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Abstract

Experimental mouse models of allergic asthma estab-
lished almost 10 years ago offered new opportunities to
study disease pathogenesis and to develop new thera-
peutics. These models focused on the factors governing
the allergic immune response, on modeling clinical be-
havior of allergic asthma, and led to insights into pulmo-
nary pathophysiology. Although mouse models rarely
completely reproduce all the features of human disease,
after sensitization and respiratory tract challenges with
antigen, wild-type mice develop a clinical syndrome that
closely resembles allergic asthma, characterized by eo-
sinophilic lung inflammation, airway hyperresponsive-
ness (AHR), increased IgE, mucus hypersecretion, and
eventually, airway remodeling. There are, however, dif-
ferences between mouse and human physiology that
threaten to limit the value of mouse models. Three exam-

ples of such differences relate to both clinical manifesta-
tions of disease and underlying pathogenesis. First, in
contrast to patients who have increased methacho-
line-induced AHR even when they are symptom-free,
mice exhibit only transient methacholine-induced AHR
following allergen exposure. Second, chronic allergen
exposure in patients leads to chronic allergic asthma,
whereas repeated exposures in sensitized mice causes
suppression of disease. Third, IgE and mast cells, in
humans, mediate early- and late-phase allergic re-
sponses, though both are unnecessary for the generation
of allergic asthma in mice. Taken together, these observa-
tions suggest that mouse models of allergic asthma are
not exact replicas of human disease and thus, question
the validity of these models. However, observations from
mouse models of allergic asthma support many existing
paradigms, although some novel discoveries in mice
have yet to be verified in patients. This review presents an
overview of the clinical aspects of disease in mouse mod-
els of allergic asthma emphasizing (1) the factors in-
fluencing the pathophysiological responses during the
initiation and perpetuation of disease, (2) the utility of
mouse models for studying clinical manifestations of dis-
ease, and (3) the applicability of mouse models for testing

new treatments for allergic asthma.
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Introduction

Allergic asthma is a chronic inflammatory disease of
the respiratory tract with rising incidence and prevalence
in industrialized countries. According to the World
Health Organization, asthma affects 150 million people
worldwide and is the most prevalent chronic disease of
childhood. It is estimated that there are 18 asthma-related
deaths per million people and 180,000 deaths per year [1].
Increased school absenteeism, lost working days and
productivity, and high medical care costs combine to con-
stitute a substantial economic burden to patients, their
families, and society [1]. Asthma-related morbidity and
mortality continue to rise, although many effective drugs
to alleviate signs and symptoms of asthma are available.
This is thought, in part, to be due to increased exposure to
indoor allergens, more pollution, fewer childhood viral ill-
nesses, overuse of Br-agonists, treatment failure and seri-
ous adverse effects to treatment.

Although epidemiological studies and clinical investi-
gation are powerful tools to study human disease, there
are constraints that can be avoided when using animal
models. First, ethical issues limit the study of allergen sen-
sitization in humans. Second, there are few clinical indi-
cations for bronchoalveolar lavage (BAL) and lung biopsy
in asthmatics, thus restricting access to lesions and reduc-
ing our capacity to study disease pathogenesis. Third, test-
ing novel treatments in humans is difficult due to the
tough regulations that need to be met before a drug is
accepted for clinical phase trials. In 1994, the first mouse
models resembling allergic asthma were published [2-5]
and have since resulted in significant strides in our under-
standing of the pathophysiology of allergic disease. There
are, however, differences between mouse and human
physiology that threaten to limit the value of mouse mod-
els. This review will focus on the strengths and weaknesses
of models of allergic asthma in mice.

Lessons from NMouse Models about Allergen
Sensitization

Allergen Sensitization: Immunity versus Tolerance

The immune system is designed to either respond or
tolerate foreign antigens. One rationale justifying immune
tolerance is to avoid developing immune responses to
harmless inhaled and ingested proteins, while at the same
time protecting the host against pathogens. Failure of the
regulatory mechanisms governing immunity and toler-
ance, either by generating an erroneous immune response
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against perceived pathogens or failure to ignore innocu-
ous proteins, could potentially result in immunity di-
rected against innocuous proteins, like pollens or house
dust mites. Pathogen recognition by the immune system
elicits an immune response designed to eradicate the
organism. Whether the class of the response is predomi-
nantly cell-mediated or humoral is dependent on the type
of pathogens encountered, i.e. viruses, bacteria, or para-
sites. In atopic individuals, however, nonpathogenic for-
eign proteins elicit an allergic class of response.

Allergen sensitization begins when an individual en-
counters and responds to a foreign protein. This may
occur at a variety of sites including, the skin, circulation,
respiratory, gastrointestinal, and genitourinary tracts.
Sensitization is initiated by specialized antigen-present-
ing cells, such as dendritic cells (DC), macrophages, and B
cells, that take up foreign proteins, internalize them, and
process them into small peptide fragments. MHC class 11
molecules within the cell bind to these peptide fragments
and the class II:peptide complex migrates to the cell sur-
face where it is displayed and can interact with the T cell
receptor on CD4+ T lymphocytes. The consequence of
antigen recognition is activation, differentiation, and
clonal expansion of CD4+ T helper 2 (Th2) cells, altera-
tion of the quantity and type of cell surface molecules,
production and secretion of 1L-4, IL-5, IL-6, IL-10, and
IL-13 cytokines, and generation of cells that can provide
help to B lymphocytes. The result is Th2-mediated re-
cruitment and activation of eosinophils in the skin, respi-
ratory and gastrointestinal tracts, as well as the promotion
of their survival, and allergen-specific IgE production.

The IgE is, in turn, cross-linked as it binds to allergen
and high-affinity FceRI receptors on the surface of mast
cells and leads to mast cell degranulation and the release
of vasoactive mediators. In allergic asthma, the combina-
tion of Th2 cell- and mast cell-derived mediators in the
lungs, along with factors derived from respiratory epithe-
lium, smooth muscle, and the nervous system, cause
eosinophilic inflammation, edema, smooth muscle con-
traction, increased mucus production, and airway ob-
struction [6].

The reason why susceptible individuals generate aller-
gic responses to foreign antigen is unknown but appears to
be dependent upon the context of the encounter. Host fac-
tors are linked to a family history of allergic disease (ge-
netic susceptibility), allergen-specific IgE, and possibly,
prenatal allergen exposure. Other factors contributing to
the development of allergic asthma may also involve high
aeroallergen exposures, viral infections early in life, vacci-
nation programs, and a low socioeconomic status [1]. The

Int Arch Allergy Immunol 2004;133:84-100 85



increased incidence of allergic disease associated with
westernized countries with high standards of hygiene has
led to the ‘hygiene hypothesis’, which states that im-
proved hygiene and decreased infectious exposures are
causally related to an increased incidence of asthma and
allergy [7]. This has been substantiated by studies com-
paring rural and urban children showing that exposure to
microbials associated with farm livestock influences the
incidence of atopy [8]. Taken together, epidemiological
data indicate that there are a multitude of host and envi-
ronmental factors that affect the incidence of allergic dis-
ease. The promise of mouse models of allergic asthma lies
in a further understanding of the effects of these factors on
disease and the elucidation of the mechanisms underlying
allergen sensitization.

How Are Mice Sensitized to Allergen?

Prerequisite for Allergic Asthma: Allergen-Specific

T Cell Precursor Frequency

Mouse models of allergic asthma have provided im-
portant information about the conditions necessary for
allergen sensitization. Induction of allergic asthma by sys-
temic immunization leading to allergen-specific Th2 im-
munity followed by pulmonary allergen challenge is a
common basis for a number of mouse models. Systemic
allergen-specific Th2 immunity prior to lung challenge
improves disease induction. Systemic priming can be
achieved by intraperitoneal (i.p.) immunization with anti-
gen precipitated in aluminum sulfate (alum) [9], small
doses of soluble antigen without alum [10, 11], or re-
peated intranasal [12], or intratracheal [ 13] instillation for
certain antigens, and i.p. or intratracheal administration
of antigen-pulsed DC and macrophages [14-17]. In addi-
tion, coagulated egg white implanted subcutaneously will
prime for chicken egg ovalbumin (OVA)-specific Th2
immune responses [18]. Mice exposed to aerosolized anti-
gen in the absence of systemic immunity do not develop
lung disease [19-23]. These observations suggest that a
‘threshold’ precursor frequency of activated antigen-spe-
cific Th2 cells in the circulation is necessary for respirato-
ry tract antigen challenge to efficiently induce lung dis-
ease. The additional observation that systemic antigen
boosting 1-4 weeks after primary immunization im-
proves Th2 priming and the induction of disease corrobo-
rates the need for an adequate number of activated T
cells.

Transgenic mice containing solely CD4+ T cells bear-
ing the OVA-specific T cell receptor (DO11.10) develop
allergic airway disease when administered repeated doses
of aerosol OVA [24, 25]. Additionally, disease can be
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induced in mice not previously sensitized, following re-
peated respiratory tract challenges with OVA, if preceded
by adoptive transfer of fully activated and polarized Th2
cells from immunized wild-type [26-28] or DO11.10 [16,
29, 30] mice. This provides further support for the notion
that circulating, activated antigen-specific T cells are a
prerequisite for the initiation of allergic asthma (acute
onset).

Once mice are primed and have sufficient numbers of
activated Th2 cells, repeated respiratory tract antigen
challenges by intratracheal, intranasal, or aerosol routes
are necessary for establishing clinically manifest allergic
asthma [10, 12, 31-33]. For reasons that are not entirely
clear, a single pulmonary challenge with antigen is ineffec-
tive at inducing disease, a finding that supports the obser-
vation that increased exposure to aeroallergens is associ-
ated with allergic asthma.

Factors Influencing Allergen Sensitization:

Allergenicity

Allergenicity is defined as an inherent ability of a pro-
tein to induce an allergic response. In mice, many anti-
gens, allergenic and nonallergenic, have been successfully
used to induce allergic asthma. The most commonly used
antigen is OVA [2, 10, 11, 34], but others include bovine
serum albumin [27], sheep red blood cells [35], B-lacto-
globulin [36], schistosoma [37] and leishmania proteins
[38-40], coagulated egg white implants [18], Aspergillus
fumigatus [41], cockroach antigens [42], olive [43, 44],
birch [45] and ragweed [46, 47] pollens, and house dust
mite antigens [13, 48-53]. The induction of allergic asth-
ma in mice in response to nonallergenic proteins suggests
that allergenicity is not a necessary feature. This differs
from current ideas about why particular proteins elicit
allergic responses in human disease. The observation that
patients are allergic to similar allergens suggests that
inherent allergenic properties are important. Moreover,
synthesis of allergens using the structural features of natu-
rally occurring allergens has yielded proteins and polypep-
tides useful for diagnosis and allergen-based immunother-
apy [54].

Factors Influencing Allergen Sensitization: Adjuvants

Though the ability to generate a Th2 response and sub-
sequent disease in mice does not appear to depend on the
type of allergen, the use of adjuvants can augment Th2
priming and increase allergic asthma severity. 1.p. injec-
tion of alum without antigen induces a nonspecific Th2
cytokine environment [55]. When an antigen is added
(precipitated) to alum and injected i.p., antigen-specific
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Th2 responses are enhanced [55]. We find that nebulized
OVA following i.p., but not subcutaneous injections of
OVA precipitated in alum, induces allergic inflammation
(unpubl. data). Despite the use of alum in most protocols,
it is not necessary for inducing disease in mice. Mice
administered two i.p. injections with OVA (10 pg in
200 ul PBS) 3 weeks apart develop Th2 immunity [56],
which progresses to allergic asthma following OVA aero-
sol challenges 1 week later [10]. Thus, i.p. immunization
of soluble antigen without alum effectively elicits Th2
immunity.

There is growing evidence that other adjuvants can
play a role in disease initiation. For instance, OVA pro-
tein (grade V from Sigma) contains substantial quantities
of endotoxin. In certain lots of OVA, we measured
200 ng/ml of endotoxin (unpubl. data). It is known that
bacterial lipopolysaccharides (LPS) are effective adju-
vants [57]. This is further supported in experiments show-
ing that OVA-induced allergic asthma is reduced or
absent when LPS is eliminated from OVA and in Toll-like
receptor-4-deficient mice that are unable to respond to
LPS [58, 59]. Thus, generation of Th2 immunity appears
to require endotoxin. Critics have argued that the adju-
vant effect of endotoxin limits the usefulness of mouse
models. However, since it is ubiquitous, it is most likely a
clinically relevant adjuvant in allergen sensitization. In-
deed, studies in children have shown that endotoxin expo-
sure influences atopy [8].

In contrast to the adjuvant effect of endotoxin during
disease initiation, added LPS during antigen lung chal-
lenge reduces disease [60, 61] and added to antigen during
early life may decrease antigen sensitization in later life
[62]. These data suggest a seemingly paradoxical in-
fluence of LPS on allergic disease that may reflect LPS
dose and route of delivery [58, 63] and requires further
investigation. In addition to endotoxin and alum, diesel
exhaust particles [53, 64-66], cigarette smoke [67, 68],
exogenous proteases [69], GM-CSF [47], and ozone [70-
72] augment Th2 immune responses and enhance allergic
asthma. Interestingly, adjuvants for allergic asthma are
mainly environmental factors.

Factors Influencing Allergen Sensitization:

Downregulatory Factors

In contrast to the augmenting effects of adjuvants, sev-
eral factors diminish disease initiation in mice. Factors
that downregulate Th2 immunity include gender (male
mice have less severe responses; unpubl. data) [73], oral
feeding with OVA in OVA-induced models of allergic
asthma [74, 75], and concurrent infections. Cholera toxin
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[76], coinfection with worms [77], and Mycoplasma pneu-
moniae [78] decrease Th2 responses and reduce the
induction of allergic asthma. Similarly, a powerful inhibi-
tor of Th2 immunity is preexistent or coexistent Thl
immunity. An augmented Thl response elicited by the
addition of IL-12 [35, 79-81], IFN-y [82, 83], and a Th1l
response directed against BCG inhibits Th2-mediated
allergic asthma [84, 85]. Immunization with CFA/OVA
subcutaneously (unpubl. data) or OVA and CpG oligonu-
cleotides [37, 86, 87] followed by OVA aerosol challenge
reduces disease induction, suggesting that Th1 polariza-
tion diminishes Th2 immune responses. Moreover, the
absence of Th1 cells in T-bet transcription factor (neces-
sary for Th1 cell differentiation)-deficient mice suggests a
regulatory role for Thl cells [88]. Furthermore, clinical
studies indicate that the incidence of allergy in children
relates to enteric lactobacteria populations and can be
reduced by supplementation with Thl-promoting pro-
biotic lactobacilli and bifidobacteria [89]. These data sug-
gesting that Th1 immunity curbs allergic sensitization are
compelling. However, there are additional experiments
showing contradictory results [29, 90-93] and suggest that
a shift towards Th1 immunity may not be the mechanism
underlying protection against allergen sensitization. Ad-
ditionally, data demonstrating that Th2 immune re-
sponses directed against helminthes protect individuals
and mice from developing allergies to environmental
allergens suggest alternative mechanisms [94]. Taken to-
gether, these data indicate that concomitant or preexisting
infections decrease Th2-mediated allergic disease and
support the hygiene hypothesis.

Factors Influencing Allergen Tolerance

Exploring the mechanisms underlying allergen-me-
diated immune tolerance can also be achieved using
mouse models. Unsensitized wild-type mice develop im-
mune tolerance when they are nebulized with antigen
without systemic priming. The mechanism involved in
this type of inhalation-induced immune tolerance is not
entirely understood but suppressor CD8+ T cells, B cells,
T regulatory cells, and DC have been implicated [21-23,
95, 96]. One criticism of mouse models of asthma has
been the inability to induce disease by respiratory expo-
sure alone. This is based on a hypothesis that clinical asth-
ma is the result of repeated inhalation of allergens. While
there is epidemiological evidence indicating that in-
creased exposure to indoor allergens is a risk factor for
disease, there is no proof that priming to these allergens
occurs by inhalation.
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Evidence in mouse models shows that allergen sensiti-
zation occurs systemically and not during inhalation.
Thus, it is tempting to speculate that sensitization by
inhaled allergens may not be occurring in atopic individu-
als either. Two alternative possibilities explaining sensiti-
zation are: (1) that coincident factors, such as microbial
products, interfere with immune tolerance and result in
priming to innocuous antigens, or (2) that systemic prim-
ing to the allergens or cross-reactive antigens occurs else-
where than the respiratory tree and once achieved, subse-
quent exposure to aerosol allergen leads to asthma. The
latter possibility is supported by experiments in which
allergen-specific Th2 immunity occurred in mice when
fed allergen in combination with antacid medications
[97]. It may also explain the enigmatic organ specificity in
allergic disease. A possible paradigm is that systemic
priming followed by subsequent exposure of antigen to
the nose, eyes, and lungs might lead to allergic rhinitis,
conjunctivitis, and asthma, respectively. Taken together,
these data from mouse models illustrate that inhaled envi-
ronmental allergens induce allergic asthma when pre-
ceded by priming in other organs. When applied to the
clinical situation, these results suggest that immune toler-
ance to inhaled proteins can be overcome in susceptible
individuals by systemic priming with allergen.

Lessons from Mouse Models about Clinical
Disease

What Are the Clinical Manifestations of Allergic

Asthma?

Validation of mouse models of allergic asthma requires
that they resemble clinical disease. Allergic asthma is a
relapsing and remitting clinical syndrome induced by
allergen exposure and is characterized by episodic revers-
ible airway obstruction [6]. The hallmarks of disease
include eosinophilia, lung inflammation, elevated serum
IgE, mucus hypersecretion, and hyperreactive airways [6].
The clinical course of disease depends on the type of aller-
gen exposure. Encounter with seasonal allergens, such as
pollens, leads to disease relapses, while ubiquitous aller-
gens, such as those from house dust mites, cause a more
chronic, clinically manifest or ‘overt’ disease. Mast cell
products mediate the initial response to allergen expo-
sure, which peaks within 20 min, and is characterized by
bronchial constriction, airway edema, and mucus plug-
ging. Within 24 h, lymphocytes and eosinophils are
recruited to the lungs. The resulting symptoms include
shortness of breath, difficulty breathing, wheezing, chest
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discomfort, and coughing, sometimes leading to respira-
tory failure requiring intubation and ventilation or status
asthmaticus. Periods of disease remission may be symp-
tom-free, yet are associated with abnormal pulmonary
function tests, lung inflammation, positive immediate-
type hypersensitivity skin tests, and elevated serum IgE.
Eventually, patients may develop permanent lung tissue
changes and damage resulting in irreversible airway ob-
struction.

Do mouse models of allergic asthma recapitulate clini-
cal disease? There are many established mouse models of
asthma currently in use that are characterized by eosino-
philic lung inflammation, mucus hypersecretion, airway
hyperresponsiveness (AHR), and elevated production of
IgE. A wide variety of experimental protocols in wild-type
mice differing with respect to inciting antigen, route of
antigen administration, use of adjuvants, and dosing
schedule induce disease. Furthermore, models of cellular
adoptive transfer, transgenic and knockout models also
generate allergic asthma. Interestingly, there is also mouse
strain variability, a feature that implicates genetic factors
[12, 33,51, 52, 98-103]. Collectively, these models dem-
onstrate a tremendous clinical diversity that is potentially
more representative of the clinical syndrome in humans.
The following sections describe the manifestations and
clinical course of allergic asthma in mice and confirm that
they are viable clinical models.

What Do Mouse Models Teach Us about Acute Onset

Disease?

Lung Inflammation

BAL and histological lung sections are used to evaluate
lung inflammation in mice. Total BAL cell counts in
naive mice are normally about 20,000 cells/ml of BAL
and contain almost exclusively macrophages. Immuniza-
tion with OVA (25 ug) precipitated in alum injections on
days 0 and 5, followed by repeated aecrosol challenges
1 week later, increases BAL infiltration toup to 1.5 x 106
cells/ml of BAL and peaks between 24 and 48 h after the
last nebulization [34]. The resulting airway inflammation
1s predominantly eosinophilic (70-80%), which over the
following 11 days completely resolves (fig. 1). Lympho-
cytes, macrophages, and neutrophils are also increased
with some variations dependent on the type of experi-
mental protocol. Eosinophilia in lavage fluid is higher
with alum protocols compared to protocols without alum
[10], following OVA-pulsed DC priming [14], and egg
white implantation (unpubl. data). Importantly, evalua-
tion of lavage fluid must be based on both absolute cell
numbers/milliliter and percentages of each cell type
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Fig. 1. The kinetics of BAL eosinophilia in mouse allergic asthma
induced with OVA. BALB/c mice were immunized with OVA (Sig-
ma, grade V) 25 ug precipitated in 4 mg of alum i.p. on days 0 and 5.
One week later, mice were nebulized with OVA 1% for 60 min twice
a day on 2 consecutive days. Mice were intubated and lavaged 3
times with 1 ml of PBS on the days indicated. Cells were counted and
cell differential was done on May-Griinwald-stained cytospin slides.
These data are expressed as percentages of eosinophils in the BAL.

present in the BAL. The percentage of BAL cells yields
information about the relative cell contribution to inflam-
mation and, for example, shows that the percentage of
macrophages is invariably lower in diseased mice com-
pared to normal controls, despite an increase in absolute
numbers. Conversely, absolute numbers of neutrophils
significantly increase during disease, but they comprise
only 1% of BAL cells in mice with allergic asthma and,
hence, suggest a less important role in pathogenesis [34].
The quantity of infiltrating cells in the airways appears
to correlate with the extent of inflammation in the lung
parenchyma. Inflammation noted on H&E-stained sec-
tions is predominantly peribronchial and perivascular
(fig. 2). Immunization with OV A precipitated in alum fol-
lowed by OVA nebulization leads to cell infiltrates that
tend to be large, diffuse, and located near large airways
[34]. They contain predominantly eosinophils, as well as
many macrophages and lymphocytes > plasma cells >
multinucleated giant cells > neutrophils. In contrast, neb-
ulization of mice immunized with soluble OVA results in
infiltrates containing similar numbers of lymphocytes and
macrophages but fewer eosinophils, neutrophils and mul-
tinucleated giant cells [10]. Furthermore, soluble OVA-
induced infiltrates are smaller, denser, occur predomi-
nantly in the lung periphery around smaller airways, and
are consistent with inflammation observed in bronchial
and autopsy specimens from humans [104]. Other experi-

Do Mouse Models of Allergic Asthma
Mimic Clinical Disease?

mentally induced disease models elicit different infiltra-
tion patterns. For example, i.p. injection of OVA-pulsed
DC followed by OVA nebulization leads to a striking
increase in multinucleated giant cells and large, activated
macrophages within alveoli, in addition to eosinophils,
lymphocytes, and macrophages within infiltrates [14].
The variation of cellular composition, extent, and loca-
tion of lung inflammatory infiltrates seems to be due both
to differences between immunizing protocols, as well as
reflecting genetic diversity among mouse strains [102]
(unpubl. data). The clinical significance for the diversity
of lung inflammation patterns is currently unclear.

Airway Hyperresponsiveness

AHR is measured using invasive and noninvasive
techniques including contraction of isolated airway seg-
ments, tracheal pressure determination during mechani-
cal ventilation, occlusion mechanics, pulmonary resis-
tance, dynamic lung compliance versus dual chamber,
and whole-body plethysmography [105]. In the last few
years, the use of whole-body plethysmography has be-
come popular, in particular, because it is noninvasive,
mice survive the procedure and can be reevaluated, and it
is technically easier to do than many of the other methods.
However, some investigators suggest that the noninvasive
whole-body dimensionless measurement, Penh, is not an
absolute value and needs to be compared with a more
accurate and meaningful measurement [106-110]. Nev-
ertheless, we and others measure AHR in response to
cholinergic [34, 99] and allergenic [111] stimuli using non-
invasive total body plethysmography equipment manufac-
tured by Buxco Electronics (Troy, N.Y., USA) and observe
AHR 1in sensitized mice compared to normal unsensitized
control mice. Methacholine- and OVA-induced AHR is
detectable 24 h after the last nebulized OVA challenge,
before peak lung eosinophilia and remains elevated com-
pared to naive control mice for 11 days [111] (fig. 3).
Methacholine-induced AHR in mouse models correlates
with an antigen-specific Th2 immune response [99, 102,
103, 112-115] and a contribution of genetic factors [99,
102, 114, 116] but not with severity of eosinophilic lung
inflammation [99, 117]. In contrast, when measuring
AHR following OVA challenge instead of methacholine
challenge, a correlation with the intensity of eosinophilic
inflammation is seen [111]. One important distinction
between human and mouse AHR is the transient increase
in methacholine-induced hyperresponsiveness in mouse
models. This differs from asthmatic patients who respond
to methacholine even during clinical remission of symp-
toms and have what is termed ‘twitchy airways’. This dis-
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Fig. 2. Lung histology from BALB/c mice with acute-onset allergic
asthma. BALB/c mice were immunized with OVA 25 ug precipitated
in 4 mg of alum i.p. on days 0 and 5, and nebulized with OVA 1% for
60 min twice a day on 2 consecutive days, 1 week later. Mice were
then intubated, and lungs were lavaged and perfused. Paraffin-
embedded lungs were stained with H&E or PAS. Representative pho-
tomicrographs of lung sections from mice 48 h after the last aerosol
OVA challenge demonstrate extensive perivascular and peribron-

crepancy indicates that airway physiology is somewhat
different in mice compared to humans. Furthermore, the
extent to which components like smooth muscle contrac-
tion, edema, and mucus hypersecretion leads to airway
obstruction and consequent changes in AHR measure-
ments in mice may differ from humans.

Mucus Hypersecretion

Mucus hypersecretion is evaluated in mice on periodic
acid-Schiff (PAS)-stained lung sections. In normal mice,
there are few mucus-stained respiratory goblet cells, indi-
cating low production of mucus [34]. However, during the
onset of acute disease, goblet cells in the respiratory epi-
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chial inflammatory infiltrate containing eosinophils, lymphocytes,
and macrophages (low power field, objective lens, 100 x) (a), and
numerous eosinophils, macrophages and lymphocytes surrounding
airways (high power field, objective lens, 400x, 600x) (b, c).
Arrowheads indicate eosinophils. Intense pink-colored staining re-
veals mucopolysaccharide globules within respiratory epithelial gob-
let cells on PAS-stained section (objective lens; 400 X ) (d).

thelium produce abundant mucus, peaking 48 h after the
last aerosol challenge [10, 34] (fig. 2¢). Depending on dis-
ease severity, mucus may be present in goblet cells in the
large and/or small airways and may even be evident in
airway lumina. Mucus within goblet cells decreases grad-
ually following acute onset of disease and returns to base-
line levels within 30 days [10, 34]. Increased production
of mucus correlates with antigen and IL-13 [118], and is
consistent with human physiology [93, 118-121]. How-
ever, whether genetic control is similar to humans, how
mice react physiologically to excess mucus, and whether
mucus obstruction plays a significant role in AHR re-
mains unclear in mouse models.
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Fig. 3. Methacholine-induced AHR in sensi-
tized mice decreases to normal 11 days after
aerosol OVA challenge. BALB/c mice were 5.0 4
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total body plethysmography (Buxco Elec-
tronics). These data are expressed as the
Penh, a dimensionless unit representing air-
way resistance. * p < 0.05 is considered sig-
nificant.

Serum Allergen-Specific Immunoglobulin

Serum antigen-specific IgE and IgG1 are elevated fol-
lowing almost all immunization protocols, with IgGl
titers several magnitudes higher than IgE [34, 56]. Serum
antibody titers are much higher than BAL titers at acute-
onset allergic asthma [34]. Kinetics experiments indicate
that serum antigen-specific IgE decreases over several
months, in contrast with the maintenance of consistently
elevated levels of IgG1 [10]. Despite the obvious presence
of antigen-specific IgE and IgGl and the capacity to
induce immediate-type hypersensitivity in mice [122],
IgE and IgG1 are not necessary for disease. There is no
difference in the induction or severity of allergic asthma
in mast cell [3, 123, 124]-, Bcell [9, 112, 125-127]-, and
IgE [41]-deficient mice [128]. These observations seri-
ously limit the generalizability of mouse models. How-
ever, data illustrating that mast cells [124], IgE [129-131]
and mast cell mediators do play roles in mouse allergic
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asthma, and that there are genetic differences in IgE pro-
duction [103] are useful results. These latter findings indi-
cate that IgE biology in mouse models is consistent with
human physiology and that perhaps, mast cell- and immu-
noglobulin-deficient mice resemble a subpopulation of
asthmatic patients without elevated serum IgE.

What Do Mouse Models Tell Us about Chronic
Disease?

Repeated encounters with allergen in sensitized indi-
viduals cause a continuation of symptoms with exacerba-
tions and eventual permanent organ damage with irre-
versible airway compromise. It is, therefore, essential to
develop mouse models resembling clinically manifest and
chronic allergic asthma to study the pathophysiology and
discover new treatments for ongoing disease. We investi-
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gated mouse models, which reflect the clinical course of
allergic asthma [34]. We found that acute-onset and ongo-
ing/overt allergic asthma in mice are distinct. To induce
acute disease, BALB/c or C57Bl/6 mice are immunized
with 1.p. injections of OVA/alum (days 0 and 5) and sub-
sequently nebulized with OVA. Mice treated with re-
peated aerosol (OVA 1%, 1 h b.i.d., once per week) devel-
oped overt, ongoing disecase evident during the first
3 weeks of weekly nebulization with OVA. Weekly aerosol
OVA caused a progressive increase in serum and BAL
immunoglobulin, mucus production, and inflammatory
infiltrates containing fewer eosinophils but with more
plasma cells, macrophages, and lymphocytes as compared
to that seen in acute onset disease. Both disease phases are
characterized by AHR. Eventually, repeated weekly OVA
aerosol challenges suppress lung inflammation and mucus
secretion by 6 weeks without affecting IgE and IgG1 pro-
duction or AHR [34]. Inhibition of inflammation and
mucus hypersecretion was also evident in B cell-deficient
mice, indicating that B cells and antibody are not essential
for repeated aerosol antigen-induced suppression of in-
flammation [9]. The mechanism underlying suppression
of this type is unknown [132-134]. Although chronic
allergic asthma similar to that seen in patients does not
develop in mice, it is possible that this is a protective,
desensitizing mechanism resembling allergen immuno-
therapy.

Chronic allergic asthma is associated with airway re-
modeling and lung damage [104]. Established mouse
models reveal that chronic antigen exposure leads to sub-
epithelial fibrosis, hypertrophy and hyperplasia of smooth
muscle, microvascular remodeling, and neovasculariza-
tion [9, 37, 132, 135-139]. Furthermore, these models
demonstrate an apparent correlation between the resolu-
tion of inflammation and presence of airway remodeling,
which suggests that the process occurs after inflammation
resolves and supports the concept that remodeling in asth-
matic airways is caused by abnormal injury and repair
responses [140].

Taken together, these observations demonstrate that
studying chronic forms of disease is possible in mice par-
ticularly when studying airway remodeling. In contrast,
evaluating overt disease is a more difficult prospect in
currently used models because of antigen-induced sup-
pression. Developing a mouse model of chronic, overt dis-
ease similar to patients proves to be challenging, but may
be solved by modifying current experimental protocols to
generate conditions comparable to chronic exposure with
allergens like house dust mite.
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What Do the Mouse Models Tell Us about
Disease Relapse and Memory?

Seasonal exposure to ragweed, grass, and tree pollens
induces symptoms in sensitized allergic patients. Addi-
tionally, cat-allergic individuals who only intermittently
encounter cats/cat allergens develop allergic symptoms
immediately upon exposure. The reactions to these aller-
gens illustrate the relapsing nature of allergic disease.
Moreover, the rapid and vigorous response to allergens in
sensitized individuals is consistent with immunological
memory. While immunological memory is effective and
beneficial for protection against pathogens and is the basis
of vaccine development, when directed against allergens,
it is harmful and can be fatal.

We took the opportunity to study immunological
memory using a mouse allergic asthma model. The model
was designed to generate acute disease followed by remis-
sion. At various times mice were rechallenged during
remission with a second aerosol antigen exposure to eval-
uate disease relapse [10]. We eliminated a potential
source of continuous and available antigen by generating
disease with soluble and nebulized OVA (without alum).
The experimental protocol for acute onset disease is
immunization with 10 ug of OVA in PBS on days 0 and
21 and nebulization with OVA 1% (1-hour b.i.d., on 2
consecutive days) 1 week later. Acute disecase was less
severe without the use of alum, but all features of allergic
asthma were apparent. One month after acute-onset aller-
gic asthma, BAL inflammation, mucus hypersecretion,
and methacholine-induced AHR completely resolved,
similar to naive control mice. Four months later, serum
OV A-specific IgE titers were comparable to naive con-
trols. Although the mice recuperated from acute allergic
asthma, evidence that they recovered from an immune
response included elevated serum OV A-specific IgG1 and
persistent inflammatory infiltrates in their lungs up to 3
years after acute-onset allergic asthma (unpubl. data). The
association between remission and elevated immunoglob-
ulin and nitric oxide breath levels is also apparent in asth-
matics [141]. While recovered mice no longer had eosino-
phils in lung infiltrates, lung inflammation consisting of
lymphocytes and macrophages persisted. Immunohisto-
chemical staining of lung infiltrates in recovered mice
revealed a large number of CD4+ T cells (unpubl. data),
which can be purified and upon restimulation with OVA
in vitro produced Th2 cytokines [10], indicating that
OVA-specific Th2 memory cells are harbored in the lungs
of mice that have recovered from allergic asthma.
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Recovered mice develop eosinophilic lung inflamma-
tion, mucus hypersecretion, AHR, and high titers of
OV A-specific IgG1 and IgE upon secondary aerosol OVA
(1%, 1 h b.i.d. on 2 consecutive days) at any time, up to
800 days after acute onset disease [10] (unpubl. data).
Recall challenge also induces the differentiation of plasma
cells within lung infiltrates and increases the titers of BAL
immunoglobulin. Secondary responses leading to disease
are not apparent in age-matched naive mice or in mice
systemically sensitized but not aerosolized with OVA (no
acute onset disease). Secondary responses leading to dis-
ease relapse in recovered mice are rapid. Upregulation of
Th2 cytokine RNA in lungs occurs within 1 h of nebuliza-
tion with OVA. Furthermore, disease relapse can be
induced with 10-fold lower doses of nebulized OVA
(0.1%, 1 h b.i.d. on 2 consecutive days), a dose unable to
induce acute onset disease (unpubl. data). Taken together,
these results demonstrate a fast and more effective re-
sponse to secondary allergen encounter, and demonstrate
characteristic features of immunological memory.

These observations suggest that immunological memo-
ry leading to allergic asthma upon allergen exposure in
sensitized mice is due to the persistence of CD4+ T cells
within the lung infiltrates. In addition, lung plasma cells
and increased BAL immunoglobulin implicate a role for
lung memory B cells. Collectively, these observations sup-
port the notion that the lungs play a crucial role in main-
taining Th2 memory responses by generating a microen-
vironment encouraging memory cell residence and possi-
bly survival. Whether patients with allergic asthma have
persistent memory cells within their lungs is not yet
known. However, if allergen-specific Th2 cells reside
within the lungs of asthmatics, then developing topical
(inhaled) therapy aimed at inhibiting memory cells would
be a reasonable treatment approach.

What Do the Mouse Models Teach Us about
Treating Allergic Disease?

To determine whether mouse models are useful for
screening new compounds and testing efficacy of new
therapeutics, it is important to ascertain the effectiveness
of drugs known to be useful. This would enable them to be
used as reference standards for comparison with novel
pharmacological strategies. For example, one of the most
effective treatments for patients with allergic asthma and
particularly for those with chronic disease is glucocorti-
coids. They have been used in mouse models to test
effects on lung inflammation, airway remodeling, AHR,
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and immunoglobulin production [137, 142-146]. We
chose to test effectiveness of corticosteroids on estab-
lished experimental allergic asthma in mice [147]. Upon
treatment with inhaled Dex, we observed the elimination
of AHR before relapse and during overt disease. Dexa-
methasone (Dex) more efficiently reduced airway inflam-
mation, mucus production, and OVA-specific IgG1 and
IgE upon relapse compared to overt disease. However,
during overt disease, parenchymal inflammatory infil-
trates were more effectively eliminated. These data illus-
trate that inhaled corticosteroids attenuate discase re-
lapses and overt disease differentially and suggest that
both airway and parenchymal inflammation should be
evaluated for treatment efficacy.

Testing therapy in mouse-allergic asthma models has
yielded information about disease pathogenesis, but it
remains uncertain whether this is a suitable treatment
model. To ensure the validity of mouse allergic asthma as
a treatment model, more studies confirming known effec-
tive drugs need to be done. In addition, it is important to
test treatment efficacy on established disease. Many stud-
ies have focused on interfering with disease induction at
time points prior to immunization and between sensitiza-
tion and airway challenge. Evaluating treatment effects on
initiation of lung disease may be misleading when one
considers that inflammatory cells, including effector and/
or memory lymphocytes, persist in lungs during remission
and during overt disease. These cells might alter the lung
microenvironment, by secreting chemokines, inducing
the upregulation of chemokine, adhesion, and homing
receptors, which undoubtedly lead to changes in infiltra-
tion patterns of inflammatory cells and consequently, dif-
ferential responses to treatment.

Lessons from Mouse Models about
Pathogenesis

Studies in mouse models have established that mouse
CD4+ Th2 cells, 1L-4, 1L-5, and IL-13 [4, 30, 112, 148-
150], and products upstream, such as Stat 6 [151-154]
and GATA-3[155-157], mediate AHR, eosinophilic lung
inflammation, mucus hypersecretion, and elevated IgE
that are all hallmarks of allergic asthma [4, 30, 158, 159].
Th1 cells and their secreted products play a somewhat
controversial role in disease [29, 90-93]. The develop-
ment of asthma in mice deficient in IFN-y [160, 161] and
in T-bet transcription factor [88] clearly underscores the
importance of Th2 cells. In addition to cytokine secretion,
Th2 cell migration, adhesion, and homing are necessary
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for disease initiation [162-171], and Th2 memory cells
are important for maintaining disease [10]. Other lym-
phocytes including CD4+CD25+ T regulatory cells [96,
172, 173], CD8+ T cells [174-176], natural killer T cells
[177,178], and y3-T cells [179-183] may also be involved
in disease pathogenesis.

Mouse models have confirmed the existence of a net-
work of DC in the airway mucosa [184-190]. Intraepithe-
lial airway DCs rapidly turn over during the inflammato-
ry process, as a result of their recruitment, migration, and
accumulation in the bronchial mucosa, which increases
during the allergic response [191-193]. In addition, they
play a role in in vivo Th2 cell priming and a critical role in
secondary Th2 responses [14, 15, 39, 194-200]. In con-
trast to an apparent role for DC in allergic asthma, the
function of macrophages remains unclear despite their
obvious abundance within the lungs and inflammatory
infiltrates [17, 201-206].

A large variety of inflammatory mediators, including
chemokines, cytokines, mast cell-derived mediators and
additional factors derived from cells from the respiratory
epithelium, smooth muscle, and the nervous system play
a role in allergic asthma. Recent studies show new factors
that influence disease, such as the Tim-family genes [207].
The majority of experiments in mice has focused on
pathogenesis and has demonstrated novel mechanisms
that have yet to be proved in humans. These findings in
mouse models have provided new insights into disease
and pave the way for novel approaches for treatment.

Summary and Conclusion

Mouse models of asthma allow the elucidation of pro-
cesses necessary for initial sensitization with allergen, ear-
ly events in the lung associated with allergen response,
and the determination of cellular and soluble mediators
required for the initiation and perpetuation of allergic
asthma. Insights from mouse models suggest that sys-
temic immunization is necessary prior to the develop-
ment of disease, that Th2 cytokines are important, that
adjuvants facilitate these processes, and that the evolu-
tion from acute to ongoing inflammation involves a
change in inflammatory cells and mediators. Importantly,
insights derived from mouse models need to be verified in
clinical disease. Nevertheless, these models have uncov-
ered new mechanisms, created new paradigms, and lead
to the discovery of novel potentially effective therapies.
There are, however, notable discrepancies in certain as-
pects of allergic asthma between patients and mouse mod-
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els that are difficult to reconcile. One example is the non-
essential role for allergen-specific IgE in the mechanisms
underlying AHR and inflammation in mice. Another is
the transience of AHR in mice compared to humans. A
third major difference appears to be the human thymic
stromal lymphopoietin (TSLP) cytokine, which in atopic
patients is known to influence DC-mediated allergic in-
flammation [208]. Despite these differences, questions
about susceptibility, pathogenesis, airway remodeling,
immunological memory, and treatment are being actively
and successfully answered in mouse models. Further-
more, new mouse models of allergic asthma, such as the
transgenic, T-bet transcription factor-deficient mice that
develop spontaneous disease [88] or repeated challenge-
induced chronic disease in A/J mice [12], are continuing
to generate new advances in our understanding of allergic
asthma. Do mouse models of allergic asthma mimic clini-
cal disease? Yes.
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