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Experimental gastrointestinal allergy enhances
pulmonary responses to specific and unrelated
allergens

Eric B. Brandt, PhD, Troy A. Scribner, MD, Hiroko Saito Akei, MD, PhD, and

Marc E. Rothenberg, MD, PhD Cincinnati, Ohio
Background: Gastrointestinal allergy often precedes or coexists

with respiratory allergy.

Objective: We hypothesized that established experimental

gastrointestinal allergy would prime for the development of

allergic respiratory responses.

Methods: BALB/c mice were sensitized with ovalbumin (OVA)

in the presence of aluminum potassium sulfate and then

subjected to intragastric saline or OVA challenges. After the

development of allergen-induced gastrointestinal allergy, mice

were intranasally exposed to either saline, OVA, or a

neoaeroallergen house dust mite (HDM) extract. Airway

inflammation (eg, bronchoalveolar lavage fluid cellularity,

cytokine levels, and OVA-specific antibody levels) and airway

responsiveness to methacholine exposure were assessed after

intranasal allergen exposure.

Results: A single intranasal exposure to OVA induced

significantly more airway inflammation in intragastric OVA-

challenged mice compared with that seen in intragastric saline-

treated mice. Kinetic analysis revealed that the observed

amplification of lung inflammation was sustained for up to 12

days after the last intragastric OVA challenge after resolution

of blood eosinophilia. When mice with gastrointestinal allergy

were repeatedly challenged with HDM in the respiratory tract,

they experienced enhanced airway inflammation, including

bronchoalveolar lavage fluid eosinophilia and increased IL-13

levels.

Conclusion: Taken together, our results demonstrate that OVA-

induced gastrointestinal allergy enhances not only allergic

airway responses to OVA but also to HDM, an unrelated

aeroallergen.
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Clinical implications: Experimental gastrointestinal allergy

primes for responses to allergens in the respiratory tract,

enhancing antigen-specific antibody and TH2 cytokine

production, airway inflammation, and airway hyper-

responsiveness. (J Allergy Clin Immunol 2006;118:420-7.)

Key words: Allergy, lung, intestine, eosinophil, eotaxin, IL-13,

house dust mite, ovalbumin, mice

The most common clinical manifestations of allergic
responses to food involve the gastrointestinal tract, but the
skin and respiratory tract are also frequently involved.1,2

Gastrointestinal allergy to ingested foods often precedes
or coexists with upper and lower respiratory tract symp-
toms.1,2 A wide variety of respiratory symptoms have
been attributed to food allergy, including nasal conges-
tion, rhinorrhea, sneezing, coughing, and wheezing.
Although food-induced respiratory symptoms are less fre-
quent, their presence generally indicates a more severe dis-
ease manifestation.3 The incidence of respiratory reactions
induced by food is estimated to be between 2% and 8% in
children and adults with asthma.2 Although oral ingestion
is the primary route of exposure to food that results in
respiratory symptoms, asthmatic responses can also occur
from direct inhalation of aerosolized food particles.4,5

Food-induced asthma is generally observed during IgE-
mediated systemic allergic reactions to ingested proteins.6

Notably, food allergy in early childhood is associated with
an increased risk of allergic airway disease.7-9

Allergen sensitization is an important risk factor for
asthma development because approximately two thirds of
asthmatic patients are sensitized to at least one inhalant
allergen.10 Indeed, sensitization to multiple allergens
increases with age, suggesting that polysensitization is
the natural history of allergy in atopic individuals.10

Although numerous studies have focused on the cause
for the increase in the incidence of allergic disease over
the last few decades,11,12 it remains unclear how an
atopic individual progresses from nonsensitization to
polysensitization. Furthermore, the role of an established
allergen-specific TH2-mediated inflammatory response
in the sensitization to new antigens is unclear.

We have recently developed a mouse model of oral
allergen–induced gastrointestinal allergy accompanied by
strong TH2-associated humoral and cellular responses,
including intestinal eosinophilia and mastocytosis and
the occurrence of diarrhea.13,14 We hypothesized that an
established inflammation in the gastrointestinal tract pre-
disposes to allergic airway responses. Accordingly, we
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Abbreviations used
Alum: Aluminum potassium sulfate

BALF: Bronchoalveolar lavage fluid

HDM: House dust mite

OVA: Ovalbumin

PAS: Periodic acid–Schiff

Penh: Enhanced pause

subjected mice to an intranasal challenge with the same
food allergen (ovalbumin [OVA]) and examined the
consequences of pre-existing gastrointestinal allergy on
the development of respiratory immune responses.
Furthermore, we examined collateral priming to an unre-
lated aeroallergen (house dust mite [HDM]) in mice with
gastrointestinal allergy.

METHODS

Animals

BALB/c mice were obtained from the National Cancer Institute

(Bethesda, Md). Experiments were performed on sex- and age-

matched mice (5-7 weeks). All mice were housed according to

institutional guidelines in a pathogen-free environment. Water was

available continuously through automatic ports, and a commercial

mouse diet was provided ad libitum.

Induction of intestinal anaphylaxis

Mice were sensitized and intragastrically challenged with chicken

OVA (grade V; A-5503; Sigma-Aldrich, St Louis, Mo), as previously

described.14 Briefly, the mice were intraperitoneally sensitized twice

with 50 mg of OVA in the presence of 1 mg of the aluminum potas-

sium sulfate adjuvant (alum; ALK[SO4]2-12H2O; A-7210; Sigma-

Aldrich, Milwaukee, Wis). Two weeks later, the mice were fed either

50 mg of OVA suspended in 250 mL or 0.9% saline as a control

through an intragastric feeding needle (22-gauge, 1.5-inch, 1.25-

mm ball; 01-290-2B; Fisher Scientific, Pittsburg, Pa). The challenges

were performed 3 times per week (every other day) for a total of 6

challenges. The mice were observed for up to 1 hour after each chal-

lenge to observe the induction of intestinal anaphylaxis, as evidenced

by the onset of profuse liquid diarrhea.

OVA-induced airway inflammation

One day after the completion of the intragastric challenges, the

mice were subjected to a single intranasal administration with 50 mL

of OVA (1 mg/mL) or sterile saline. A protocol of delayed asthma

induction was performed with a single intranasal challenge at either

6 or 11 days after the last intragastric challenge to isolate the effect

of the systemic response after intestinal allergy.

Induction of cross-sensitization to HDM

Sensitization and intragastric challenges were performed with

OVA, as described above. The mice were subjected to a series of 4

intranasal challenges with 50 mL of saline or HDM 1 day after the

third, fifth, and sixth intragastric challenges, respectively. HDM

extract (Greer laboratories, Lenoir, NC) was resuspended in saline at

a concentration of 1.3 mg/mL (50 mL represents 65 mg of total protein

and 10 mg of Der p 1 according to the manufacturer).

Airway function measurements

Increases in airway resistance to aerosolized methacholine

(3.125-50 mg/mL) were determined as enhanced pause (Penh), a
dimensionless value, after 5 minutes of aerosol exposure by

using whole-body plethysmography, as previously reported.15 The

data are expressed as the percentage increase in Penh over baseline

(PBS).

Bronchoalveolar lavage fluid

Mice were killed by means of carbon dioxide inhalation 20 hours

after the last intranasal challenge, and bronchoalveolar lavage fluid

(BALF) was obtained as previously reported.16 Slides were stained

with a modified Diff-Quick protocol (HEMA3 from Fisher

Scientific, Kalamazoo, Mich). All samples were evaluated in a blind

manner.

Lung histopathology

The lungs were fixed in formalin, embedded in paraffin, and

stained with either hematoxylin and eosin or periodic acid–Schiff

(PAS). PAS-stained airway goblet cells were enumerated by means

of light microscopic examination (340 objective), as previously

reported.16 The number of PAS-positive and PAS-negative epithelial

cells in individual bronchioles was counted to quantitate the level of

mucus expression in the airway. At least 3 medium-sized bronchioles

(defined by having approximately 75-150 luminal airway epithelial

cells) were counted in each slide. Results are expressed as the percent-

age of PAS-positive cells per bronchiole, which is calculated from the

number of PAS-positive epithelial cells per bronchiole divided by the

total number of epithelial cells of each bronchiole.

Quantification of blood eosinophils

Blood was collected by means of retro-orbital bleeding, as

previously described,17 and diluted (1:10) in Discombe’s solution,

which was prepared by mixing 1 volume of 1% aqueous eosin Y

(Fischer Scientific, Fair Lawn, NJ) with 1 volume of acetone and

finally diluting 1:10 in water. For each sample, eosinophils per cubic

millimeter of the hemocytometer chamber (Hausser Scientific

Partnership, Horsham, Pa) were counted, and the final result was

expressed as the number of eosinophils per milliliter of blood.

ELISA measurements

BALF and plasma were collected 20 hours after the last intranasal

challenge. IL-13 BALF levels and total IgE BALF and plasma levels

were measured by using an ELISA kit, according to the manufac-

turer’s instructions (R&D Systems, Minneapolis, Minn, and BD

Biosciences-Pharmingen, San Diego, Calif, respectively). Allergen-

specific IgG1 and IgA levels were measured after coating 96-well

Immulon plates with 100 mL of OVA (100 mg/mL) in carbonate

buffer and overnight incubation. Blocking was done with 10% FCS in

PBS for sera samples and 3% BSA for BALF samples, and all washes

were performed with 0.1% Tween-20 in PBS. Plasma samples were

diluted 1:1000 for IgG1 and 1:10 for IgA, whereas BALF samples

were undiluted for IgA and diluted 1:20 for IgG1 before serial

dilutions of 1:4. After 2 hours of incubation, plates were washed, and

horseradish peroxidase–conjugated rabbit anti-mouse IgG1 (1:1000;

X56; BD Pharmingen) was added. The plates were developed with

tetramethylbenzidine (TMB Substrate Reagent set; BD Pharmingen)

and quenched with 2 M HCL. The OD was read within 5 minutes at

450 nm on an Ultra Microplate Reader (Bio-tek Instruments,

Winooski, Vt). Data represent the mean 6 SEM of the plasma dilu-

tion to obtain a specific OD within the linear portion of the curve

for all samples assayed.

Statistical analysis

Data are expressed as means 6 SEM. Statistical significance

comparing different sets of mice was determined by using the Student

unpaired t test or the Mann-Whitney U test when appropriate.
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FIG 1. OVA-induced gastrointestinal allergy increases BALF inflammation after a single intranasal allergen

challenge. A, After OVA/alum sensitization and 6 intragastric saline or OVA challenges, mice underwent a sin-

gle intranasal challenge with saline or 50 mg of OVA as depicted. Total number of cells recruited into the BALF

(B), as well as BALF eosinophils (C), eotaxin-1 levels (D), and eotaxin-2 levels (E) were assessed 20 hours after

the intranasal challenge and expressed as mean 6 SEM of 3 separate experiments (n 5 8-19 mice per group).

Statistical significance between mice with and without gastrointestinal allergy was assessed by using the

Mann-Whitney U test (#P < .001). i.p., Intraperitoneal; i.g., intragastric; i.n., intranasal.
Multiple comparisons were done with 1-way ANOVA, followed by

the appropriate post-hoc test.

RESULTS

Gastrointestinal allergy increases BALF
inflammation after a single intranasal
allergen challenge

We have previously shown that intraperitoneal sensiti-
zation with OVA/aluminum potassium sulfate (alum)
primes for gastrointestinal allergy after intragastric OVA
challenges.14 In addition to gastrointestinal mastocytosis
and eosinophilia, the mice also display systemic TH2
responses, including blood eosinophilia and increased
OVA-specific IgG1 and IgE levels. We hypothesized
that distant mucosal sites, such as the lung, might
also be primed by this TH2 response. We were thus inter-
ested in assessing the importance of gastrointestinal
inflammation on responses to respiratory OVA exposure.
After intragastric saline or OVA administration, mice
were exposed to a single intranasal saline or OVA chal-
lenge (Fig 1, A). To evaluate the effect of OVA/alum sen-
sitization alone on the intranasal challenge, we
intragastrically challenged mice with saline. In the ab-
sence of OVA-induced gastrointestinal allergy, a signifi-
cant but limited increase in total BALF cells was
observed (21.0 6 1.5 3 104 vs 3.0 6 0.4 3 104, P <
.0001) after a single intranasal OVA or saline challenge,
respectively. In mice with established gastrointestinal al-
lergy, intranasal OVA challenge resulted in significant
BALF inflammation compared with that seen in mice in-
tranasally challenged with saline (68.4 6 7.3 3 104 vs
5.2 6 0.6 3 104, P < .0001). More importantly, when
compared with mice intragastrically challenged with sa-
line, a 3-fold increase was observed after airway OVA ex-
posure (Fig 1, B). The majority of infiltrating BALF cells in



J ALLERGY CLIN IMMUNOL

VOLUME 118, NUMBER 2

Brandt et al 423

M
e
ch

a
n
is

m
s

o
f
a
st

h
m

a
a
n
d

a
ll
e
rg

ic
in

fl
a
m

m
a
ti
o
n

FIG 2. Eosinophilia after delayed intranasal OVA challenge. A, All mice received a single intranasal challenge

with OVA or saline either 1, 6, or 11 days after the last intragastric challenge. B, Peripheral blood eosinophil

levels were assessed by means of Discombe staining and expressed as the mean 6 SEM of 2 to 4 separate

experiments. C, Total number of BALF eosinophils and BALF eotaxin-2 levels (E) were assessed 20 hours after

the intranasal challenge. All BALF results are expressed as the mean 6 SEM of 4 separate experiments (n 5 8-

16 mice per group). Statistical significance between mice with or without allergic diarrhea was assessed by

using the Mann-Whitney U test (#P < .005). Comparisons between day 1, day 6, and day 11 were done with

1-way ANOVA with the Dunn post-hoc test. D, Correlation between total BALF eosinophil numbers and blood

eosinophil levels was assessed in all mice challenged intranasally with OVA. The results of the Spearman non-

parametric correlation test were significant (P < .005). Sal, Saline; n.s., not significant.
mice with gastrointestinal allergy were eosinophils (52.1%
6 2.7% vs 9.0% 6 2.2%), resulting in a 15-fold increase
in total BALF eosinophils (Fig 1, C).

Because eotaxin-1 and eotaxin-2 are eosinophil-selective
chemokines,18 we measured protein levels in the BALF.
Importantly, when mice with and without gastrointestinal
allergy were compared, BALF eotaxin-1 (Fig 1, D) and eo-
taxin-2 (Fig 1, E) levels were significantly increased 3.5-
fold and 7-fold, respectively (P < .0001). Taken together
with a recent report demonstrating that BALF eotaxin-2
(and not eotaxin-1) represents the main chemokine respon-
sible for eosinophil accumulation into the BALF,19 our re-
sults suggest that gastrointestinal allergy promotes the
secretion of increased amounts of eotaxin-2 in the BALF,
thus inducing a profound BALF eosinophilia.
To examine the kinetics of this experimental system, we
administered intranasal OVA on various days after the last
gastrointestinal OVA challenge (specifically 1, 6, or 11
days after intragastric OVA challenge). We then examined
blood and BALF eosinophilia 20 hours after intranasal
OVA challenge (Fig 2, A). The importance of allergen-
induced intestinal inflammation on eosinophil blood
levels is highlighted by the absence of any blood eosino-
philia after the intranasal OVA challenge in mice without
allergen-induced diarrhea (Fig 2, B, saline/OVA group).
After allergic diarrhea and in the absence of any new
allergen challenge to the intestine or the lungs, blood
eosinophilia returned to baseline levels around day 12
(Fig 2, B). Gastrointestinal eosinophil levels, which were
still increased 48 hours after the last OVA challenge
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FIG 3. Gastrointestinal allergy followed by a single intranasal allergen challenge increases allergic airway

responses. A, The percentage of mucus-producing epithelial cells was assessed in bronchioles 20 hours after

the intranasal OVA challenge (n 5 10-15 mice per group). B, Methacholine sensitivity was determined 20

hours after the single intranasal saline or OVA challenge by means of whole-body plethysmography (Buxco).

Results are expressed as mean 6 SEM of the fold increase over baseline (6-10 mice per group), and statistical

significance for multiple comparisons was assessed by using 1-way ANOVA with the Tukey-Kramer post-hoc

test. i.g., Intragastric; i.n., intranasal.
(497 6 95 and 515 6 159 eosinophils/mm2 after intrana-
sal saline or OVA challenge on day 1, respectively) re-
turned to baseline within 1 week (256 6 48 and 249 6

32 eosinophils/mm2, respectively).
Importantly, BALF eosinophil levels were still signif-

icantly higher on day 11 in mice with allergic diarrhea
when compared with those seen in mice challenged
intragastrically with saline (Fig 2, C). Although a correla-
tion exists between blood eosinophilia and increased eo-
sinophil recruitment into the BALF (Fig 2, D; P < .005),
in the absence of an allergen challenge to the airways,
no BALF eosinophilia was observed (Fig 2, C). In accor-
dance with its role in eosinophil recruitment into the
BALF,19 eotaxin-2 BALF levels were still increased on
day 11 (Fig 2, E) and correlated well with sustained eosin-
ophil BALF levels (P < .0001).

Gastrointestinal allergy followed by a single
intranasal allergen challenge increases
allergic airway responses

In addition to airway eosinophilia, other hallmarks of
allergic lung inflammation include IL-13 production,
mucus secretion, and airway hyperresponsiveness.20

Although IL-13 BALF levels were barely detectable
(data not shown), an increased number of mucus-produc-
ing epithelial cells was observed after the single intranasal
OVA challenge (Fig 3, A). When subjected to increasing
doses of aerosolized methacholine, mice with gastrointes-
tinal allergy had increased Penh values after intranasal
OVA exposure compared with values seen in mice with
gastrointestinal allergy but exposed to intranasal saline
(Fig 3, B; P < .007). Of note, gastrointestinal allergy by
itself failed to promote increased Penh values (data not
shown). This was further confirmed when comparing
mice intranasally challenged with saline (Fig 3, B).
Taken together, these results show that allergen-induced
inflammatory events taking place in the intestinal mucosa
have a profound effect on pulmonary responses to the
same antigen.

OVA-induced gastrointestinal allergy
increases BALF eosinophilia after exposure to
an unrelated aeroallergen (HDM) challenge

To determine whether gastrointestinal allergy would
prime for allergic respiratory responses to an unrelated
antigen, we exposed sensitized mice to intragastric saline
or OVA and to 3 or 4 intranasal doses of HDM, as
described in Fig 4, A. Although a significant increase in to-
tal BALF eosinophil numbers was observed after only 3
intranasal challenges (14 6 8 3 103 vs 73 6 21 3 103,
P < .05), we opted for a fourth HDM administration
1 week later to maximize the adaptive immune response
to HDM. Indeed, only 1 week after the first administration
of HDM, HDM-specific IgG1 levels were barely detect-
able after the third intranasal challenge (titers ranged
between undetectable and 1:100). However, after the
fourth intranasal HDM challenge, significant levels of
HDM-specific IgG1 were observed in the plasma and
BALF of HDM-challenged mice. Importantly, no signifi-
cant increase in HDM-specific IgG1 blood levels was ob-
served in HDM-exposed mice with gastrointestinal allergy
compared with levels seen in mice only exposed to HDM
(titers were 1:1216 6 255 vs 1:1103 6 217, respectively).
Similarly, BALF levels of HDM-specific IgG1 and IgA
were also not induced (data not shown). Furthermore,
spleen and lymph node cells were isolated and stimulated
in vitro with either OVA or HDM. Although all spleen
cells proliferated to OVA (because all mice were intraper-
itoneally sensitized to OVA), only the mice challenged
with HDM proliferated to HDM, albeit weakly and in-
consistently (data not shown). No significant increase in
HDM-induced proliferation could therefore be observed
in either draining lymph node or spleen cells of
mice with OVA-induced gastrointestinal allergy.
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FIG 4. BALF eosinophilia after intranasal challenge with an unrelated allergen, HDM. A, Timeline representa-

tion with intragastric OVA challenges and intranasal HDM administration. Total number of BALF cells (B) and

BALF eosinophilia (C) were assessed 20 hours after the fourth intranasal saline or HDM challenge. All results

are expressed as mean 6 SEM of 3 separate experiments for 43 HDM (n 5 17-19 mice per group). Eotaxin-2

(D) and IL-13 (E) BALF levels were assessed 20 hours after 4 intranasal HDM challenges (n 5 17-20 mice per

group). Statistical significance between mice with and without gastrointestinal allergy was assessed by using

the Mann-Whitney U test or t test when appropriate (*P < .05, #P < .01). F, Methacholine sensitivity was de-

termined 20 hours after the single intranasal saline or HDM challenge by means of whole-body plethysmog-

raphy (Buxco). Results are expressed as mean 6 SEM of the fold increase over baseline (17-30 mice per

group), and statistical significance for multiple comparisons was assessed by using 1-way ANOVA with the

Tukey-Kramer post-hoc test. i.p., Intraperitoneal; i.g., intragastric; i.n., intranasal.
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Nevertheless, a significant increase in total BALF cells
was observed in mice with allergic diarrhea when com-
pared with the BALF inflammation observed in mice
only challenged with HDM (Fig 4, B; P < .001).
Importantly, exposure to HDM led to significantly higher
BALFeosinophilia inmicewith acute OVA-induced diar-
rhea (Fig 4, C; P < .05). Of note, neutrophils and lympho-
cytes were also significantly increased after HDM challenges
in mice with OVA-induced gastrointestinal allergy (data
not shown), albeit more modestly than BALF eosinophils.

To determine whether the inflammatory response in
the lung was allergen specific, we intranasally challenged
mice with gastrointestinal allergy with BSA instead of
HDM. Although a mild but significant increase in total
BALF cells was observed (Fig 4, B), BALF eosinophilia
was not significantly different from that seen after a saline
challenge (2.0 6 0.9 3 103 vs 1.2 6 0.5 3 103, P > .05)
and was not associated with increased BALF eotaxin-2
levels (Fig 4, D).

IL-13 is an essential cytokine for allergic airway
responses,20 and as such, we hypothesized that gastrointes-
tinal allergy would prime for respiratory allergen–induced
IL-13 production. Notably, in mice with OVA-
induced allergic diarrhea, respiratory HDM exposure was
associated with increased IL-13 BALF levels (Fig 4, E).
Next we assessed airway responses by means of whole-
body plethysmography. When subjected to increasing doses
of aerosolized methacholine, mice with intranasal HDM ex-
posure had a significant increase in Penh values (Fig 4, F;
P < .001). Notably, a modest increase in Penh was observed
in mice with acute diarrhea when compared with that seen in
their respective control animals (Fig 4, F; P < .05).

DISCUSSION

The present study demonstrates that allergic reactions at
one mucosal site can prime for similar responses in distant
mucosal sites. Although several studies have suggested that
skin sensitization can lead to an increase in allergic airway
responses,15,21-24 the present study demonstrates that gastro-
intestinal allergic reactions increase the severity of the pulmo-
nary response after an acute allergen exposure in the lung. As
such, our experimental model offers new insight into the
cross-talk between gastrointestinal allergy and asthma.

We first demonstrated that OVA-induced gastrointesti-
nal allergy significantly increased airway inflammation
compared with sensitization alone. Although neutrophils
normally represent the major infiltrating granulocyte dur-
ing the first 24 hours after a single intranasal allergen
challenge, the increased recruitment of eosinophils com-
pared with neutrophils is likely the combined result of
increased eotaxin-2 BALF levels and increased eosinophil
blood levels resulting from gastrointestinal eosinophilia.
Although blood eosinophilia correlated with BALF eosin-
ophilia after intranasal challenge, this is not the case in the
absence of intranasal allergen exposure, in which neither
lung eotaxin-2 mRNA levels (data not shown) nor BALF
eotaxin-2 protein levels were significantly increased. Only
eotaxin-2 BALF levels strongly correlated with BALF
eosinophil levels in all groups. Indeed, in the context of an
IL-13–driven allergic airway response, eotaxin-2 has been
shown to have a central role in eosinophil recruitment from
the lung tissue into the airway lumen.19,25

Although airway neutrophilia does not generally affect
development of airway hyperresponsiveness,26 several re-
cent studies have convincingly demonstrated that eosino-
phil recruitment to the lungs has a critical role in several
hallmarks of experimental asthma, including hyperre-
sponsiveness to methacholine challenge.27-29 Indeed, we
demonstrate increased airway hyperresponsiveness after
a single intranasal OVA challenge in mice with gastro-
intestinal allergy compared with that seen in control
mice not subjected to gastrointestinal allergen challenge.
Interestingly, it has recently been demonstrated that over-
expressing eotaxin-1, specifically in the small intestine,
results in intestinal eosinophilia associated with bronchial
hyperresponsiveness.30 However, gastrointestinal allergy
by itself failed to induce airway hyperresponsiveness
(data not shown and Fig 3). Although the 2 models differ
quite significantly, it remains possible that the modest in-
crease observed in the Penh ratio could become significant
with a larger number of mice.

More relevant to the natural course of the disease, we
were able to demonstrate that gastrointestinal allergy
primes for allergic responses to unrelated allergens (HDM).
Although a single dose of HDM administered 1 day after the
last intragastric OVA challenge did not induce any BALF
inflammation over that seen after a saline control (data not
shown), a significant eosinophil infiltrate occurred after 3
challenges. After a fourth challenge, 2 weeks after the first
airway exposure to HDM, a significant BALF inflammation
was associated with HDM-specific T- and B-cell responses.
A recent study using a regimen of 5 HDM doses per week for
up to 7 weeks demonstrated that after a week of exposure to
HDM, BALF inflammation was not significantly different
from that seen in naive mice; continuous exposure over a
3-week period was needed to generate an HDM-specific
TH2 humoral response,31 which was likely mediated by
GM-CSF.32 The proteolytic activity of the major mite aller-
gen Der p 1 is believed to have a role in disrupting the airway
epithelium33 and promoting a local TH2 response.34

To better understand why gastrointestinal allergy to
ingested foods often precedes or coexists with upper and
lower respiratory tract symptoms,1,2 our study focused on
the role that gastrointestinal allergic reactions have on the
development of allergic airway responses to an unrelated
aeroallergen. It has been suggested that pre-exposure to
HDM a few hours before airway exposure to OVA could
facilitate the penetration of the bystander allergen and
overcome tolerance normally observed after multiple in-
tranasal OVA doses, probably because of the proteolytic
activity of Der p 1.35,36 Rather than investigating the addi-
tive effects of OVA and HDM administration to a single
compartment, we decided to examine 2 distinct mucosal
tissues relevant to the food allergen OVA and the aero-
allergen HDM. Notably, OVA-induced gastrointestinal
allergy was associated with increased HDM-induced
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airway inflammation. Furthermore, although IL-13 BALF
levels were significantly higher after acute allergic diar-
rhea, gastrointestinal allergy had no significant effect on
HDM-specific immune responses under our experimental
conditions. Perhaps additional HDM challenges might
yield a significant increase in HDM-specific immune re-
sponses in mice with gastrointestinal allergy because at
least 10 doses of HDM have been shown to be required
for HDM-specific lymphocyte immunity.32,35 Taken to-
gether, our results demonstrate cross talk between the devel-
opment of gastrointestinal and respiratory allergy and
establish that gastrointestinal allergy primes for allergic respi-
ratory responses. Furthermore, these results provide an exper-
imental framework to dissect critical mechanisms that might
be operational during induction of natural allergic disease.

We thank Patricia Fulkerson for her writing assistance, helpful

discussion, and review of this manuscript. We also thank Drs Simon

Hogan, Sam Pope, and Nives Zimmermann for their input. Finally,

we greatly thank Dominique Brandt for statistical analysis, Andrea

Lippelman for editorial assistance and Matthew Doepker, Lynn

Hassman, and Christine Fischetti for their technical assistance.

REFERENCES

1. James JM. Food allergy and the respiratory tract. Curr Allergy Rep 2001;

1:54-60.

2. Sampson HA. Update on food allergy. J Allergy Clin Immunol 2004;

113:805-20.

3. James JM. Respiratory manifestations of food allergy. Pediatrics 2003;

111:1625-30.

4. Sicherer SH, Furlong TJ, DeSimone J, Sampson HA. Self-reported aller-

gic reactions to peanut on commercial airliners. J Allergy Clin Immunol

1999;104:186-9.

5. Leser C, Hartmann AL, Praml G, Wuthrich B. The ‘‘egg-egg’’ syndrome:

occupational respiratory allergy to airborne egg proteins with consecu-

tive ingestive egg allergy in the bakery and confectionery industry. J In-

vestig Allergol Clin Immunol 2001;11:89-93.

6. James JM, Eigenmann PA, Eggleston PA, Sampson HA. Airway reactiv-

ity changes in asthmatic patients undergoing blinded food challenges.

Am J Respir Crit Care Med 1996;153:597-603.

7. Rhodes HL, Sporik R, Thomas P, Holgate ST, Cogswell JJ. Early life

risk factors for adult asthma: a birth cohort study of subjects at risk.

J Allergy Clin Immunol 2001;108:720-5.

8. Tariq SM, Matthews SM, Hakim EA, Arshad SH. Egg allergy in infancy

predicts respiratory allergic disease by 4 years of age. Pediatr Allergy

Immunol 2000;11:162-7.

9. Leung TF, Lam CW, Chan IH, Li AM, Tang NL. Sensitization to com-

mon food allergens is a risk factor for asthma in young Chinese children

in Hong Kong. J Asthma 2002;39:523-9.

10. Fasce L, Tosca MA, Olcese R, Milanese M, Erba D, Ciprandi G. The nat-

ural history of allergy: the development of new sensitizations in asth-

matic children. Immunol Lett 2004;93:45-50.

11. Von Hertzen LC, Haahtela T. Asthma and atopy—the price of affluence?

Allergy 2004;59:124-37.

12. Romagnani S. The increased prevalence of allergy and the hygiene

hypothesis: missing immune deviation, reduced immune suppression,

or both? Immunology 2004;112:352-63.

13. Finkelman FD, Rothenberg ME, Brandt EB, Morris SC, Strait RT.

Molecular mechanisms of anaphylaxis: lessons from studies with murine

models. J Allergy Clin Immunol 2005;115:449-58.

14. Brandt EB, Strait RT, Hershko D, Wang Q, Muntel EE, Scribner TA,

et al. Mast cells are required for experimental oral allergen-induced diar-

rhea. J Clin Invest 2003;112:1666-77.

15. Akei HS, Brandt EB, Mishra A, Strait RT, Finkelman FD, Warrier MR,

et al. Epicutaneous aeroallergen exposure induces systemic Th2

immunity that predisposes to allergic nasal responses. J Allergy Clin

Immunol 2006;118:62-9.
16. Blanchard C, Mishra A, Saito Akei H, Monk P, Anderson I, Rothenberg

ME. Inhibition of human interleukin-13-induced respiratory and oeso-

phageal inflammation by anti-human-interleukin-13 antibody (CAT-

354). Clin Exp Allergy 2005;35:1096-103.

17. Brandt EB, Rothenberg ME. Eosinophil levels in mice are significantly

higher in small blood vessels than in large blood vessels. J Allergy

Clin Immunol 2001;108:142-3.

18. Rothenberg ME, Zimmermann N, Mishra A, Brandt E, Birkenberger LA,

Hogan SP, et al. Chemokines and chemokine receptors: their role in

allergic airway disease. J Clin Immunol 1999;19:250-65.

19. Pope SM, Zimmermann N, Stringer KF, Karow ML, Rothenberg ME.

The eotaxin chemokines and CCR3 are fundamental regulators of aller-

gen-induced pulmonary eosinophilia. J Immunol 2005;175:5341-50.

20. Wills-Karp M, Luyimbazi J, Xu X, Schofield B, Neben TY, Karp CL,

et al. Interleukin-13: central mediator of allergic asthma. Science 1998;

282:2258-61.

21. Kondo H, Ichikawa Y, Imokawa G. Percutaneous sensitization with aller-

gens through barrier-disrupted skin elicits a Th2-dominant cytokine re-

sponse. Eur J Immunol 1998;28:769-79.

22. Herrick CA, Xu L, McKenzie AN, Tigelaar RE, Bottomly K. IL-13

is necessary, not simply sufficient, for epicutaneously induced Th2

responses to soluble protein antigen. J Immunol 2003;170:2488-95.

23. Hsieh KY, Tsai CC, Wu CH, Lin RH. Epicutaneous exposure to protein

antigen and food allergy. Clin Exp Allergy 2003;33:1067-75.

24. Ma W, Bryce PJ, Humbles AA, Laouini D, Yalcindag A, Alenius H,

et al. CCR3 is essential for skin eosinophilia and airway hyperrespon-

siveness in a murine model of allergic skin inflammation. J Clin Invest

2002;109:621-8.

25. Pope SM, Fulkerson PC, Blanchard C, Akei HS, Nikolaidis NM, Zim-

mermann N, et al. Identification of a cooperative mechanism involving

interleukin-13 and eotaxin-2 in experimental allergic lung inflammation.

J Biol Chem 2005;280:13952-61.

26. Taube C, Nick JA, Siegmund B, Duez C, Takeda K, Rha YH, et al. Inhi-

bition of early airway neutrophilia does not affect development of airway

hyperresponsiveness. Am J Respir Cell Mol Biol 2004;30:837-43.

27. Justice JP, Borchers MT, Crosby JR, Hines EM, Shen HH, Ochkur SI,

et al. Ablation of eosinophils leads to a reduction of allergen-induced pul-

monary pathology. Am J Physiol Lung Cell Mol Physiol 2003;284:L169-78.

28. Shen HH, Ochkur SI, McGarry MP, Crosby JR, Hines EM, Borchers

MT, et al. A causative relationship exists between eosinophils and the de-

velopment of allergic pulmonary pathologies in the mouse. J Immunol

2003;170:3296-305.

29. Lee JJ, Dimina D, Macias MP, Ochkur SI, McGarry MP, O’Neill KR,

et al. Defining a link with asthma in mice congenitally deficient in eosin-

ophils. Science 2004;305:1773-6.

30. Forbes E, Smart VE, D’Aprile A, Henry P, Yang M, Matthaei KI, et al.

T helper-2 immunity regulates bronchial hyperresponsiveness in eosino-

phil-associated gastrointestinal disease in mice. Gastroenterology 2004;

127:105-18.

31. Johnson JR, Wiley RE, Fattouh R, Swirski FK, Gajewska BU, Coyle AJ,

et al. Continuous exposure to house dust mite elicits chronic airway in-

flammation and structural remodeling. Am J Respir Crit Care Med 2004;

169:378-85.

32. Cates EC, Fattouh R, Wattie J, Inman MD, Goncharova S, Coyle AJ,

et al. Intranasal exposure of mice to house dust mite elicits allergic air-

way inflammation via a GM-CSF-mediated mechanism. J Immunol

2004;173:6384-92.

33. Wan H, Winton HL, Soeller C, Tovey ER, Gruenert DC, Thompson PJ,

et al. Der p 1 facilitates transepithelial allergen delivery by disruption of

tight junctions. J Clin Invest 1999;104:123-33.

34. Ghaemmaghami AM, Robins A, Gough L, Sewell HF, Shakib F. Human T

cell subset commitment determined by the intrinsic property of antigen: the

proteolytic activity of the major mite allergen Der p 1 conditions T cells to

produce more IL-4 and less IFN-gamma. Eur J Immunol 2001;31:1211-6.

35. Fattouh R, Pouladi MA, Alvarez D, Johnson JR, Walker TD, Gonchar-

ova S, et al. House dust mite facilitates ovalbumin-specific allergic sen-

sitization and airways inflammation. Am J Respir Crit Care Med 2005;

172:314-21.

36. Gough L, Campbell E, Bayley D, Van Heeke G, Shakib F. Proteo-

lytic activity of the house dust mite allergen Der p 1 enhances aller-

genicity in a mouse inhalation model. Clin Exp Allergy 2003;33:

1159-63.


	Experimental gastrointestinal allergy enhances pulmonary responses to specific and unrelated allergens
	Methods
	Animals
	Induction of intestinal anaphylaxis
	OVA-induced airway inflammation
	Induction of cross-sensitization to HDM
	Airway function measurements
	Bronchoalveolar lavage fluid
	Lung histopathology
	Quantification of blood eosinophils
	ELISA measurements
	Statistical analysis

	Results
	Gastrointestinal allergy increases BALF inflammation after a single intranasal allergen challenge
	Gastrointestinal allergy followed by a single intranasal allergen challenge increases allergic airway responses
	OVA-induced gastrointestinal allergy increases BALF eosinophilia after exposure to an unrelated aeroallergen (HDM) challenge

	Discussion
	References


