Current Drug Targets, 2008, 9, 485-494 485

The "Classical' Ovalbumin Challenge Model of Asthma in Mice
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Abstract: Ovalbumin challenge models of asthma offer many opportunities for increasing our understanding of the
pathogenetic mechanisms underlying this disease, as well as for identifying novel therapeutic targets. There is no single
"classical" model, because numerous alternatives exist with respect to the choice of mouse strain, method of sensitisation,
route and duration of challenge, and approach to assessing the host response. Moreover, the limitations of these models
need to be recognised when attempting to interpret experimental findings. Nevertheless, careful use of well-defined
models allows investigators to answer specific questions that are otherwise difficult to address.
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1. INTRODUCTION
At the time of writing, a PubMed search for:
Mouse AND ovalbumin AND (asthma OR allergy)

Yielded just over 2000 references. Viewed in isolation,
this statistic might justify designating ovalbumin challenge-
induced airway inflammation as the "classical" mouse model
of asthma. In reality, however, whether there actually is a
classical model is open to debate, because there are many
sources of variation in the host response in such experimen-
tal systems. Moreover, no single model can adequately re-
produce the spatial and temporal recruitment of the various
cell types involved in the different phases of clinical asthma.
Despite the pitfalls associated with modelling allergic asthma
in mice, we nevertheless contend that such investigations
provide many opportunities for increasing our understanding
of pathogenetic mechanisms of disease [1]. In this review,
we will discuss the spectrum of allergic bronchopulmonary
disease in mice following ovalbumin challenge, as well as
the usefulness and limitations of such models.

SOURCES OF VARIATION IN OVALBUMIN CHAL-
LENGE MODELS

A novice attempting to come to grips with the literature
on modelling allergic asthma in mice is likely to be both
bemused and bewildered by the variety of models that dif-
ferent investigators have employed. Even focusing solely on
ovalbumin challenge, there is a spectrum of models, because
the choice of mouse strain, method of sensitisation, as well
as the route, dose and duration of challenge all influence the
nature of the inflammatory and other lesions that develop.
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Strain

The choice of mouse strain directly affects the pattern of
allergic inflammation elicited in ovalbumin challenge mod-
els of asthma. While sometimes considered to be related to
the predisposition of the strain to develop a Th2-biased im-
munological response and/or to produce IgE, this is not nece-
ssarily the case. Moreover, although mice of the BALB/c
strain are widely regarded as being more Th2-biased than
other strains such as C57BL/6, this concept is primarily based
on the differential susceptibility of these strains to parasitic
infection e.g. with Leishmania major [2]. In fact C57BL/6
mice mount robust Th2 responses and in studies of sensitised
mice challenged with ovabumin aerosol, eosinophil recruit-
ment as assessed in bronchoalveolar lavage (BAL) fluid was
greater in C57BL/6 and 129/Svim mice than in A/J and
BALB/c mice [3, 4]. However, BALB/c mice produce higher
levels of anti-ovalbumin IgE antibody [3]. Furthermore, the
concentration of Th2 cytokines such as IL-4 and IL-5 in
BAL fluid is greater in BALB/c than in C57BL/6 mice [5].

Strain dependency of airway hyper-responsiveness (AHR)
in ovalbumin challenge models has been well documented.
For example, in a comparison of 12 mouse strains, airway
responsiveness to methacholine was greatest in AKR and
SWR mice but virtually absent in A/J mice [3]. Such diffe-
rences may at least in part be related to polymorphisms of
the IL-4 receptor [6]. However, AHR results are in turn in-
fluenced by methods of sensitisation and challenge, because
A/J mice exhibited marked AHR after repeated intranasal
challenge, whereas C57BL/6 mice did not [7].

In chronic challenge models, development of the changes
of airway wall remodelling is also dependent on the strain
used. Shinagawa et al. found that their model of chronic
intranasal challenge, A/J mice exhibited more marked chan-
ges than BALB/c mice, which were in turn greater than those
in C57BL/6 animals [7]. In our own studies, subepithelial

© 2008 Bentham Science Publishers Ltd.



486 Current Drug Targets, 2008, Vol. 9, No. 6

fibrosis was reproducibly elicited in BALB/c mice chroni-
cally challenged by inhalation of low mass concentrations of
ovalbumin aerosol, but was essentially absent in C57BL/6
mice [1].

Method of Sensitisation

The dose of antigen used for sensitisation and the route
of administration are both important variables between
models. For intraperitoneal sensitisation of mice, the dose of
ovalbumin used varies from as little as 1 ug [8] to as much
as 8000 ug per animal [9]. However, doses of between 10
and 50 ug of ovalbumin are most commonly employed. In at
least one study, levels of IgE and the severity of pulmonary
inflammation and eosinophil accumulation in BAL fluid in
response to challenge with ovalbumin aerosol were found to
be inversely related to the sensitising dose [10]. Moreover,
AHR to methacholine was demonstrated in mice sensitised
to 10 ug, but not in mice sensitised to 1000 ug of ovalbumin.

Sensitisation is most often achieved by multiple intra-
peritoneal injections of antigen [4, 11]. Mice can also be
sensitised to ovalbumin by subcutaneous [12, 13], intranasal
[7, 14] or intratracheal [15, 16] delivery. Whether effective
sensitisation can reliably be achieved by inhalational chall-
enge alone is less clear, although this approach has been
reported to be successful [17]. The route of sensitisation
clearly does influence the host response: in animals sensi-
tised by intraperitoneal injection, IgE production is typically
greater than in animals sensitised intranasally [18, 19].
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Another potential source of differing results between
models is the use of adjuvants, which are intended to boost
the immune response and to promote the production of Th2
cytokines [20]. Potassium aluminium sulfate (alum) is the
most commonly used adjuvant, with ovalbumin typically
being adsorbed to between 1 mg [21] and 40 mg [10] of alum
for intraperitoneal injection. Two injections of ovalbumin
with adjuvant, 7 to 14 days apart, usually induce a strong
Th2-biased immune response with high levels of total and
antigen-specific IgE. Adjuvant-free protocols require a grea-
ter number of injections to achieve sensitisation [12, 22].
However, the use of an adjuvant during sensitisation may
significantly alter the response to subsequent allergen chall-
enge. Recent studies indicate that whereas AHR and airway
inflammation are independent of mast cells when animals are
sensitised with ovalbumin-alum, these responses are mast
cell-dependent when an alum-free protocol is used [23].

Route and Duration of Challenge

There are numerous options with respect to challenge
protocols, which in combination with the choice of strain and
different approaches to sensitisation lead to a enormous
diversity of models [24]. Some of the resultant possibilities
are illustrated in Tables 1 and 2. The route and duration of
challenge are perhaps the most important variables in "clas-
sical" models of allergic asthma.

Animals can be challenged by inhalation of aerosolised
ovalbumin, by intratracheal administration or by intranasal

Table1. Examples of Short-Term Ovalbumin Challenge Models of Asthma in Mice
Strain Sensitisation Method Challenge Route Challenge Protocol Key Features Ref.
Enhanced response of tracheal smooth
BALB/c - Inhalation 10 x daily 20 min aerosol muscle to methacholine or electrical [25]
stimulation in vitro.
C57BL/6 Ova/Alum (i.p) Inhalation 7 x daily 30 min aerosol Peribronchial |nf|amm.at|0n, eosn.mphlls [26]
day 0 days 14 - 21 and lymphocytes in BAL fluid.
Elevated IgE, ibronchiol d
Ova/Alum (i.p) . 2 x 60 min aerosol on evg e’ sev?re pe.n ronchio a_r an
B6D2F1/J Inhalation perivascular eosinophil accumulation; [27]
days 0 and 5 day 12 -
epithelial damage.
Ova/Alum . 3 x 30 min day 24, 1 x 30 min AHR ang an |ncreasg in pe.rlbron.chlo.lar
C57BL/6 . Inhalation and perivascular eosinophils; epithelial [28]
(i.p) days 0 and 12 day 26, 28, 30, 32 -
shedding and mucosal oedema.
. . Inflammation in airways and lung tissue;
BALB/c .7 x Ovalbumin Intratracheal 8x20 pg.antlgen goblet cell hyperplasia and epithelial [29]
(i.p) alternate days every third day e .
hypertrophy; early subepithelial fibrosis.
. AHR to methacholine challenge (decreased
7 x Ovalbumin . . . - . . Lo
BALB/c (i.p) alternate days Inhalation 8 x daily 5 min aerosol by anti-IFN-y); eosinophil accumulation in [30]
P 4 BAL fluid (decreased by anti-1L-5).
. AHR to acetylcholine; eosinophils,
BALB/c OJ:ISA:)U;?]S? Intranasal 15% ovilzjrgii Isolution lymphocytes and cytokines (IL-4, IL-5 [31]
4 =7 and IFN-y) increased in BAL fluid.
Ova/Alum . 20 min aerosol days 28-30 Allergen-induced early and late
BALB/! Inhalat 32
¢ (i.p) days 0 and 14 nhatation (1%) and 32 (5%) phase bronchoconstriction. (32]
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Table 2. Examples of Chronic Ovalbumin Challenge Models of Asthma in Mice
Strain | Sensitisation Method | Challenge Route Challenge Protocol Key Features Ref.
Acut hronic ai infl tion; AHR
Ova/Alum (i.p) . 30 min aerosol 3 days/ euteon ¢ ron.|c ainway In tamm.a Io.n' -
BALB/c Inhalation from central airways, subepithelial fibrosis, [33]
days 0 and 14 week x 6 weeks - .
epithelial cell hypertrophy; all sustained.
C57BL/6 Ova/Alum (i.p) Inhalation 60 min aerosol Inflammatory cells in BAL fluid; increased IgE and AHR [34]
days 0, 7 and 14 (nose only) 5 days/week x 6 weeks after 3 weeks; all significantly diminished after 6 weeks.
BALB/c Ova/Alum (i.p) Inhalation 2 days/week for 4 weeks Inflammatory cells in BAL fluid, |.ncre.ased.IgE, AHR, [35]
days 0, 7 and 14 mucous cell hyperplasia and epithelial thickening
Ova/Alum (i.p) . 30 min aerosol AHR, subep.ith.elial fibr0§is and e.xtens?ve
C57BL/6 Inhalation peribronchial inflammation; eosinophils [36]
days 0 and 14 3 days/week x 6 weeks - . -
and lymphocytes increased in BAL fluid.
BALB/c Ova/Alum (i.p) Inhalation 60 min aerosol 3 days/ AHR to metha.cht?llne, subeplthellal fibrosis and goblet [37]
days 0 and 14 week x (up to) 8 weeks cell hyperplasia; inflammation suppressed by 8 weeks.
Persistent pulmonary inflammation and AHR to
3 days/week for L .
Al - Intranasal methacholine (i.v); increased goblet cells and airway [7]
up to 12 weeks L
smooth muscle, collagen deposition.
. . Eosinophilic inflammation at 1 week, downregulated by 8
C57BL/6 OvalAlum (i.p.) Inhalation 15 min aerosol 3/day, weeks; epithelial thickening, peribronchiolar fibrosis and [38]
days O and 7 3 days/week for 8 weeks . .
smooth muscle hyperplasia, borderline AHR
BALB/c Ova/Alum (i.p) Inhalation 20 min, days 1.8-23 + AHR, subeplt.hellal fibrosis, smqoth muscl.e and ggblet [39]
days 0 and 12 3 days/week until day 55 cell hyperplasia; IL-4 and IFN-y increased in lung tissue
. Persistent pulmonary inflammation and AHR to
Ova/Al . . 2 days/week f L .
BALB/c va/Alum (i-p) Inhalation aysiweektor methacholine; initially high levels of BAL [40]
days 0, 14 and 21 12 weeks - -
cytokines declined by 12 weeks

instillation. Inhalational challenge typically involves placing
mice in a chamber into which an aerosol of ovalbumin is
delivered. Exposure chambers vary from simple Plexiglas
boxes to sophisticated apparatus in which airflow through
the chamber can be monitored and regulated. This method of
antigen challenge is popular, as aerosols with a constant
particle size can easily be generated using ultrasonic or
compressed air-driven nebulisers. It has been argued that
inhalation of aerosolised antigen more closely resembles
allergen exposure in patients with asthma and is therefore
more relevant than other challenge routes. Moreover, in most
inhalational challenge models, mice remain conscious
throughout the procedure and do not need to be restrained,
which reduces stress to the animals.

Most inhalational challenge models are short-term, in
that mice are exposed to one or several challenges over 4-8
consecutive days, which results in eosinophil accumulation
and AHR. Such models are usually associated with marked
perivascular and parenchymal inflammation in the lungs,
which are not features of human asthma [41]. These appear-
ances are likely to be a consequence of the unregulated
delivery of aerosolised antigen in these protocols, which
leads to very high mass concentrations of aerosol being
delivered into the exposure chamber. In studies of the dose-
response relationship in silica-induced pulmonary fibrosis
[42], we showed that development of progressive parenchy-
mal lesions depended on exceeding a mass concentration

threshold of airborne particles. High-level aerosol exposures
are likely to similarly overwhelm mechanisms for clearance
of antigen from the airways, leading to severe pulmonary
inflammation.

Chronic challenge models of asthma in mice involve
repeated exposure to antigen for up to 8 weeks. However,
long term challenge with high mass concentrations of
antigen often leads either to induction of a granulomatous
inflammatory response [43], or to down-regulation of infla-
mmation, AHR and structural airway changes of asthma [34,
44, 45]. Again, differences in protocols can have a signi-
ficant effect on the study outcomes e.g. Sakai et al. reported
that inflammation but not remodelling are inhibited by long
term exposure to ovalbumin aerosol [46]. Nevertheless,
because the development of tolerance reduces the inflamma-
tory response to repeated antigen challenges, ovalbumin
inhalational challenge models are sometimes portrayed as
unsuitable for assessment of the chronic lesions of asthma.

We hypothesised that the development of tolerance in
these models was related to the high mass concentrations of
aerosolised allergen used, which would have overwhelmed
respiratory clearance mechanisms. To avoid the down-
regulation of airway responses during chronic challenge, we
carefully controlled the mass concentrations of aerosol at
very low levels [33]. Chronic exposure of sensitised mice to
a mass concentration of 3 mg/m® of aerosolised ovalbumin,
30 min/day on 3 days/week for 6-8 weeks, resulted in mild
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acute-on-chronic inflammation of the airway wall, progre-
ssive remodelling of the airways and persistent AHR (Fig.
1). Pulmonary inflammation was absent and AHR was de-
monstrated to originate from the conducting airways rather
than the lung parenchyma. These changes closely resembled
the structural and functional abnormalities of chronic human
asthma [1, 33].

More recently, we have established a model of an aller-
gen-induced acute exacerbation of chronic asthma, which
further emphasises the critical importance of the mass con-
centration of aerosol used for challenge. Background lesions
of mild asthma were induced by chronic low-level challenge
for 4 weeks, after which animals were exposed for a 30 min
period to a single moderate-level challenge with 30 mg/m® of
aerosolised antigen (Fig. 2). This is still a much lower mass
concentration than is used by most investigators in models of
allergic airway inflammation, because 10-100 fold higher
concentrations are typical in uncontrolled exposure cham-
bers. Nevertheless, this moderate-level challenge is associ-

Kumar et al.

ated with more marked airway inflammation which extends
further distally than in the chronic challenge model, together
with a pattern of AHR distinct from that seen in the chronic
challenge model, reflecting the distal airway involvement
[47]. Compared to high-level challenge models, however, the
inflammatory response in our model of an acute exacerbation
remains mild and the numbers of eosinophils, lymphocytes
and neutrophils in BAL fluid are still relatively modest. Thus
the features of this model are very similar to those of a clini-
cal exacerbation of asthma. Table 3 compares the human
disease with high-level challenge, short-term models and the
chronic and acute exacerbation models we have developed.

ASSESSING THE "ASTHMATIC" RESPONSE

In evaluating the data from studies in ovalbumin chal-
lenge models of asthma, another significant set of issues re-
lates to the approaches and techniques used for assessing a
response. Again, there are numerous alternatives, not all of
which parallel assessment in human asthma.

Fig. (1). Hallmark lesions of human asthma develop in 100% of animals in the chronic challenge model, including chronic inflammation in
the lamina propria of the airway wall (A), intraepithelial accumulation of eosinophils (arrows, B) and subepithelial fibrosis (arrow, C).

Day
0 7 14 21 28 35 42 49 56 63
l | ] | | | | ] | |
OVAi.p. OVAi.p Low-level inhalational challenge
~3 mg/m3 OVA
Day
0 7 14 21 28 35 42 49
l | | ] | ] | |
OVAi.p. OVAip Low-level inhalational challenge

~3 mg/m3 OVA

Moderate-level challenge
~30mg/m3OVA

Fig. (2). The chronic challenge (above) and acute exacerbation (below) models of asthma employed in our laboratories.
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Table3. Comparison of Human Asthma with Various Ovalbumin Challenge Models
Feature Human (Exacerbation) | Mouse (Short-Term Models)* | Mouse (Chronic Model)” Mouse (Exacerbation)®
Distal airway inflammation +++ ++++ — ++
Peak eosinophil recruitment ? 24 h 4h 4h
Eosinophils in BAL fluid ++ ++++ - +
Lymphocytes in BAL fluid ++ + ++ 4+
"Peripheral” AHR + + - +
Chronic inflammation in tissue +++ — T+ 4+
Airway wall remodelling +++ - +++ +4++

High-level challenge, short-term models such as in Table 1.
°Model of low-level, chronic challenge [33].
“Model of an acute exacerbation of chronic asthma [47].

Inflammation

A common approach is to quantify total and differential
cell counts in BAL fluid. While this is experimentally con-
venient, it is worth emphasising that the increases in number
and percentage of eosinophils in short-term high-level chal-
lenge models are far higher than ever seen in patients with
asthma. Whereas eosinophils typically account for only 1-
3% of cells obtained by bronchoalveolar lavage in human
asthmatics, they comprise 40-80% of the recovered cells in
short-term ovalbumin challenge models [48]. In models em-
ploying low-level chronic challenge, such as that developed
in our laboratories, the total number of BAL cells does not
increase significantly following exposure to antigen and,
except for a small increase in the proportion of lymphocytes,
there is little evidence of inflammatory cell recruitment [49].
In contrast, assessment of the mild inflammatory response in
tissue sections is much more reliable, yielding consistent
data both in terms of recruitment of eosinophils into the air-
way epithelium (which is a typical feature of human asthma
[50]) and of accumulation of lymphocytes, plasma cells and
macrophages in the lamina propria of the large airways. A
significant point in this regard is that assessment must be
performed at the appropriate anatomical site. For example, it
has been asserted that intraepithelial accumulation of eosi-
nophils does not occur in short-term models [51] but this
claim is based on examination of intrapulmonary airways,
where Clara cells are the predominant cell type. We have
shown that eosinophils are readily detected in the airway
epithelium of the trachea of sensitised mice after a single
high-level challenge [52], reflecting the similarity between
the tracheal epithelium in mice and bronchial epithelium in
humans [53].

Comparable arguments apply to the assessment of ex-
pression of inflammatory mediators/cytokines in ovalbumin
challenge models. While marked elevations of cytokine lev-
els in BAL fluid and large fold changes in mRNA expression
in tissues are demonstrable in short-term high-level chal-
lenge models, more is not necessarily better in terms of rep-
licating features of the human disease. Because the focus of
such investigations should be on expression of mediators
involved in airway inflammation, it follows that it would be

logical to examine such expression in the airway walls them-
selves. A useful approach for selectively sampling airway
tissues is the blunt dissection method developed by Kenyon
et al. [37], which we have successfully employed to demons-
trate the relatively small magnitude increases in inflamma-
tory cytokine expression in the airways in our low-level
chronic challenge model of asthma [37a].

Airway Remodelling

In human asthma, the structural changes of airway re-
modelling include subepithelial fibrosis, smooth muscle hy-
pertrophy and/or hyperplasia, epithelial proliferation and
mucous cell hyperplasia/metaplasia, as well as increased
vascularity of the mucosa [54]. Ovalbumin challenge models
can replicate some of these features of chronic asthma, al-
though it is worth noting that goblet cell change is in fact a
very rapidly developing response [55]. In high-level chronic
challenge models, the extensive parenchymal inflammation
progresses to development of fibrosis surrounding small in-
trapulmonary airways. This peribronchiolar scarring is not
synonymous with subepithelial fibrosis, despite the wide-
spread misuse of the terminology by investigators. It is more
appropriate to refer to such changes as airway fibrosis [37].
However, lesions that closely resemble classical subepithe-
lial fibrosis in asthmatics are observed in the trachea of mice
in the low-level chronic challenge model employed in our
laboratories [33].

Interestingly, only high-level challenge models of chronic
ovalbumin exposure appear to elicit hypertrophy of airway
smooth muscle in mice [7, 39, 56-58]. No such changes are
observed in our low-level chronic challenge model.

Airway Hyper-Responsiveness

This area is plagued by controversy. To some extent, this
is hardly surprising, given the fundamental differences be-
tween assessing AHR in patients, which is based on volun-
tary forced expiration, and in mice, which usually relies on
invasive measurements in anaesthetised ventilated animals.
In any case, AHR to methacholine in mice may primarily be
related to responses other than smooth muscle/myofibroblast
contraction e.g. early airway closure as a consequence of
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thickening of the airway walls, or surfactant inactivation as a
consequence of inflammatory exudation [59-61]. Thus, it
remains unclear whether assessing changes in parameters
such as transpulmonary resistance or dynamic compliance in
mouse models is primarily an indirect measure of airway
and/or parenchymal inflammation, rather than an independ-
ent index of physiological changes. Moreover, results appear
to be highly dependent on whether the cholinergic stimulus
is administered by inhalation or intravenous injection, with
the latter apparently provoking a much more marked re-
sponse in ovalbumin challenge models [62].

Various alternative approaches for assessing AHR have
been reported. Non-invasive methods based on single- or
dual-chamber plethysmography appear to have much merit
[63, 64]. A whole-body plethysmography technique which
gained considerable popularity, because it can be performed
in unanaesthetised and unrestrained mice, is the measure-
ment of the dimensionless parameter known as enhanced
Pause (correctly abbreviated Py, but widely and inaccurately
referred to as penH) [65]. Unfortunately this technique has
limitations in models associated with extensive parenchymal
disease, in which abnormalities may correlate poorly with
airway and tissue mechanical properties [66]. The method
has therefore been the subject of extensive criticism [67-69]
and has fallen into disfavour, even though many of the criti-
cisms can at least in part be answered [70]. Nevertheless,
Penn may still have value as a screening procedure and cer-
tainly proved useful for assessing AHR in our low-level
chronic challenge model, in which parenchymal disease is
not a confounding factor.

Other methods such as the forced oscillation technique
are considered to be more reliable for assessing AHR in mice
[71, 72]. A recent addition to the range of available methods
is measurement of the decrease in tidal midexpiratory flow
(EF50), for which there are both noninvasive and invasive
implementations [73-75]. This may be a particularly efficient
approach to repeatable assessment of AHR.

USEFULNESS OF OVALBUMIN CHALLENGE
MODELS

Having noted the cautions and criticisms above, the reader
may wonder whether models of allergic airway inflammation
based on ovalbumin challenge have any real use. They most
certainly do and will continue to be valuable for understand-
ing pathogenesis and investigating potential therapeutic tar-
gets in asthma. Of course, the models are open to criticism.
The airways of mice are fundamentally different from hu-
mans in that they exhibit a racemose rather than a binary
branching pattern, with far fewer orders of branching. The
large diameter of the airways in relation to body size may
well explain why mice do not develop "symptoms" of
asthma [76]. It can also be argued that ovalbumin is not an
allergen to which humans naturally become sensitised. How-
ever, that is not the point. Models are just that — models —
and it is unsound to claim that because mouse models do not
fully replicate asthma in humans, they are not able to provide
insights into the pathogenesis of the disease [77, 78]. Every
experimental model has its strengths and weaknesses [79]. In
the case of ovalbumin challenge, for example, the use of a
relatively defined, widely available antigen which can be
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administered in controlled dosage is experimentally advanta-
geous. In the remainder of this section, we highlight some
significant observations that have been made using oval-
bumin challenge models of asthma in mice, and identify
some promising directions for future research.

Understanding Pathogenesis

The use of ovalbumin challenge models of asthma has
significantly increased our understanding of the basic mech-
anisms of allergic inflammation and the underlying immu-
nological response, allowing investigators to address specific
questions that are difficult to answer in patients. The key
regulatory role of CD4" T-lymphocytes in asthmatic inflam-
mation and the importance of Th2 cytokines have been high-
lighted by numerous studies in mice [80-82]. In particular,
studies on IL-5 [8, 28, 82, 83] and IL-13 [84-89] in such
models have led to an understanding of the signalling path-
ways and the cellular feedback loops that are involved. The
contribution of eosinophils to the asthmatic phenotype,
which remains an area of some controversy, has been exten-
sively dissected using ovalbumin challenge models [9, 90-
93]. Also of particular interest have been studies that have
identified the role of eosinophils in the afferent limb of the
allergic response [87, 94, 95].

These models have been used to perform some fascinat-
ing studies of the mechanisms of asthmatic inflammation.
Notably, such investigations have helped to define the role of
chemokines, other chemoattractant inflammatory mediators,
and adhesion molecules in the recruitment of leucocytes in
allergic inflammation [96-105]. More recently, a number of
studies have helped to identify novel inflammatory path-
ways, such as those involving arginase [106, 107] or acidic
mammalian chitinase [108].

A variety of experimental studies have also contributed
to an understanding of the mechanisms underlying airway
wall remodelling. Thus, for example, the role of Th2 cytoki-
nes in the pathways leading to goblet cell hyperplasia/meta-
plasia has been demonstrated using ovalbumin challenge
models [31, 109-112]. In our chronic challenge model, we
defined a critical role for CD4" T cells in regulating subepi-
thelial fibrosis [113]. Other studies have elucidated the con-
tribution of cytokines such as IL-5 and IL-13 to subepithe-
lial/airway fibrosis, both directly and via regulation of growth
factors such as transforming growth factor-f [114-118].

Experiments in ovalbumin challenge models have helped
to identify cytokines that regulate the development of AHR
in asthma. It is noteworthy, however, that results obtained in
chronic challenge models have sometimes been significantly
at variance with those in short-term high-level challenge
models, possibly reflecting the difference in the pattern of
airway/parenchymal lesions. An important role for IL-13 has
been identified in both acute and chronic challenge models
[117-119]. Nevertheless, Th2 signalling pathways do not
operate in the same way in the two types of models, because
STAT6-deficient animals exhibit markedly diminished AHR
in short-term challenge models [31, 120], whereas hyper-
responsiveness is undiminished or even exaggerated in these
mice in chronic challenge models [121]. In studies in our
model of chronic asthma, we also identified a potentially



Classical Ovalbumin Model of Asthma

significant role for interferon-y in the development of AHR
[118, 122].

An important unanswered question in the pathogenesis of
allergic asthma is the role of infections in early life in trig-
gering or protecting from development of disease. This has
been an area of considerable research interest in recent years.
One strongly supported view is that infections in early life
and/or repeated exposures to microbial products protect
against subsequent development of allergic diseases, includ-
ing asthma. Proponents of this argue that such exposures
program the adaptive immune response away from the "de-
fault" Th2-dominated profile of cytokine production by
CD4" T cells [123] and may be critical to the development of
asthma. The concept has come to be known as the hygiene
hypothesis and is supported by numerous epidemiological
studies [124, 125]. The underlying mechanism may involve
stimulation of the immune system via toll-like receptors e.g.
TLR-2 andTLR-4 [126] although the interactions involved
are evidently complex. A contrasting viewpoint from other
studies is that some early life viral infections, notably by
respiratory syncytial virus (RSV), predispose to development
of asthma [127, 128], especially with infection in the first 3
months of life [129]. Using ovalbumin challenge models, the
crucial impact of timing of infection relative to allergic sen-
sitisation has been demonstrated [130]. Moreover, infection
by viruses such as RSV and its murine counterpart, pneumo-
nia virus of mice (PVM), has been shown to promote allergic
sensitisation, whereas influenza virus infection appears to
suppress the allergic response [131]. Longitudinal studies of
the interaction between early life viral infection, using PVM
as the species-specific model for infection with RSV [132,
133], and allergic sensitisation, using a model of chronic
ovalbumin challenge, are currently a major focus of work in
our laboratories. Also of interest is the potential role of bac-
terial infections and/or immunisation with bacterial products
as a protective or therapeutic approach, again using ovalbu-
min challenge models [133a].

Another challenging area of study is the interaction be-
tween viral infections and allergic asthma in the develop-
ment of exacerbations of disease. Exacerbations in asthmat-
ics are most often triggered by viral infections, especially
rhinovirus [134], although allergen exposure evidently syn-
ergises with infection, eliciting a more severe inflammatory
response [135, 136]. Appropriate models of rhinovirus infec-
tion in mice on a background of low-level allergen challenge
would help to elucidate the pathogenesis of this important
clinical interaction.

Identifying Novel Therapeutic Targets

Ovalbumin challenge models have been extensively used
for pre-clinical evaluation of potential therapeutic agents for
asthma. In assessing novel treatment approaches, it must be
recognised that the appropriate choice of therapy in clinical
asthma is determined by the duration and severity of disease.
In this context, the choice of experimental model may have
an important influence on the data obtained e.g. models that
elicit milder inflammatory changes may be more sensitive
for evaluating therapeutic effects.

Among novel anti-inflammatory agents that have been
investigated in ovalbumin challenge models have been a
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wide variety of extracts from medicinal plants, including
traditional herbal mixtures, as well as novel defined com-
pounds. The latter include inhibitors of phosphodiesterase-4,
which have considerable promise for treatment of asthma
[137-139]. Other approaches that have been the focus of re-
cent attention include inhibitors of the synthesis of inflam-
matory mediators or their functional antagonists ([140, 141],
inhibitors of cellular receptors critical to the induction of
allergic inflammation e.g. CCR3 [142], antibodies to various
cytokines [118, 143, 144] and non-antigen-specific immune
response modifiers [36, 145]. Numerous more radical thera-
peutic options, for example involving antisense oligonucleo-
tides and DNA immunisation, have also been investigated
[146-151].

An area of current interest in our laboratories is the role
of microRNAs (miRNAs), which are a recently discovered
class of small non-coding gene regulatory molecules. Indi-
vidual miRNA or miRNA clusters may regulate extensive
transcriptional programs or the transcription of families of
genes. Thus, modulation of specific miRNA by inhibiting
function or by augmenting activity is emerging as a novel
and specific means for broad-spectrum suppression of the
inflammatory response, including in diseases such as asthma
[152, 153]. Ovalbumin challenge models provide a particu-
larly useful system in which to assess the potential of this
approach.

CONCLUSION

Models of asthma based on ovalbumin challenge in mice
have limitations, which need to be recognised when attempt-
ing to interpret experimental findings. Nevertheless, careful
use of well-defined models to answer specific questions can
contribute to understanding pathogenesis, as well as to iden-
tifying and investigating potential therapeutic targets in as-
thma.
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