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Abstract

Asthma is a complex and heterogeneous
inflammatory  airway disease primarily
characterized by airway obstruction, which
affects up to 15% of the population in
Westernized countries with an increasing
prevalence. Descriptive laboratory and clinical
studies reveal that allergic asthma is due to an
immunological inflammatory response and is
significantly influenced by an individual’s
genetic  background and environmental
factors. Due to the limitations associated with
human experiments and tissue isolation, direct
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mouse models of asthma provide important
insights into the disease pathogenesis and in
the discovery of novel therapeutics. A wide
range of asthma models are currently avail-
able, and the correct model system for a
given experimental question needs to be care-
fully chosen. Despite recent advances in the
complexity of murine asthma models, for
example humanized murine models and the
use of clinically relevant allergens, the
limitations of the murine system should
always be acknowledged, and it remains to
be seen if any single murine model can accu-
rately replicate all the clinical features
associated with human asthmatic disease.

Keywords

Allergy - Asthma - Mouse models

Abbreviations

OVA Ovalbumin

R. Ferstl

Christine Kiihne-Center for Allergy Research and Der p Dermatophagoides pteronyssinus
Education (CK-CARE), Davos, Switzerland Der f Dermatophagoides farinae

C. Akdis HDM House dust mite

Swiss Institute of Allergy and Asthma Research (SIAF), SPF Specific pathogen free

Davos, Switzerland ASM airway smooth muscle

T. Akkoc PBMCs peripheral blood mononuclear cells

Department of Pediatric Allergy-Immunology, School of
Medicine, Marmara University, Istanbul, Turkey


http://crossmark.crossref.org/dialog/?doi=10.1007/5584_2021_654&domain=pdf
https://doi.org/10.1007/5584_2021_654#DOI
mailto:tolga.akkoc@tubitak.gov.tr

1 Introduction

Asthma is one of the most important chronic
airway inflammatory diseases that affects almost
300 million people worldwide. The components
of the disease are characterized by airway inflam-
mation, variable and recurring symptoms, airway
hyper-responsiveness, and chronic airflow
limitations that associate with structural changes
(Dharmage et al. 2019). Asthma is referred to as a
complex disease where one’s genetics and envi-
ronmental influences play a critical role.
Although evidence from twin and family studies
point to a strong correlation with genetic back-
ground, the interaction between genetic and envi-
ronmental factors is still under investigation
(Pivniouk et al. 2020). From a clinical perspec-
tive, asthma shows differences in severity, natural
history comorbidities, and medication/treatment
response. Although it is difficult to strictly cate-
gorize into defined groups, the Tucson study pro-
posed three classical phenotypes of childhood
wheezing: transient early wheezers, nonatopic
wheezers, and persistent atopic wheezers
(Taussig et al. 1989). The term “endotype” has
been proposed to define an asthma subtype
characterized by a distinct pathophysiological
mechanism (Akar-Ghibril et al. 2020). Recent
studies revealed that parameters such as clinical
characteristics, biomarkers, lung physiology,
genetics, histopathology, epidemiology, and
treatment response are useful in the determination
of asthma sendotypes (Crescitelli et al. 2021).
Currently proposed asthma endotypes include
eosinophilic asthma, exacerbation-prone asthma,
exercise-induced asthma, adult-onset asthma,
fixed airflow limitation, and poorly steroid-
responsive asthma. Among these subphenotypes,
the current murine models only represent early
onset Th2-type allergic asthma and eosinophilic
asthma (Periz et al. 2020).

From the immunological perspective, allergic
asthma is defined as a Th2-type disease state. A
number of studies have demonstrated increased
eosinophils and Th2-derived cytokines in the
airways of children with severe asthma (Caspard
et al. 2020; Cevhertas et al. 2020), while others
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have noted noneosinophilic patterns of airway
inflammation with increased neutrophils and
biomarkers of neutrophil activation (Hauk et al.
2008; Lex et al. 2005; Moeller et al. 2015). Thus,
severe asthma can be associated with different
endotypes that do not represent a Thl or Th2
cytokine pattern (Fitzpatrick et al. 2010; Steinke
et al. 2021).

The correct animal model should reflect the
disease pathophysiology as closely as possible
and is essential for the development of new
therapies. Because of ethical concerns, clinical
studies with allergic individuals are limited in
scope and experimental murine models have
become more important. Although, today there
are several therapeutic and preventive animal
models for allergic asthma, there remain impor-
tant components to be elucidated. Data from clin-
ical specimens suggest that some features of
human asthma can be replicated in animal
models, thereby providing data on disease
characteristics (Stevenson and Birrell 2010). Sev-
eral studies carried out in animal models have
given important clues that explain the pathophys-
iological conditions related to the disease status.
For instance, the role of Th2-type cytokines in the
pathogenesis of asthma have been particularly
well-studied in animal models of allergic lung
inflammation.

Mouse models have been developed for almost
all types of allergic disease, such as asthma (Nials
and Uddin 2008; Aun et al. 2017), allergic rhinitis
(Wagner and Harkema 2007), food allergy and
anaphylaxis (Dearman and Kimber 2007), atopic
dermatitis (Jin et al. 2009), and allergic conjunc-
tivitis (Niederkorn 2008). These models are
important to examine the mechanism of the dis-
ease and the activity of a variety of genes and
cellular pathways, predict the safety of new drugs
or chemicals before being used in clinical studies
(Karol 1994), define the pathogenic pathways,
and suggest new therapeutic options (Bice et al.
2000). Although murine models of asthma pro-
vide important insights into the disease
mechanisms, there are some limitations that
should be considered. Beside the genetic and
physiological differences between humans and
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mice, there are also limitations due to complexity
of this disease. In other words, mice do not
develop asthma. One can replicate important
components of the disease, but no single model
accurately models all the features of asthma
(Wenzel and Holgate 2006; Kumar and Foster
2002; Ray et al. 2015). This is very important to
take into account when choosing the correct
model to address the specific experimental ques-
tion. For example, chronic exposure models are
required to examine many of the structural
changes associated with inflammatory disease
within the airways. This review focuses on the
different mouse models of asthma that are cur-
rently in use and discusses the limitations of each
model.

1.1 Immune Response to Allergens
If immune tolerance is overcome to certain
allergens, such as aeorallergens, food allergens,
and insect venom, type I and type IV hypersensi-
tivity reactions ensue. Several factors, including
genetic susceptibility, the nature of antigen that
initiates the disease (antigen dose, time of expo-
sure, route of exposure, and structural
characteristics) and exposure to infections and
bacteria (Burks et al. 2008), influence the type
of immune response.

Specialized antigen-presenting cells, such as
dendritic cells, have a crucial role in the presenta-
tion of antigenic compounds to T lymphocytes
and lead to differentiation of naive T cells into
Th1, Th2, Th9, Th17, and Th22 effector T-cell
subsets (Goldberg and Rock 1992; Akdis and
Akdis 2009). In murine models, the initial event
responsible for the development of allergic dis-
ease is the generation of allergen-specific
CD4*Th2 cells (Jutel and Akdis 2011). The cur-
rent view is that IL-4 stimulation promotes naive
T cell differentiation into Th2 cells (Romagnani
1994; Mosmann and Sad 1996; Abdelaziz et al.
2020). The allergic immune response occurs in
two main phases: first sensitization and develop-
ment of memory, and later followed by the effec-
tor phase and tissue injury. In the sensitization
phase, CD4*Th2 cells secrete IL-4, IL-5, and

IL-13 and mediate several functions. These
cytokines induce class switching of antibody
isotypes to the € heavy chain for IgE antibody
production by B cells, development and recruit-
ment of eosinophils, production of mucus, and
reduction the threshold for contraction of smooth
muscle cells (Mosmann and Sad 1996;
Romagnani 1994; Corry 1999). Later, this
allergen-specific IgE binds to high-affinity IgE
receptors (FceRI receptors) on the surface of
mast cells and basophils. This series of activation
steps leads to the sensitization of patients to a
specific allergen. In the final phase, reexposure
to the sensitized allergens leads to activation of
effector cells and tissue injury occurs. The
degranulation of basophils and mast cells by
IgE-mediated cross-linking of receptors is crucial
in the type-I hypersensitivity reaction, which may
lead to development of type-IV hypersensitivity
chronic allergic inflammation. All these events
require allergen-specific T cell activation in aller-
gic individuals, while for healthy individuals
peripheral, T cell tolerance prevents formation
of allergic immunopathology (Hirose et al. 2017).

1.2 Mouse Models of Asthma

Mice are the most common species studied for
animal models of asthma (Sagar et al. 2015). In
particular, acute or chronic allergic lung inflam-
mation models utilizing ovalbumin (OVA) or
house dust mite represent severe, persistent
asthma models that have been successfully
established in mice. Usually, mice are systemi-
cally sensitized to allergen with alum as an adju-
vant via intraperitoneal injection and allergen
challenged via the airways. The number of
sensitizations and challenges is decisive for the
development of acute or chronic forms of this
model. The nature of the lung inflammation is
directly influenced by the genetic background of
the mice, the allergen, type of the sensitization
and challenge protocol, and contamination of the
allergen with substances (e.g. LPS), which stimu-
late the innate immune response (Zosky and Sly
2007) (Table 1).



Table 1 Mouse models of acute and chronic asthma

Mouse
strain
BALB/c

A/l

C57BL/6

BALB/c

BALB/c

BALB/c

BALB/c

BALB/c
C.B17 SCID
NOD/SCID
SCID

C.B17 SCID

BALB/c,
C57BL/6

BALB/c
BALB/c
BALB/c
BALB/c
BALB/c
BALB/c

1.2.1

Sensitization
i.p. OVA /alum

i.p. Blag 2 and
Derf 1
ip.Derp 1/
alum

ip.Betv 1/
alum

ip. OVA/alum

ip. OVA /alum

i.p. OVA /alum
i.p. PBMCs
i.p. PBMCs

i.p. PBMCs,
Dpt/alum
i.p. PBMCs,
i.p. Der pl
s.c. OVA

in/i.p. OVA
Pulsed DCs i.t.
OVA (aerosol)
it. OVA

in. OVA

ip. OVA

Challenge
OVA (aerosol)

Allergen
(oro-tracheal)
HDM (aerosol)

Bet v 1 (aerosol)

OVA (aerosol,
6-8 weeks)
OVA (i.n., 10-12
weeks)

HDM (i.n.,

5 weeks)

OVA (i.t)

Dpt (aerosol)
HDM (aerosol)
Dpt (aerosol)

Der pl (aerosol)
OVA (aerosol)

OVA (in.)
OVA (aerosol)
OVA (aerosol)
OVA (aerosol)
OVA (aersol)
OVA (aerosol)

Genetic Background of Mice

Type of
Asthma model
Acute model
Acute model
Acute model
Acute model
Chronic model
Chronic model

Chronic model

Chronic model
Acute model
Acute model
Acute model

Acute model
Acute model

Acute model
Acute model
Acute model
Acute model
Acute model
Acute model
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(Ewart et al. 2000), while C3H/HeJ and DBA/2

Various inbred mouse strains are available in
laboratories (Song and Hwang 2017). However,
it is not possible to develop an asthma model with
all of these mouse strains. Based on the level of
allergen-specific IgE and IgG1 production and the

degree of airway inflammation following
repeated allergen challenges, high- and
low-responder mouse strains have been

identified. Each different mouse strain shows a
different pattern of response following immuni-
zation to allergens. There are substantial
differences in the ability to induce allergic inflam-
mation and AHR within these mouse strains. A/J
and AKR/J mice display high levels of allergen-
induced AHR and reactivity to methacholine

mice are resistant to the development of allergen-
induced AHR (MclIntire et al. 2001).

In many studies, either BALB/c or C57BL/6
mice were used. BALB/c mice are known as
IgE-high responders to many allergens
(e.g. OVA, Bet v 1) and goat anti-mouse
IgD-stimulation, whereas C57BL/6 mice are
characterized by low-IgE response (Herz et al.
2004b; Bousquet et al. 2000; McMillan and
Lloyd 2004; Van Hove et al. 2009; Birrell et al.
2003). In contrast, C57BL/6 mice exhibit rela-
tively more Thl-dominant immune responses
compared to BALB/c mice and are utilized more
often as colitis models (Van Hove et al. 2009)
(Melgar et al. 2005).



Mouse Models of Asthma: Characteristics, Limitations and Future Perspectives. . .

1.2.2 Allergens

In mouse models of asthma, different types of
allergens have been used. Among them, OVA
derived from chicken egg is a frequently used
allergen that induces robust, allergic pulmonary
inflammation in mice (Kumar et al. 2008). There
are some advantages to using OVA in models,
such as the low cost of materials, high purity, the
immunodominant epitopes have been well
characterized and synthetic peptides have been
generated (Fuchs and Braun 2008). In addition,
OVA-specific transgenic mice allow for the
detailed characterization of T cell-dependent
immune processes that lead to allergic sensitiza-
tion and inflammation (Akar-Ghibril et al. 2020).

The method of allergen administration is
important for the induction of allergic asthma,
while circumventing development of tolerance.
For example, repeated inhalation or oral adminis-
tration of OVA induces tolerance instead of sen-
sitization (Burks et al. 2008). For the induction of
allergen sensitization, the allergen is traditionally
combined with an adjuvant and administered via
intraperitoneal injection. However, sensitization
to OVA can also be achieved without adjuvant
if injected subcutaneously (Conrad et al. 2009).
Following sensitization, a series of inhaled or
intranasal challenges is administered to elicit an
allergic inflammatory response. OV A-induced
allergic airway models may not represent the
same conditions experienced by asthmatic
humans, who may have more frequent and much
longer periods of allergen exposure (Kumar et al.
2008).

In addition, OVA is not a relevant allergen
associated with human asthma. During the last
five years, a great deal of work has been
performed, which has led to the development of
atopy models using allergens other than OVA.
For this purpose, alternative allergens that have
clinical relevance, such as house dust mite
(HDM) allergens (i.e. Dermatophagoides
pteronyssinus (Der p) and Dermatophagoides
farinae (Der f), have been used (Cates et al.
2007; Johnson et al. 2004; Sarpong et al. 2003).
Compared to the OVA model, the HDM allergy
model has a number of advantages. The most

important advantage is that many asthmatic
subjects have increased levels of HDM-specific
IgE, and these people display exacerbated allergic
events with HDM allergen (Maunsell et al. 1968;
McAllen et al. 1970). In addition, experimental
data revealed that HDM can sensitize animals via
the respiratory mucosa and does not require adju-
vant co-administration (Jarnicki et al. 2001).
Finally, long-term application of HDM leads to
chronic lung inflammation and associated airway
remodeling, which resembles some additional
features of human asthma (Johnson et al. 2004;
Ulrich et al. 2008).

Furthermore, there are other disease-relevant
aeroallergens, such as fungal allergens
(e.g. Aspergillus fumigatus), ragweed, and grass
pollen spores, which are being used for murine
atopy models (Fuchs and Braun 2008;
Wiedermann et al. 1999b; Winkler et al. 2002;
Hirahara et al. 1998).

1.2.3 Sensitization and Challenge
Protocols

Specific pathogen free (SPF) mice do not sponta-
neously develop AHR or allergic airway inflam-
mation. Many different sensitization and
challenge protocols have been compared
(McMillan et al. 2002; Hessel et al. 1995;
Tournoy et al. 2000; Tomkinson et al. 2001).
Acute or chronic asthma models have been devel-
oped which are dependent on dose and timing of
sensitization and challenge. Acute sensitization
protocols usually require multiple systemic
administrations of allergen, and most protocols
use a combination of allergen with an adjuvant.
Aluminium hydroxide (AIOH;, Alum) is one of
the preferred adjuvants that promotes the devel-
opment of the allergen-specific Th2 response
(Flach et al. 2011; Jensen-Jarolim et al. 2021).
Recent studies suggest that alum induces uric acid
secretion, which is required for the alum-
associated Th2 adjuvant effects. However, alum
also activates the inflammasome-IL-1receptor
pathway, and the role of this pathway in alum-
induced asthma is controversial (Kool et al.
2011). As discussed above, adjuvant-free
protocols are also available, which usually require



a higher number of exposures through different
routes to achieve suitable sensitization (Blyth
et al. 1996). Both OVA and HDM can be used
as antigen to induce pulmonary inflammation.
Inhaled HDM is more successful in developing
an respiratory allergy model because of the intrin-
sic enzymatic activity associated with the
contents of this allergen (Bush et al. 2011).
Extracts or purified major allergens of potent
human allergens, including cockroach, ragweed,
or fungi, have been increasingly used as allergens
in mice and other species (Barrett et al. 2003;
Kurup et al. 1997; Chapoval et al. 2002; Matsuda
et al. 2021). After a sensitization period (usually
14-21 days), allergen challenge via airways is
carried out for several days. The administration
of allergen through airways can be applied by
nebulization, intratracheal (i.t), or intranasal
(i.n.) instillation. With these sensitization and
challenge protocols, mice develop certain features
of clinical asthma, which can be defined as
increased levels of allergen-specific and total
IgE, eosinophil-dominant inflammatory cell infil-
tration to the peri-bronchial area, goblet cell
hyperplasia, basement membrane thickening,
and smooth muscle cell hypertrophy and AHR
to specific allergens or methacholine (Takeda
and Gelfand 2009).

Although an acute allergen challenge model
displays many key aspects of human asthma,
there are obviously limitations when one
compares these models with asthmatic patients.
To overcome these limitations, several research
groups have developed chronic allergen chal-
lenge models in order to reproduce more of the
features associated with asthma, such as goblet
cell metaplasia, epithelial  hypertrophy,
subepithelial fibrosis, and smooth muscle hyper-
trophy, which are altogether referred to as airway
remodeling (Akkoc et al. 2001; Blyth et al. 1996).
In order to develop a chronic asthma model, low
levels of allergen should be repeatedly
administered to the airways for periods up to
12 weeks. In most of the experimental models,
OVA has been used as an allergen (Fernandez-
Rodriguez et al. 2008; Temelkovski et al. 1998;
Wegmann 2008; Akkoc and Genc 2020), and in
some experimental models, environmentally
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relevant antigens such as HDM extract or grass
pollen have been used to develop a chronic
asthma model (Fuchs and Braun 2008; Maunsell
et al. 1968).

1.3 Similarities and Differences
Between Murine Models

and Human Asthma

Mice do not exhibit asthma-like lung inflamma-
tion, which is point-by-point comparable to
human asthma. There are important limitations
that should be considered. Mice develop an
allergen-specific Th2-type immune response
using a highly artificial peritoneal allergen sensi-
tization procedure in the presence of an adjuvant,
such as alum (Debeuf et al. 2016). They do not
develop spontaneous immediate and late phase
airway obstruction as is seen in human asthma
(Kumar and Foster 2002).

There are significant differences in the devel-
opmental features of human and mouse lungs at
birth. While the human lung continues to develop
from months to years after birth, mouse lungs are
already mature at birth (Lodrup Carlsen and
Carlsen 2001). In humans, the immature lung is
exposed to environmental antigens or agents,
and the immune response within the immature
human lung is different compared to that of a
mouse lung (Greenough et al. 2004). From the
histopathological view, there are also differences
in the lungs of human and mice, and this further
affects the histopathological changes of chronic
asthma models (Persson et al. 1997; Kumar and
Foster 2002). Although submucosal glands are
abundant throughout the medium and large
airways of the human lung, they are only present
in the trachea of mice. In the large airways of the
mouse, the bronchial epithelium is not as fully
stratified as in humans. This results in differences
in the immune response to inhaled antigens (Lilly
et al. 2005). Human asthma is restricted to
conducting airways, while in mice, parenchymal
and vascular components of the airways are more
affected (Kumar and Foster 2002)

The role of airway smooth muscle (ASM) and
myofibroblasts in the bronchi in bronchial
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hyperreactivity is still under exploration
(Hallstrand et al. 2011; Collins et al. 2003). In
asthma, increased ASM mass is the result of
hyperplasia, hypertrophy, and migration of ASM
and forms one of the most important components
of airway remodeling (Hirst et al. 2004; Broide
2008). ASM also contributes to the inflammatory
process by producing active mediators,
modifying the extracellular matrix composition,
and interacting with inflammatory cells
(Camoretti-Mercado 2009).

Reversible and variable airflow limitations are
also key features of asthma. The most character-
istic feature of asthma is the variability or period-
icity of lung dysfunction, which distinguishes
asthma from chronic obstructive pulmonary dis-
ease (Irvin 1987). Airway obstruction is the key
feature of the disease, which is an important diag-
nostic criterion in the clinic. Spirometry is the
easiest and most clinically useful method for mea-
suring airflow limitation in most clinical
situations (Burrows 1980). Preclinical studies
for measuring respiratory function in vivo include
noninvasive and invasive technologies. Both
techniques have their advantages and
disadvantages, and it depends on the aim of the
study as to which method should be chosen
(Table 2). There are two different measurements;
tidal midexpiratory flow (EFsg) provides data on
the midpoint (50%) of expiratory tidal volume in
mL/s, while enhanced pause (Penh) is widely

used in order to demonstrate airway obstruction
in mouse models. However, strictly speaking,
Penh is a better measure of distress rather than
airway obstruction (Petak et al. 2001; Bates et al.
2004; Adler et al. 2004).

Critical histopathological changes lead to
increased bronchial hyperreactivity. In humans,
chronic airway changes, which occur over a
long period of time, lead to the severe asthma
phenotype, which is observed in the clinic. In
contrast, due to the shorter-term experimental
period and the nature of the animal model, mice
do not exhibit many of the lesions that typify
chronic human asthma. In particular, there is min-
imal chronic inflammatory changes of the airway
wall and airway remodeling, such as epithelial
fibrosis, epithelial proliferation, and large
increase in airway smooth muscle cells in mouse
(Holgate et al. 2000). However, murine models
are very useful in examining the early molecular
events, which may contribute to airway
remodeling, such as increased Claudin-1 expres-
sion by ASM (Fujita et al. 2011).

1.4 Cytokines: From Mouse Models

to Human Asthma

The entrance of an allergen into lymphatic organs
initiates a series of immunologic cascades from
presentation to CD4*T cells by dendritic cells and

Table 2 Invasive and noninvasive techniques to measure lung function in mice

Pros and Cons

Conscious mice

Repeatable screening of respiratory
function

Large numbers of animals

Natural breathing pattern

Simple handling

Stress for animals

Only volume and flow measurable;
inhalation exposure includes nasal and
gastrointestinal uptake

Noninvasive
techniques

Unstrained mice

Anesthetized animal
Repetitive/nonrepetitive

No stres for animals

Gold standard parameters

Inhalation exposure focus to the lungs
Not very easy handling

Invasive
techniques

Methods
Head out plethysmography (Tidal
midexpiratory flow-EFs)

References
Vijayaraghavan

et al. (1993), Glaab
et al. (2002)

Hamelmann et al.
(1997), Finkelman
(2008)

Barometric plethysmography
(enhanced pause-Penh) (whole
body plethysmography)

Glaab et al. (2004),
Ruckert et al.
(2005)

Orotracheally intubated animals
(repetitive) (EFsq)

Palecek et al.
(1967)

Tracheostomized animals
(nonrepetitive) (EFs()




induction of sensitized Th2 cells, which further
releases 1L-4, IL-5, IL-9, and IL-13 (Hamid and
Tulic 2009). These cytokines play a role in airway
eosinophilia, pulmonary lymphocytosis, and
mastocytosis; goblet cell hyperplasia with epithe-
lial cell proliferation; smooth muscle hyperplasia
and increased thickness; subepithelial fibrosis;
isotype switching of IgE and release from B
cells; increased production of chemokines,
which attracts T cells, eosinophils, neutrophils,
and mast cells; and narrowing of the airways
because of smooth muscle contraction (Hamid
and Tulic 2009; Holgate 2008; Akdis et al. 2011).

Although allergy is correlated with Th2-type
responses, some studies revealed that there is also
a Thl immune response in the lung of children
with asthma (Brown et al. 2003). It is not unusual
to see increased IFN-y and IL-12 levels in human
asthma (Kenyon et al. 2000). Similarly, diseases
which have been characterized as Th1-dominant
disorders can also display features normally
associated with Th2-type immune responses. For
instance, although Sarcoidosis is a Thl disease,
increased levels of IL-13 are also seen, which
suggests a Th2 component to the disease (Hauber
et al. 2003; Akdis et al. 2011; Meyer et al. 2010).
One possibility is that Th2 responses are required
at the initiation phase of asthma, while the inflam-
matory response, which occurs during the exacer-
bation phase, is not limited to Th2 responses but
also requires Thl and perhaps Th17 responses
within the lung.

IL-4 and IL-13 are prototypical Th2-type
cytokines, and several studies have revealed that
they play a crucial role in the induction of murine
asthma. Induction of IL-4 and IL-13 via both the
intranasal and intratracheal routes enhances aller-
gic airway disease (Venkayya et al. 2002).
Enhanced transgenic expression of IL-4 in the
airway epithelial Clara cells elicits an inflamma-
tory response characterized by epithelial cell
hypertrophy, with the accumulation of
macrophages, lymphocytes, eosinophils, and
neutrophils without any airway hyperreactivity
or goblet cell hyperplasia (Rankin et al. 1996;
Zhu et al. 1999). Selective pulmonary expression
of IL-13 promotes a eosinophilic inflammatory
response, mucus cell metaplasia, airway
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obstruction, and nonspecific airway hyperreactiv-
ity (Zhu et al. 1999). In mice, IL-13 binds to its
receptor, IL-13Ra2, either in soluble form in
serum or membrane-bound receptor, which is
expressed by smooth muscle, while human
IL-13 binds only to the membrane isoform
(Chen et al. 2009). Thus, murine models have
been very useful in the examination of the roles
played by specific cytokines in the initiation of
allergic-type pulmonary inflammation due to
the availability of knock-out and transgenic
models. However, murine studies should be
complemented by findings in humans, which con-
firm the relevance of the cytokine data.

1.5 Humanized Animal Models

of Asthma

A humanized mouse refers to a mouse which
contains functional human genes, cells, tissues,
and/or organs. For this purpose, immunodeficient
mice are used to receive human cells, because
they can easily accept heterologous cells due to
deficiencies in the host immune system. Severe
combined immunodeficient (SCID) mice were
demonstrated to be a useful model to analyze
human pathogenic mechanisms (Alessandrini
et al. 2020). Due to an immune defect, these
mice are unable to reject allogenic or xenogeneic
transplants (Mosier et al. 1988; McCune 1991)
and show an absence of mature and functional T
and B lymphocytes (Bosma et al. 1983). It has
been shown that SCID mice reconstituted with
human peripheral blood mononuclear cells
(PBMCs) from asthmatic patients developed a
specific human IgE response, pulmonary
inflammatory-type infiltrate, human Th2 cytokine
production, lung inflammation, and AHR when
exposed to specific allergens by inhalation (Duez
et al. 1996; Pestel et al. 1994; Chiang et al. 1995;
Gagnon et al. 1995; Steinsvik et al. 1999). Thus,
it is possible to reconstitute components of the
human immune system in mice by transferring
PBMCs resulting in a human—-mouse chimera
with a functional human antigen-reactive immune
system (Herz et al. 1998; Duez et al. 2000). The
newer generation of humanized mouse models
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use SCID mice crossed to IL-2Receptor gamma
Knockout mice, so-called NOD or NSG mice
(NOD.Cg-PrkdcSCIDIL2rgtm 1Wjl/SzJ), which
are the more efficient immunocompromised strain
(Shultz et al. 2007). These mice lack mature T, B,
and NK cells. In addition, they are deficient in
multiple cytokine signaling pathways as well as
displaying many defects in the innate immune
system (Shultz et al. 1995, 2005). Since 2000,
the newest generation of immunodeficient mice
is available, called NOG mice (NOD/Shi-scid/IL-
2Rynull). These mice accept heterologous cells
more easily than NOD/scid mice. Thus, they rep-
resent a good humanized model as they are the
most efficient recipients of human cells, resulting
in successful engraftment, proliferation, and dif-
ferentiation (Ito et al. 2002). The use of these
animals in asthma research and preclinical drug
development is an exciting development and
should improve the identification of novel thera-
peutic compounds which will be useful in the
clinic.

2 Conclusion

Recent studies clearly show that asthma is a com-
plex syndrome, likely made up of a number of
disease endotypes, each with distinct pathophysi-
ology and possibly different underlying immuno-
logical mechanisms. Due to the diverse nature
and complexity of asthma, it is difficult to repre-
sent all the features of asthma endotypes in
murine models. Within those endotypes, the cur-
rent murine models may only represent early
onset Th2 and eosinophilic asthma.

Additional limitations of murine models, due
to the anatomical and immunological differences
between humans and mice, suggest that
investigators should be careful in directly
extrapolating data from murine studies to human
disease. However, murine and human studies
both support the importance of the initial Th2
response in the promotion of airway disease and
the subsequent mixed Th1/Th2 response in sus-
taining inflammatory responses within the lung.
Human clinical studies remain the gold standard
for direct evidence for the clinical efficacy of new

therapeutic approaches. Murine models will con-
tinue to provide important mechanistic clues,
while improved mouse models may be useful
for extending our understanding of the basic
mechanisms underpinning asthma and for exam-
ining new therapeutic options.
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