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The increasing prevalence of allergic diseases worldwide is
posing significant socio-economic challenges. The
pathogenesis of these diseases reflects a complex interaction
of genetic and environmental factors. The heterogeneity of
disease phenotypes challenges the concept of single
mechanisms of disease. As human experimentation is limited,
animal models have been developed to provide insights into
pathogenesis and potential for discovery of novel therapeutics.
Mice have served in models of many of the allergic diseases
including asthma, allergic rhinitis, food allergy, atopic
dermatitis (AD), and allergic conjunctivitis. Although much has
been learned from these investigations, there are limitations
when these models are translated to the human diseases.
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Introduction

Allergic diseases, often termed the ‘allergy epidemic’,
represent an increasing concern worldwide. Initially most
prevalent in Westernized countries, these diseases are
now increasing in developing countries in parallel to
changes in socio-economic conditions. The contributing
factors result in a complex and somewhat variable patho-
genesis between individual patients and in the same
patient at different stages of their disease. This variabil-
ity, as well as ethical considerations, makes it difficult to
investigate these conditions in patients. As a surrogate,
animal models of allergic disease have been developed
with literally thousands of papers published in the last
decade. Concerns have been expressed whether these
animal studies are truly models of human disease, especi-
ally in light of the failure to directly translate the findings
and potential therapeutic targets to the clinic. Early
studies of allergy in mice were conducted with the notion
that allergy is the consequence of T helper 2 (Th2)-type
inflammation. Most clinical studies demonstrated that

human T cells were not as obviously polarized in this
way, and the concept that atopic diseases reflect a Th2/
Th1 imbalance is probably too simplistic [1].

Mouse models have been developed for almost all of the
allergic diseases. Here, studies with mouse models of the
most prevalent allergic diseases are reviewed: asthma,
allergic rhinitis, food allergy and anaphylaxis, AD, and
allergic conjunctivitis. In addition to the many important
advances gained from investigation of these models,
there are several limitations that preclude simple trans-
lation of the findings in mice to human disease. Most of
these allergic disease models are acute and transient
following initial allergen sensitization and challenge.
Unlike their human disease equivalents, they do not
develop spontancously and chronic models have been
difficult to establish in the mouse. There are many
important differences between humans and mice in
terms of the anatomical, physiological, and immunologi-
cal contributors [2,3]. Caution in interpretation of the
results of the studies in mice is necessary and knowledge
and limitations of the various approaches used is essen-
tial [4]. Nonetheless, although no mouse model fully
mimics the full range of clinical manifestations of the
human allergic diseases, many do reproduce a collection
of the features that characterize its most common forms,
that is, they provide a basic core of phenotypic con-
sequences.

Asthma

Mice are the most common species studied in animal
models of asthma. In the majority of studies, mice are
systemically sensitized to allergen with alum as an adju-
vant and challenged to allergen via the airways for one to
nine days in acute models and for five to nine weeks in
‘chronic’ models [5]. Results achieved in the primary
sensitization and challenge model, which is so unlike
the human disease, have probably been overinterpreted
accounting for many of the failures to translate the find-
ings or targets to the clinic. Unlike humans, mice do not
exhibit intrinsic airway hyperresponsiveness (AHR) but
they share many other features of asthma (Table 1). The
most characteristic feature in mice is the development of
airway dysfunction with development of AHR. The most
accepted measures are changes in airway resistance and
dynamic compliance, detected in tracheostomized and
ventilated animals (invasive approach) following graded
aerosolized methacholine challenge [6]. In the induction
of allergen-induced AHR and airway eosinophilic inflam-
mation, it has been widely accepted that Th2-type CD4+
T helper cells and related cytokines (IL-4, IL-13) play a
central role. Thus, mice genetically deficient, for
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Table 1

Shared features between human and mouse allergic airway disease

Human asthma

Mouse allergen-induced

- Airway hyperresponsiveness to
numerous stimuli

- Airway inflammation

- Reversible airway obstruction

- Airway/tissue eosinophilia

- Increased CD4+ T lymphocytes
- Increased CD8+ T lymphocytes
- Mucus hyperproduction

- Increased allergen-specific IgE
- Increased Th2 cytokines

- Early and late phase responses

- Airway hyperresponsiveness to
numerous stimuli—not histamine
- Airway inflammation

- Reversible airway obstruction

- Airway/tissue eosinophilia

- Increased CD4+ T lymphocytes
- Increased CD8+ T lymphocytes
- Mucus hyperproduction

- Increased allergen-specific IgE
- Increased Th2 cytokines

- Early and late phase responses

example, in IL.-4 or IL.-5 fail to develop these lung allergic
responses. However, clinical studies targeting these Th2
cytokines have met with little success [7], highlighting
the complexity of the human disease. In both mice and
asthmatics, the role of cosinophils in mediating AHR and
asthma has been controversial with clear associations and
dissociations of the two processes described in both
species [8].

In light of these inconsistencies between species and in
the different models, more recent studies in mice have
explored mechanisms in addition to classic Th2-
mediated responses. One focus has been on the recently
described Th17 subset of T cells, a subset of CD4+ T
cells releasing a number of cytokines (IL-17A, IL-17F,
IL-22). Th17 polarized DO11.10 cells were shown to
induce AHR and airway inflammation that was resistant
to corticosteroids [9]. Conversely, 1L.-17 was shown to
negatively regulate AHR and airway inflammation, and
CD1d-restricted iNK'T" cells producing IL.-17 appeared
to play a role in ozone-induced AHR and airway inflam-
mation but not in an allergen-induced model [10,11].
Thus, the role of IL.-17 remains controversial in exper-
imental models of asthma, with perhaps an inverse
relationship  between Thl7-mediated neutrophil
accumulation and Th2-mediated airway eosinophilia
[12]. Similarly, the role of iNK'T cells, as primary sources
of Th2 cytokines, is also controversial in both mice and
asthmatics [13].

Regulatory T cells (Tregs) have been shown to negatively
regulate development of allergen-induced AHR and
airway  cosinophilia.  Naturally  occurring Tregs
(CD4+CD25+FoxP3+) (nTregs) function has been stu-
died in mice. Adoptive transfer of naive n'Tregs inhibited
the development of allergen-induced AHR and airway
inflammation through secretion of I1.-10 and TGF-3 [14].
Moreover, the suppressive function of this 'T" cell subset
was initiated following ligation of MHCI on the Tregs by
CDS8. In the absence of MHCI-CDS8 interaction, these
nTregs exhibited a plasticity in which they enhanced
responses rather than suppressed them and this was

accompanied by reduced IL-10/TGF-B production and
increased 1L.-13 release [15,16°°].

CDS8+ T cells have also been demonstrated to play a
crucial role in the development of AHR and eosinophilic
airway inflammation and these findings have been sup-
ported in clinical studies. These CD8+ T cells were
characterized by expression of the high affinity receptor
for leukotriene B4, BL'T'1, which was essential to the
accumulation of CD8+ T cells in the lungs [17]. More-
over, these CD8+ T cells were shown to be corticosteroid-
insensitive [18°%,19]. Activation of these CD8+ T cells
was shown to be dependent on IL.-4-secreting CD4+ T’
cells in the initial sensitization phase [20]. In asthmatics, a
similar population of CD8+BLT1+ T cells has been
demonstrated in bronchoalveolar lavage fluid and in lung
tissue [21]. Further, the annual decline in lung function in
asthmartics was correlated with numbers of bronchial wall
CD8+ T cells and not reticular basement membrane
thickness or infiltrating eosinophils [22]. In addition,
human CD8+ T cells, similar to mouse CD8+ T cells,
were shown to be steroid-insensitive compared with
CD4+ T cells [23].

Allergic rhinitis

Allergic rhinitis (AR) is the most prevalent atopic disease,
affecting 20-35% of the population, and unlike asthma,
the prevalence appears to be increasing. Following aller-
gen exposure, symptoms occur rapidly (early phase
response, EPR) and may persist, especially nasal obstruc-
tion (late phase response, LPR). Many of the factors
leading to alterations in upper and lower airway function
overlap. Despite the emerging concept of ‘one airway,
one disease’, the two compartments do differ. The upper
airways are derived from a different germ layer, and
importantly the upper airway has no smooth muscle
but is highly vascularized [24].

T'he majority of studies in mouse models of AR, similar to
asthma models, were designed as acute triggers of symp-
toms. The response to nasal allergen challenge in pre-
viously sensitized mice is characterized by both an EPR
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and LPR. In animal models, early responses have been
quantitated by nasal rubbing and sneezing scores for 3—
5 min following allergen challenge. As mice are obligate
nasal breathers, decreases in respiratory frequency have
been used as a surrogate marker in the EPR and LPR [25].
Direct measures of nasal resistance have now been used
to monitor LPR [25]. Early studies showed that [gE-Th2
immune responses play a central role in the development
of AR. However, recent studies have questioned these
findings; FceR1-deficient mice were shown to be capable
of developing nasal eosinophilia, and IL.-5-deficient mice
that lack eosinophils developed AR [26]. Mice with a
genetic deficiency of STATI, a crucial component in
IFN-vy signaling developed less nasal eosinophilia and
histamine-induced nasal hyperresponsiveness [27]. Other
studies have identified the role of H1, H3, and H4
histamine receptors and T regulatory cells in the regula-
tion of AR [28-30]. Analysis of the mechanisms under-
lying the EPR and LPR demonstrated that the EPR was
dependent on the interaction of IgE, the high affinity
receptor for IgE and FceR1-expressing mast cells,
whereas the LPR, detected by increases in nasal resist-
ance were mediated by IL-13, independent of nasal
eosinophilia [25,31,32°].

Food-related allergy and food-induced
anaphylaxis

The prevalence of food allergy has increased significantly
in recent decades, including reports of life-threatening
anaphylactic reactions. As studies in allergic individuals
are necessarily limited, animal models of food allergy
have helped understand the underlying mechanisms of
the disease, the potential for new therapeutic targets, and
to determine the allergenicity and risks of emerging
transgenic crop plants containing newly synthesized
proteins [33]. As most of the proteins contained in food
are digested in the gut lumen before absorption in the
intestine, it is important to recognize that ingestion of the
majority of food proteins induce tolerance despite or
perhaps because of daily exposures. The molecular struc-
ture of food proteins may be altered in the gastrointestinal
tract, reducing their allergenicity, unlike the routes of
allergen exposure in other allergic diseases. Studies in
food allergy models in mice, similar to models of asthma
and AR, have utilized systemic sensitization to allergen
(often together with alum), followed by oral challenges
[34]. The experimental endpoints include appearance of
systemic anaphylaxis such as fall in body temperature,
symptoms, loss of body weight, or diarrhea. Allergen-
specific [gE—mast cell interactions associated with Th2-
type immune responses, including IL-9, have been
linked to the allergic response to foods such as rice or
cow’s milk [35-37]. Other studies demonstrated the
essential role of T cells in the development of food
allergy; CD4+ T cells from Peyer patches were shown
to be the prominent effector cells as a source of Th2
cytokines, whereas CD8+ T cells or T regulatory cells
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played potent suppressive roles in allergic enterocolitis
[38,39]. Protective roles for allergen-specific IgA or IL.-10
have been shown in food allergy. Disease-specific thera-
peutic approaches with oral IL.-10 transfected Lactococcus
lactis reduced food-induced anaphylactic reactions and
serum levels of IgE antibodies [40°].

Atopic dermatitis

Similar to some of the other atopic diseases, the preva-
lence of AD is steadily increasing. The pathogenesis of
AD is also believed to be mediated by Th2-driven
inflammatory responses, often associated with high IgE
levels. An important factor in AD may be skin barrier
dysfunction as has been shown in association with
mutations in filaggrin, an important class of the inter-
mediate filament-associated proteins that interact with
keratin intermediate filaments of terminally differentiat-
ing mammalian epidermis [41]. Bacterial superinfection
of the skin is an important contributor to persistent and
refractory disease.

True mouse models of AD are difficult to establish. Nc¢/
Nga mice spontaneously develop AD-like skin lesions
under conventional conditions. Skin lesions exhibit
marked accumulation of mast cells and eosinophils, with
epithelial hyperparakeratosis, hyperplasia, and spongiosis
accompanied by upregulated Th2-IgE responses and
skin barrier abnormalities [42]. However, studies with
STAT6-deficient Nc¢/Nga mice demonstrated compar-
able levels of skin lesions to STAT6-sufficient Nc/Nga
mice, accompanied by higher levels of Thl-type immune
responses [43].

Other disease models in common strains or gene-targeted
mice have utilized epicutaneaous or systemic allergen
sensitization followed by topical allergen challenges.
These studies demonstrated the association or role for
eosinophils, thymic stromal lymphopoietin (TSLP)-Th2
cytokines, and toll-like receptor-linked induction of IFN-
v [44-40].

The potent pro-inflammatory cytokine I1.-17 has also
been suggested to play a role in AD [47,48]. This is of
interest as 11.-17 is highly pro-neutrophilic, whereas AD
patients show little neutrophil infiltration of the skin
lesions. In one study, following development of AD-like
disease with epicutaneous but not systemic sensitization,
AHR was induced in an IL-17-dependent fashion [49°].

Allergic conjunctivitis

To elicit allergic conjunctivitis in mice, allergen is admi-
nistered topically following systemic sensitization [S50].
Pollens such as birch, ragweed, or house dust mite have
been used. The EPR is thought to be mediated through
allergen-specific-IgE—mast cell interactions. A variety of
mediators released by mast cells in the EPR including
eosinophilic chemotactic factor and platelet activating
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factor, can sustain subsequent allergic reactions in the
LPR. However, some studies have shown less depen-
dence on allergen-specific IgE or the crucial role of
allergen-specific T cells in the development of LLPR
[51]. The central role of Th2-driven responses in allergic
conjunctivitis is supported by studies of cytokine levels
from allergen-specific lymphocytes, suppressor of cyto-
kine signaling protein levels, Notch ligand (Delta-like4),
or OX40 interactions [52-54]. Recent studies in mice and
humans indicated that IFN-y may also play a crucial role
in the development of allergic conjunctivitis [55-57],
highlighting the role of both Th1 and Th2 cytokines in
the pathogenesis of many of the allergic diseases.

Conclusions

Although mouse models cannot entirely duplicate human
asthma, AR, AD, food allergy, or allergic conjunctivitis,
they have been invaluable in defining the requirements
for sensitization, IgE and cytokine production, and mucus
hyperproduction. These studies have also revealed how
different mechanisms and pathways can lead to the same
outcomes, similar to the heterogeneity seen in the human
allergic diseases. The caveat is that there are limitations
to each of these models and findings must be critically
analyzed. Despite the many failures to translate findings
to the clinic, animal studies still offer the potential for
defining new therapeutic approaches. Earlier studies
were based on the hypothesis that ‘allergy is a genetically
regulated Th2-type inflammatory response’. This in
many ways was biased by the approaches taken to elicit
the responses. Increasingly, the complexity of the
responses is being recognized including the involvement
of Thl-mediated immune responses. Man remains the
best model of human disease. But, even clinical studies
are confronting the issues of disease heterogeneity and
the potential for different pathways leading to similar
clinical phenotypes. Together, this may account for the
limited clinical success of many recently introduced
therapies. To investigate chronic allergic diseases,
chronic disease models are necessary. Finally, early sen-
sitization to allergen in the very young is typical of
virtually all allergic diseases. There is probably a very
narrow window of opportunity for early intervention with
the goals of preventing disease before the disease
becomes established. Once established, the maintenance
or progression phase is probably mediated by multiple
pathways, pathways that are different from those involved
in the inception or sensitization phase.
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