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Food allergy is an emerging epidemic that affects all age groups, with the highest prevalence rates being reported amongst Western
countries such as the United States (US), United Kingdom (UK), and Australia. The development of animal models to test various
food allergies has been beneficial in allowing more rapid and extensive investigations into the mechanisms involved in the allergic
pathway, such as predicting possible triggers as well as the testing of novel treatments for food allergy. Traditionally, small animal
models have been used to characterise immunological pathways, providing the foundation for the development of numerous allergy
models. Larger animals also merit consideration as models for food allergy as they are thought to more closely reflect the human
allergic state due to their physiology and outbred nature. This paper will discuss the use of animal models for the investigation of
the major food allergens; cow’s milk, hen’s egg, and peanut/other tree nuts, highlight the distinguishing features of each of these
models, and provide an overview of how the results from these trials have improved our understanding of these specific allergens
and food allergy in general.

1. Introduction

In the industrialised nations, food allergy is a growing
epidemic affecting all age groups and appearing at any time
in life. A marked increase in the incidence of food allergy in
young children is of particular concern, with a reported 6–
8% of young children and 3-4% of adults having some type
of food allergy [1–3]. Comparable to the trends first seen
with asthma, countries such as the United States (US), United
Kingdom (UK), and Australia have the highest rates of food
allergy. In the past decade alone, prevalence rates in the US
have increased by at least 18% [4, 5]. Similarly, a recent study
in Australia found that more than 10% of a cohort of infants
had challenge-proven IgE-mediated food allergy to one of the
common allergenic foods (peanut, raw egg, and sesame) [6].
This escalation in the prevalence of food allergies underlies
the importance of further research to improve prevention and
treatment strategies.

Allergic reactions to food can range from mild responses
to life-threatening anaphylaxis [7]. These aberrant allergic
reactions are principally driven by a T helper type 2 (Th2)
immune pathway, as evidenced by high levels of allergen-
specific immunoglobulin E (IgE) [8],Th2 polarisation involv-
ing inflammatory cells, and cytokines/mediators, and the
reported efficacy of therapies that inhibit Th2 immune
responses in human subjects [9–12]. There is now also
recognition of the innate properties of allergens and their role
inTh2 polarisation of dendritic cells (DCs) and the process of
allergen sensitisation [9, 13].

The most common foods that trigger food allergy are
cow’s milk, hen’s egg, and peanuts and tree nuts, while less
common food allergens include soy, wheat, fish, and shellfish
[31, 32]. Food allergy is known to be most common in the
first 3 years of life [1]; however, studies have shown that most
food allergies that begin early in life, such as milk, egg, soy,
and wheat, are generally outgrown. Conversely, allergies to
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peanut, tree nuts, fish, and shellfish usually persist, becoming
a lifelong burden [12, 31, 33].

Animal models hold great potential as powerful tools to
help answer some of the difficult questions still surrounding
the food allergy epidemic. Research in humans is limited by
ethical concerns and the chance of fatal anaphylactic reac-
tions [34]. This has stimulated great interest in the use of
relevant animalmodels to predict possible triggers for allergy,
identify possible mechanisms involved in setting up the
allergic pathway, as well as the testing of novel therapeutic
treatments [12, 35, 36].

The purpose of this review is to discuss the application
of animal models for the study of the three main food
allergens: cow’s milk, hen’s egg, and peanuts/tree nuts and
to provide an overview of the contribution of animal models
to our understanding of these allergens and food allergy in
general.

2. Small Animal Models of Food Allergy

Mice are the predominant laboratory animal used to study the
development of many diseases, generally favoured for their
size, short breeding cycles and manageable housekeeping,
and the relative ease of genetic manipulation compared
to larger models [35, 37]. The use of the murine species
in research over several decades has led to the continued
development of cellular and molecular tools to allow exten-
sive investigation of mechanisms and pathways of interest.
Today, mice have the most comprehensive characterisation
of their biology, immunology, and genetic makeup. This
background has led to mice providing the foundation for
the development of numerous food allergy models. Murine
models of food allergy have been investigated in several
strains including C3H/HeJ, BALB/c, C57/BL6, and DBA/2
[38] (Table 1). These animals have the capacity to produce
IgE and/or IgG1 anaphylactic antibodies, and strains can be
divided into either high or low IgE responders [39]. One of
themost challenging obstacles involved in developingmurine
models of food allergy is the tendency for the immune system
to develop oral tolerance to ingested antigens [16, 17]. To avoid
this, researchers have focussed on certain strains of mice,
such as C3H/HeJ [14, 15, 23] and BALB/c [15–17, 27], which
more readily display Th2 responses than other common
murine strains. The use of adjuvants such as cholera toxin
(CT) to help stimulate aTh2 response is also frequent in food
allergy models [14–17, 22, 23, 25, 29].

The rat is another common small animal model used
in studies of food allergy, with the Brown Norway (BN)
strain being the most suitable for inducing specific IgE after
oral sensitisation [18, 19, 40, 41]. Other rat strains such as
the Wistar, Hooded Lister, and Piebald Virol Glaxo (PVG)
rats, have also been examined; however, these strains fail to
produce quantifiable levels of antigen-specific IgE [40]. The
BN rat, as well as other murine strains, has also been used
to predict the allergenicity of novel proteins, such as those
used in agricultural biotechnology, as reviewed by Ladics and
colleagues [42].

The guinea pig has also been used as a model to inves-
tigate the allergenicity of food proteins, specifically cow’s
milk (CM). Devey et al. [43] demonstrated that within
13 days of drinking CM, guinea pigs could display fatal
anaphylaxis if animals were subsequently challenged. There
are obstacles in translating findings from guinea pigs to the
human setting, including differences in immune physiology
and having to estimate IgE production in guinea pigs indi-
rectly (e.g., through PCA) [44]. The limited knowledge and
tools available to study their immune system have also led
to fewer studies on this model for food allergy research,
though it has been a successful model for infectious diseases
[45].

3. Large Animal Models of Allergy

Pigs, dogs, and sheep are the main examples of large animal
models that have been investigated for food allergy (Table 1).
Like humans, dogs are one of the few species that can develop
allergies to naturally occurring allergens including pollen,
grass, house dust mite, and food [46]. Dogs have previously
been used to examine other food allergens including wheat,
egg, and meat proteins and displayed positive oral challenges
in addition to specific IgE production, traits similar to those
seen in human patients [47]. The University of California
developed an atopic dog colony specifically for use in allergy
research; these high IgE producing canines were first used
for asthma studies involving environmental allergens such as
grass pollen and ragweed, which were shown to elicit promi-
nent airway hyperresponsiveness (AHR) in these animals
[48].

Pigs (swine) represent another large animal model that
presents many advantages as a comparative model for food
allergy. The intestinal physiology of swine is anatomically
and histologically similar to humans, with a microflora more
diverse than that seen in rodent models [12, 29, 49]. Pigs
also represent an outbred population, with notable variation
in the quality of immune responses raised by individuals
[7]. These traits are extremely important when examining
the pathogenesis and immune responses to food allergens.
Swine models have previously been used to investigate other
allergic disorders such as asthma; in these studies, animals
displayed airway obstruction, eosinophilia, and a late-phase
asthmatic response following airway allergen challenge, as
typically observed in human asthmatics.

Sheep have the advantage of being similar in size and
physiology to humans, are placid in nature, and their use
poses fewer ethical constraints compared to the use of other
large animal models [37, 50]. Sheep have previously been
used for allergy studies involving house dust mite (HDM)
allergen with a focus on human allergic asthma [37, 51], and
more recently as a model for peanut food allergy [30]. Some
key advantages of using large animal models include their
outbred nature, allowing studies that are more comparable to
humans, the ability to conduct serial experiments within the
same cohort of animals, and their relative longevity, allowing
more relevant investigations into chronic disease as well as
the long-term evaluation of specific therapies [37, 50].
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Table 1: Summary of the main outcomes reported from the major food allergy animal models.

Species Strain Sensitisation
Significant findings from the study RefsProtein Route Adjuvant

Cow’s milk (CM) allergy

C3H/HeJ CM (0.1, 1, or 2mg/g body wt) IG CT
Increased CM-specific IgE responses,
histamine levels, and type 2 cytokines;
challenge provoked systemic anaphylaxis

[14]

Mouse
C3H/HeJ
BALB/c

CM (1mg/g body wt) or ground
whole PN (10mg/g body wt) IG CT

C3H/HeJ mice were susceptible to both
CM and PN, whilst BALB/c mice were
resistant

[15]

BALB/c CM protein, IG (0.25𝜇g–1mg/g
body wt), or IP (10mg)

IG,
IP

±CT
(oral)

Sensitisation only successful in
IP-sensitised mice [16]

BALB/c CM protein
(1mg/g body wt) Oral CT

A shorter sensitisation protocol was
achieved (2 weeks) causing increased IL-4
production and a more selective IgG1
response

[17]

Rat BN SSM (500𝜇g), OVA IG CA Production of reaginic antibodies [18]
Hen’s egg (HE) allergy

Rat BN OVA
(0.5mL/100 g body wt) IG CA

(IP)
Production of reaginic antibodies and a
dose response [19]

BN OVA (0.002–20mg/mL) DW,
IG — Method of dosing protocol greatly

affected the immune responses [20]

Rat;
mouse

BN; BALB/c,
B10A, and
ASK

OVA (0.1 or 1.0mg IG) or
5mg/ml in drinking water IG None

BN rats and B10A mice had the highest
sensitisation to OVA out of the models
examined

[21]

Pig — Crude OVM (100 𝜇g) IP CT

Sensitised pigs developed wheal and flare
reactions and after oral challenge
displayed signs of hypersensitivity;
OVM-specific IgG, IgE

[22]

Peanut (PN) and tree nut allergy

C3H/HeJ Ground PN (5 or 25mg) IG CT

Both allergen doses induced PN-specific
IgE; sensitisation is more effective at
5mg, anaphylactic reactions were also
more severe

[23]

C3H/HeJ
BALB/c

Crude PN extract or
CM protein (𝛽LG, 1mg) IG CT

C3H/HeJ mice were susceptible to
PN-induced anaphylaxis, whilst BALB/c
mice were completely resistant

[24]

Mouse C57BL/6 PN protein extract (PPE; 100 ug
nasal or 1mg IG)

Nasal,
IG CT

IG sensitisation induced higher peanut-
specific IgE andTh2 cytokines; nasal
sensitisation caused greater IgG and IL-17

[25]

BALB/c
Cashew nut (0.05–1mg) TD None

Cashew nut-specific IgE responses;
induction of Th2 cytokines (IL-4, IL-5,
IL-13); oral challenge provoked systemic
anaphylaxis

[26]

Hazelnut (HN) protein (1mg) TD None HN-specific IgE persists (up to 8 months)
after allergen withdrawal [27]

Dog — PN, English walnut, and Brazil
nut (1𝜇g) SC Alum At 6 months, intradermal skin tests were

positive to nut extracts; greatest response
generated by PN

[28]

Pig — Crude PN extract (500 𝜇g) IP CT

Allergy symptoms following challenge;
positive skin prick test/histology from the
intestine revealed villi damage and
oedema

[29]

Sheep — Crude PN extract (100 𝜇g) SC Alum

40–50% of immunised sheep displayed
PN-specific IgE responses; PN-allergic
sheep also showed strong IgE reactivity to
Ara h 1 and Ara h 2

[30]

BN: brownNorway rat; IG: intragastric; DW: drinking water; IP: intraperitoneal; TD: transdermal; SC: subcutaneous; CM: cowmilk; SSM: semiskimmedmilk;
OVA: ovalbumin; OVM: ovomucoid; PN: peanut; CT: cholera toxin; HN: hazelnut; CA: carrageenan; Alum: aluminium hydroxide.
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4. Route of Allergen Sensitisation in
Animal Models of Food Allergy

There are multiple physiological routes that can induce
allergic sensitisation including oral, nasal, intraperitoneal,
intragastric, and cutaneous [52]. Despite oral sensitisation
being classified as one of themajor routes for the sensitisation
to food proteins, alternative pathways such as the skin
and/or the respiratory tract may also play a role in allergic
sensitisation [53]. For example, in a human study it was
found that peanut sensitisation arose from environmental
exposure, primarily through cutaneous or inhalation routes,
rather than from maternal or infant allergen consumption
[54]. Further, in a mouse model Strid et al. [55] reported that
an aqueous solution of either peanut or OVA, when applied
to the abraded skin induced the production of antigen-
specific IgE. It is worthy to note that the most effective
route of food allergen sensitisation has also been shown
to vary significantly between mouse strains [15, 56]. The
route of allergen sensitisation is, therefore, an important
and necessary consideration for the use of any relevant
animal model of food allergy and will be the topic of further
discussion throughout this review.

5. Cow’s Milk Allergy

Cow’s milk (CM) allergy is one of the most prevalent food
allergies that occurs in infants and young children, with the
incidence estimated at 2.5% of the general population [31, 57].
CM can be divided into two main classes, whole casein (Bos
d 8) which accounts for 80% of the total protein content
and whey proteins that make up the remaining 20%. The
casein fraction can be subdivided further into four main
proteins (𝛼

𝑠1
-,𝛼
𝑠2
-,𝛽-, and 𝜅-casein), whilst whey contains𝛽-

lactoglobulin (𝛽LG or Bos d 5), 𝛼-lactalbumin (ALA or Bos d
4), immunoglobulins (Bos d 7), bovine serum albumin (BSA
or Bos d 6), and traces of lactoferrin. Although each protein
has the potential to act as an allergen, casein, BLG, and ALA
are believed to be the most allergenic [58–60]. Reactions to
milk proteins can be either IgE mediated (usually occurring
immediately or within 2 hours of ingestion) or non-IgE
mediated (generally having a delayed onset). Clinical fea-
tures of IgE-mediated hypersensitivities can include reactions
involving the skin, respiratory tract, gastrointestinal tract,
or in extreme cases, systemic anaphylactic shock [3]. The
chance of developing IgE-mediated food allergy is greater in
atopic humans that have the genetic predisposition towards
mounting an immediate hypersensitivity reaction to food
proteins. Though research has shown that most patients
outgrow CM allergy by the age of 3, those that suffer from
IgE-mediated hypersensitivities have a much poorer rate of
outgrowing the disorder and are also at a greater risk of
developing other atopic conditions [57, 61, 62]. Mice and
rats have been employed in numerous studies on CM allergy
(Table 1) and were first used in this field to help define
the immunopathogenic mechanisms responsible for eliciting
allergen-specific IgE production and other cell-mediated
reactions [14, 18, 20, 23].

The Brown Norway (BN) rat is a high-immunoglobulin
(specifically IgE) responder, allowing some level of compar-
ison to atopic humans [18, 41]. In a study by Atkinson and
Miller [18], sensitised BN rats displayed reaginic antibody
responses to a range of milk proteins, similar to those
recognised in allergic patients with CM allergy. Milk proteins
were also found to be less allergenic than OVA, with the
dose of antigen required to induce sensitisation being 20-fold
higher. It has since been demonstrated that BN rats can also
be sensitised orally and without the use of adjuvants through
gavage dosing [63]. Rats sensitised in this way produced
significant antigen-specific IgE responses, comparable to
those seen in allergic patients [18].

Li et al. [14] used several techniques to induce IgE-
mediated CM hypersensitivity in three-week-old C3H/HeJ
mice. Sensitised via the intragastric (IG) route with milk
proteins and CT as adjuvant, animals were boosted once
a week for a five-week period. This study was one of the
first murine models of CM allergy to generate systemic
hypersensitivity by oral sensitisation and challenge. Six weeks
after the initial sensitisation, CM-specific IgE antibody levels
were significantly increased and IG challenge with allergen
provoked systemic anaphylaxis, with immediate reactions
regularly accompanied by respiratory symptoms. Plasma
histamine levels increased significantly in CM-sensitised
mice after challenge, compared with CT-sham-sensitised
mice and naı̈ve mice, suggesting histamine to be a major
mediator involved in this anaphylaxis model. Heat-treated
sera did not produce anaphylaxis in contrast to untreated
sera, thus confirming the presence of IgE. Furthermore,
cytokine production in spleen cells of allergic mice was
examined, and a significant increase in the type 2 cytokines
interleukin- (IL-) 4 and IL-5, but not interferon- (IFN-) 𝛾
was detected. This finding provided strong support that Th2
responses contribute to the development of CM allergy.

Genetic susceptibility is known to be a contributing
factor towards developing food allergies; however, trying to
observe the expected development of allergy in humans is
practically impossible. Morafo et al. [15] aimed to investigate
the susceptibility of different strains of mice to food hyper-
sensitivity, following the sensitisation protocol Li et al. [14]
first described.Their study focussed onC3H/HeJ andBALB/c
mice and involved sensitising animals to bothCMand peanut
(PN) allergen, via the IG route with CT. Interestingly, though
BALB/c mice are routinely used as models for food allergy
(usually induced by systemic antigen sensitization, e.g., IP),
IG sensitisation in this study failed to induce hypersensitivity
reactions to either of the food allergens, whilst C3H/HeJ
mice were shown to display reactions to both. CM-specific
IgE levels at the time of challenge (week 6) were markedly
increased in C3H/HeJ mice; however, IgE levels in BALB/c
mice were only slightly higher than those of naı̈ve mice.
Furthermore, anaphylactic reactions were observed in 87% of
C3H/HeJ mice, whilst none were observed in BALB/c mice
or näıve mice of either strain. Anaphylactic reactions were
associated with increased plasma histamine levels found only
in C3H/HeJ mice. The comparison of splenocyte cytokine
profiles between the two strains illustrated that in BALB/c
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mice IFN-𝛾 productionwas significantly increased, whilst IL-
4 and IL-10 were not. Conversely, IL-4 and IL-10, but not
IFN-𝛾, levels were considerably higher in C3H/HeJ mice.
Furthermore, a study by Berin et al. [24] investigated the role
of TLR4 in the development of allergic sensitisation to either
CM or PN proteins, in both C3H/HeJ and BALB/c mice. T-
cell responses were Th2 skewed in TLR4-deficient C3H/HeJ
mice but not TLR4-sufficient C3H/HeJ mice; however, this
Th2 skewing was not observed in TLR4-deficient BALB/c
mice. Moreover, C3H/HeJ mice were susceptible to PN-
induced anaphylaxis, whilst BALB/c mice were completely
resistant. This study concluded that though TLR4 status
may impact T-cell responses and the severity of anaphylactic
reactions to food proteins, the nature of the effect was highly
dependent on the genetic background of the mouse [24].
Together, these findings suggested that genetic background
plays a major role in the development of food allergies.

Other studies have demonstrated successful sensitisation
to milk proteins via a systemic (IP) route [16, 17]. The most
effective route of sensitisation has been shown to vary signi-
ficantly between mouse strains and should be taken into
considerationwhen developing a relevant food allergymodel.
A recent study by Dunkin et al. [52] assessed the impact
of milk allergens via different sensitisation routes, with
and without adjuvant (CT). Three-week-old C3H/HeJ mice
were exposed to ALA, through IG, cutaneous, intranasal,
or sublingual routes. Although sensitisation was successful
via each route, cutaneous exposure was shown to induce
the maximal IgE response. Interestingly, the presence of the
adjuvant CT was a more significant factor for sensitisation
than the actual route.

6. Hen’s Egg Allergy

Hen’s egg (HE) allergy is the second most common food
allergy in children [3], with the dominant egg allergens found
in egg white. Egg yolk still holds some allergenic properties;
however, these are considerably lower than the four major
egg white proteins, ovomucoid (OVM or Gal d 1), ovalbumin
(OVA or Gal d 2), ovotransferrin (OVT or Gal d 3), and
lysozyme (LYS or Gal d 4) [64]. Though OVA is the major
protein in egg white (54% of total protein), OVM (Gal d 1)
has been reported as the immunodominant allergen [65].

Similar to its use as a model for the study of CM allergy,
the BN rat has been one of the most studied animal models
for HE allergy (Table 1). Atkinson and colleagues [18, 19]
effectively dosed rats orally (0.5mL/100 g body weight) with
solutions of 1.0–12.5mg/mL OVA in distilled water twice a
week, for a six-week period. In order to promote IgE, the
adjuvant carrageenan was also administered IP weekly. Oral
sensitisation of OVA was shown to induce both antigen-
specific IgG and IgE antibodies (assessed by PCA). Levels of
IgG antibody were detected in sera from day 21 onwards from
animals dosed with 5mg/mL and above, with levels peaking
at day 28. Interestingly, IgE could be detected from as early as
day 14 onwards, in animals given the higher doses (10.0 and
12.5mg/mL), while the lower dose (5mg/mL) only induced
antibody from day 28 onwards. Levels of IgGwere also absent

at lower doses, further illustrating the impact of allergen dose
on sensitisation in this model and providing potential for
its use in testing factors that could either enhance or inhibit
sensitisation to food proteins.

Knippels et al. [20] in subsequent studies used BN rats to
further characterise the rat HE allergymodel by investigating
parental sensitisation to OVA without the use of adjuvants.
In this study, three main factors were examined including
dose (0.002–20mg/mL), method of dose application (ad
libitum via the drinking water or gavage), and frequency
of dosing (daily, twice a week, once a week, or once every
two weeks) over a period of 6 weeks. Rats were tested
for anti-OVA antibodies and delayed-type hypersensitivity
(DTH) responses on days 28 and 42 (separate groups). Daily
administration of OVA by gavage (1mg/rat) induced OVA-
specific IgG and IgE responses in nearly all animals tested.
In the same group of animals, no significant DTH response
was detected at day 28 but by day 42, DTH responsiveness
had developed. In comparison, upon ad libitum exposure to
0.002, 0.02, or 0.2mg/mL OVA via the drinking water, no
OVA-specific antibodies were produced. However, exposure
to 2 or 20mg/mL OVA caused OVA-specific IgG responses.
No OVA-specific IgE was detected for either of the time-
points investigated. Interestingly, the most pronounced DTH
reactions were seen in rats exposed to OVA via the drinking
water at day 28, with weaker responses seen by day 42. Results
from this study clearly demonstrate how the method of dose
application may impact on the quality and magnitude of the
immune response.

In further work with this model, Knippels et al. [66]
examined the effects of oral challenge withOVA in previously
sensitised BN rats, reporting a minor, transient effect on
breathing frequency or systolic blood pressure, similar to that
observed in food allergy patients. Another study by Akiyama
et al. [21] also investigated oral sensitisation in BN rats and
three murine strains (BALB/c, B10A, and ASK) and found
that both BN rats and B10Amice had the highest sensitisation
to OVA from the models examined; this confirmed that BN
rats were a suitable model for assessing the allergenicity
of food proteins. This study also found that age was a
contributing factor to sensitisation in BALB/c mice, with
20-week-old mice showing the highest OVA-specific IgE
and IgG1 responses among the three different age groups
examined (7 weeks, 20 weeks, and 1 year).

Though many studies have used OVA to examine egg
allergy, OVM (or Gal d 1) has been reported as being the
dominant allergen in hen’s egg to cause allergic reactions
in children [67]. One study conducted by Rupa et al. [22]
aimed to induce allergy to OVM using a neonatal swine
model. Three outbred litters of Yorkshire piglets were used
for this study, where animals were sensitised IP on days 14,
21, and 35 with 100𝜇g of crude OVM, with CT as adjuvant
(10, 25, or 50 𝜇g). Pigs were fasted overnight before oral
challenge on day 46 with a mixture of egg white and yoghurt.
Animals were then monitored for 1 hour after challenge for
symptoms of allergy. The majority of animals sensitised to
OVM displayed strong skin reactivity to direct skin testing
on day 35, in contrast to control pigs that did not respond.
Additionally, after oral challenge, only sensitised animals
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showed symptoms of allergic hypersensitivity. Sera analysed
from these sensitised pigs revealed OVM-specific IgG, whilst
PCA reactions confirmed IgE-mediated antibody responses
to OVM. Sera that were heat treated or collected from control
animals failed to induce a positive PCA response. These
results confirm thatOVMcan successfully be used to sensitise
and elicit allergy in pigs, and due to their outbred nature,
these animals may also provide the opportunity to investigate
some of themechanisms that underlie allergic predisposition.

7. Allergies to Peanuts and Tree Nuts

Despite their appearance and name, peanuts (Arachis hypo-
gaea) are not actually a nut; they are a species in the legume
or bean family. However, though peanuts and tree nuts
originate from different families, they have both been known
to contain potent allergens, with a US study reporting peanut
and tree nut allergy to specifically account for 90% of fatal
anaphylactic reactions [34]. Unlike other food allergies such
as cow’s milk and egg, PN allergy is rarely outgrown. The
ubiquitous use of PN proteins, together with the apparent
increase in the prevalence of PN allergy over the last few
decades, has generated great attention towards research in
this field [68, 69]. As many as eleven PN allergenic proteins
have been categorised (Ara h 1–11) [10], with Ara h 1 and Ara
h 2 classified as the major PN allergens [70, 71].

Mice have featured prominently as an animal model for
PN allergy. Following from their work with a murine CM
allergy model, Li et al. [23] developed a murine model of
PN-induced anaphylaxis using C3H/HeJ mice-sensitised IG
with a low (5mg/mouse) or high (25mg/mouse) PN dose
together with CT as adjuvant. In this study, both doses of
the allergen induced PN-specific IgE; however, the level of
sensitisation wasmore effective with the lower dose. Systemic
anaphylactic reactions after oral challenge were also more
sever in mice sensitised with the low PN dose, with 12.5% of
mice exhibiting fatal or near-fatal anaphylaxis. Interestingly,
none of the high dose PN sensitised mice displayed such
extreme reactions. Furthermore, plasma histamine levels and
mast cell degranulation from ear tissue were significantly
increased in sensitised mice, suggesting that histamine and
other mediators released from mast cells attributed signifi-
cantly to the severe reactions (including anaphylaxis) seen
in the PN-sensitised mice. Investigations into T- and B-
cell responses in these mice showed similarities to human
patients, with allergic mice exhibiting significant in vitro
T-cell proliferative responses to crude PN and the major
allergens Ara h 1 and Ara h 2. More importantly, this study
demonstrated that PN proteins are more allergenic than CM
proteins, both with respect to a shorter sensitisation period
(fewer doses) and the induction of hypersensitivity in adult
(5-6-week-old) as well as 3-week-old mice [14, 23].

A comparison between oral and nasal routes of allergen
sensitisation in a mouse model of PN allergy was performed
by Fischer et al. [25], using female C57BL/6 mice, sensitised
with whole PN protein extract (PPE) and CT as adjuvant.
Oral sensitisation was shown to induce higher PN-specific

plasma IgE antibody responses and lung eosinophilia fol-
lowing allergen challenge. This was in contrast to nasal
sensitisation, which induced greater levels of PN-specific
plasma IgG and increased airway inflammation (recruitment
of macrophages) after challenge. Furthermore, only nasal
sensitisation was found to favour an inflammatory response
to nasal challenge with unrelated antigens. Cytokine-specific
mRNA responses on whole-lung tissues were also analysed
and compared for both groups before and after challenge.
Before challenge, nasally and orally sensitisedmice expressed
similar levels of both Th1 and Th2 cytokine mRNA. After
nasal challenge, however, orally sensitised mice displayed a
greater increase for two Th2-associated cytokines, IL-4 and
CCL-11, whereas nasally sensitised mice expressed a greater
increase in the Th1 cytokine IL-17. Overall data from this
study proposed thatmice sensitised orallyweremore prone to
allergic-type responses whilst nasal sensitisation was shown
to promote nonallergic inflammation.

Although peanuts are not actually classified as nuts,
patients allergic to peanuts also regularly develop hypersen-
sitivity to tree nuts including almonds, Brazil nuts, cashew,
and hazelnuts to name a few. Studies by de Leon et al.
[72, 73] found that the major PN allergen, Ara h 2, shared
similar IgE binding epitopes with allergens from almond and
Brazil nuts, which may contribute to the increased rates of
cosensitisation to peanuts and tree nuts in peanut-allergic
individuals. Peanuts and tree nuts are frequently associated
with life-threatening anaphylaxis, with both forms of allergy
rarely outgrown with age. A cashew nut mouse model of
allergy showed robust induction of specific IgE following
transdermal sensitisation, as well as Th2 cytokines (IL-4,
IL-5, and IL-13) production by cultured splenocytes from
sensitised animals [26]. These sensitised mice also displayed
severe systemic anaphylaxis following oral challenge with
cashew nut. More recently, a long-term mouse model for
hazelnut (HN) allergy was investigated to determine whether
sensitivity would persist over time [27]. Findings from this
study in adult BALB/c mice revealed that circulating HN-
specific IgE antibodies persist for long periods (up to 8
months) despite allergen withdrawal. These long-termmem-
ory IgE responses were found to be associated with memory
spleen cell IL-4 responses. This data, therefore, illustrated
possible mechanisms that could be involved with persistent
nut allergies, even when the allergen is withdrawn for long
periods of time.

Dogs, pigs, and sheep have reportedly been used as
large animal experimental models for PN allergy (Table 1).
While dogs have previously been employed for the testing of
numerous allergens, Teuber et al. [28] used atopic dogs for the
first time to develop a canine model of PN/tree nut allergies.
This study used inbred high IgE-producing spaniel/basenji
dogs, subcutaneously (SC) sensitising them with commercial
extracts of either 1𝜇g of PN, English walnut or Brazil nut
proteins, together with aluminium hydroxide (Alum) as
adjuvant. To test allergenicity, dogs were also sensitised to
soy and either wheat or barley. Intradermal skin tests, IgE
immunoblotting and oral challenges were carried out with
ground nut preparations. All animals skin tested at 6 months
of age displayed positive wheal responses to the commercial
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extracts used for sensitisation, with PN generating the largest
response and barley the least. IgE immunoblotting revealed
specific recognition of nut proteins, with PN-sensitised dogs
displaying specific IgE binding to Ara h 1, one of the major
PN allergens recognised by PN-allergic subjects [70]. Within
10 minutes of oral challenge, all PN-sensitised dogs vomited
and showed signs of fatigue, further demonstrating the high
allergenicity to PN proteins. Overall, this study demonstrated
the successful use of the dogmodel to display symptoms seen
in food allergy sufferers, as well as a model for concurrent
sensitisation to a number of food allergens.

Pigs have also been used as a large animal experimental
model for PN allergy. Helm et al. [29] set out to develop
a neonatal swine model of PN allergy that would not only
display allergic reactions, but also immune and histological
profiles similar to those seen in allergic patients. Optimal
sensitisation was achieved in piglets sensitised IP with 500𝜇g
of crude PN extract with CT as adjuvant on days 9, 10,
and 11 after birth, then boosted on days 18 and 25. Pigs
were later challenged by either IG challenge or skin tests at
1-week intervals. Following oral challenge, physical symp-
toms displayed by the animals were comparable to those
seen in humans, including the appearance of rashes and
distress associated with the gastrointestinal (diarrhoea) and
respiratory (gasping/panting) systems. Serum IgG antibodies
were analysed and correlations between allergen-specific IgG
levels and clinical symptom scores, suggesting that high IgG
levels afford greater protection against food challenge. While
IgE levels were not directly assessed in this study, repeated
positive skin tests and passive cutaneous anaphylaxis indi-
cated the presence of IgE. Finally, histological assessment of
the small intestine revealed denudation of the villi, oedema,
and infiltration of immune cells. Collectively, these find-
ings demonstrate clinical, immunological, and pathological
features of PN allergy as seen in humans, supporting the
neonatal pig as a suitablemodel for investigatingmechanisms
of PN allergy.

More recent studies report the use of sheep as a model
for PN allergy involving animals sensitised via SC injections
of crude PN extract (100𝜇g) with Alum as adjuvant [30].
Sensitisation was achieved following 3 SC injections at 2-
week intervals, followed by a “boost” injection after a 1-
month rest period. Concurrent SC injections of OVA (100 𝜇g)
and HDM (50𝜇g) were also given to compare allergenicity.
Elevated PN-specific IgE responses were detected in 40–50%
of immunised sheep, while only 10% (1 of 10 sheep) displayed
detectable OVA-specific IgE. This level of sensitisation to
PN allergen was similar to that seen in response to HDM
allergen sensitisation here and elsewhere [51, 74] in sheep, and
it likely reflects the outbred nature of this species. Though
OVA was shown to have a low capacity for specific IgE
induction, total OVA-specific Ig levels were shown to increase
significantly. Conversely, the elevated PN-specific IgE levels
were not accompanied by a notable change in PN-specific
total Ig. Significantly, PN-allergic sheep showed strong IgE
reactivity to two of the major peanut allergens: Ara h 1
and Ara h 2. Furthermore, 80% of sheep that responded
to PN allergen with high IgE levels also displayed an
immediate hypersensitivity reaction following intradermal

PN challenge.The sheepmodel of PNallergy displays a robust
systemic IgE-responsiveness to PN proteins, providing a new
large animal experimental system for studies of allergen-
associated immune mechanisms.

8. Conclusion

Despite our improved understanding of food allergy in recent
years, there is still no specific therapeutic option available.
Currently, strict avoidance and the use of adrenaline in
the event of an accidental exposure are the only approved
treatments, although several forms of immunotherapy are
presently under investigation including oral (OIT), sub-
lingual (SLIT), epicutaneous (EPIT), and subcutaneous
allergen-specific immunotherapy (SCIT) [75, 76]. A recent
study by Srivastava et al. [77] demonstrated that anaphylaxis
in a murine model can be prevented following treatment
with the Chinese herbal medicine formula FAHF-2. Findings
from this study and other work from this group suggests
that FAHF-2 may have the potential to treat multiple food
allergies, including peanut and egg [77–79].

The high risk of anaphylaxis is a major factor limiting the
development of food allergy immunotherapy in humans [75,
80]. In this context, animal models may play an important
role in providing a platform for refining these treatments and
ensuring thorough preclinical evaluation of their safety, prior
to therapeutic human application.

Acknowledgment

The authors wish to acknowledge the support of the Aus-
tralian Research Council (ARC) for this work.

References

[1] S. A. Bock, “Prospective appraisal of complaints of adverse
reactions to foods in children during the first 3 years of life,”
Pediatrics, vol. 79, no. 5, pp. 683–688, 1987.

[2] R. S. Gupta, E. E. Springston, M. R. Warrier et al., “The
prevalence, severity, and distribution of childhood food allergy
in the United States,” Pediatrics, vol. 128, no. 1, pp. e9–e17, 2011.

[3] H. A. Sampson, “Update on food allergy,” Journal of Allergy and
Clinical Immunology, vol. 113, no. 5, pp. 805–819, 2004.

[4] A. M. Branum and S. L. Lukacs, “Food allergy among children
in the United States,” Pediatrics, vol. 124, no. 6, pp. 1549–1555,
2009.

[5] R. S. Gupta, E. E. Springston, B. Smith, M. R. Warrier, J.
Pongracic, and J. L. Holl, “Geographic variability of childhood
food allergy in the United States,” Clinical Pediatrics, vol. 51, no.
9, pp. 856–861, 2012.

[6] N. J. Osborne, J. J. Koplin, P. E. Martin et al., “Prevalence
of challenge-proven IgE-mediated food allergy using popu-
lation-based sampling and predetermined challenge criteria in
infants,” Journal of Allergy and Clinical Immunology, vol. 127, no.
3, pp. 668–676, 2011.

[7] J. A. Boyce, A. Assa’ad, A. W. Burks et al., “Guidelines for the
diagnosis and management of food allergy in the United States:
report of the NIAID-sponsored expert panel,” Journal of Allergy
and Clinical Immunology, vol. 126, no. 6, pp. S1–S58, 2010.



8 Journal of Allergy

[8] M. Wills-Karp, A. Nathan, K. Page, and C. L. Karp, “New
insights into innate immune mechanisms underlying aller-
genicity,”Mucosal Immunology, vol. 3, no. 2, pp. 104–110, 2010.

[9] B. Ruiter andW. G. Shreffler, “The role of dendritic cells in food
allergy,” Journal of Allergy and Clinical Immunology, vol. 129, no.
4, pp. 921–928, 2012.

[10] K. Otsu and S. C. Dreskin, “Peanut allergy: an evolving clinical
challenge,”Discovery Medicine, vol. 12, no. 65, pp. 319–328, 2011.

[11] H. J. Gould, B. J. Sutton, A. J. Beavil et al., “The biology of IgE
and the basis of allergic disease,”Annual Review of Immunology,
vol. 21, pp. 579–628, 2003.

[12] R. M. Helm, R. W. Ermel, and O. L. Frick, “Nonmurine animal
models of food allergy,” Environmental Health Perspectives, vol.
111, no. 2, pp. 239–244, 2003.

[13] B. Ruiter and W. G. Shreffler, “Innate immunostimulatory
properties of allergens and their relevance to food allergy,”
Seminars in Immunopathology, vol. 34, no. 5, pp. 617–632, 2012.

[14] X. M. Li, B. H. Schofield, C. K. Huang, G. I. Kleiner, and H. A.
Sampson, “A murine model of IgE-mediated cow’s milk hyper-
sensitivity,” Journal of Allergy and Clinical Immunology, vol. 103,
no. 2, pp. 206–214, 1999.

[15] V. Morafo, K. Srivastava, C. K. Huang et al., “Genetic suscepti-
bility to food allergy is linked to differential TH2-TH1 responses
in C3H/HeJ and BALB/c mice,” Journal of Allergy and Clinical
Immunology, vol. 111, no. 5, pp. 1122–1128, 2003.

[16] C. L. Thang, B. Baurhoo, J. I. Boye, B. K. Simpson, and X.
Zhao, “Effects of Lactobacillus rhamnosus GG supplementation
on cow’s milk allergy in a mouse model,” Allergy, Asthma and
Clinical Immunology, vol. 7, article 20, 2011.

[17] E. Bailon, M. Cueto-Sola, P. Utrilla et al., “A shorter and more
specific oral sensitization-based experiment model of food
allergy in mice,” Journal of Immunological Methods, vol. 381, no.
1-2, pp. 41–49, 2012.

[18] H. A. C. Atkinson and K. Miller, “Asessment of the Brown
Norway rat as a suitable model for the investigation of food
allergy,” Toxicology, vol. 91, no. 3, pp. 281–288, 1994.

[19] H. A. C. Atkinson, I. T. Johnson, J. M. Gee, F. Grigoriadou,
and K. Miller, “Brown Norway rat model of food allergy: effect
of plant components on the development of oral sensitization,”
Food and Chemical Toxicology, vol. 34, no. 1, pp. 27–32, 1996.

[20] L. M. J. Knippels, A. H. Penninks, S. Spanhaak, and G. F.
Houben, “Oral sensitization to food proteins: a Brown Norway
rat model,” Clinical and Experimental Allergy, vol. 28, no. 3, pp.
368–375, 1998.

[21] H. Akiyama, R. Teshima, J. I. Sakushima et al., “Examination
of oral sensitization with ovalbumin in Brown Norway rats and
three strains of mice,” Immunology Letters, vol. 78, no. 1, pp. 1–5,
2001.

[22] P. Rupa, K. Hamilton, M. Cirinna, and B. N.Wilkie, “A neonatal
swine model of allergy induced by the major food allergen
chicken ovomucoid (Gal d 1),” International Archives of Allergy
and Immunology, vol. 146, no. 1, pp. 11–18, 2008.

[23] X. M. Li, D. Serebrisky, S. Y. Lee et al., “A murine model
of peanut anaphylaxis: T- and B-cell responses to a major
peanut allergenmimic human responses,” Journal of Allergy and
Clinical Immunology, vol. 106, no. 1, pp. 150–158, 2000.

[24] M. C. Berin, Y. Zheng, M. Domaradzki, X. M. Li, and H.
A. Sampson, “Role of TLR4 in allergic sensitization to food
proteins in mice,” Allergy, vol. 61, no. 1, pp. 64–71, 2006.

[25] R. Fischer, J. R. McGhee, H. L. Vu et al., “Oral and nasal sensi-
tization promote distinct immune responses and lung reactivity

in a mouse model of peanut allergy,” The American Journal of
Pathology, vol. 167, no. 6, pp. 1621–1630, 2005.

[26] S. Parvataneni, B. Gonipeta, R. J. Tempelman, and V. Gangur,
“Development of an adjuvant-free cashew nut allergy mouse
model,” International Archives of Allergy and Immunology, vol.
149, no. 4, pp. 299–304, 2009.

[27] B.Gonipeta, S. Parvataneni, P. Paruchuri, andV.Gangur, “Long-
term characteristics of hazelnut allergy in an adjuvant-free
mouse model,” International Archives of Allergy and Immunol-
ogy, vol. 152, no. 3, pp. 219–225, 2010.

[28] S. S. Teuber, G. del Val, S. Morigasaki et al., “The atopic dog as
a model of peanut and tree nut food allergy,” Journal of Allergy
and Clinical Immunology, vol. 110, no. 6, pp. 921–927, 2002.

[29] R. M. Helm, G. T. Furuta, J. S. Stanley et al., “A neonatal
swine model for peanut allergy,” Journal of Allergy and Clinical
Immunology, vol. 109, no. 1, pp. 136–142, 2002.

[30] J. L. Van Gramberg, M. J. de Veer, R. E. O. ’Hehir, E. N. T.
Meeusen, and R. J. Bischof, “Induction of allergic responses to
peanut allergen in sheep,” PloS ONE, vol. 7, no. 12, Article ID
e51386, 2012.

[31] S. H. Sicherer and H. A. Sampson, “Food allergy,” Journal of
Allergy and Clinical Immunology, vol. 125, no. 2, pp. S116–S125,
2010.

[32] J. Wang and H. A. Sampson, “Food allergy,” Journal of Clinical
Investigation, vol. 121, no. 3, pp. 827–835, 2011.

[33] J. M.Maloney, M. Rudengren, S. Ahlstedt, S. A. Bock, and H. A.
Sampson, “The use of serum-specific IgE measurements for the
diagnosis of peanut, tree nut, and seed allergy,” Journal of Allergy
and Clinical Immunology, vol. 122, no. 1, pp. 145–151, 2008.

[34] S. A. Bock, A. Muoz-Furlong, and H. A. Sampson, “Fatalities
due to anaphylactic reactions to foods,” Journal of Allergy and
Clinical Immunology, vol. 107, no. 1, pp. 191–193, 2001.

[35] H. Aldemir, R. Bars, and C. Herouet-Guicheney, “Murine
models for evaluating the allergenicity of novel proteins and
foods,” Regulatory Toxicology and Pharmacology, vol. 54, no. 3,
supplement, pp. S52–S57, 2009.

[36] S. B. Lehrer and S. McClain, “Utility of animal models for
predicting human allergenicity,” Regulatory Toxicology and
Pharmacology, vol. 54, no. 3, supplement, pp. S46–S51, 2009.

[37] E. N.Meeusen, K. J. Snibson, S. J. Hirst, and R. J. Bischof, “Sheep
as amodel species for the study and treatment of human asthma
and other respiratory diseases,” Drug Discovery Today: Disease
Models, vol. 6, no. 4, pp. 101–106, 2009.

[38] S. McClain and G. A. Bannon, “Animal models of food
allergy: opportunities and barriers,”Current Allergy andAsthma
Reports, vol. 6, no. 2, pp. 141–144, 2006.

[39] R. M. Helm, “Food allergy animal models: an overview,”Annals
of the New York Academy of Sciences, vol. 964, pp. 139–150, 2002.

[40] L. M. J. Knippels, A. H. Penninks, M. van Meeteren, and G. F.
Houben, “Humoral and cellular immune responses in different
rat strains on oral exposure to ovalbumin,” Food and Chemical
Toxicology, vol. 37, no. 8, pp. 881–888, 1999.

[41] P. G. Holt and K. J. Turner, “Persistent IgE-secreting cells which
are refractory to T-cell control,” International Archives of Allergy
and Applied Immunology, vol. 77, no. 1-2, pp. 45–46, 1985.

[42] G. S. Ladics, L. M. J. Knippels, A. H. Penninks, G. A. Bannon,
R. E. Goodman, and C. Herouet-Guicheney, “Review of animal
models designed to predict the potential allergenicity of novel
proteins in genetically modified crops,” Regulatory Toxicology
and Pharmacology, vol. 56, no. 2, pp. 212–224, 2010.



Journal of Allergy 9

[43] M. E. Devey, K. J. Anderson, and R. R. A. Coombs, “The
modified anaphylaxis hypothesis for cot death. Anaphylactic
sensitization in guinea pigs fed cow’s milk,” Clinical and Exper-
imental Immunology, vol. 26, no. 3, pp. 542–548, 1976.

[44] A. Perini and I. Mota, “The production of IgE and IgG1 anti-
bodies in guinea pigs immunized with antigen and bacterial
lipopolysaccharides,” Immunology, vol. 25, no. 2, pp. 297–305,
1973.

[45] D. J. Padilla-Carlin, D. N. McMurray, and A. J. Hickey, “The
guinea pig as a model of infectious diseases,” Comparative
Medicine, vol. 58, no. 4, pp. 324–340, 2008.

[46] R. S. Mueller, S. V. Bettenay, and L. Tideman, “Aero-allergens
in canine atopic dermatitis in southeastern Australia based on
1000 intradermal skin tests,” Australian Veterinary Journal, vol.
78, no. 6, pp. 392–399, 2000.

[47] S. Paterson, “Food hypersensitivity in 20 dogs with skin and
gastrointestinal signs,”The Journal of Small Animal Practice, vol.
36, no. 12, pp. 529–534, 1995.

[48] C. Mapp, J. Hartiala, and O. L. Frick, “Airway responsiveness
to inhaled antigen, histamine, and methacholine in inbred,
ragweed-sensitized dogs,” The American Review of Respiratory
Disease, vol. 132, no. 2, pp. 292–298, 1985.

[49] J. K. Patterson, X. G. Lei, and D. D. Miller, “The pig as an
experimental model for elucidating the mechanisms governing
dietary influence on mineral absorption,” Experimental Biology
and Medicine, vol. 233, no. 6, pp. 651–664, 2008.

[50] J. P. Y. Scheerlinck, K. J. Snibson, V. M. Bowles, and P. Sutton,
“Biomedical applications of sheep models: from asthma to
vaccines,” Trends in Biotechnology, vol. 26, no. 5, pp. 259–266,
2008.

[51] R. J. Bischof, K. Snibson, R. Shaw, and E. N. T. Meeusen,
“Induction of allergic inflammation in the lungs of sensitized
sheep after local challenge with house dust mite,” Clinical and
Experimental Allergy, vol. 33, no. 3, pp. 367–375, 2003.

[52] D. Dunkin, M. C. Berin, and L. Mayer, “Allergic sensitization
can be induced via multiple physiologic routes in an adjuvant-
dependentmanner,” Journal of Allergy andClinical Immunology,
vol. 128, no. 6, pp. 1251.e2–1258.e2, 2011.

[53] G. Lack, D. Fox, K. Northstone, and J. Golding, “Factors associ-
ated with the development of peanut allergy in childhood,”The
New England Journal of Medicine, vol. 348, no. 11, pp. 977–985,
2003.

[54] A. T. Fox, P. Sasieni, G. du Toit, H. Syed, and G. Lack, “House-
hold peanut consumption as a risk factor for the development
of peanut allergy,” Journal of Allergy and Clinical Immunology,
vol. 123, no. 2, pp. 417–423, 2009.

[55] J. Strid, J. Hourihane, I. Kimber, R. Callard, and S. Strobel,
“Disruption of the stratumcorneumallows potent epicutaneous
immunization with protein antigens resulting in a dominant
systemic Th2 response,” European Journal of Immunology, vol.
34, no. 8, pp. 2100–2109, 2004.

[56] J. J. Smit, K. Willemsen, I. Hassing et al., “Contribution of
classic and alternative effector pathways in peanut-induced
anaphylactic responses,” PloS ONE, vol. 6, no. 12, Article ID
e28917, 2011.

[57] J. M. Skripak, E. C. Matsui, K. Mudd, and R. A. Wood, “The
natural history of IgE-mediated cow’s milk allergy,” Journal of
Allergy and Clinical Immunology, vol. 120, no. 5, pp. 1172–1177,
2007.

[58] J. M.Wal, “Bovine milk allergenicity,”Annals of Allergy, Asthma
and Immunology, vol. 93, no. 5, supplement 3, pp. S2–S11, 2004.

[59] B. Ahrens, L. C. L. de Oliveira, L. Grabenhenrich et al., “Indi-
vidual cow’s milk allergens as prognostic markers for tolerance
development?”Clinical and Experimental Allergy, vol. 42, no. 11,
pp. 1630–1637, 2012.

[60] M. Natale, C. Bisson, G. Monti et al., “Cow’s milk allergens
identification by two-dimensional immunoblotting and mass
spectrometry,” Molecular Nutrition and Food Research, vol. 48,
no. 5, pp. 363–369, 2004.

[61] K. M. Saarinen, A. S. Pelkonen, M. J. Mäkelä, and E. Savilahti,
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