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Abstract
Background: Cashew nut allergy is an emerging food aller-
gy with a high risk of systemic anaphylaxis. Currently, an ad-
juvant-free animal model to study cashew nut allergy is not
available. Methods: BALB/c mice were exposed to cashew
nut protein using a transdermal sensitization protocol that
does not use adjuvant. Systemic IgE antibody response, sys-
temic anaphylaxis to oral challenge and allergen-driven,
spleen-cell, type-2 cytokine responses were studied. Re-
sults: Transdermal exposure to cashew nut resulted in a sig-
nificant dose-dependent allergic response. Oral challenge
of sensitized mice with cashew resulted in severe signs of
systemic anaphylaxis and a significant hypothermia. Spleen
cell culture with cashew nut protein resulted in allergen-
driven IL-4,IL-5 and IL-13 responses only in sensitized but not
in saline control mice. Conclusions: These data demonstrate
that (i) transdermal exposure to cashew nut protein elicits a
robust IgE response leading to clinical sensitization of mice
for systemic anaphylaxis to oral cashew nut challenge; (ii)
cashew nut is a potent activator of type-2 cytokines, thus
explaining the mechanism of cashew allergy, and (iii) this
mouse model may be useful for further basic and preclinical
studies on cashew nut allergy.

Copyright © 2009 S. Karger AG, Basel

Introduction

Immediate hypersensitivity responses to food, com-
monly called food allergy, afflict 6-8% of children and
~2-4% of adults in Westernized countries including Eu-
rope and the United States [1, 2]. Tree nut allergies in par-
ticular affect ~0.5% of adults in the USA and 0.2% of
children in the Isle of Wight cohort of the UK [3]. Cashew
nut allergy is the second most commonly reported tree
nut allergy, after walnut, in the USA [4]. There is growing
concern that cashew nut allergy is increasingly recog-
nized in clinical practice in recent years in pediatric pop-
ulations for reasons that are not well understood [5-8].
Furthermore, it is also reported that cashew nut causes
more severe reactions than peanut in children [6]. Thus,
cashew nut allergy is an emerging, clinically significant
and very dangerous food allergy.

Global prevalence of cashew nut allergy is unknown.
In the UK, approximately 0.08% of 4-year-old children
are estimated to be allergic to cashew nut [3, 9]. Houri-
hane et al. [10] first reported clinical features of cashew
nut allergy. They concluded that cashew nut allergy rep-
resents a threat to life, and is at least as severe as that of
peanut and other tree nut allergies [10]. Many reports of
cashew nut allergy have been published in the past sev-
eral years [11-13]. More recently, elaborate studies involv-
ing a large number of subjects highlight the clinical se-
verity of cashew nut allergy [5-7]. Thus, there is growing
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scientific evidence that cashew nuts cause immediate hy-
persensitivity reactions in humans, often with severe
signs of systemic anaphylaxis.

Cashew nut allergy is often associated with allergies to
other foods such as pistachio nuts, almonds, hazelnuts,
walnuts, pine nuts, pecans and Brazil nuts; it may or may
not be associated with peanut allergy [7, 11, 12]. Ferdman
et al. [13] reported a case of pectin anaphylaxis and pos-
sible association with cashew nut allergy. There are sug-
gestions that cross-reactivity due to shared B-cell epit-
opes among tree nuts may trigger cashew nut allergy [12].
However, whether cashew nut protein itself can act as a
primary sensitizer leading to a clinical disease such as
systemic anaphylaxis is not known.

Currently, there is no animal model available to study
cashew nut allergy. Here we tested the hypothesis that
cashew nut protein, without the use of adjuvant, would
elicit allergic and anaphylactic reactions in mice similar
to those in humans. Our results demonstrate that: (i)
transdermal exposure to cashew nut protein results in a
robust IgE response leading to clinical sensitization of
mice for systemic anaphylaxis to oral cashew nut protein
challenge, and (ii) cashew nut protein is a potent activator
of IL-4, IL-5 and IL-13, thus explaining the mechanism
of allergic response. We also suggest that this adjuvant-
free mouse model may be useful for further basic and
preclinical studies on cashew nut allergy.

Material and Methods

The materials were purchased from the sources indicated in
parentheses: cashew nut protein extract (Greer Labs, Lenoir,
N.C., USA); protein content was measured by the Lowry-Folin
assay; LPS content of this material was tested and found to be
<0.5 pg/mg of protein as measured by the LAL assay (Cambrex
Bio, Walkersville, Md., USA); biotin-conjugated rat anti-mouse
IgGl and IgE antibodies; paired antibodies and recombinant
standards for mouse IL-4, IL-5 (BD PharMingen, San Diego, Ca-
lif.,, USA); IL-13 (R&D Systems, Minneapolis, Minn., USA); p-ni-
tro phenyl phosphate (Sigma, St. Louis, Mo., USA), and strep-
tavidin alkaline phosphatase (Jackson ImmunoResearch, West
Grove, Pa., USA).

Transdermal Sensitization and Bleeding

BALB/c female mice were purchased from the Jackson Labo-
ratory (Bar Harbor, Me., USA). Only adult animals (6-8 weeks
age) were used in this study. All animal procedures used were in
accordance with the Michigan State University policies. Trans-
dermal exposure experiments were performed using a method
described earlier [14]. Groups of mice (n = 10) were exposed to
saline or cashew nut protein extract (0.05, 0.5 and 1 mg/100 wlin
saline per mouse per application); each mouse had the reagent
applied to the skin of the back that had the hair clipped off and
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covered with a non-latex non-occlusive bandage for 1 day. Mice
were rested for 4 days. Then the cycle of exposure to saline or nut
protein was continued for 4 weeks. Hair was clipped on the back,
above the lumbar vertebrae. Animals received a total of 4 non-
occlusive bandages. Allergen was prepared in sterile normal sa-
line in a volume of 100 p.l; the solution was applied on the clipped
area using a sterile tip. Animals were not reclipped during the 4-
week immunization protocol. We have been using this protocol
for over 3 years; we have not observed any visible macroscopic
injuries or inflammation of the skin. Blood samples were col-
lected from the saphenous vein and plasma was used in the anti-
body analysis.

Measurement of Food-Specific Antibodies and Total Plasma

IgE Levels

We have previously described optimization of enzyme-linked
immunosorbent assay (ELISA) for food specific IgGl and IgE an-
tibody analyses [15]. The ELISA procedure used in this study was
essentially as described by us [15]. Total plasma IgE levels were
measured using an ELISA optimized with paired antibodies and
isotype standard purchased from BD PharMingen.

Induction of Systemic Anaphylaxis, Clinical Scoring and

Measurement of Rectal Temperature

Groups of cashew-nut-sensitized versus saline-exposed mice
were orally challenged with cashew nut protein (15 mg/mouse)
or saline (500 pl per mouse) on day 6 following the 4th exposure
using mouse feeding needles (22 gauge; Popper and Sons, New
York, N.Y., USA). Mice were then observed for signs of systemic
anaphylaxis during the next 60 min. Clinical scoring (on a scale
from 0 to 5) was performed by 2 individuals according to the
method described previously [16]: 0, no symptoms; 1, scratching
and rubbing around the nose and head; 2, puffiness around the
eyes and mouth, diarrhea, pilar erecti, reduced activity and/or
decreased activity with increased respiratory rate; 3, wheezing,
labored respiration, cyanosis around the mouth and the tail; 4,
no activity after prodding, or tremor and convulsion, and 5,
death. Rectal temperature was measured using a temperature
probe (Physitemp Instruments, Clifton, N.J., USA) before and 30
min after oral challenge.

Spleen Cell Culture and Cytokine Analyses

Spleen cells were harvested and standard cell cultures were set
up essentially as described [17]. Briefly, spleen cells were cultured
(7.5 million/ml) in the absence and presence of cashew nut protein
extract (100 and 500 pg/ml). Cell culture supernatants were har-
vested for use in cytokine analyses using pre-optimized ultrasen-
sitive assays (assay sensitivity: IL-4: 3.1, IL-5: 7.8 and IL-13: 31.2
pg/ml).

Statistical Analyses

The Wilcoxon two-sample test was used to compare all treat-
ments for clinical score data. All antibody level data were log
transformed and subsequently analyzed using ANOVA; similar-
ly, t test inference on differences between treatments for rectal
temperatures was adjusted for pretreatment temperatures using
ANCOVA. SAS software was used for all statistical analyses (SAS
Institute, Cary, N.C., USA). The statistical significance level was
set to 0.05.
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Fig. 1. Specific IgE antibody response to transdermal exposure of
BALB/c mice to cashew nut protein. Ten mice per group were
transdermally exposed to the indicated doses of cashew nut pro-
tein (0, 0.05, 0.5 or 1 mg/mouse). Specific IgE antibody titers were
measured before exposure and after the 4th exposure. Data shown
represent IgE antibody titers (geometric mean * SE).
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Fig. 3. Specific IgG1 antibody response to transdermal exposure
of BALB/c mice to cashew nut protein. Ten mice per group were
transdermally exposed to the indicated doses of cashew nut pro-
tein (0, 0.05, 0.5 or 1 mg/mouse). Specific IgGl antibody levels
were measured before exposure and after the 4th exposure. Data
shown represent IgGl antibody levels after the 4th exposure
(means £ SE); there was no significant cashew-nut-specific IgG1
antibody in the plasma before exposure. CN = Cashew nut; TD =
transdermal.

Cashew Nut Allergy Mouse Model

Fig. 2. Total plasma IgE levels before and following transdermal
exposure of BALB/c mice to cashew nut protein. Ten mice per
group were transdermally exposed to cashew nut protein or saline
as described in figure 1. Total plasma IgE levels were measured
before and 4 days after the 4th exposure. Means * SE.

Results

Transdermal Exposure to Cashew Nut Protein Results

in Marked IgE Antibody Response

We performed dose-response and time-course ex-
periments and analyzed antibody responses to trans-
dermal exposure to cashew nut protein. As evident,
whereas a dose of 0.05 mg/mouse did not elicit signifi-
cant cashew-nut-specific IgE antibody titers, a dose of
0.5 and 1 mg/mouse did after the 4th exposure (fig. 1).
Analysis of plasma samples collected before exposure
and after the 2nd and 4th exposures revealed a progres-
sively higher memory IgE antibody response (data not
shown). Enhanced total plasma IgE levels further con-
firmed induction of an allergic response (fig. 2). In order
to test the specificity of the allergic response to cashew
nut, we screened the plasma from sensitized mice with
a panel of other allergenic foods (peanut, ovalbumin
and sesame). There was no significant IgE binding to
these food proteins. Cashew nut also elicited a robust
dose-dependent IgG1 antibody response (fig. 3).
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Fig. 4. Transdermal exposure to cashew nut protein is sufficient
to clinically sensitize BALB/c mice for systemic anaphylaxis to
oral challenge with cashew nut. Ten mice per group were trans-
dermally exposed to the indicated doses of cashew nut protein (0,
0.05, 0.5 or 1 mg/mouse). Six days after the 4th exposure, mice
were orally challenged with cashew nut protein (15 mg/mouse)
and examined for clinical signs of systemic anaphylaxis during
the next 60 min. a Clinical symptom scores are shown as a scatter
plot with each symbol representing 1 mouse. ANOVA test results:
cashew nut, 1 and 0.5 mg/mouse dose vs. all other groups, p <
0.05. b Rectal temperature before and 30 min after oral challenge
are shown (means * SE). ANOVA test results: bars with different
letters are significantly different (p < 0.01).

Transdermal Exposure to Cashew Nut Protein Is

Sufficient to Sensitize BALB/c Mice for Clinical

Signs of Systemic Anaphylaxis in Response to Oral

Challenge with Cashew Nut: Clinical Severity

Depends on the Dose Used for Transdermal

Sensitization

Following oral challenge with cashew nut protein,
neither saline-exposed control mice nor mice that were
transdermally exposed to 0.05 mg/mouse exhibited sig-
nificant scores of systemic anaphylaxis (fig. 4a). However,
mice that were transdermally exposed to 0.5 and 1 mg/
mouse dose exhibited severe clinical signs of systemic
anaphylaxis (fig. 4a). Thus, the intensity of the clinical
response to oral cashew nut exposure was dependent on
the dose of cashew nut used for transdermal sensitiza-
tion. Notably, every mouse in the 1 mg/mouse group had
at least a score of 4, which included signs of inactivity
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upon prodding, convulsions and tremors; many also ex-
hibited labored respiration.

Hypothermia Is Associated with Clinical Signs of

Systemic Anaphylaxis in Cashew-Nut-Allergic Mice:

Degree of Drop in Rectal Temperature Depends on the

Dose Used for Transdermal Sensitization

We tested rectal temperature of mice before and 30
min after oral challenge with cashew nut protein. As evi-
dent, mice that had been transdermally exposed to saline
or 0.05 mg/mouse did not show any significant drop in
rectal temperature, but higher doses correlated with
higher decreases in rectal temperature following oral
challenge (fig. 4b).

Cashew-Nut-Allergic Mice but Not Control Mice

Exhibit Dose-Dependent Allergen-Driven Recall

Type-2 Cytokine Responses

Cashew nut protein significantly activated recall IL-4,
IL-5and IL-13 responses by spleen cells from cashew-nut-
allergic but not saline-exposed control mice; cytokine re-
sponses were correlated with the dose of the transdermal
exposure to cashew nut protein (fig. 5).

Discussion

Here we report three important and novel findings
from our study: (i) transdermal exposure of BALB/c
mice to cashew nut protein (in the absence of adjuvant)
results in a marked systemic allergic (IgE) response; (ii)
such an exposure via the skin is also sufficient to clini-
cally sensitize the mice for severe signs of systemic ana-
phylaxis and hypothermia in response to oral challenge
with the cashew nut protein, and (iii) the mechanism
underlying cashew nut allergy involves activation of
type-2 cytokine responses (IL-4, IL-5 and IL-13), thus
leading to systemic IgE antibody responses and clinical
sensitization.

We chose the BALB/c strain of mice to develop a ca-
shew nut allergy model because: (i) this strain has earlier
been used in allergy studies by many in the field includ-
ing us; however, whether they develop allergic responses
to cashew nut was unknown [18-21], and (ii) many gene
knockout mice are available on BALB/c genetic back-
ground, and therefore it will be valuable for further mech-
anistic studies on cashew nut allergy.

Immune and clinical consequences of transdermal ex-
posure to cashew nut protein in humans or animals are
unknown at present. However, few recent studies, includ-
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Fig. 5. Cashew-nut-allergic mice exhibit
memory type-2 cytokine (IL-4, IL-5 and
IL-13) responses: dose-response analysis.
Spleen cells were isolated from the various
groups of BALB/c mice (as described in
figure 4) and cultured with cashew nut
(CN) protein (0.5 mg/ml) or culture me-
dium (CM) alone. Cell culture superna-
tants were harvested on days 1 and 3 and
analyzed for cytokines using optimized
ELISA. Data shown are from day 3, which
exhibited significant cytokine responses
(average * SE of duplicate analyses). Bars 0
with different letters are significantly dif-
ferent (p <0.05; ANOVA). TD = Transder-
mal.
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ing ours, have shown that transdermal exposure to other
allergenic food proteins, e.g. ovalbumin, hazelnut and
sesame seed, can result in both immune activation and
clinical sensitization for immediate hypersensitivity re-
action including systemic anaphylaxis [18, 19, 22]. Strid
et al. [23] demonstrated a delayed hypersensitivity re-
sponse to peanut via skin exposure in the ear using the
tape-stripping method. They reported that mice also suf-
fered from signs of anaphylaxis [23]. Thus, using cashew
nuts, we further add evidence to the emerging concept
that transdermal exposure to food proteins can activate
the necessary systemic immune response pathways lead-
ing to clinical sensitization for severe oral food-allergic
reactions such as systemic anaphylaxis in mice.
Previous efforts to develop a mouse model of food al-
lergy may be divided into two types: (i) the adjuvant-
based approach to develop a mouse model, and (ii) the
adjuvant-free approach to develop a mouse model. Thus,
mouse models of peanut allergy and cow’s milk allergy
are based on using adjuvant such as cholera toxin and
alum [16, 24-26]. In contrast, mouse models of hazelnut
allergy and sesame seed allergy have used a novel adju-
vant-free method involving exposure to food proteins via
the skin [18, 19, 22]. Here, we demonstrate for the first
time that it is possible to use the adjuvant-free approach
to develop a mouse model of cashew nut allergy. This is
significant because an adjuvant-free mouse model of ca-
shew nut allergy provides an opportunity to study the
mechanism of disease in the absence of any adjuvant-re-

Cashew Nut Allergy Mouse Model

lated effects. Furthermore, this model that is indepen-
dent of adjuvant is similar to the human disorder that
also occurs in the absence of adjuvant.

It is largely unclear whether exposure to allergenic
foods via the skin might lead to food-allergic sensitiza-
tion in humans; however, this possibility has been dis-
cussed in the recent literature [27, 28]. There is epidemio-
logical evidence implicating that peanut exposure via the
skin in infants is associated with peanut allergy [28].
However, for cashew nut in particular, there is no evi-
dence as yet for transdermal sensitization in humans.
Our data demonstrate that it is clearly possible in BALB/
¢ mouse. Therefore, these data warrant investigation of
such a possibility in humans.

A number of human cashew-nut-allergic patients have
been reported to exhibit allergies to other foods including
peanut, pistachio nuts, walnuts, almonds, hazelnuts and
pecans [7, 11, 12]. These and other studies suggest that
there is potential for immune cross-reactivity among the
tree nuts [12]. There is also a report of potential cross-re-
activity between cashew and pectin [13]. Thus, it was un-
clear whether cashew nut allergy occurred in nature due
to primary sensitization to cashew nut itself or secondary
to immune cross-reactivity to other allergenic foods. Us-
ing a mouse model, we directly demonstrate that cashew
nuts have intrinsic allergenic potential. Therefore, we
suggest that cashew nut allergy could potentially result
not only from immune cross-reactivity with other foods,
but also from primary sensitization to cashew nut itself.
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In summary, these data demonstrate that: (i) transder-

mal exposure to cashew nut protein, in the absence of

adjuvant, elicits a robust IgE response leading to clinical
sensitization of mice for systemic anaphylaxis to oral ca-
shew nut protein challenge; (ii) cashew nut protein is a
potent activator of type-2 cytokines, thus explaining the

mechanism of cashew nut allergy, and (iii) this adjuvant-
free mouse model may be useful for further basic and
preclinical studies on cashew nut allergy.
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