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Abstract

Background: Clinically itis recognized that tree nut allergies
such as hazelnut allergy are not usually outgrown. Specific
mechanisms underlying the persistence of such food aller-
gies are incompletely understood. Here we studied the nat-
ural history and the long-term immune and clinical charac-
teristics of hazelnut allergy in an adjuvant-free mouse
model. Methods: BALB/c mice were sensitized to hazelnut
protein using a transdermal sensitization protocol that does
not use adjuvant. After establishing sensitization, exposure
to hazelnut was withdrawn for 3, 5 or 8 months. The fate
of circulating IgE antibodies was monitored. Subsequently,
mice were given booster exposures and examined for mem-
ory IgE antibody and spleen cell IL-4 responses. Clinical char-
acteristics and hypothermia responses upon oral allergen
challenge were studied. Results: Upon allergen withdrawal,
circulating hazelnut-specific IgE antibody levels began to
drop. Nevertheless, IgE responses once established re-
mained at significantly high levels for up to 8 months (the
last time point studied) despite withdrawal of allergen expo-
sure. Memory IgE responses to booster exposures were ro-

bust after 3, 5 or 8 months of allergen withdrawal. Further-
more, significant clinical reactivity to oral hazelnut chal-
lenge, and hypothermia responses were demonstrable at
each of these time points. Long-lasting spleen cell memory
IL-4 responses to hazelnut were detectable in these mice ex-
plaining the mechanism of sustenance of IgE responses and
clinical sensitization. Conclusions: Hazelnut allergy once es-
tablished persists for long periods, despite withdrawal of al-
lergen exposure, due to long-lasting, memory IgE and IL-4

responses. Copyright © 2010 S. Karger AG, Basel

Introduction

Food allergies that are mediated by IgE antibodies af-
flict 6-8% of children and approximately 2-4% of adults
in westernized countries including Europe and the USA
(1, 2]. Any IgE-mediated food allergy has the potential to
trigger life-threatening systemic anaphylaxis in humans
[2]. However, peanut and tree nut allergies are dispropor-
tionately linked to severe, potentially fatal anaphylactic
reactions [3, 4]. Furthermore, whereas milk and egg aller-
gies are generally outgrown in most cases, peanut allergy
has been reported to be rarely outgrown (approx. 20%
cases) [5-8]. It is also reported that approximately 9% of
children with tree nut allergies such as cashew nut, wal-
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nut and pecan will outgrow their allergy [9]. In contrast,
hazelnut allergy, once initiated, is thought to persist for
life in humans for reasons that are not completely under-
stood [10, 11].

The mechanisms underlying the reason why some
IgE-mediated food allergies are outgrown while others
remain persistent are incompletely understood at present
[12-14]. Thus, Turcanu et al. [15] reported that children
who outgrew peanut allergy exhibited a shift in their pe-
ripheral blood lymphocyte profile from Th2 to a Thl
phenotype. In contrast, those who remained allergic
maintained a Th2-dominated profile [15]. In milk and
egg allergy, there are similar reports implicating either
Th1/Th2 imbalance or involvement of CD4+ CD25+ T
regulatory cells in outgrowing clinical sensitivity [16-18].
In contrast to these food allergies, the mechanism under-
lying the persistence of tree nut allergies in general and
hazelnut allergy in particular is largely unknown.

We have previously reported an adjuvant-free mouse
model of hazelnut allergy [19]. The major features of this
model include: (i) induction of dose-dependent IgE anti-
body response to transdermal hazelnut protein exposure;
(ii) clinical signs of systemic anaphylaxis and hypother-
mia response upon oral challenge with hazelnut, and (iii)
significant type 2 cytokine responses to hazelnut. Al-
though this model resembles many features of human
disease, it is not known whether hazelnut allergy once
established would persist in this model as it does in hu-
mans.

To address this question, we studied the long-term
characteristics of hazelnut allergy in this mouse model.
We found that the memory IgE response to hazelnut per-
sists up to 8 months even after allergen withdrawal. A
long-lasting memory IgE response is associated with the
memory IL-4 response and clinical reactivity to oral ha-
zelnut exposure.

Material and Methods

The following materials were purchased from sources as indi-
cated in the parentheses: hazelnut protein extract (Greer Labora-
tories, Lenoir, N.C., USA); protein content was measured by the
Lowry-Folin assay; the lipopolysaccharide content of this material
was tested and found to be <0.5 pg/mg of protein as measured by
the Limulus amebocyte lysate assay (Cambrex Bio Science Walk-
ersville Inc., Walkersville, Md., USA); biotin-conjugated rat anti-
mouse IgG1 and IgE antibodies; paired antibodies and recombi-
nant standards for mouse IL-4 (BD Pharmingen, San Diego, Calif.,
USA); p-nitrophenyl phosphate (Sigma, St. Louis, Mo., USA);
streptavidin alkaline phosphatase (Jackson Immunoresearch,
West Grove, Pa., USA); protein G (GE Health Care, N.J., USA).
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Fig. 1. a-c Circulating hazelnut-specific IgE antibodies persist for
long periods despite allergen withdrawal of 3-8 months in BALB/
¢ mice. Groups of mice (n = 10/group) were transdermally ex-
posed to hazelnut (HN) protein (0 or 1 mg/mouse) as described
in the Methods; TDE = transdermal exposure. Specific IgE anti-
body levels were measured before exposure and at several time
points after exposure and after allergen withdrawal. The data in
a, b and c are from 3-, 5- and 8-month allergen withdrawal ex-
periments, respectively.

Transdermal Sensitization and Long-Term Studies

BALB/c female mice were purchased from the Jackson Labo-
ratory (Bar Harbor, Me., USA). Only adult animals (6-8 weeks
of age) were used in the study, and they were on casein-free JL
Rat & Mouse/Auto 6F 5K52 lab diet (PMI Nutrition Interna-
tional, Brentwood, Mo., USA). All animal procedures used were
in accordance with Michigan State University policies. Trans-
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dermal exposure experiments were performed using a modified
method that we described before [20]. Groups of mice (n = 10 per
group unless indicated otherwise) were exposed to saline or ha-
zelnut protein (1 mg per mouse in saline per application); each
mouse had the reagent applied to the skin of the back that had
the hair clipped off and covered with a nonlatex nonocclusive
bandage for 1 day. Mice were rested for 4 days. Then the cycle of
exposure to saline or hazelnut protein was continued for 6-8
weeks until IgE antibodies specific to hazelnut protein were de-
tected.

After sensitization mice were divided into three groups, and
allergen was withdrawn for 97 days (3-month study), 162 days (5-
month study) and 252 days (8-month study). To study memory
responses, the first group (3-month study) received 2 transdermal
booster exposures with saline or hazelnut protein on day 97 and
day 104; the second group (5-month study) received 2 booster ex-
posures with saline or hazelnut protein on day 162 and day 169,
and the third group (8-month study) received 2 transdermal
booster exposures with saline or hazelnut protein on day 252 and
day 259. Blood samples were collected for every 15 days during the
entire period by the saphenous vein, and plasma was used in the
antibody analysis.

Long-Term Study on Hazelnut Allergy in
Mice

Measurement of Hazelnut-Protein-Specific Antibodies and

Total Plasma IgE Levels

We have previously described optimization of an enzyme-
linked immunosorbent assay (ELISA) for food-specific IgE and
IgGl antibody analyses [21]. The ELISA procedure used in this
study was essentially as described [21].

Induction of Systemic Anaphylaxis, Measurement of Rectal

Temperature

Groups of hazelnut-protein-sensitized and saline-exposed
mice were orally challenged with hazelnut protein (15 mg/mouse)
on days 115 (3-month study), 180 (5-month study) and 270 (8-
month study), respectively, using mouse feeding needles (22
gauge, Popper & Sons Inc., N.Y., USA). Rectal temperature was
measured using a temperature probe (Physitemp Instruments
Inc., N.J., USA) before and 30 min after oral challenge. Mice were
observed for signs of systemic anaphylaxis during the 60 min af-
ter oral challenge. Clinical scoring (on a scale of zero to 5) was
performed by 2 individuals according to the method described
here. Scores were: 0 = no symptoms; 1 = scratching and rubbing
around the nose and head; 2 = puffiness around the eyes and
mouth, diarrhea, pili erecti, reduced activity and/or decreased ac-
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Fig. 3. Long-lasting memory IgE response
to hazelnut is associated with clinical reac-
tivity and hypothermia response upon 1
oral challenge with hazelnut. Groups of
mice (n = 10/group) were transdermally
exposed to hazelnut protein (0 or 1 mg/
mouse) and then allergen was withdrawn
as described in the Methods. Later, mice
were orally challenged with hazelnut pro-
tein (15 mg/mouse) and examined for clin-
ical signs of systemic anaphylaxis during
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tivity with increased respiratory rate; 3 = wheezing, labored res-
piration, cyanosis around the mouth and the tail; 4 = no activity
after prodding, or tremor and convulsions; 5 = death. Mice were
sacrificed within 2 h after the oral challenge.

Spleen Cell Culture and IL-4 Analysis

Spleen cells were harvested, and standard cell cultures were set
up essentially as described [19]. Briefly, spleen cells were cultured
(7.5 million/ml) in the absence and presence of hazelnut protein
(100 and 500 pg/ml). Cell culture supernatants were harvested for
use in cytokine analyses using preoptimized ultrasensitive assays
(assay sensitivity for IL-4: 3.1 pg/ml).

Results

Allergic (IgE) Response to Hazelnut Once Established

Remains Persistent up to 8 Months despite Allergen

Withdrawal

We studied the fate of circulating hazelnut-specific
IgE antibodies in three groups of mice that had been sen-
sitized to hazelnut. Thus, following allergen withdrawal,
during the 3-month (fig. 1A), 5-month (fig. 1B) and 8-
month (fig. 1C) withdrawal periods, as expected IgE lev-
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els started to fall during this period. Nevertheless, sig-
nificant IgE levels were noted in all three groups despite
prolonged allergen withdrawal. Hazelnut-specific 1gG1
antibody levels were also persistent in these mice (data
not shown).

Memory IgE Response to Hazelnut Persists for Long

Periods of Time despite Withdrawal of Allergen

Exposure

In order to test the hypothesis that the hazelnut-elic-
ited IgE response has long-lasting memory, we examined
memory IgE responses in these mice upon a booster
transdermal exposure to hazelnut. As evident, there was
a significant memory IgE response to booster transder-
mal exposure in these mice after 3, 5 and 8 months of al-
lergen withdrawal (fig. 2).

Memory IgE Response Translates to Clinical Reaction

of Anaphylaxis and Hypothermia Response upon Oral

Challenge with Hazelnut

We examined the clinical symptoms of anaphylaxis
and hypothermia response to oral challenge in these
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mice. As evident, mice that had been transdermally ex-
posed to saline did not show any significant clinical re-
activity. In contrast, mice sensitized to hazelnut (fig. 3)
exhibited a consistent clinical reactivity and hypother-
mia response.

Long-Lasting Allergic Responses Are Associated with

Memory IL-4 Responses

In order to examine the underlying mechanism of
long-lasting hazelnut allergy, we examined the spleen cell
IL-4 response to hazelnut. Hazelnut protein significantly
activated a recall IL-4 response by spleen cells from ha-
zelnut-allergic mice but not saline control mice (fig. 4).

Discussion
Here we report several important and novel findings

from this study: (i) the IgE response to hazelnut in BALB/
¢ mice once established remains persistent at significant

Long-Term Study on Hazelnut Allergy in
Mice

levels for at least 8 months despite allergen withdrawal;
(ii) despite long-term withdrawal of allergen, mice once
sensitized to hazelnut exhibit a robust memory IgE re-
sponse to transdermal allergen exposure; (iii) the memo-
ry IgGl response to hazelnut also remains persistent sug-
gesting that long-lasting memory is not specific to the IgE
isotype per se; rather the immune response to hazelnut is
characterized by a long-lasting memory response; (iv) the
long-lasting memory IgE response is associated with a
memory spleen cell IL-4 response, and (v) the persistent
memory IgE response translates to clinical reactivity and
hypothermia responses. These data demonstrate for the
first time that clinical sensitization to hazelnut once es-
tablished persists for a long time in this mouse model due
to long-lasting memory IgE and IL-4 responses.

We gave booster exposures because we wanted to de-
termine how long the memory allergic response, as mea-
sured by the memory IgE response, persists in this model.
We also tested whether such a long-lasting memory IgE
response would be associated with the memory IL-4 re-
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sponse. We also tested whether the memory IgE response
translates to clinical reactivity upon oral challenge.

In this model, upon oral challenge, severe clinical re-
actions occur very rapidly within 30 min to 1 h. There-
fore, we euthanize the mice by 2 h upon oral challenge.
Consequently, it is not possible to use oral exposure to
study the booster effect and to measure the memory IgE
response in this time frame as memory IgE responses
need at least a few days to manifest themselves in the pe-
ripheral blood. Consequently we used the transdermal
route for booster exposures.

We had determined by prior experiments that two
transdermal exposures to naive mice with hazelnut pro-
tein in this model do not elicit an IgE response or clinical
reactivity upon oral challenge (data not shown). Thus,
enhancement in IgE response to two booster exposures
demonstrates a memory IgE response.

We used the BALB/c strain of mice to study long-term
characteristics of hazelnut allergy because this strain was
used to establish the mouse model of hazelnut allergy that
we have described before [19]. Furthermore, since gene
knockout mice are available in a BALB/c genetic back-
ground, this strain is also suitable for future studies to
explore the mechanism of persistence of IL-4, IgE, clini-
cal reactivity and hypothermia response in this model.

The immune and clinical consequences of transder-
mal exposure to food proteins in humans are unknown
at present. A few recent studies including ours demon-
strate that transdermal exposure to allergenic food pro-
teins such as hazelnut, ovalbumin, cashew nut and sesa-
me seed can result in clinically significant sensitization
[19, 22-24]. These data demonstrate, for the first time,
that just two transdermal exposures during the allergen
withdrawal period can trigger a vigorous booster im-
mune response with consequent clinical reactivity upon
oral challenge.

Efforts to develop a mouse model of food allergy may
be grouped into two types: (i) adjuvant-based approaches
and (ii) adjuvant-free approaches [24, 25]. Here we dem-
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