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Peanut-induced intestinal allergy is mediated through a
mast cell-lgE-FceRI-IL-13 pathway

Meigin Wang, MD, PhD, Katsuyuki Takeda, MD, PhD, Yoshiki Shiraishi, PhD, Masakazu Okamoto, MD, PhD,
Azzeddine Dakhama, PhD, Anthony Joetham, BS, and Erwin W. Gelfand, MD Denver, Colo

Background: Although implicated in the disease, the specific
contributions of FceRI and IL-13 to the pathogenesis of peanut-
induced intestinal allergy are not well defined.

Objectives: We sought to determine the contributions of FceRI,
IL-13, and mast cells to the development of intestinal mucosal
responses in a murine model of peanut-induced intestinal
allergy.

Methods: Sensitized wild-type (WT), FceRI-deficient (FceRI™'7),
and mast cell-deficient (Kit" """ mice received peanut orally
every day for 1 week. Bone marrow—derived mast cells (BMMCs)
from WT, FceRI™'~, IL-4~'~, IL-13~"~, and IL-4/IL-13"'" mice
were differentiated and transferred into WT, FceRI ™'~ and
Kit""W-h recipients. BMMCs from WT and UBI-GFP/BL6 mice
were differentiated and transferred into WT and Kit" """ mice,
Blockade of IL-13 was achieved by using IL-13 receptor o2
(IL-13Ra2)-IgG fusion protein.

Results: FceRI™'~ mice showed decreased intestinal
inflammation (mast cell and eosinophil numbers) and goblet cell
metaplasia and reduced levels of IL-4, IL-6, IL-13, and IL-17A
mRNA expression in the jejunum. Transfer of WT BMMCs to
FceRI™'~ recipients restored their ability to develop intestinal
allergic responses unlike transfer of FceRI™/~,IL-137'~, or IL-4/
IL-137~ BMMCs. FceRI ™/~ mice exhibited lower IL-13 levels
and treatment of WT mice with IL-13 receptor «2 prevented
peanut-induced intestinal allergy and inflammation.
Conclusions: These data indicate that the development of
peanut-induced intestinal allergy is mediated through a mast
cell-dependent IgE-FceRI-IL-13 pathway. Targeting I1L-13
might be a potential treatment for IgE-mediated peanut-
induced allergic responses in the intestine. (J Allergy Clin
Immunol 2010;mmN;EEN-EEN,)
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Peanut allergy is increasing in prevalence, making it one of the
most common food allergies in the United States." Unlike other
food allergies, peanut allergy often persists throughout life and is
the leading cause of fatal food-induced anaphylaxis in Western
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Europe and the United States.>* Currently, there is incomplete un-
derstanding of the molecular mechanisms underlying peanut-
induced food allergy, and no effective treatment is available.
Clinical and experimental analyses suggest that initiation of food-
induced intestinal allergy is regulated by numerous inflammatory
cells and mediators, including mast cells and Ty2 cytokines.*>
Increased numbers of activated T cells have been correlated with
increased levels of T2 cytokines, as well as the degree of gastro-
intestinal inflammation and dysfunction in patients with food al-
lergy.>” In vitro allergen-stimulated T cells and T-cell clones
generated from patients with peanut allergy produce increased
levels of Ty2 cytokines (IL-4, IL-5, and IL-13).8 These cytokines
activate immunologic pathways associated with the initiation of al-
lergic responses, including Ty2 cell differentiation, IgE synthesis,
and mast cell and eosinophil recruitment and activation.” In this
study we demonstrate that FceRI and IL-13 are central to the induc-
tion of intestinal allergy through mast cell-mediated intestinal
inflammation and the imbalance in Ty 1/TH2 cytokine levels.

METHODS
Mice

Five- to 6-week-old female wild-type (WT) BALB/cByJ mice, C57BL/6
mice, and IL-4—deficient (IL-4~'7) mice were purchased from the Jackson
Laboratory (Bar Harbor, Me). FceRI-deficient (FceRI /™) mice™'” were pro-
vided by Dr J. P. Kinet (Harvard Medical School, Boston, Mass), and IL-13—
deficient mice (IL-13/7) and IL-4/IL-13—deficient (IL-4/IL-13 ') mice'""?
were provided by Dr D. Umetsu (Harvard Medical School, Boston, Mass).
Mast cell-deficient (Kit™ V") mice were provided by Dr Peter Besmer
(Sloan-Kettering Institute, New York, N Y),13 and UBI-GFP/BL6 mice were
provided by Dr Philippa Marrack (National Jewish Health, Denver, Colo)."*
Mice were maintained on a peanut- and soy-free diet under specific
pathogen-free conditions. Experiments were performed on age- and sex-
matched mice. All studies were conducted under a protocol approved by the
Institutional Animal Care and Use Committee of National Jewish Health.

Preparation of peanut protein
Crude peanut extract (PE) was prepared from defatted raw flours (Golden
Peanut Company, Alpharetta, Ga) by using a method previously described.'®
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FIG 1. Decreased intestinal allergic responses in FceRI™'~ mice. A, Protocol for induction of peanut-induced
intestinal allergy. Mice were sensitized and challenged as described in the Methods section. B, Kinetics of
development of diarrhea were assessed 30 minutes after the last challenge in WT and FceRI™/~ mice. C,
Symptom scores were assessed 30 minutes after oral challenge. *P < .001 between mice in the sensitized
and challenged with peanut (PE/PE) WT and PE/PE FceRI™/~ groups. D, Body weight changes. Weights
were obtained before challenge and after 7 days of challenge. Results were expressed as percentage weight
change. Results were obtained from 3 individual experiments with 4 to 5 mice per group. *P <.001 com-
pared with all other groups. PBS/PE, Nonsensitized but challenged with PE group.

Endotoxin concentrations in the PE solutions were assessed by using a Chro-
mogenic LAL endotoxin assay kit (GeneScript, Piscataway, NJ). The limit of
detection for endotoxin was 0.005 EU/mL. Endotoxin depletion of PE
solutions was performed with endotoxin-removing gel (Thermo Scientific,
Waltham, Mass), according to the manufacturer’s protocol. The final prepara-
tions of PE were depleted of endotoxin to levels of less than 0.1 EU/mL.

Sensitization and intragastric challenge

Mice were sensitized 3 times with 500 pg of PE together with 2.0 mg of
alum (Pierce, Rockford, Ill) by means of intraperitoneal injection in a total
volume of 100 L on days 1, 7, and 21. Two weeks later, mice received 20 mg
of PE (in 250 pL of PBS) by means of gavage with a 22-gauge feeding needle
(Fisher Scientific, Pittsburgh, Pa) every day for 1 week (Fig 1, A). In some ex-
periments C57BL/6 mice and Kit" """ mice were passively sensitized, re-
ceiving 200 pL of serum (administered intraperitoneally) derived from
peanut-sensitized and peanut-challenged BALB/c mice 1 day before oral chal-
lenge and 1 hour before the fourth oral challenge. Thirty minutes after the last
challenge, plasma was collected and stored at —80°C. Twenty-four hours after
the last challenge, mice were killed. Serum and jejunal tissue were collected
for further analyses. Control animals were sham sensitized but challenged
with peanut.

Administration of the soluble IL-13 receptor a2-
IgGFc fusion protein

Murine soluble IL-13 receptor a2 (IL-13Ra2)-human IgG fusion protein
(sIL-13Ra2-Fc) was prepared as previously described. 16]L-13Ra2-human 1gG
fusion protein was administered by means of intraperitoneal injection (300 pg
per mouse) 1 hour before PE challenge on days 1, 3, 5, and 7. Control animals
were administered the same amount of human IgG at identical time points.

Transfer of bone marrow-derived mast cells

Mast cells were derived from bone marrow, as previously described.!” Af-
ter 4 to 5 weeks of culture, more than 98% expressed c-kit and FceRIa on their
surfaces. Bone marrow—derived mast cells (BMMCs; 5 X 10°) were injected

into WT, FceRI ™/ ~,and KitVsW-sh pice by means of intravenous injection
1 week and 1 day before starting the intestinal challenge with PE.

Assessment of hypersensitivity reactions

Anaphylactic symptoms were evaluated 30 minutes after the oral chal-
lenge, as previously reported.'® Scoring of symptoms was performed in a
blinded manner by an independent observer.

Histology

Jejunum was fixed in 10% formalin and processed into paraffin blocks.
Five-micrometer-thick tissue sections were cut and stained with periodic acid—
Schiff for detection of mucus-containing cells. The number of mucus-
containing cells from one side of the villus and the total number of villus
cells on the same side were counted. The number of mucus-containing cells
was expressed as the percentage of mucus-containing cells divided by the total
number of cells counted, as previously described.'® At least 10 randomly se-
lected villi were counted on each slide.

Mucosal mast cells were identified by chloroacetate esterase staining, as
previously described,?® and lightly counterstained with hematoxylin. Cells
containing eosinophilic major basic protein were identified by means of im-
munohistochemical staining, as previously described, by using rabbit anti-
mouse major basic protein antibody (kindly provided by Dr J. J. Lee, Mayo
Clinic, Scottsdale, Ariz).21 At least 4 random fields per slide were examined
and analyzed in a blinded manner. Quantification of stained mast cells or eo-
sinophils per square millimeter of lamina propria was performed with an
Olympus microscope linked to the National Institutes of Health (NIH) Image
Analysis Program (NIH, Bethesda, Md).

Immunofluorescence staining for the detection of
mast cells and basophils

The jejunums of peanut-sensitized and peanut-challenged mice treated with
or without sIL-13Ra2 or control IgG and the jejunums of PBS- or PE-
sensitized and PE-challenged mice receiving BMMCs from UBI-GFP/BL6
mice were embedded in Tissue-Tek O.C.T. compound (Sakura Finetek,
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Torrance, Calif). Sections of tissue blocks (8-pm thickness) were mounted on
microscopic slides, air dried, and fixed with cold acetone. After blocking with
2% normal goat serum, sections were stained with Armenian hamster anti-
mouse FceRIa and rat anti-mouse c-Kit antibody (eBioscience, San Diego,
Calif) as primary antibodies and rhodamine red-x-goat anti-rat IgG and
fluorescein isothiocyante goat anti-Armenian hamster IgG (Jackson Immu-
noResearch Laboratories, West Grove, Pa) as a secondary antibody. In sections
prepared after transfer of BMMCs derived from UBI-GPF/BL6, only nuclei
were stained with Vectashield mounting medium with 4'-6-diamidino-
2-phenylindole dihydrochloride (DAPI; Vector Laboratories, Burlingame, Ca-
lif). The immunofluorescent images were captured with a Leica microscope
camera system and Slidebook 5 digital microscopy software (Intelligent
Imaging Innovations, Denver, Colo). Quantification of stained mast cells
(FceRIa* and c-Kit") and basophils (FceRIa " but c-Kit ) per square millime-
ter of lamina propria was performed with an Olympus microscope linked to the
NIH Image Analysis Program (available at http://rsb.info.nih.gov/ij/index.html).

Assessment of Ty1/TH2 cytokine levels in intestine
homogenates

Jejunum was weighed and completely homogenized with a tissue homog-
enizer (Kinematica AG, Lucerne, Switzerland) in dilution buffer (PBS and 0.1%
Triton X; Sigma-Aldrich, St Louis, Mo) containing proteinase inhibitor (Roche
Diagnostics, Indianapolis, Ind) and then centrifuged at 14,000 rpm for 30
minutes. Supernatants were collected and frozen at —80°C until further analyses.
Total protein content was measured by using the bicinchoninic acid (BCA)
method, and levels of IL-4, IL-6, IL-13, and IFN-y were assessed by means of
ELISA (eBioscience), according to the manufacturer’s directions. The limit of
detection was 4 pg/mL for IL-4, IL-6, and IL-13 and 15 pg/mL for IFN-vy.

Measurement of peanut-specific antibody
Serum PE-specific IgE, IgG1, and IgG2a levels were measured by means of
ELISA, as described previously.'>'®

Measurement of histamine

Plasma was collected 30 minutes after the last challenge and stored at
—80°C. Plasma levels of histamine were measured using an enzyme immu-
noassay kit (Beckman Coulter, Fullerton, Calif), as described by the manu-
facturer. The concentration of histamine was calculated from a standard curve
provided by the manufacturer.

Quantitative real-time PCR

RNA was extracted from jejunal tissue using the RNeasy mini kit (Qiagen,
Hilden, Germany) and was transcribed into cDNA (cDNA synthesis kit; Bio-Rad
Laboratories, Hercules, Calif). All primers and probes for murine /L-4, IL-6, IL-
13,IL-17A, IFN-y, murine mast cell protease (mMCP-1), and glyceraldehyde-3-
phosphate dehydrogenase were obtained from Applied Biosystems (Foster City,
Calif), and real-time PCR was performed with an ABI Prism 7300 sequence de-
tector (Applied Biosystems).>? The AA cycle threshold method was performed
for relative quantification of mRNA expression.

Statistical analysis

ANOVA was used to determine the levels of difference between all groups.
Comparisons for all pairs used the Tukey-Kramer highest significance
difference test. P values for significance were set at .05. All results were ex-
pressed as means * SEMs.

RESULTS

Decreased intestinal responses in FceRI™/~ mice
Oral administration of PE to PE-sensitized WT mice triggered

the onset of acute diarrhea on the second day of challenge, and
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FIG 2. Levels of plasma histamine. Plasma levels of histamine were
assessed within 30 minutes after the last challenge. Results were obtained
from 3 individual experiments with 4 mice per group. *P < .01 compared
with all other groups. PBS/PE, Nonsensitized but challenged with peanut
group; PE/PE, sensitized and challenged with PE group.

100% of the mice had diarrhea by the seventh day of challenge. In
contrast, sensitized and challenged FceRI™’~ mice showed a de-
lay in onset of diarrhea and an overall lower incidence of diarrhea
(Fig 1, B). FceRI™'~ mice exhibited lower symptom scores com-
pared with similarly sensitized and challenged WT mice (Fig 1,
(). There were no significant body weight changes during the sen-
sitization period (data not shown). Between 1 day before the first
challenge and the last challenge, PE-sensitized and PE-challenged
WT mice showed significant weight loss (—4.29% * 1.34%),
whereas similarly sensitized and challenged FceRI™'~ mice main-
tained their body weight (0.26% = 1.34%; Fig 1, D).

Increased peanut-specific IgE, IgG1, and IgG2a
levels in FceRI™/~ mice after sensitization and
challenge with peanut

Levels of serum peanut-specific IgE were significantly in-
creased in PE-sensitized and PE-challenged FceRI™/~ mice, but
the levels were lower than those in peanut-sensitized and peanut-
challenged WT mice. Levels of PE-specific IgG1 and IgG2a
were similarly increased in FceRI™/~ and WT mice (see Fig E1l
in this article’s Online Repository at www.jacionline.org).

Levels of plasma histamine in FceRI™/~ mice

Plasma levels of histamine were measured within 30 minutes
after the last challenge to assess the extent of mast cell degran-
ulation. Levels of histamine in FceRI /~ mice were not increased
after sensitization and challenge, whereas PE-sensitized and
PE-challenged WT mice showed significantly increased plasma
levels of histamine (Fig 2).

Intestinal inflammation after sensitization and
challenge with peanut

It has been reported that leukocytes are recruited to the gastro-
intestinal tract in patients with food-induced allergic diarrhea.”?
We found that mast cells and eosinophils infiltrated the small, but
not the large intestine. Numbers of mast cells and eosinophils
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FIG 3. Decreased inflammatory cell accumulation in the intestinal walls of FceRI

FceRI-/-

~/~ mice. A, Quantitation of

mucosal mast cell numbers in the jejunum. B, Quantitation of mucosal eosinophil numbers in the jejunum.
C, Quantitation of mucosal goblet cells in the jejunal epithelium. For mast cells and eosinophils, results are
expressed as the number of chloroacetate esterase— or anti-major basic protein-stained cells per square
millimeter of lamina propria, respectively. For goblet cells, the number of periodic acid-Schiff-positive cells
were divided by the total number of epithelial cells in the villi. Results were obtained from 3 independent
experiments, and each experiment included 3 to 4 mice per group. ¥*P<.001 compared with all other groups.
#P < .01 compared with PBS-sensitized control FceRI™/~ mice. PBS/PE, Nonsensitized but challenged with
peanut group; PE/PE, sensitized and challenged with PE group.

were significantly increased in the jejunum of PE-sensitized and
PE-challenged WT mice. PE-sensitized and peanut-challenged
FceRI™/~ mice also exhibited increased mast cell and eosinophil
accumulation in the mucosa of the jejunum, but the levels were sig-
nificantly lower (Fig 3, A and B, and see Figs E2 and E3 in this ar-
ticle’s Online Repository at www.jacionline.org).

Goblet cell numbers in the intestinal walls of
FceRI™/~ mice

Increased mucus production is characteristic of conditions in
which there is inflammation or irritation of the epithelial lining.
Peanut-sensitized and PE-challenged WT mice demonstrated a large
number of goblet cells (9.97% = 0.48% goblet cells) in the intestinal
epithelium. PE-sensitized and PE-challenged FceRI™/~ mice
showed a lower number of goblet cells (6.14% * 0.51%) in the in-
testinal epithelium compared with WT mice (Fig 3, C, and see Fig
E4 in this article’s Online Repository at www.jacionline.org).

IL-13 protein levels in intestinal homogenates are
significantly decreased in FceRI™/~ mice

To determine whether IL-13 is regulated in peanut-induced
intestinal allergy, we measured levels of IL-13 in intestinal
homogenates adjusted to the weight of each tissue sample 24
hours after the last challenge. Increased levels of IL-13 were
detected in jejunal homogenates from PE-sensitized and
PE-challenged WT mice but not in PE-sensitized and PE-
challenged FceRI™/™ mice (Fig 4).
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FIG 4. IL-13 protein levels in intestinal homogenates. Levels of IL-13
were assessed in jejunal homogenates 24 hours after the last challenge.
Results were obtained from 3 independent experiments with 4 mice per
group. *P< .01 compared with all other groups. PBS/PE, Nonsensitized but
challenged with peanut group; PE/PE, sensitized and challenged with PE
group.

Levels of T41/TH2 cytokines and IL-17 mRNA
expression in jejunum

After 7 days of PE challenge, sensitized WT mice demon-
strated significant increases in IL-4, IL-6, IL-13, and IL-17A
mRNA expression in the intestine. There were no increases
in mRNA expression of these cytokines in the intestines of
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FIG 5. Cytokine mRNA expression in jejunum of sensitized and challenged mice. Relative expression levels
of IL-4, IL-6, IL-13, IFN-y, and IL-17A normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in
jejunum were determined by means of quantitative RT-PCR, as described in the Methods section. The
values obtained in the WT nonsensitized but challenged with peanut group (PBS/PE) were assigned a value
of 1in all assays. Results were representative of 3 independent experiments with 4 mice per group. *P<.001
compared with all other groups. n.s., Not significant; PE/PE, sensitized and challenged with PE group.

PE-sensitized and PE-challenged FceRI™'~ mice, which were
similar to those in PBS-sensitized and PE-challenged WT mice.
IFN-y mRNA levels were not altered in peanut-sensitized and
peanut-challenged WT or FceRI ™'~ mice (Fig 5).

mMCP1 mRNA expression in jejunum

Activated mast cells release mediators, such as histamine and
mMCP, which might play a critical role in the induction of allergic
responses.” We measured mMCP1 levels in intestinal homogenates
24 hours after the last challenge using quantitative RT-PCR. Indeed,
PE-sensitized and PE-challenged WT mice exhibited significantly
increased levels (about 6-fold) of mMCP1 mRNA compared with
levels seen in PBS-sensitized and peanut-challenged WT control
animals. Levels in PE-sensitized and PE-challenged FceRI ™/~
mice were not increased (see Fig ES in this article’s Online Repos-
itory at www.jacionline.org).

Transfer of BMMCs from WT to sensitized FceRI™/~
mice restores their ability to respond to peanut
challenge

We next determined whether the attenuated intestinal allergy in
FceRI™/~ mice could be overcome by transfer of mast cells from
WT, FeeRI /7, IL-4/7, IL-137/7, or IL-4/IL-137"~ mice. Mast
cells were differentiated from bone marrow of WT, FceRI /™,
IL—47/7, IL—137/7, or IL-4/IL-13"'" mice. After 4 weeks of cul-
ture, 98% of cultured cells were identified as mast cells based on
c-kit and FceRI surface staining. BMMCs were injected intrave-
nously into recipient mice 1 week and 1 day before starting the
oral challenges. After transfer of BMMCs from WT and L4~
mice, the numbers of mast cells in the intestinal mucosa of
FceRI ™/~ recipients were significantly increased (see Fig E6 in
this article’s Online Repository at www.jacionline.org). Recipients
of FceRI™'~ BMMCs or BMMCs from IL-13~/~ or IL-4/IL-137/~
mice accumulated fewer mast cells in the intestinal mucosa.
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FIG 6. Transfer of BMMCs from WT and IL-4™/~, but not from FceRI™'",
IL-137"7, and IL-4/IL-137'~, mice into FceRI ™/~ mice restores their ability to
develop diarrhea. Sensitized and challenged WT and FceRI™/~ mice received
BMM(Cs from WT, FceRI™/~, IL-4™'~, IL-137'~, or IL-4/IL-137'~ mice on 2 occa-
sions before challenge. Results are representative of 2 independent experi-
ments with 4 mice per group and expressed as percentage with diarrhea
during challenge. *P< .01 comparing recipients of WT mast cells with recip-
ients of IL-137/~, IL-4/IL-13/~, or FceRI~/~ mast cells. ** P< .05 comparing re-
cipients of IL-4™/~ mast cells with recipients of IL-137/7, IL-4/IL-1377, or
FceRI™~ mast cells. PE/PE, Sensitized and challenged with PE group.

Transfer of BMMCs from WT to PE-sensitized and PE-
challenged FceRI™/~ mice restored the ability of 100% of the
mice to develop diarrhea, as seen in sensitized and challenged
WT recipients. Transfer of BMMCs from IL-4 '~ mice to PE-
sensitized and PE-challenged FceRI™/~ mice restored the ability
of 80% of the mice to develop diarrhea. However, transfer of mast
cells from FceRIf/f, IL—137/7, and IL-4/IL-13 """ mice failed to
reconstitute PE-induced diarrhea in sensitized and challenged
FceRI™'~ recipients (Fig 6).

Transferred BMIMCs can be detected in jejunal
tissue of both Kit"Vs""W-s" mice and C57BL/6 mice

BMMCs from C57BL/6 mice were transferred to Kit™ V-
recipients 1 week and 1 day before starting the intestinal chal-
lenge with PE to assess whether transferred BMMCs migrate to
the jejunum. After 7 days of peanut challenge, transferred
BMMCs were found in the mucosa of the jejunum and colon in
Kit™ MW" mice by chloroacetate esterase staining. In contrast,
without BMMC transfer, we did not detect mast cells in the jeju-
num and colon in Kit™ "W mice (Fig 7, A-D). Green fluores-
cent BMMCs from UBI-GFP/BL6 mice were transferred into
C57BL/6 recipients 1 week and 1 day before initiating intestinal
challenges to further confirm that transferred BMMCs circulate
and become resident in jejunal tissue after sensitization and chal-
lenge. After the 7-day challenge with peanut, transferred green
fluorescent mast cells could be detected in the jejunal tissue of
PE-sensitized and PE-challenged mice 24 hours after the last
challenge; only a rare green fluorescent positive mast cell could
be detected in the nonsensitized but challenged recipients (Fig
7, E and F).
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Kit"W-sh’"W-sh mice have significantly less and less

severe allergic diarrhea after systemic and passive
sensitization and challenge

KitV*"W=" and C57BL/6 control mice were systemically
sensitized with or without PE and challenged with PE to deter-
mine whether the deficiency of mast cells affects the develop-
ment of PE-induced allergic diarrhea. C57BL/6 mice do not
have PE- or ovalbumin (OVA)-induced intestinal allergy to
the extent of BALB/c mice because of their failure to have
IgE antibody responses, Kit™ V=" and C57BL/6 mice were
passively sensitized with serum containing peanut-specific
IgE. All systemically and passively sensitized and challenged
C57BL/6 mice had diarrhea by the seventh day of challenge.
In contrast, only 25% of sensitized and challenged Kit"s"/W=h
mice had diarrhea. After transfer of BMMCs from C57BL/6
mice, Kit"V*"W-h mice demonstrated an increase in the develop-
ment of diarrhea (75%). Kit™ ™" mijce exhibited lower symp-
tom scores compared to similarly sensitized and challenged
C57BL/6 mice (Fig 8).

Effect of treatment with IL-13Ra2 protein on
peanut-induced intestinal allergy

Based on the data showing increased levels of IL-13 mRNA
and protein after PE sensitization and challenge in WT mice, IL-
13 appeared to play an essential role in the development of
intestinal allergy. To directly test this hypothesis, we determined
the effect of neutralizing IL-13. Peanut-sensitized mice were
administered 300 pg of IL-13Ra2 protein intraperitoneally
every other day during the 7 days of PE challenge (Fig 9, A).
Peanut-sensitized and PE-challenged WT mice treated with IL-
13Ra2 did not have diarrhea (Fig 9, B). Numbers of mast cells
in the intestinal mucosa were significantly decreased after treat-
ment with IL-13Ra2 (Fig 9, C, and see Fig E7 in this article’s
Online Repository at www.jacionline.org), as were numbers of
eosinophils (Fig 9, D, and see Fig E7) and numbers of goblet
cells in the jejunal epithelium (see Figs E8 and E9 in this arti-
cle’s Online Repository at www.jacionline.org). In none of the
tissue sections were basophils (FceRIc-kit™) identified in the
intestinal mucosa by means of immunofluorescence staining
(data not shown). In parallel, IL-4, IL-6, IL-13, and mMCP-1
mRNA expression in the intestine was decreased in mice treated
with IL-13Ra2 compared with that seen in mice treated with
control antibody (Fig 9, E, and see Fig E10 in this article’s On-
line Repository at www.jacionline.org). IL-4, IL-6, and IL-13
protein levels in intestinal homogenates were also significantly
decreased in mice after treatment with sIL-13R«2, whereas
IFN-v protein levels in intestinal homogenates were not altered
(see Fig El1 in this article’s Online Repository at www.
jacionline.org). Levels of plasma histamine were also signifi-
cantly decreased in mice treated with sIL-13Ra2 compared
with those seen in mice treated with control antibody (see Fig
E12 in this article’s Online Repository at www.jacionline.org).
Serum levels of PE-specific IgE, IgG1, and IgG2a were not al-
tered in PE-sensitized and PE-challenged WT mice after treat-
ment with IL-13Ra2 (data not shown). These results suggested
that inhibition of IL-13 suppresses allergic diarrhea and intesti-
nal inflammation through inhibition of mast cell recruitment
into the intestine but not through inhibition of immunoglobulin
production.
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FIG 7. Transferred BMMCs can be detected in intestinal tissue. Sections of jejunum and colon from

sensitized and challenged with PE Kit"VsW-sh

mice with or without BMMC transfer were stained with chlor-

oacetate esterase. Mast cells were detected (arrows) in the mucosa of the jejunum and colon after BMMC
transfer (B and D). Without BMMC transfer (A and C) mast cells were not detected in the mucosa of the je-
junum and colon. Sections of jejunal tissue from PBS- or PE-sensitized and challenged C57B6 mice after
transfer of BMMCs from UBI-GFP/BL6 mice were assessed by immunofluorescence. Mast cells from UBI-
GFP/BL6 mice were found in the lamina propria of jejunal mucosa of PE-sensitized C57BL/6 mice. Green flu-
orescent signals identify BMMCs from UBI-GFP/BL6 mice, and blue fluorescent signals identify nuclei
stained with 4'-6-diamidino-2-phenylindole dihydrochloride (E and F).

DISCUSSION

In the present study we examined the role of FceRI in the
development of PE-induced intestinal allergy using FceRI ™/~
mice. Mice deficient in FceRI were able to mount an immune re-
sponse to allergen exposure, as shown by increased serum levels
of allergen-specific IgE, IgG1, and IgG2a. Levels of allergen-
specific IgG1 and IgG2a in FceRI™/~ mice were similar to those
seen in WT mice. Allergen-specific IgE levels were significantly
increased but were nonetheless lower in FceRI ™/~ mice than in
WT mice. In all other aspects of intestinal allergy, the sensitized

and challenged FceRI ™/~ mice exhibited lower clinical manifes-
tations, including a delayed onset of diarrhea, lower incidence of
diarrhea, and lower symptom scores compared with those seen in
similarly sensitized and challenged WT mice. Whereas sensitiza-
tion or challenge alone did not affect body weight, PE-sensitized
and PE-challenged WT mice exhibited significant weight loss as-
sociated with water loss caused by severe diarrhea. In contrast,
PE-sensitized and PE-challenged FceRI™/~ mice maintained
their body weight. Together, these results indicated that FceRI ex-
pression played a critical and essential role in IgE-dependent
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FIG 8. Decreased intestinal allergic responses in Kit"Vs"W=sh mice. A, The
development of diarrhea was assessed 30 minutes after the last challenge
in WT (white bar) and Kit"V-sMW-sh mice (black bar). B, symptom scores were
assessed 30 minutes after oral challenge. *P <.001 between sensitized and
challenged with peanut (PE/PE) WT and PE/PE Kit"V-s"W-sh mice after pas-
sive sensitization. **P < .01 between PE/PE Kit"V "W mice after passive
sensitization with and without BMMC transfer from WT mice. Results
were obtained from 2 individual experiments with 4 to 5 mice per group.

intestinal allergy. In various acute allergic models, the role of IgE
and FceRI has been somewhat variable. Similar to the results re-
ported here, 2,4,6-tri-nitrobenzenesulfonic acid—induced colitis
was more pronounced in FceRI transgenic mice, whereas
FceRI™'~ mice were protected from colitis, indicating that FceRI
can affect the onset of intestinal inflammation.”* In an OVA-
induced model FceRI ™'~ mice exhibited only a partial reduction
in OVA-induced diarrhea.* Recently, Hunt et al®’ found that atten-
uation of IgE affinity for FceRI could significantly reduce mast
cell degranulation and passive cutaneous anaphylaxis after aller-
gen challenge.

In mice FceRI is expressed only on mast cells and basophils,
whereas in human subjects it can also be expressed on eosinophils,
monocytes, Langerhans cells, and platelets.26 IgE bound to FceRI
on mast cells and basophils after cross-linking by allergen leads to
degranulation and the release of diverse preformed mediators,
such as histamine, and newly synthesized mediators, such as
IL-13, which directly induce allergic symptoms and promotes
the recruitment and activation of leukocytes into local sites of

J ALLERGY CLIN IMMUNOL
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allergen challenge.”’*° Mice deficient in FceRI accumulated
significantly lower numbers of mast cells and eosinophils in the
small intestine after sensitization and challenge with peanut
compared with their WT littermates. Peanut-sensitized and PE-
challenged FceRI™'~ mice demonstrated lower levels of Ty2-
type cytokine (IL-4, IL-6, and IL-13) mRNA expression and
IL-17A mRNA expression. In contrast, Ty 1-type cytokine produc-
tion, such as IFN-vy, was not different among all study groups.
These results indicated that PE-induced intestinal allergy is asso-
ciated with predominantly Ty2-type cytokine expression and that
FceRI contributed to the pathogenesis of intestinal allergy by en-
hancing Ty?2 responses and inflammatory cell accumulation.

It has been reported that levels of the Ty2-type cytokines IL-4
and IL-13 were increased in the gastrointestinal tract of mice with
food allergy.>**® Coéffier et al’' found that T2 cytokine mRNA
expression (IL-4 mRNA) was increased in the intestinal mucosa
of patients with food allergy compared with that seen in control
subjects, whereas mRNA expression for a Tyl cytokine (IFN-y)
was not altered in patients with food allergy.’! Peanut-specific
lymphocytes from allergic patients were shown to release high
levels of IL-4 and IL-13 and lower levels of IFN-vy. In the subjects
who had outgrown their PE allergy, the cytokine profile shifted to
aTyl response.8

IL-17 mRNA and protein expression were increased in the in-
flamed mucosa from patients with inflammatory bowel dis-
ease®>* and from asthmatic patients.34 In the absence of IL-17
receptors, mice were resistant to airway inflammation.*> IL-6
drives Tyl7 differentiation and IL-17 production.*®>® The
mRNA expression levels of IL-6 were significantly increased in
the jejunum of the animals with food allergy,” as confirmed
here along with increased expression of /L-/7 mRNA. Decreased
IL-6 production by mast cells might indirectly account for de-
creased IL-17 expression in FceRI '~ mice.

IL-13 is a central regulator of many allergic diseases and is
primarily responsible for mucus hyperproduction.‘m’41 Compared
with WT animals, FceRI ™/~ mice did not exhibit increases in IL-
13 protein levels in the small intestinal homogenates 24 hours after
7 oral PE challenges. In addition, /L-/3 mRNA expression was sig-
nificantly decreased in the small intestines from sensitized and
challenged FceRI ™'~ mice. These results suggested that FceRI
modulated mucosal inflammation through IL-13. To directly eval-
uate the regulatory role of IL-13 in the development of peanut
allergy, we neutralized IL-13 in vivo by administering sIL-
13Ra2-1gGFc fusion protein, a decoy receptor known to prevent
IL-13-mediated effects during the challenge period.***>** Inhibi-
tion of IL-13 almost completely abolished allergic diarrhea and
significantly suppressed intestinal inflammation and goblet cell
metaplasia. Plasma histamine, mMCP-1 expression, and Ty2
cytokine mRNA and protein levels were similarly reduced in the
treated animals. Thus, IL-13 appeared necessary for the full ex-
pression of peanut-induced intestinal allergy in this model. Inter-
estingly, treatment with sIL-13Ra2 did not alter antibody
production in the serum, confirming that IL-13 does not regulate
serum antibody production.*****> Immunoneutralization of IL-
13 in this way attenuated airway hyperresponsiveness and goblet
cell metaplasia in the airways.“z’46 Our results indicate that FceRI
is required for the production of IL-13 in vivo and that targeting
IL-13 would be beneficial in PE-induced food allergy. Because
histamine levels in the plasma and protease mMCP-1 levels in
jejunal tissue were increased in WT animals after PE sensitization
and challenge, this confirmed the activation of mast cells, whereas
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FIG 9. Effect of treatment with IL-13Ra2 protein on PE-induced intestinal allergy. Sensitized and challenged
WT mice received IL-13Ra2 every other day during PE challenge. Control mice received human IgG (hlgG) at
the same dose and time points. A, Protocol for treatment with IL-13Ra2 protein. ip, Intraperitoneal. B, Treat-
ment with IL-13Ra2 prevented the development of peanut-induced diarrhea. C, Effect of treatment with IL-
13Ra2 on mast cell numbers in the jejunal mucosa. D, Effect of treatment with IL-13Ra2 on eosinophil num-
bers in the jejunal mucosa. E, Relative mMCP-1 mRNA expression in jejunum from WT mice that received IL-
13Ra2 or human IgG. *P < .01 compared with hlgG treatment. PBS/PE, Nonsensitized but challenged with
peanut group; PE/PE, sensitized and challenged with PE group.

these levels were significantly lower in sensitized and challenged
FceRI ™/~ mice. Together, these results implicate mucosal mast
cell degranulation in the responses and further demonstrate the
essential role for FceRI in the pathogenesis of food allergy.

Mast cells are key effector cells and play an important role in
the development of allergic responses. To directly determine
the role of mast cells in this model, we used mast cell-deficient
Kit™W VWt mice. Because Kit" """ mice are on the C57B6
background, previous studies and this study have demonstrated
that C57B6 mice are resistant to peanut- or OVA-induced intesti-
nal allergy, in large part because of the poor IgE antibody re-
sponse.* To circumvent this, we passively sensitized Kit" /W
mice using serum containing peanut-specific IgE. Sensitized and
challenged Kit™ """ mice exhibited lower and weaker intesti-
nal allergic responsiveness compared with that seen in their litter-
mates. Transfer of mast cells from WT mice to these passively and
actively sensitized Kit™ """ mice largely restored their ability
to develop diarrhea. These results demonstrated that mast cells

are important in promoting the development of peanut-induced
intestinal responses.

In this study we assessed the response to peanut challenge 2
weeks after transfer of mast cells from different strains of mice.
Mast cells were found in the jejunum and colon in sensitized and
challenged Kit™ MW" mice after transfer of mast cells from WT
mice. Green fluorescent mast cells derived from UBI-GFP mice
were also detected in the jejunum of sensitized and challenged
WT mice. These results confirmed that transferred mast cells do
migrate to the gastrointestinal mucosa after intravenous injection,
as seen previously with accumulation of transferred BMMCs in
the airways of sensitized and airway challenged mice.*?

In an attempt to directly link mast cells, FceRI, and 1L-13
in this model, we adoptively transferred mast cells from WT,
FeeRI™'~, IL-47/7, IL-1377, or IL-4/IL-13™'" mice into
FceRI™/~ recipients. Transferring mast cells from WT mice into
FceRI ™'~ recipients fully restored their ability to develop diarrhea
and inflammatory cell infiltration in the intestine. These findings
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indicated that triggering mast cells through FceRI is important in
this model and that mast cells alone can reconstitute these allergic
responses in the FceRI ™/~ recipients. The transfer of mast cells
from IL-4 '~ mice into FceRI ™~ recipients was able to partially
restore their ability to develop diarrhea and inflammatory cell in-
filtration in the intestine. Interestingly, these same FceRI~~ recip-
ients did not have any allergic diarrhea after transfer of mast cells
from IL-13""" or IL-4/IL-13~/" mice, suggesting that a primary
source of IL-13 in this model was the mast cell. These results differ
from findings in a mast cell-dependent model of asthma in which
IL-137'" mast cells were capable of restoring airway hyperres-
ponsiveness in FceRI™'~ mice.*? In this model mast cell IL-13
production appeared insufficient, but mast cells were essential
for releasing leukotriene B4, a major chemoattractant for effector
memory CD8 "IL-13* T-cell accumulation in the lung.***” IL-4
and IL-13 are important T2 cytokines and exhibit both common
and distinct roles in allergic diseases. In this model IL-13 seems to
play a major role in the development of intestinal allergic re-
sponses. This finding is somewhat in contrast to the results ob-
tained with OVA-induced intestinal anaphylaxis, in which
inhibition of IL-4 prevented intestinal allergic responses, whereas
IL-13"'" mice were only partially impaired.*®

In summary, these studies provide new information regarding
the cellular and molecular mechanisms underlying PE-induced
intestinal allergy. The initiation of food-induced intestinal in-
flammation and anaphylaxis appears to be mediated by an IgE—
FceRI-IL-13 pathway involving the activation of mast cells and
leading to the release of IL-13. In the absence of IL-13,
inflammatory cell accumulation was markedly reduced. These
findings identify the potential for cytokine-modulating immuno-
therapy, targeting IL-13 as a potential treatment for PE-induced
intestinal allergy.

We thank Diana Nabighian for her assistance in the preparation of this
manuscript.

Clinical implications: Peanut-induced intestinal allergy is de-

pendent on a mast cell-IgE-FceRI-IL-13 pathway. Targeting
IL-13 might serve as a potential treatment for peanut allergy.
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FIG E1. Levels of serum PE antibodies. Serum levels of peanut-specific IgE, IgG1, and IgG2a were assessed
by mans of ELISA 24 hours after the last challenge and expressed as OD of diluted serum, as described in the
Methods section. Results were obtained from 3 individual experiments with 4 to 5 mice per group. #P < .05
between the sensitized and challenged with peanut (PE/PE) WT and PE/PE FceRl™'~ groups. *P < .001 com-
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group.
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FIG E2. Decreased mast cell infiltration in the intestinal walls of FceRI mice. Intestinal mucosal mast cells
were quantified in jejunum using chloroacetate esterase staining. Representative sections of nonsensitized
but challenged with peanut (PBS/PE) WT mice (A), sensitized and challenged with peanut (PE/PE) WT mice
(B), PBS/PE FceRI™'~ mice (C), and PE/PE FceRl™~ mice (D) are shown (magnification X200). Bar = 100 pm.
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FIG E3. Decreased eosinophil accumulation in the intestines of FceRl ™/~ mice. Eosinophils were identified
and numbers were quantitated in jejunum by immunohistochemistry with anti-major basic protein anti-
body. Representative sections of nonsensitized but challenged with peanut (PBS/PE) WT mice (A), sensi-
tized and challenged with peanut (PE/PE) WT mice (B), PBS/PE FceRI™/~ mice (C), and PE/PE FceRI™/~
mice (D) are shown (magnification X200). Bar = 100 wm.
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FIG E4. Decreased numbers of goblet cells in intestinal epithelium of sensitized and challenged FceRI™/~
mice. Representative sections of nonsensitized but challenged with PE (PBS/PE) WT mice (A), sensitized
and challenged with PE (PE/PE) WT mice (B), PBS/PE FceRI™'~ mice (C), and PE/PE FceRI™'~ mice (D)
are shown. Goblet cells were identified by periodic acid-Schiff staining 24 hours after the last challenge.
(Magnification X200). Bar = 100 um.
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FIG E5. mMMCP1 mRNA expression levels in jejunum of sensitized and
challenged mice. Relative expression levels of mMCP1 normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in jejunum were de-
termined by means of quantitative RT-PCR. Results were representative of 3
independent experiments with 4 mice per group. *P < .001 compared with
all other groups. PBS/PE, Nonsensitized but challenged with peanut group;
PE/PE, sensitized and challenged with PE group.
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FIG E6. Transfer of BMMCs from WT mice into FceRI ™/~ mice increases mast cell accumulation in the jejunal
mucosa. Representative jejunal sections of sensitized and challenged with PE (PE/PE) FceRl ™~ mice (A), PE/
PE FceRI ™'~ recipients of BMMCs from WT mice (B), PE/PE FceRI™'~ recipients of BMMCs from FceRI™/~ mice
(C), and PE/PE FceRI™'~ recipients of BMMCs from IL-137'~ mice (D), and representative jejunal sections of
PE/PE FceRI~'~ recipients of BMMCs from IL-4~'~ mice (E), Representative jejunal sections of PE/PE FceRI™/~
recipients of BMMCs from IL-4/IL-137/~ mice F. Quantitation of mucosal mast cell (MC) numbers in the je-
junum G, *P < .05, PE/PE FceRI '~ recipients of BMMCs from WT mice and from IL-4~'~ mice compared with
all other groups (magnification x200). Bar = 100 pm.
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FIG E7. Effect of treatment with IL-13Ra2 protein on PE-induced intestinal allergy. Sensitized and
challenged WT mice received IL-13Ra2 every other day during PE challenge. Control mice received human
IgG at the same dose and time points. A, Chloroacetate esterase staining of representative jejunal sections
in IL-13Ra2- or human IgG-treated mice. B, Major basic protein staining of representative jejunal sections of
IL-13Ra2- or human IgG-treated mice. (Magnification X200). Bar = 100 wm
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FIG E8. Effect of IL-13Ra2 on goblet cell numbers in jejunum. Representative sections of jejunum of
IL-13Ra2- and human IgG-treated mice after periodic acid-Schiff staining (magnification X200).
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FIG E9. Quantitation of goblet cells in jejunum after treatment with
IL-13Ra2. **P < .01 comparing IL-13Ra2-treated mice with control animals.
PBS/PE, Nonsensitized but challenged with PE group; PE/PE, sensitized and
challenged with PE group.
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FIG E10. Effect of IL-13Ra2 treatment on cytokine expression in jejunal
tissue. Relative levels of Ty2 cytokine mRNA expression in jejunum from
WT mice that received IL-13Ra2 or human IgG are shown. *P < .01 com-
pared with human IgG treatment. GAPDH, Glyceraldehyde-3-phosphate
dehydrogenase; PBS/PE, nonsensitized but challenged with peanut group;
PE/PE, sensitized and challenged with PE group.
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FIG E11. Effect of IL-13Ra2 treatment on cytokine protein levels in jejunal
tissue. Ty1/Ty2 cytokines protein levels in intestinal homogenates from WT
mice that received IL-13Ra2 or human IgG are shown. *P < .05 compared
with human IgG treatment. PBS/PE, Nonsensitized but challenged with pea-
nut group; PE/PE, sensitized and challenged with PE group.
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FIG E12. Effect of IL-13Ra2 treatment on plasma histamine levels. *P < .05
compared with human IgG treatment. PBS/PE, Nonsensitized but chal-
lenged with peanut group; PE/PE, sensitized and challenged with PE group.
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