 active human
EE patients enrolled in the CCHMC allergy clinic were reviewed for
indoor insect allergy. Percentages of cockroach and dust mite (SPT-
positive) patients were analyzed and shown.

Statistical analysis

Data are expressed as mean * sp. Statistical significance comparing differ-
ent sets of mice was determined by unpaired InStat GraphPad #test, and
P < 0.05 is considered statistically significant.

RESULTS

EE patients have sensitivity to indoor insect allergens
Active EE patients were identified as described in Materials
and Methods. SPT was performed in 236 patients, and ~85%
of patients had SPT-positive reactions to food and inhaled
aeroallergens (data not shown). The EE patient database indi-
cates that ~38% of the 236 patients were sensitive to indoor
allergens and that a majority of these EE patients reacted to
cockroach or dust mites. We found that ~16% of EE patients
were sensitive to cockroach allergen, and ~19% were sensitive
to dust mite allergen. Notably, ~12% of EE patients were posi-
tive to cockroach and dust mites allergens. A comparable num-
ber of EE patients were found positive for dog or cat allergens
(Fig. 1). Interestingly, ~90% of cockroach and dust mite SPT-
positive EE patients were white/Caucasian and had more than
one allergic disease (Supplemental Table 2). The EE patients
included in the analysis had no symptoms or sign of eosino-
philic gastroenteritis, eosinophilic duodenitis, eosinophilic coli-
tis, or hypereosinophilic syndrome.

Intranasal indoor allergen induces airway and
esophageal eosinophilia

We next determined whether intranasal delivery of indoor al-
lergen (cockroach, dust mite, cat, dog) to the lung was suffi-
cient to induce EE. Allergens were delivered to the lung of
BALB/c naive mice using doses and techniques reported pre-
viously [9] with slight modifications as shown in Figure 2A.
The cat and dog allergen did not induce any significant lung
or esophageal eosinophilia in the allergen-challenged mice
compared with saline-challenged controls (data not shown). In
contrast, mice that were challenged with 100 ug cockroach or
dust mite allergen had an eight- to ten-fold increase in esopha-
geal eosinophilia compared with saline-exposed mice (Fig. 2, B
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and C). The eosinophil numbers in the esophagus of mice chal-
lenged with cockroach or dust mite allergen were 18.3 = 6.8/mm?
and 334 = 11.1/mm? compared with 2.3 * 1.8/mm? and 2.1 +
1.2/mm? in saline-challenged mice (mean=sp; n=14-16), respec-
tively. Interestingly, mice exposed to a mixture of cockroach and
dust mite allergens (50 ug each) showed an additive effect in induc-
ing esophageal eosinophilia; esophageal eosinophilia in mice ex-
posed to the mixture was comparable with that of mice ex-
posed to 100 ug cockroach or dust mite allergen (Fig. 2D).
As expected, mice evidencing esophageal eosinophilia after
being challenged with cockroach and/or dust mite aller-
gen(s) also have pulmonary and blood eosinophilia. The levels
of eosinophils in the BALF of mice exposed to 100 ug cock-
roach, 100 ug dust mite, or 50 ug cockroach/50 ug dust mite
mixture were 1.2 = 0.6 X 105/lung, 6.1 £ 1.6 X 105/1ung, and
9.3 + 58 X 105/1ung, respectively (mean®sp; n=9-10), com-
pared with 0.07 = 0.04 X 103/lung, 0.05 = 0.04 X 103/lung, and
0.02 = 0.02 X 10%/lung (mean*sp; n=8-9) in the respective
saline-challenged control mice. The blood eosinophilia in mice
with saline, cockroach (100 ug), or dust mite (100 ug) exposure
was 0.9 + 1.2 X 10*/ml, 2.6 = 0.9 X 10*/ml, and 4.4 = 1.6 X
10*/ml (mean=*sp; n=8-9), respectively. These results establish
that intranasal delivery of indoor allergens, specifically cockroach
and dust mite allergens, promotes esophageal, pulmonary, and
blood eosinophilia. Additionally, we tested whether allergen pro-
tease activity has any role in EE induction. We challenged mice
with 100 ug of DTT-treated (100 mM) dust mite extract, 100 ug
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original dust mite extract, or saline and then examined for
esophageal eosinophilia. Our data showed a comparable number
of esophageal eosinophilia in mice exposed to DTT-treated dust
mite extract versus original dust mite extract. The numbers of
eosinophils in mice exposed to 100 ug DTT-treated dust mite
extract or original dust mite extract were 21.2 + 7.4/mm? eosin-
ophil/mm? (mean=*sp; n=6) and 27.7 = 9.2/mm® (mean=*sp;
n=6), respectively. Eosinophil counts of saline-challenged mice
were 1.8 = 2.6/mm? (mean=*sp; n=6).

Intranasal cockroach and dust mite allergen induces a
dose- and time-dependent increase in esophageal
eosinophilia

We were interested further in testing the hypothesis that
esophageal eosinophilia increases in a dose- and time-depen-
dent manner following exposure to cockroach or dust mite
allergen. Mice received 100 ug cockroach or dust mite aller-
gen or saline intranasally three times/week for 1, 2, 3, and 4
weeks. Weekly cohorts were examined for esophageal eosino-
philia. A dose-dependent increase in esophageal eosinophilia
was observed for cockroach (Fig. 3A) and dust mite (Fig. 3B)
challenged mice. The numbers of eosinophils in the esopha-
gus of mice at 1, 2, 3, and 4 weeks of cockroach allergen chal-
lenge were 8.52 * 4.5/mm?®, 14.7 = 7.6/mm?, 10.5 = 0.8/
mm? [5], and 29.3 + 15.8/mm? (mean*sp; n=6-10). The
numbers of eosinophils in the esophagus of mice at 1, 2, 3,
and 4 weeks of dust mite allergen challenge were 8.5 = 4.5,
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Figure 3. Kinetic time-dependent analysis of indoor insect allergen-
induced esophageal eosinophilia. Naive Balb/c mice were exposed to
100 pg cockroach allergen (A), dust mite allergen (B), or saline by an
intranasal route three times/week for 4 weeks. The level of eosino-
phils in the esophagus was quantified weekly by performing anti-MBP
immunohistochemistry and morphometric analysis. The data are ex-
pressed as mean = sp; n = 6-10 mice/treatment group at each
weekly time-points.

4.0 = 0.7, 55.0 = 28.1, and 33.4 = 27.1 (mean*sp; n=6-10).
As a control, mice treated with intranasal saline showed few
baseline eosinophils in the esophagus. In contrast to the effect
of intranasal cockroach and dust mite allergen on esophageal
eosinophilia, the level of eosinophils in the stomach did not
change. Saline- and allergen-challenged mice showed a compa-
rable number of eosinophils in the stomach (data not shown).

Esophageal mast cells are increased following
cockroach and dust mite exposure

Recent clinical reports indicated that mast cell numbers in-
creased in pediatric and adult EE [15, 40, 41]; we therefore
measured mast cells in the esophagus by CAE and toludine
blue staining. Cockroach (100 ug)- and dust mite (100 ug)-
challenged mice showed an approximate four- and threefold
increase in mast cells in the esophagus (Fig. 4, A and B). Mast
cell numbers in the esophagus of saline- and cockroach-chal-
lenged mice were 6.8 = 3.1/mm? and 16.2 = 6.2/mm?
(mean=*sp; n=9-10) and of saline- and dust mite-challenged
mice were 4.7 = 1.4/mm? and 32.4 + 8.8/mm?® (mean*sp;
n=9-10), respectively. Further, a greater than four-fold in-
crease of mast cells was observed in mice challenged with the
mixture of cockroach and dust mite allergens (50 ug each)
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compared with saline challenge (Fig. 4C). Additionally, the
histopathological analysis of esophageal tissue sections identi-
fied a number of eosinophils and mast cells in the lamina pro-
pria of cockroach- and dust mite-challenged mice (Fig. 4,
D-G). We detected a number of intraepithelial eosinophils in
cockroach- and dust mitechallenged mice (Fig. 4, D and E) but did
not observe any mast cell accumulation in the epithelial mucosa.
However, an increased number of mast cells was detected in the
esophageal lamina propria following CAE staining in dual allergen-
challenged mice (Fig. 4F), and degranulated mast cells were identi-
fied by toludine blue staining in dual allergen-challenged mice (Fig.
4G). Surprisingly, we did not observe significantly induced basal cell
hyperplasia in mice following 100 ug cockroach or dust mite aller-
gen challenge.

Antigen-specific antibodies are increased following
cockroach and dust mite challenge

As allergen-induced total IgE and IgG have a critical role in
mast cell-mediated allergic responses, we examined the levels
of total IgE and antigen-specific IgG1 antibodies in cockroach-
and dust mite-challenged mice. Our analysis indicated a signif-
icant increase in the levels of total IgE (Fig. 5A) and antigen-
specific IgG1 (Fig. 5B) in mice exposed to cockroach and dust
mite allergens.

Eosinophil-active chemokines and cytokines are
induced following cockroach and dust mite challenge
in the esophagus

Next, we tested whether cockroach and dust mite exposure in mice
induces the expression of eosinophil-active chemokines and cyto-
kines in the esophagus. Accordingly, we performed quantitative real-
time PCR analysis for eotaxin-1, IL-4, IL-5, and IL-13 and B-actin
mRNA expression in the esophagus of saline-, cockroach-, and dust
mite-challenged mice. The cockroach- and dust mite-challenged
mice showed a two- to three-fold increase in the relative mRNA ex-
pression of esophageal eotaxin-1, II-4, and I-13 compared with the
saline-challenged mice following B-actin normalization (Fig. 6, A-F).
The levels of /I-5 and eotaxin-2 mRNA are induced in the esophagus;
however, the statistical significance level was P < 0.06 between aller-
gen- and saline~challenged mice (data not shown). Additionally, we
examined the I4, IL-5, and IL-13 protein levels in the esophageal
homogenates of saline-, cockroach-, or dust mite-challenged mice.
The IL4 and IL-5 levels were nondetectable in saline-, cockroach-, or
dust mite allergen-challenged mice. However, only IL-13 levels were
detected in the esophageal homogenates of saline-, cockroach-, or
dust mite-challenged mice (Fig. 6, G and H). The IL-13 levels in
cockroach- or dust mite-challenged mice were 32.4 * 14.7 and

47.3 + 18.5 pg/mg protein compared with levels of their respective
saline-exposed mice, 9.3 * 9.6 and 11.5 * 8.6 pg/mg protein

(mean=*sb; n=06).

Cockroach and dust mite allergen-induced EE is
dependent on eotaxins, its receptor CCR3, and IL-5
We next investigated whether eotaxin-1 and -2 had an essential role
in promoting esophageal eosinophils following cockroach and dust
mite challenge by inducing experimental EE in eotaxin-1/2-deficient
mice via intranasal cockroach and dust mite treatment. The level of
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roach (A), dust mite (B), or the mixture
of cockroach and dust mite (C) aller-

Saline

allergen exposure. Representative pho- . A
tomicrographs of anti-MBP-stained eosino-
phils in a cockroach-exposed esophageal
tissue section (D) and dust mite-exposed
esophageal tissue section (E), with arrows
marking the eosinophils, are shown. Mast
cells of both allergen-challenged mice
were identified by performing CAE and
toludine blue staining, and representative
photomicrographs with esophageal mast
cells marked by arrows are shown (F and
G). The inserted area in D and E shows
intraepithelial eosinophils in the esopha-
gus. These photomicrographs are repre-
sentative of three experiments. The origi-
nal magnification was X100. Data are ex-
pressed as mean = sp; n = 9-10 mice/
treatment group.

oce g- ‘
gen(s) are shown 18-20 h after the last ) e E b

eosinophils in the esophagus was increased markedly in wild-type
mice treated with either allergen compared with eotaxin-1/2-deficient
mice. In the absence of eotaxin-1 and eotaxin-2, eosinophils were
ablated in the esophagus of mice treated with cockroach or dust
mite allergen compared with wild-type mice (Fig. 7, A and B). The
numbers of eosinophils in the esophagus of cockroach and
dust mites allergen-exposed, wild-type mice were 23.7 *
12.8/mm? and 29.2 + 14.3/mm?, respectively, compared
with those of the associated saline controls, 2.3 = 2.1/mm?
and 1.9 = 2.4/mm? (mean=*sp; n=8; P<0.001). The num-
bers of eosinophils in the esophagus of cockroach and dust
mite allergen-exposed eotaxin-1/2-deficient mice were 0.4 *
0.5/mm? and 0.6 = 0.4/mm?, respectively, compared with
0.5 = 0.7/mm? and 0.6 = 0.6/mm? in the associated saline-
exposed, eotaxin-1/2-deficient mice. Additionally, we ex-
posed wild-type, eosinophil growth, and survival factor IL-5-
deficient and eotaxin receptor CCR3-deficient mice to sa-
line, cockroach, or dust mite allergens. The numbers of
eosinophils in the esophagus of cockroach- and dust mite
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allergen-exposed, wild-type mice were 26.8 * 9.7/mm? and
31.2 + 11.8/mm?, respectively, compared with 1.7 = 2.4/
mm? and 2.2 = 1.8/mm? (mean=*sp; n=8 in saline-ex-
posed, control mice, compared with undetectable in saline-,
cockroach-, or dust mite allergen-exposed CCR3- and IL-5-
deficient mice (Fig. 7, C and D).

DISCUSSION

Eosinophil infiltration into the esophagus is a commonly ob-
served medical problem in patients with diverse diseases, in-
cluding gastroesophageal reflux, drug reactions, eosinophilic
gastroenteritis, and EE [18, 19, 24, 42-45]. A number of re-
ports show a link between the indoor environment and asthma
[1, 2, 4, 6]; however, testing of the indoor environment’s role
in induction of esophageal eosinophilia is lacking. In this
study, we extend our understanding of the role of indoor al-
lergens in EE pathogenesis. Our clinical database analysis
shows that EE patients are sensitized to a number of indoor
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Figure 5. Induction of allergen-induced antibodies following cockroach
and dust mite treatment. Naive Balb/c mice were exposed to 4 weeks
of tri-weekly treatments of saline, cockroach (CR), and/or dust mite
(DM) allergens. The levels of serum total IgE (A) and antigen-specific
IgG1 (B) following saline or allergen exposure are shown. Data are
obtained 18-20 h after the last treatment and are expressed as

mean * sp; n = 6-8 mice/treatment group.

aeroallergens and food allergens. A large percentage of EE
patients is SPT-positive to common indoor allergens, such as
cat, dog, cockroach, and dust mite allergens. Based on the
high reported concordance between indoor insect allergens
and asthma in clinical studies, allergic lung responses induced
by indoor allergens may trigger EE. Therefore, we tested
whether indoor allergens induce experimental EE. We investi-
gated this hypothesis by inducing allergen sensitization in mice
via intranasal challenge with a number of indoor allergens
(dog, cat, cockroach, and dust mite) and then examining the
consequences on the esophageal inflammation.

We show that intranasal cockroach and dust mite delivery is
sufficient for the elicitation of eosinophil trafficking to the esoph-
agus, including accumulation of eosinophilis in the epithelial mu-
cosa. In contrast, dog and cat allergens fail to induce airway or
esophageal eosinophilia despite EE patients having hypersensitiv-
ity to these two allergens (data not shown). These data suggest
that dog and cat allergens may not have the capacity to induce
eosinophil-active cytokines or chemokines. We showed previously
that Aspergillusinduced EE has similar characteristics to allergen-
induced EE, including epithelial hyperplasia and remodeling [9,
46], a cardinal feature of primary EE that is consistent with the
pathogenesis of human EE [10, 12, 43, 47]. The present study
implicates indoor allergens in the EE pathogenesis, which has
clinical significance, as our patient dataset demonstrates that 25—
30% of EE patients are hypersensitive to indoor allergens.

www jleukbio.org
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In this study, we uncover several principles concerning the
mechanism of indoor insect allergen-induced esophageal eosino-
philia. First, we demonstrate a dose- and concentration-depen-
dent ability of indoor insect allergens to induce esophageal eosin-
ophilia; however, the magnitude of eosinophils in the esophagus
following cockroach and/or dust mite allergens is lower than the
previously reported Aspergillus allergen-induced esophageal eosin-
ophilia [9]. Second, we show that both of these allergens are ca-
pable of inducing eosinophil-active cytokines and chemokines in
the esophagus. Third, we show that cockroach and dust mite al-
lergens induce a high number of mast cells in the esophageal
mucosa and induce allergen-specific antibodies (IgE and IgG1)
in the blood. Both of these characteristics have been reported
recently in human EE [40, 41, 48]. Fourth, we further investi-
gated the role of eosinophil responsiveness to endogenous che-
mokines expressed by the esophagus, such as the eotaxins and
eotaxin receptors involved specifically in eosinophil trafficking to
the esophagus [32].

Eosinophilic gastrointestinal diseases are primarily polygenic aller-
gic disorders that involve mechanisms that fall between pure IgE-
mediated and delayed lymphocyte responses [49-51]. Our data indi-
cate that eosinophil-active cytokines and chemokines are induced by
indoor insect allergens. Of note, eotaxins are constitutively expressed
chemokines in the esophagus [37]. To evaluate the role of eotaxins
in mediating indoor insect allergen-induced eosinophil trafficking to
the esophagus, we examined mice that were genetically deficient in
eolaxin-1/2, CCR3, or IL-5. Our studies revealed that eotaxins, CCR3,
and IL-5 have a role in indoor insect allergen-mediated induction of
esophageal eosinophilia. These data are consistent with our previous
reports that indicate EE is dependent on eosinophil-active cytokines
and chemokines [9, 16, 32]. Although IL-5 protein is not de-
tected in the esophagus of saline- or allergen-challenged
mice, that may be a result of lack of ELISA sensitivity for
IL-5 detection. It is well established that IL-5 is a growth
and survival factor for eosinophils [52], and our previous
report implicated IL-5 in EE pathogenesis [9, 16, 32]. The
importance of IL-5 is also evident from our present data
that /L-5-deficient mice do not induce esophageal eosino-
philia following insect allergen exposure. Furthermore, it is
highly unlikely that the LPS in the cockroach and dust mite
allergen extracts is mediating the effect observed in this
study, as LPS is known to be a powerful stimulator of IL-12,
which preferentially drives Thl responses [38]. This conclu-
sion is consistent with our previous report that endotoxin-
contaminated allergen and endotoxin-free allergen have
comparable levels of esophageal eosinophilia in mice [39].

Notably, our finding that the level of eosinophils in the stomach
was unaffected by intranasal indoor allergens is consistent with
aeroallergen-induced EE as reported previously [9]. The present
experimental findings are in accordance with the human EE data,
which show that most EE patients have no other eosinophilic gastro-
intestinal diseases, and support our earlier understanding that a local
mechanism is operational in inducing esophageal eosinophilia.
These investigations highlight the significance of further dissecting
the role of indoor allergens in the pathogenesis of EE. These experi-
mental studies are in accordance with the human clinical data col-
lected from an existing database; however, it has some limitations, as
no animal model mimics human disease completely. Interestingly, a
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number of human EE characteristics, such as intraepithelial eosino-
phils, deposition of extracelluar granules, and Th2 cytokine induc-
tion in the esophagus, are observed in cockroach and dust mite al-
lergen-induced esophageal eosinophila in mice. In summary, our
investigation implicates indoor insect allergens in the induction of
EE and dissects the cellular and molecular mechanisms involved in
indoor insect allergen-induced EE pathogenesis.
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