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Food allergy promotes a Th2/Th17 response that drives house dust
mite-induced allergic airway inflammation in humanized mice
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Introduction

Summary

Food allergy is related to increasing risk of the development of allergic
asthma, but the precise interplay between sensitization to different allergens
in different compartments of the body is not fully understood. The aim
of this study was to develop a novel humanized murine model of mixed
food and respiratory allergy that recapitulates the human anaphylactic
response and to more clearly understand the impact of food allergies on
asthma. Immunodeficient mice transferred with peripheral blood mono-
nuclear cells (PBMCs) from donors with peanut and house dust mite
(HDM) allergy were exposed and challenged to peanut. Between peanut
exposure and challenge, mice were intranasally treated to HDM. Allergic
parameters were analyzed. Allergen-specific immunoglobulin (Ig)E in sera
could only be measured in mice treated with peripheral blood mononuclear
cells (PBMCs) plus allergen. A preceding peanut exposure increased IgE
levels, histamine release, bronchial hyper-responsiveness and lung inflam-
mation. Recruitment of inflammatory cells to the airways was aggravated
associated with an enhanced T helper type 2 (Th2)/Th17 cytokine secretion
when the two allergies were present. A preceding peanut exposure ampli-
fies allergic asthma in this humanized model, which may contribute to
the understanding of underlying immunological mechanism of polysen-
sitization occurring in allergic individuals and evaluation of therapeutic
interventions.
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peanut allergy provokes characteristic gastrointestinal

In the past four decades, atopic disorders including food
allergy and allergic asthma have dramatically increased.
Individuals who are allergic are more sensitive to various
allergens, and may have systematic symptoms in multiple
organs. Rhino-conjunctivitis and/or asthma in allergic
patients are not only induced by house dust mite (HDM),
but also by food allergy to peanuts [1,2]. Food allergy
has been identified as an independent risk factor for life-
threatening asthma. Moreover, it is one of the first mani-
festations of the so-called ‘atopic march, as many children
with food allergy develop allergic asthma later in life [3,4].
However, the underlying immunological mechanism of
polysensitization still needs to be elucidated.

Peanuts contribute to the majority of fatal or near-
fatal food-induced, anaphylactic reactions. For example,

responses such as vomiting, diarrhea and abdominal
pain. Skin (angioedema, eczema, urticaria et al.) or res-
piratory (cough, wheezing, stridor et al.) allergic symp-
toms may also occur in peanut allergy [5,6]. Although
a link of peanut allergy to asthmatic reactions has been
established by previous epidemiological and clinical stud-
ies, the precise interplay between events involving gut
and lung inflammation remains unclear. It has been
suggested that asthma accompanying food allergy is a
risk factor for the occurrence of anaphylaxis, but how
asthma accounts for this systemic response has not been
fully understood [7,8]. Significant progress has been
made in studies using animal models to elucidate the
immunological process of sensitization and allergy, but
such animal models are mainly used to investigate a
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single sensitization and associated clinical phenotype
[9,10]. Moreover, both immunoglobulin (Ig)E and IgG1
elicit allergic reactions in murine models (not human-
ized), whereas in human anaphylaxis IgG appears to
play a smaller role [11,12].

To avoid this bias, a unique humanized mouse model of
human IgE-mediated anaphylaxis in response to peanut and
HDM was established using non-obese diabetic-severe com-
bined immunodeficiency (NOD-SCID) interleukin (IL)-
2Ry™! (NSG) immune-deficient mice reconstituted with
allergic human blood mononuclear cells to study the possible
interplay between food and respiratory allergy. Cellular and
humoral immune responses to peanut and HDM, including
T helper type 2 (Th2)/Th17-related cytokines, as well as the
subsequent clinical manifestations were investigated.

Methods

Blood samples/donors

Heparinized blood was obtained from donors with allergy
to both peanuts and HDM. Specific sensitization was
documented by positive skin prick test responses and
detection of allergen-specific IgE in the sera of donors
(ImmunoCAP-specific IgE blood test; Phadia AB, Uppsala,
Sweden). Approval for the study was obtained from the
Institutional Review Board of the West China Hospital
of Sichuan University. Informed consent was obtained from
all subjects before the study.

Mice

NSG mice (aged 6-8 weeks) were housed under specific
pathogen-free conditions in microisolator cages in the
animal center of the State Key Laboratory of Biotherapy
of China, Sichuan University. All food and water were
autoclaved. Only female mice were used, as they are more
susceptible to anaphylaxis than male mice [13]. The study
protocol was approved by the Animal Care and Use
Committee of West China Hospital.

Crude peanut extract (CPE) preparation

Protein extracts from roasted unsalted peanuts (Arachis
hypogaea; Hampton Farms, Severn, NC, USA) were pre-
pared according to the method described previously. Briefly,
25 g of ground peanuts were homogenized in 250 ml of
20 mmol/l Tris buffer (pH 7.2), which was centrifuged
to remove residual traces of fat and insoluble particles
after 2 h at 23°C [14]. Concentrations of protein were
detected using Bradford analysis with bovine serum albu-
min (BSA) as a standard. Different molecular weights of
peanut allergen protein in CPE preparations were confirmed
using sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis (SDS-PAGE).

Reconstitution of mice with peripheral blood
mononuclear cells (PBMCs) and allergen challenge

Approximately 3 x 107 blood mononuclear cells isolated
from heparinized blood mixed with 100 pg of CPE were
administered to each NSG mouse intraperitoneally (i.p.),
as previously described [15]. To co-expose humanized mice
to peanut and HDM, mice were first administered once
a week at weeks 0-3 with 100 pg of CPE through i.p.
injections, followed by intranasal administration of 100 pg
HDM (Greer Laboratories, Lenoir, NC, USA) at weeks
4-6. Mice were then challenged at weeks 7-8 by intra-
gastric gavage with 300 pg of CPE, after being fasted for
8 h to maximize absorption of peanut antigen across the
gastric mucosa. For single allergen-exposed controls, one
group of humanized mice was exposed to CPE but not
to HDM, and the other group was only exposed to HDM;
phosphate-buffered saline (PBS) was used instead of the
related allergen. For sham allergen-exposed controls, both
CPE and HDM were replaced by PBS. Four allergic donors
were included into the study and PBMCs of one donor
were used for reconstitution for one group.

Assessment of mice

Serum levels of human IgG, mouse IgG, total human IgE
and total mouse IgE were detected by a commercial enzyme-
linked immunosorbent assay (ELISA) kit (Abcam,
Cambridge, MA, USA). Levels of allergen-specific human
IgE were also measured by ELISA (Biopanda, Dundonald,
UK), according to the manufacturers instructions. Plasma
histamine was examined 30 min after challenge and analyzed
with an enzyme immunoassay kit (Abnova, Walnut, CA,
USA), as described by the manufacturer. Symptoms of ana-
phylaxis were evaluated with a mouse-defined anaphylaxis
scale 30 min after challenge (Table 1). Three independent
investigators performed scoring in a blind manner [15].

Airway hyper-reactivity (AHR) was measured by expos-
ing awake mice to increasing concentrations of aerosolized
methacholine via ultrasonic nebulization 24 h after CPE
challenge using a whole-body plethysmograph (Buxco
Electronics, Troy, NY, USA) [16]. Pressure fluctuations were
quantified by algorithm for PenH (enhanced pause).

After reconstitution and allergen challenge, mice were
euthanized with intraperitoneal 3% sodium pentobarbital.
The right lung was lavaged three times with 0-5 ml of
PBS, with a recovery rate of 95%. The supernatant of
bronchoalveolar lavage fluid (BALF) was collected and
stored at 80°C for further analyses. The pellet was resus-
pended in PBS, and cells of different categories were
counted using cytospins stained with May-Grunwald-
Giemsa by classification of 300 cells using standard mor-
phological criteria [17]. The levels of the human cytokines
IL-4, IL-5 and IL-17 in BALF were detected by specific
ELISA using Eli-pairs (Biotest, Buc, France).
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The left lung was fixed with 4% formalin, embedded
in paraffin and subsequently cut into 4-um sections. The
sections were stained with hematoxylin and eosin or peri-
odic acid-Schiff. The degree of inflammation and mucus-
producing goblet cells were semiquantified as previously
described with a microscope (BX40; Olympus, Hamburg,

Table 1. Anaphylaxis score?

Score Symptom

0 No signs of shock

1 Itching/ruffling fur

2 Puffiness around eyes/mouth
Diarrhea, pilar erecti, decreased activity
Decreased respiratory rate

3 Wheezing/labored breathing
Cyanosis

4 No activity (after prodding)

5 Death

aSeverity of the anaphylactic response was scored 30 min after.
challenge using a scoring system from 0 to 5 in all mice.
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Germany) [18]. Quantification of mucus-containing cells
was performed by counting the positive cells per mm
basement membrane of the bronchi.

Statistical analysis

All data were presented as medians and ranges, unless
otherwise stated. Intergroup comparisons were evaluated
using Student’s t-test. For symptom scores, differences
among groups were analyzed by Kruskal-Wallis test. The
value of P < 0-05 was considered significant.

Results

Prior CPE exposure enhanced immunoglobulin
production and Th2/Th17 response

We first investigated whether exposure to CPE via gastro-
intestinal mucosa primed exposure to HDM via the lung.
Dual allergen-exposed mice were developed using NSG
mice reconstituted with allergic PBMCs after both CPE
and HDM exposure (Fig. 1a). Neither mouse IgE nor mouse
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Fig. 1. Production of human total and allergen-specific immunoglobulin (Ig)E in human peripheral blood mononuclear cells (PBMC)-engrafted
non-obese diabetic/severe combined immunodeficiency (NOD-SCID) interleukin (IL)-2Ry™! (NSG) mice. NSG mice were first administrated once
weekly at weeks 0-3 with 100 pg of crude peanut extract (CPE) through intraperitoneal injections followed by intranasal administration of 100 pg
house dust mite (HDM) at weeks 4-6. Mice were then challenged at weeks 7-8 through intragastric gavage with 300 pg of CPE. For single allergen-
exposed controls, one group of humanized mice were exposed to CPE but not to HDM, and the other group were only exposed to HDM; phosphate-
buffered saline (PBS) was used instead of the related allergen. For sham allergen-exposed controls, both CPE and HDM were replaced by PBS (a).
Human total (b) and allergen-specific IgE (c,d) were determined. Data from three independent experiments with five mice per group. Each point

represents a mean value from three independent experiments.
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IgG could be detected in NSG mice (data not shown). As
expected, NSG mice reconstituted with PBMCs from patients
with allergy expressed human IgG after reconstitution
(Supporting information, Fig. S1). In contrast, only the mice
after reconstitution and CPE exposure expressed peanut-
specific IgE (Fig. 1c), and those after reconstitution and
HDM exposure expressed HDM-specific IgE (Fig. 1d).
Moreover, humanized mice exposed to both CPE and HDM
had a higher level of total IgE (Fig. 1b) and peanut-specific
IgE (Fig. 1c) compared with single allergen-exposed mice.
Release of HDM-specific IgE increased significantly in
HDM-only exposed-mice, while no further increase in
HDM-specific IgE was observed in dual allergen-exposed
mice (Fig. 1d. Cytokine production was analyzed in BALF
supernatants. Increasing levels of IL-4 and IL-5 were detected
in dual allergen-exposed mice compared to single allergen-
exposed mice (Fig. 2,a,b). Similarly, IL-17 levels were also
higher in dual allergen-exposed mice compared to controls
(Fig. 2c). HDM-only-exposed mice showed a similar increas-
ing trend in the level of cytokines compared with CPE-
only-exposed mice (Fig. 2).

Prior CPE exposure promoted the development of lung
inflammation and AHR

Either in single allergen-exposed or dual allergen-exposed
mice, recruitment of neutrophils, eosinophils and
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lymphocytes to the bronchoalveolar compartment was
clearly observed (data not shown), while a significantly
higher level of eosinophils and lymphocytes was seen in
dual allergen-exposed mice compared to single allergen-
exposed mice (Fig. 3a,b). A moderate but significant increase
of inflammatory cell influx was observed in the lungs of
dual allergen-exposed mice and a slight increase in mucus
secretion in lungs was present compared with single
allergen-exposed mice (Fig. 4a, Supporting information,
Table S1). To investigate whether both CPE and HDM
exposure led to higher level of airway hyper-reactivity,
AHR to methacholine was determined. As expected, dual
allergen-exposed mice displayed significantly greater AHR
than mice exposed to only one allergen (Fig. 4b).

Prior CPE exposure increased histamine release and
severity of systemic anaphylactic reactions

Plasma histamine level was determined as a major media-
tor of systemic anaphylactic reactions. Dual allergen-exposed
mice had a higher level of histamine compared with single
allergen-exposed mice, while the histamine level in CPE-
only-exposed mice was slightly increased compared with
HDM-only-exposed mice (Fig. 5a). Anaphylactic symptom
scores were determined 30 min after challenge. As a result,
mice reconstituted with mononuclear cells from allergic
patients showed itching/ruffling of fur, puffiness around
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Fig. 2. Allergen-specific cytokine production in bronchoalveolar lavage fluid (BALF) supernatants. Eight weeks after peripheral blood mononuclear
cells (PBMC) engraftment, allergen exposure and challenge, production of interleukin (IL)-4 (a), IL-5 (b) and IL-17 (c) in BALF supernatants were

analyzed. Data from three independent experiments with five mice per group. Each point represents a mean value from three independent experiments.
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Fig. 3. Crude peanut extract (CPE)-induced food allergy influences pulmonary inflammation in house dust mite (HDM)-induced asthma model.
Eight weeks after peripheral blood mononuclear cells (PBMC) engraftment, allergen exposure and challenge, eosinophils (a) and lymphocytes (b) the
count in bronchoalveolar lavage fluid (BALF). Data from three independent experiments with five mice per group. Each point represents a mean value
from three independent experiments.
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Fig. 4. Prior crude peanut extract (CPE) exposure promoted the development of lung inflammation and airway hyper-reactivity (AHR). Lung slides
shown at x100 were stained with periodic acid-Schiff reagent to determine peribronchial inflammatory infiltrates and mucus production (a). Seven
weeks after peripheral blood mononuclear cells (PBMC) engraftment, allergen exposure and challenge, airway resistance in response to methacholine
was measured. Shown are means + standard error of the mean (s.e.m.) of the relative change to baseline value of three independent experiments with

at least three mice per group (b).

the eyes and snout, pilar erecti, decreased ambulation and
respiratory rate after allergen exposure and challenge, indi-
cating a clinical phenotype related to allergic response.
Such clinical characteristics were not present in the human-
ized mice receiving sham allergen exposure. Strikingly, dual
allergen-exposed mice displayed a more severe allergic
phenotype compared with single allergen-exposed mice,
as defined by clinical phenotype and a higher anaphylaxis
score. However, the anaphylaxis score was significantly

lower for HDM-only-exposed mice compared with CPE-
only-exposed mice (Fig. 5b).

Discussion

Developing a relevant animal model for high-risk human
subjects of anaphylaxis remains a huge challenge.
However, there is a tendency that antigen-induced ana-
phylaxis is primarily mediated via IgG in mice, and
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Fig. 5. Prior crude peanut extract (CPE) exposure increased histamine release and severity of systemic anaphylactic reactions. Plasma histamine levels
were measured 30 min after peanut challenge at week 7 (a). Anaphylaxis score (0-5) was determined 30 min after challenge at week 8 (b). Data from
three independent experiments with five mice per group. Each point represents a mean value from three independent experiments. Scoring was

performed in a blind manner by three independent investigators.

animals may also have immunological tolerance to
ingested antigens. As mice do not express specific human
therapeutic targets, and investigations related to novel
drugs in humans are limited by ethical constraints [19,20],
development of a humanized murine model is crucial
for investigating such novel strategies in vivo. In the
present study, a humanized allergen-sensitive NSG mouse
model was established and characterized in which expo-
sure to peanut was followed by exposure to HDM, and
a robust allergic response mimicking allergic cascade
in human was reproduced. The main hallmarks for both
peanut allergy and HDM-allergic asthma were success-
fully induced in the same model. Peanut exposure was
effective, as reflected by the increase in human total
and peanut-specific IgE in serum [21,22]. The phenotype
of the mouse model was defined with an anaphylaxis
score, histamine levels and clinical phenotype [15]. To
induce airway allergy, humanized mice were treated to
HDM between CPE exposure and challenge. Allergic
asthma in mice previously exposed to CPE was more
obvious with higher total IgE levels compared to other
groups. Furthermore, increased airway hyper-reactivity
to methacholine, eosinophilic and lymphocytic lung
inflammation, and increased peribronchial infiltrates were
observed in dual allergen-exposed mice compared to
single allergen-exposed mice. Moreover, dual allergen-
exposed mice had higher levels of Th2 and Th17 cytokines
in response to HDM compared to HDM-only-exposed
mice. In addition, dual allergen-exposed mice displayed
a more severe allergic phenotype when peanut was sys-
temically administrated.

Our study suggests that a primary exposure to one
allergen primed the immune system to develop an intense

response to an unrelated allergen administered subse-
quently, implying that the sensitization to multiple allergens
observed in atopic subjects may be attributed to a synergic
interaction between the immune responses initiated by
each allergen, rather than being an independent event
occurring in response to multiple exposures on a common
genetic background [23,24]. These results are consistent
with epidemiological data showing that food allergy is
associated with an increased risk to develop allergic airway
disease [25,26].

It has been demonstrated in previous studies that patients
with allergies were characterized by allergen-specific Th2-
mediated responses, and that resolution of allergy coincided
with a shift to a Thl response [27,28]. Recent studies have
shown that the Th1/Th2 dichotomy in allergy may expand
to other T cell effector subsets, including Th17 cells char-
acterized by the hallmark production of IL-17. In humans,
emerging evidence has supported that IL-17 expression was
increasing in moderate to severe asthma [29-31]. However,
it is uncertain whether this up-regulation is associated with
granulocytic airway inflammation. In the present study,
preceding peanut exposure increased Th2 and Th17 cytokine
production in response to HDM in humanized mice recon-
stituted with PBMCs from allergic donors, and this translated
into aggravated lung inflammation and AHR. Therefore,
our data support a potential role of IL-17 in asthma and
food allergy. Future studies on therapeutic strategies targeted
on the IL-17 axis would further define the functional
importance of IL-17 in atopic disorders.

In conclusion, we developed a human PBMC-engrafted
murine model of both peanut allergy and asthma that
could be instrumental to further elucidate the mechanisms
of interplay between different primary sensitizations, which
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is also suitable for investigating existing drugs, novel phar-
macological and immunological intervention for treatment
of allergic diseases. However, the underlying mechanisms
remain to be deciphered.
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Supporting Information

Additional supporting information may be found in the on-
line version of this article at the publisher’s web site:

Fig. S1. Production of human total IgG in NOD-scid
IL2Rgamma™!" mice after reconstitution with PBMCs.
Shown are means + SEMs of 3 independent experiments
with 5 mice per group.

Table S1. The positive cells per mm basement membrane of
the bronchi (means + SEMs).
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