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  Allergic asthma is a complex disease that has been mod-
eled extensively in small rodents. Airway eosinophilia 
and changes in lung function have been documented 
using a variety of protocols. However, recent efforts 
have improved these models by trying to replicate the 
structural remodeling that occurs in the lung as a con-
sequence of chronic allergen-driven infl ammation. This 
review documents the recent developments in proto-
cols and systems designed to examine pathways leading 
to allergen-induced airway remodeling.

  Introduction
  Animal models of the allergic response to inhaled 
antigens have been widely studied to investigate the 
mechanisms leading to the development of pulmonary 
infl ammation and airway hyperreactivity (AHR) during 
asthma. In particular, many different protocols have been 
employed to render rodents, generally mice, sensitive to 
protein antigens such as ovalbumin (OVA) [ 1 ] ( Fig. 1 ). 
After a peripheral sensitization, by peritoneal, dermal, 
or subcutaneous routes, and subsequent challenge via the 
airways, intransally, or by inhalation, mice exhibit AHR 
to stimuli such as methacholine. Changes in lung function 
are accompanied by recruitment of infl ammatory leu-
kocytes, including eosinophils, to the airway lumen and 
parenchyma. In addition, the majority of protocols elicit 
a helper T cell (Th) 2 profi le of disease, with production 
of classic Th2 cytokines such as interleukin (IL)-4, IL-5, 
and IL-13 and increased serum levels of antigen-specifi c 
immunoglobulin (Ig) E and IgG1. However, the clinical 
relevance of these models has been questioned because 
most involve relatively short-term exposure to antigen via 
the airways (usually 1 to 2 weeks), and many do not show 
the chronic infl ammatory and epithelial changes or muco-

sal infl ammation that typify human asthma. Moreover, 
the infl ammation and hyperreactivity that are observed 
generally resolve after cessation of the allergen chal-
lenge. However, more recently, investigators have tried to 
model the more chronic features of the human disease in 
rodents, namely airway remodeling. Airway remodeling 
incorporates deposition of extracellular matrix, changes 
in epithelial cell hyperplasia, smooth muscle cell prolif-
eration, production of fi brogenic growth factors, mucus 
production, and matrix dysregulation. Newer models 
have tried to replicate these features in mice ( Fig. 2 ).

  Transgenic Models
  Transgenic technology has been used to generate models 
where the features of asthma, including airway remodel-
ing, develop spontaneously [ 2 ]. Expression of individual 
cytokines or growth factors under the control of a lung-
specifi c promoter has defi ned roles for these molecules 
in some of the pathophysiological features of asthma. 
The Th2-type cytokines in particular have exhibited 
features of remodeling, suggesting that at least some 
component of the remodeling response is dependent on 
Th2 cytokines. Pulmonary expression of IL-5 results in 
spontaneous eosinophilia, AHR, and some remodel-
ing [ 3 ]. Lung-specifi c expression of IL-13 in particular 
results in spontaneous airway remodeling characterized 
by excessive mucus production and increased matrix 
deposition in the airways, in addition to a mononuclear 
and eosinophilic infl ammatory response, eotaxin pro-
duction, airways obstruction, and nonspecifi c AHR [ 4 ]. 
Similarly, pulmonary overexpression of IL-9 resulted in 
eosinophil- and lymphocyte-rich pulmonary infl amma-
tion, a striking lung mast cell hyperplasia, epithelial cell 
hypertrophy, and subepithelial collagen deposition [ 5 ]. 
Although mice showed normal baseline airway resistance, 
their response to inhaled methacholine was markedly 
increased. IL-11 expression in lung epithelium manifested 
as nodular peribronchiolar mononuclear infi ltrates, with 
B cells present in larger numbers than T-cells, and sub-
stantial airway remodeling with subepithelial fi brosis [ 6 ]. 
A further refi nement of the model, using a tissue-specifi c 
inducible transgenic system, was used to show that IL-11 
caused abnormalities dependent (large alveoli) and inde-
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pendent (airway remodeling, peribronchiolar nodules) of 
lung growth and development [ 7 ].

  Interestingly, direct targeting of classic profi brotic 
growth factors, such as transforming growth fac-
tor (TGF)- β  and vascular endothelial growth factor 
(VEGF), show phenotypic similarities to asthmatic 
patients. Lung-targeted VEGF resulted in an asthmalike 
phenotype characterized by infl ammation, parenchymal 
and vascular remodeling, edema, mucus metaplasia, 
myocyte hyperplasia, and AHR [ 8• ]. Interestingly, these 
features were shown to develop via IL-13–dependent 
and independent pathways. In contrast, lung-specifi c 
expression of TGF- β  has been more diffi cult to achieve 
because the transgene induces fetal lethality. However, 
development of a conditional transgenic expression 
system using a tetracycline-controlled transcriptional 
suppressor and reverse tetracycline transactivator has 
circumvented these problems [ 9 ]. Analysis of 6-week-old 
transgene-positive and transgene-negative mice follow-
ing activation of expression by intake of doxycycline 
revealed a complex phenotype [ 10 ]. Overexpression 
of TGF- β  in the epithelium induced an early wave of 

    Figure 1.  Summary of different models used to replicate features of allergic airways disease.  Arrows represent challenges with allergens. 
Alum—aluminum hydroxide; HDM—house dust mite; OVA—ovalbumin.

    Figure 2.  The pathophysiological features of asthma that 
investigators try to model in mice. Th2—helper T cell 2. 
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epithelial apoptosis that declines with continued expres-
sion of TGF- β.  Prominent infl ammation was also noted, 
as well as an airway and parenchymal fi brotic response 
characterized by increased collagen deposition. More-
over, there was a signifi cant increase in accumulation of 
myofi broblasts and myocytes.

  Human asthma is generally considered to be 
associated with classic Th2-type pathology, so it is 
interesting that targeted deletion of the Th1 transcrip-
tion factor T-bet resulted in spontaneous development 
of the pathophysiologic features of asthma. In addition 
to AHR and pulmonary eosinophilia, T-bet defi ciency 
was associated with subepithelial collagen deposition, 
an increase in bronchial myofi broblasts, and increased 
production of TGF- β  [ 11 ].

  Although these transgenic models allow us to deter-
mine the particular contribution of individual mediators, 
one could argue that they may overemphasize the contri-
bution of that molecule, when it is likely that pathological 
changes occur as a consequence of a tightly controlled 
network of mediators. In addition, they do not involve 
allergen challenge, which likely elicits a distinct array of 
immunological pathways resulting in chronic infl amma-
tion that impacts lung function. 

  Allergen Challenge Models
  In an attempt to model the structural changes exhibited 
in the lungs of patients with chronic asthma, investiga-
tors have tried to manipulate acute allergen challenge 
protocols by using prolonged challenge regimens. In 
comparison to the shorter acute models (generally several 
days of allergen challenge), the chronic models incorpo-
rate weeks or months of allergen challenge in sensitized 
mice. These prolonged challenge models generally elicit 
less infl ammation in the lungs than in the acute protocols, 
but eosinophilia is still prominent. Moreover, infl amma-
tion is accompanied by features of airway remodeling, 
including increased matrix deposition in the airways, an 
increase in smooth muscle cells, and goblet cell hyper-
plasia [ 12–16 ]. In addition, these pathological changes 
are generally accompanied by changes in lung function 
[ 13–16 ]. These models have now been used to establish 
relationships between individual cell types and specifi c 
mediators with the development of remodeling events. 
For example, IL-13 is thought to be a critical mediator 
in airway remodeling because absence of IL-13, either by 
blockage with neutralizing antibody or in genetically defi -
cient mice, ameliorates many of the symptoms associated 
with chronic allergen challenge [ 17–19 ]. Similarly, target-
ing IL-5, either by anti–IL-5 antibody or in IL-5–defi cient 
mice, is also benefi cial in reducing airway remodeling 
[ 16 , 20 ], perhaps due to effects on eosinophils, which are 
critical contributors to parameters of remodeling [ 21• ]. 
Others have determined that mast cells are important 
contributors to the remodeling reaction [ 14 , 22 ].

  One of the criticisms of models of airway infl amma-
tion in mice has been the fact that the pathophysiological 
symptoms disappear with the cessation of allergen chal-
lenge. However, in some of the more recent chronic 
challenge models, investigators have established that the 
features of airway remodeling have persisted even in the 
absence of further allergen challenge [ 13 , 15 , 23 , 24 ]. In 
contrast, there is disagreement between different mod-
els as to the persistence of infl ammation in the absence 
of allergen challenge. In some models, sustained mono-
nuclear and eosinophilic infl ammation is reported several 
weeks after the cessation of allergen challenge [ 13 , 24 ], 
while other protocols result in a return to baseline eosino-
philia without continued allergen challenge [ 15 , 23 ]. 
Similarly, there are differences in the persistence of lung 
dysfunction. In some models this is maintained after 
allergen challenge is stopped [ 15 ], but in other models 
it resolves and resistance returns to baseline levels [ 13 ]. 
Thus, different aspects of sustained airway remodeling, 
and in some cases dysfunction, existed beyond the resolu-
tion of the acute infl ammatory events. 

  The majority of mouse models report some change in 
lung function after prolonged challenge [ 15 , 16 , 25 , 26 , 27•• ] 
that correlates with airway infl ammation and airway 
remodeling. However, the relationship between airway 
infl ammation, airway remodeling, and changes in airway 
function is still ambiguous. Several studies argue that airway 
structural changes can be uncoupled from airway hyperre-
sponsiveness. One elegant study compared brief or chronic 
exposure of mice to allergen and determined that airway 
dysfunction and remodeling persisted beyond the resolu-
tion of immune-mediated infl ammatory events [ 15 ]. Airway 
responses to methacholine were measured, and increases in 
the maximal inducible bronchoconstriction observed after 
either brief or chronic allergen challenge were maintained 
for at least 8 weeks after cessation of allergen challenge. 
These functional changes were seen in conjunction with 
increases in contractile tissue in the airway wall. In contrast, 
observed increases in airway reactivity (rate of increase in 
respiratory resistance for a given dose of methacholine) only 
persisted beyond resolution of allergen-induced infl amma-
tion in chronically challenged mice. The authors concluded 
that sustained AHR was not associated with ongoing Th2 
infl ammatory markers such as eosinophilia or IL-13, but 
that sustained dysfunction occurred as a consequence of 
airway remodeling rather than these immune-mediated 
events. One can speculate that the initial development of 
airway dysfunction is dependent on acute infl ammatory 
responses to allergen challenge, such as recruitment of 
eosinophils and Th2 cells and production of Th2 cytokines, 
but that sustained dysfunction is dependent on structural 
changes to the airways, such as changes in the smooth mus-
cle layer and increased deposition of extracellular matrix. 
Subsequent studies using knockout mice revealed that IL-4 
and IL-13, but not IL-5, are critical for the development of 
sustained airway remodeling and AHR [ 28 ]. However, one 
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might argue that because these mice are completely devoid 
of the individual cytokines for the duration of the entire 
protocol, the observed effect may refl ect differences in the 
initial development of remodeling or AHR rather than in 
the persistence. Studies with neutralizing antibodies during 
different phases of the protocol would determine this.

  Other studies have also revealed interesting correlations 
between airway infl ammation, development of airway 
dysfunction, and airway remodeling. Several models have 
shown that it is possible to uncouple airway function from 
either infl ammation or airway remodeling. We have pre-
viously shown that prolonged allergen challenge leads to 
persistent airway remodeling, but that infl ammation and 
AHR are dependent upon continued allergen challenge 
[ 13 ]. Moreover, using the same challenge protocol, mice 
genetically defi cient in eosinophils were protected from 
development of remodeling but, surprisingly, not from 
changes in airway function [ 21• ]. These mice develop 
robust AHR to acute and chronic allergen challenge but 
failed to develop airway fi brosis or airway smooth muscle 
hypertrophy after chronic challenge. Another study has 
shown that airway infl ammation and AHR are preserved 
in mice that lack mast cells, but that allergen-induced 
subepithelial fi brosis was partially attenuated [ 29 ]. Thera-
peutic administration of anti–TGF- β  antibody after the 
onset of eosinophilic infl ammation and AHR had no effect 
on either airway eosinophilia or AHR parameters, but did 
prevent the development of airway remodeling [ 30• ]. 

  Several studies have attempted to determine the role 
of infl ammatory cytokines in the development of airway 
infl ammation and remodeling. Most of these have used 
antibodies or knockout mice to target Th2 cytokines 
[ 16 , 20 , 28 ]. In contrast, a transgenic approach has been 
used to determine whether genes expressed in the airway 
epithelium contribute to allergen-induced airway epithe-
lium [ 31 ]. Multiple genes that are potentially involved in 
airway infl ammation and remodeling are controlled by the 
transcription factor NF- κ B, which in turn requires I κ B 
kinase gene for activation. Chronic allergen challenge of 
mice with inducible, tissue-specifi c inactivation of the I κ B 
kinase gene led to signifi cantly less peribronchiolar fi brosis 
as measured by lung collagen content as well as peribron-
chiolar collagen staining. Airway mucus, eosinophilia, and 
peribronchiolar CD4 cells were also reduced after I κκ B 
ablation. Moreover, the Th2-type chemokines CCL11 and 
CCL17 were reduced, as were levels of TGF- β .

  Collectively, these studies show that it is possible to 
affect one parameter of chronic allergen challenge without 
affecting others, and will permit the testing of potential 
therapeutic treatment regimens on outcomes of the various 
aspects of chronic allergen challenge. In the future, it will 
be important to consider the success of these therapeutic 
regimens on facets of chronic allergen challenge, such as 
airway remodeling rather than just eosinophil recruit-
ment. In addition, it will be important to test potential 
therapeutics using a therapeutic rather than a prophylac-

tic regimen. We have shown that treatment of mice after 
onset of allergen challenge is successful in reducing airway 
infl ammation, AHR, and remodeling [ 32 ].

  Valid criticism of all of these models has been their 
reliance on systemic sensitization of mice with OVA, often 
in the presence of adjuvant such as aluminum hydroxide/
alum. This has been necessary because repeated airway 
challenge of mice with OVA, in the absence of prior sen-
sitization, has been shown to lead to tolerance [ 33–36 ]. 
Moreover, even in sensitized mice eosinophilia declines 
despite continued aerosol exposure to allergen [ 13 , 37 ]. In 
contrast, intranasal administration of OVA to A/J mice 
resulted in airway remodeling, infl ammation, and persis-
tent AHR [ 37 ]. This was observed only in A/J mice and not 
in three other strains studied, highlighting the importance 
of genetics in the development of allergen-induced patho-
physiology. In addition, the results were obtained only if 
the allergen was given intranasally and not by inhalation, 
thus the protocol for induction of disease is critical.

  A similar study has also tried to eliminate the need for 
systemic sensitization, using an environmentally relevant 
antigen. Johnson et al. [ 27•• ] determined that prolonged 
intranasal administration of house dust mite (HDM) 
antigen resulted in severe and persistent eosinophilia, 
AHR, and Th2-type pathology. Moreover, mice showed 
evidence of airway remodeling, with goblet cell hyper-
plasia, collagen deposition, and increased contractile 
elements. Interestingly, although airway infl ammation had 
fully resolved by 9 weeks after cessation of HDM expo-
sure, the AHR had resolved only partially, but there was 
no resolution in the remodeling changes. Further analysis 
revealed that the airway pathology elicited by intranasal 
HDM exposure is mediated by granulocyte-macrophage 
colony-stimulating factor (GM-CSF) [ 38 ]. Moreover, 
exposure to HDM facilitates a lung microenvironment 
that allows induction of infl ammation in response to an 
otherwise innocuous antigen, such as OVA [ 39 ].

  Conclusions
  Mouse models of asthma have proved a valuable tool in 
elucidating the cells and molecules responsible for the 
development of the pathophysiological features of the 
allergic pulmonary response. However, the information 
that they yield is valuable only if the models are valid. 
Efforts are constantly being made to refi ne these models; 
recent advances have been the development of models that 
recapitulate the structural changes observed in lungs of 
patients with chronic asthma. These improved models 
should provide important information regarding the 
relationships between airway infl ammation and airway 
dysfunction and remodeling, as well as the contributions 
of different cells and mediators to these processes. They 
will be critical to test novel therapeutics because lessons 
from previous drug development in asthma have shown 
that an integrated approach is critical.
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