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Abstract

The laboratory mouse Mus musculus has long been used as a model organism to test hypotheses and
treatments related to understanding the mechanisms of disease in humans; however, for these experiments
to be relevant, it is important to know the complex ways in which mice are similar to humans and, crucially,
the ways in which they differ. In this chapter, an in-depth analysis of these similarities and differences is
provided to allow researchers to use mouse models of human disease and primary cells derived from these
animal models under the most appropriate and meaningful conditions.
Although there are considerable differences between mice and humans, particularly regarding genetics,

physiology, and immunology, a more thorough understanding of these differences and their effects on the
function of the whole organism will provide deeper insights into relevant disease mechanisms and potential
drug targets for further clinical investigation. Using specific examples of mouse models of human lung
disease, i.e., asthma, chronic obstructive pulmonary disease, and pulmonary fibrosis, this chapter explores
the most salient features of mouse models of human disease and provides a full assessment of the advantages
and limitations of these models, focusing on the relevance of disease induction and their ability to replicate
critical features of human disease pathophysiology and response to treatment. The chapter concludes with a
discussion on the future of using mice in medical research with regard to ethical and technological
considerations.
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1 The Mouse: From Pest, to Pet, to Predominant Tool in Medical Research

Although the genetic lineages of mice and humans diverged around
75 million years ago, these two species have evolved to live
together, particularly since the development of agriculture. For
millennia, mice (Mus musculus) were considered to be pests due
to their propensity to ravenously consume stored foodstuff (mush
in ancient Sanskrit means “to steal” [1]) and their ability to adapt to
a wide range of environmental conditions. Since the 1700s, domes-
ticated mice have been bred and kept as companion animals, and in
Victorian England, “fancy” mice were prized for their variations in
coat color and comportment; these mouse strains were the
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forerunners to the strains used in the laboratory today. Robert
Hooke performed the first recorded inquiry-driven experiments
on mice in 1664, when he investigated the effects of changes in
air pressure on respiratory function [2]. More recently, with data
from the Human Genome Project and sequencing of the Mus
musculus genome showing remarkable genetic homology between
these species, as well as the advent of biotechnology and the devel-
opment of myriad knockout and transgenic mouse strains, it is clear
why the mouse has become the most ubiquitous model organism
used to study human disease. In addition, their small size, rapid
breeding, and ease of handling are all important advantages to
scientists for practical and financial reasons. However, keeping in
mind that mice are fellow vertebrates and mammals, there are
ethical issues inherent to using these animals in medical research.
This chapter will provide an overview of the important similarities
and differences between Mus musculus and Homo sapiens and their
relevance to the use of the mouse as a model organism and provide
specific examples of the quality of mouse models used to investigate
the mechanisms, pathology, and treatment of human lung diseases.
We will then conclude with an assessment of the future of mice in
medical research considering ethical and technological advances.

As a model organism used to test hypotheses and treatments
related to human disease, it is important to understand the complex
ways in which mice are similar to humans, and crucially, the ways in
which they differ. A clear understanding of these aspects will allow
researchers to use mouse models of human disease and primary cells
derived from mice under the most appropriate and meaningful
conditions.

2 Applicability of Mouse Models to Human Disease

2.1 Genetics In 2014, the Encyclopedia of DNA Elements (ENCODE) program
published a comparative analysis of the genomes of Homo sapiens
and Mus musculus [3], as well as an in-depth analysis of the differ-
ences in the regulatory landscape of the genomes of these species
[4]. ENCODE, a follow-up to the Human Genome Project, was
implemented by the National Human Genome Research Institute
(NHGRI) at the National Institutes of Health in order to develop a
comprehensive catalog of protein-encoding and nonprotein-
coding genes and the regulatory elements that control gene expres-
sion in a number of species. This was achieved using a number of
genomic approaches (e.g., RNA-seq, DNase-seq, and ChIP-seq) to
assess gene expression in over 100 mouse cell types and tissues; the
data were then compared with the human genome.

Overall, these studies showed that although gene expression is
fairly similar between mice and humans, considerable differences
were observed in the regulatory networks controlling the activity of
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the immune system, metabolic functions, and responses to stress,
all of which have important implications when using mice to model
human disease. In essence, mice and humans demonstrate genetic
similarity with regulatory divergence. Specifically, there is a high
degree of similarity in transcription factor networks but a great deal
of divergence in the cis-regulatory elements that control gene
transcription in the mouse and human genomes. Moreover, the
chromatin landscape in cell types of similar lineages in mouse and
human is both developmentally stable and evolutionarily conserved
[3]. Of particular relevance regarding modeling human diseases
involving the immune system, in its assessment of transcription
factor networks, the Mouse ENCODE Consortium revealed
potentially important differences in the activity of ETS1 in the
mouse and human genome. Although conserved between the two
species, divergence in ETS1 regulation may be responsible for
discrepancies in the function of the immune system in mouse and
human [4]. Certainly, the biological consequences of these differ-
ences in gene expression and regulation between human andmouse
invite further investigation.

2.2 Anatomy and

Physiology

The anatomical and physiological differences between model
organisms and humans can have profound impacts on interpreting
experimental results. Virtually every biological process under inves-
tigation in experimental studies involves at least one anatomical
structure. To aid in interpretation, many anatomy compendia
have been developed for model organisms; the most useful orga-
nize anatomical entities into hierarchies representing the structure
of the human body, e.g., the Foundational Model of Anatomy
developed by the Structural Informatics Group at the University
of Washington [5]. Although an analysis of the myriad differences
between mouse and human anatomy is beyond the scope of this
chapter, a few of the most critical issues that have an impact on the
interpretation of data from mouse experiments should be
mentioned.

The most obvious difference between mice and humans is size;
the human body is about 2500 times larger than that of the mouse.
Size influences many aspects of biology, particularly the metabolic
rate, which is correlated to body size in placental mammals through
the relationship BMR ¼ 70 �mass (0.75), where BMR is the basal
metabolic rate (in kcal/day). Thus, the mouse BMR is roughly
seven times faster than that of an average-sized human [6]. This
higher BMR has effects on thermoregulation, nutrient demand,
and nutrient supply. As such, mice have greater amounts of meta-
bolically active tissues (e.g., liver and kidney) and more extensive
deposits of brown fat [6]. Furthermore, mice more readily produce
reactive oxygen species than do humans, which is an important
consideration when modeling human diseases involving the
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induction of oxidative stress (i.e., aging, inflammation, and
neurodegeneration) [6].

The lung provides an excellent example of the similarities and
differences between human and mouse anatomy. Similar to the
human organ, the mouse lung is subdivided into lobes of lung
parenchyma containing a branching bronchial tree and is vascular-
ized by the pulmonary circulation originating from the right ven-
tricle. There are a number of subtle variations in this general
structure between species, i.e., the number of lobes on the right
and left, the branching pattern, and the distribution of cartilage
rings around the large airways, but the most important differences
between the mouse and human lung are related to the organism’s
size (airway diameter and alveolar size are naturally much smaller in
the mouse) and respiratory rate. Moreover, there are important
differences in the blood supply of the large airways in humans
versus mice [7]. Specifically, the bronchial circulation (a branch of
the high-pressure systemic circulation that arises from the aorta and
intercostal arteries) supplies a miniscule proportion of the pulmo-
nary tissue in mice (the trachea and bronchi) compared to humans;
the majority of the lung parenchyma is supplied by the
low-pressure, high-flow pulmonary circulation. In the mouse,
these systemic blood vessels do not penetrate into the intraparench-
ymal airways, as they do in larger species [8]. This difference,
although subtle, has important ramifications regarding the vascular
supply of lung tumors which, in humans, is primarily derived from
the systemic circulation [9]. These differences may also have pro-
found consequences when modeling human diseases involving the
lung vasculature.

2.3 Immunology The adaptive immune system evolved in jawed fish about 500 mil-
lion years ago, well before the evolution of mammals and the
divergence of mouse and human ancestral species [10]. Many fea-
tures of the adaptive immune system, including antigen recogni-
tion, clonal selection, antibody production, and immunological
tolerance, have been maintained since they first arose in early verte-
brates. However, the finer details of the mouse and human immune
systems differ considerably, which is not surprising since these
species diverged 75 million years ago [6]. While some have claimed
that these differences mean that research into immunological phe-
nomena in mice is not transferable to humans, as long as these
differences are understood and acknowledged, the study of mouse
immune responses can continue to be relevant.

Research on mice has been vital to the discovery of key features
of both innate and adaptive immune responses; for example, the
first descriptions of the major histocompatibility complex, the T cell
receptor, and antibody synthesis were derived from experiments
performed on mice [6]. The general structure of the immune
system is similar in mice and humans, with similar mediators and
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cell types involved in rapid, innate immune responses (complement,
macrophages, neutrophils, and natural killer cells) as well as adap-
tive immune responses informed by antigen-presenting dendritic
cells and executed by B and T cells. However, due to the anatomical
and physiological differences between these species as described
above, divergence in key features of the immune system, such as
the maintenance of memory T cells (related to the life span of the
organism) and the commensal microbiota (related to the lifestyle of
the organism), has arisen [11].

Similar to what has been discovered regarding the genetics of
mice and humans, i.e., broad similarities in structure but consider-
able differences in regulation, there are a number of known dis-
crepancies in the regulation of innate and adaptive immunity in

Table 1
A brief overview of the immunological differences between mice and humans

Attribute Mouse Human References

Proportion of
leukocytes in
the blood

75–90% lymphocytes
10–25% neutrophils

50–70% neutrophils
30–50% lymphocytes

[13]

Antigen
presentation

Endothelial cells do not express
MHC Class II, cannot activate
CD4+ T cells

Endothelial cells express MHC
Class II and present antigen to
CD4+ T cells

[14]

Costimulatory
signaling

80% of CD4+ and 50% of CD8+
T cells express CD28

ICOS is not required for B cell
maturation

B7-H3 inhibits T cell activation

100% of CD4+ and CD8+ T cells
express CD28

ICOS is required for B cell
maturation and IgM production

B7-H3 promotes T cell activation

[12]

[15, 16]

[17]

Immunoglobulin
isotypes

IgD, IgM, IgA, IgE, IgG1,
IgG2a/c, IgG2b, IgG3

IgD, IgM, IgA1, IgA2, IgE, IgG1,
IgG2, IgG3, IgG4

[12]

Immunoglobulin
class switching

IL-4 induces IgG1 and IgE IL-4 induces IgG4 and IgE [18]

Helper T cell
differentiation

IFN-α does not activate STAT4
and does not induce Th1
polarization

Clear Th1/Th2 differentiation in
mice

IFN-α induces Th1 polarization via
STAT4

Multiple T helper cell subsets occur
simultaneously

[19]

[20]

Responses to
infection

Eradication of schistosomiasis
requires a Th1 response and
IFN-γ

Low susceptibility to
Mycobacterium tuberculosis;
noncaseating granulomas; no
latent infection

Eradication of schistosomiasis
requires a Th2 response and IgE

Highly susceptible to
Mycobacterium tuberculosis;
caseating granulomas; latent
infection is common

[21]

[22]
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mice versus humans, including the balance of leukocyte subsets, T
cell activation and costimulation, antibody subtypes and cellular
responses to antibody, Th1/Th2 differentiation, and responses to
pathogens (described in detail in Table 1). In addition to these
differences in immune cell functions, the expression of specific
genes involved in immune responses also differs, particularly those
for Toll-like receptors, defensins, NK inhibitory receptors, Thy-1,
and many components of chemokine and cytokine signaling; addi-
tionally, differences between mouse strains are known to exist for
many of these mediators [12].

Another important consideration when using mice to perform
immunological research (with a view to translating these findings to
human medicine) is the availability of hundreds of strains of genet-
ically modified mice that have enabled exquisitely detailed studies
on immune cell function, regulation, and trafficking. Many of these
strains involve the expression of inducible Cre or Cas9 that allow
for targeted knockdown or overexpression of key immune
function-related genes in specific cell types at specific moments in
time. However, it is important to note that drift between mouse
colonies has long been known to occur. In fact, a recent report
described the fortuitous discovery of a point mutation in the natu-
ral cytotoxicity receptor 1 (NCR1) gene in the C57/Bl6 CD45.1
mouse strain, resulting in absent NCR1 expression. This mutation
was found to have profound effects on the response of mice to viral
infection, i.e., the mice were resistant to cytomegalovirus infection
but more susceptible to influenza virus [23]. This cautionary tale
highlights the importance of understanding the genetic evolution
of laboratory strains of mice, the effect of these genetic and immu-
nological changes on mouse biology, and the impact on the trans-
lation of these results to human medicine.

In addition to the differences between mouse and human
genetics, physiology, and immunology highlighted above, several
factors must also be taken into account when performing in vitro
assays using isolated mouse cells and applying these findings to our
understanding of human disease. Particularly with regard to stem
cell research, it should be noted that the telomeres of mouse cells
are five- to tenfold longer than human telomeres, resulting in
greater replicative capacity [24]. There are also important differ-
ences in the regulation of pluripotency and stem cell differentiation
pathways in humans and mice [25]. Moreover, there are consider-
able species differences in the longevity of cultured cells; for exam-
ple, mouse fibroblasts are capable of spontaneous immortalization
in vitro, whereas human fibroblasts become senescent and ulti-
mately fail to thrive in culture [26].

In summary, although there are considerable differences
between mice and humans, constant improvement in the analytical
techniques used to delineate these differences and their effects on
whole organism and cell function have provided vital information
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and contributed to our understanding of both murine and human
biology. Experimentation employing mouse models of human dis-
ease will continue to provide key insights into relevant disease
mechanisms and potential drug targets for further clinical investi-
gation. However, several important considerations must be taken
into account when selecting a mouse model of human disease, as
described in the following section, using mouse models of human
lung disease to illustrate this point.

3 Mouse Models of Human Disease

The two most salient features of a mouse model of human disease
are the accuracy of its etiology (it employs a physiologically relevant
method of disease induction) and its presentation (its ability to
recapitulate the features of human disease). The relevance of any
given mouse model can be judged on the basis of these two criteria,
and there is considerable variation within mouse models of human
disease in this regard. As a full assessment of the advantages and
limitations of all currently available mouse models of human disease
would be prohibitively long and complex, here we have elected to
assess the accuracy of currently available models of human lung
diseases, i.e., asthma, chronic obstructive pulmonary disease, and
pulmonary fibrosis, focusing on the relevance of disease induction
in these models and their ability to replicate critical features of
human disease pathophysiology and response to treatment.

The first and foremost notion when modeling human disease in
mice is to acknowledge the species differences, which are significant
[27]. As described above, genetics, anatomy, physiology, and
immunology differ between mice and humans, but despite these
differences, mouse models of human disease are useful and neces-
sary, as long as data interpretation is performed appropriately.

4 Asthma

An elegant example of differences between mice and humans that
must be considered when designing a mouse model of human
inflammatory lung disease is the key effector cell type in human
asthma, i.e., mast cells. These leukocytes differ in granule composi-
tion as well as localization in the mouse and human airways
[28]. Mice mostly lack mast cells in the peripheral lung [29],
whereas humans have numerous mast cells of multiple subpopula-
tions in the alveolar parenchyma [30]. Another example is anatomy:
in contrast to humans, mice lack an extensive pulmonary circula-
tion, which may have significant effects on leukocyte adhesion and
migration, and subsequently inflammation [31]. Still, as long as
these differences are taken into consideration, mouse models can be
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powerful tools in the discovery and exploitation of new targets for
the treatment of human disease.

The World Health Organization (WHO) defines asthma as a
chronic disease characterized by recurrent attacks of breathlessness
and wheezing, which may vary in severity and frequency from
person to person. The disease is characterized by airway hyperre-
sponsiveness, airway smooth muscle thickening, increased mucus
secretion and collagen deposition, as well as prominent inflamma-
tion affecting both large and small airways [32]. Nowadays, it is
recognized that asthma is not a single homogenous disease but
rather several different phenotypes united by similar clinical symp-
toms [32, 33].

Only a few animal species develop asthma naturally, including
cats and horses [34, 35], whereas mice do not [31]. However, mice
can be manipulated to develop a type of allergic airway inflamma-
tion, which is similar in many ways to the human disease, in
response to different aeroallergens [36]. Importantly, these models
are capable of recapitulating only the allergic type of human asthma
and have less relevance for other types of asthma (i.e., endotypes
induced by medication, obesity, and air pollution).

As with many human diseases, asthma has a complex and
multifaceted etiology, where environmental factors, genetic suscep-
tibility, and microbial colonization all contribute; thus, it is impor-
tant to take strain differences into consideration. Generations of
inbreeding have created mouse strains that differ not only in coat
color and disposition but also from a physiological, immunological,
and genetic perspective. Different strains may be more susceptible
to allergic airway inflammation or pulmonary fibrosis, whereas
others are more or less resistant. Choosing the right strain to
model a specific disease or pathologic event is thus essential. The
most widely used strains for models of allergic airway inflammation
are BALB/c and C57BL/6. These strains differ regarding the type
of immune response mounted to an inhaled allergen: C57BL/6 is
generally considered a TH1-skewed strain, whereas BALB/c is
regarded as a TH2-skewed strain [36]. Due to their strong TH2-
response, and subsequent development of robust asthmatic
responses, BALB/c has been commonly used to model asthma
[37]. However, most humans do not express such a strongly
TH2-skewed immune system, suggesting this strain may not be
the best model of human disease; instead, C57BL/6 may be
more suitable as immune responses in this strain are more similar
to those of atopic human subjects [37]. Furthermore, as C57BL/6
is the most commonly used strain for the development of geneti-
cally manipulated mice, using these mice allows for very specific
investigations into disease pathology; thus, this strain is increasingly
used in models of human lung disease.
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4.1 Ovalbumin Besides the genetic differences in the mouse strains used in these
models, the etiology (the method of disease induction) of com-
monly used models of asthma is highly variable. In humans with
allergic asthma, environmental allergen exposure occurs at the
airway mucosa; the immune response is coordinated in the bronch-
opulmonary lymph nodes, and the T cells, macrophages, and eosi-
nophils recruited as part of this response travel to the lung where
they mediate the cardinal features of asthma: airway inflammation,
structural remodeling of the airway wall, and airway hyperreactivity
[38]. Ideally, these features should be found in a physiologically
relevant mouse model of asthma. However, for the sake of cost and
convenience, early mouse models of asthma used the surrogate
protein ovalbumin (OVA) [31] rather than an environmental aller-
gen to induce an immune response, which also requires the use of a
powerful TH2-polarizing adjuvant such as alum delivered via the
intraperitoneal route, followed by OVA nebulization—a clear
divergence from the etiology of human asthma [36]. In terms of
disease presentation, mice develop some hallmarks of asthma,
including airway eosinophilic inflammation, goblet cell metaplasia,
and increased airway smooth muscle density [31]. After the cessa-
tion of OVA exposure, most of the remodeling resolves, although
some structural alterations remain up to 1 month after the last
challenge [39]. Based on these attributes, the OVA model is pri-
marily a model to investigate the initiation of inflammation, rather
than the chronic progression and maintenance of
inflammation [31].

A clear advantage with the OVAmodel is the number of studies
where it is used; both the pros and cons are familiar. It is easy to find
a suitable protocol, and the model is readily accessible and flexible
regarding the number of sensitizations and allergen doses. The
model is relatively easy to reproduce, as OVA and different adju-
vants are easily obtained. However, the resolution of remodeling
following the cessation of allergen provocations is a disadvantage,
as is the practical problem with the nebulization of an allergen—it
ends up in the mouse’s coat and is ingested during grooming,
potentially resulting in systemic exposure (this is particularly rele-
vant in models employing systemic, intraperitoneal sensitization).
In addition, concerns have been raised against the use of adjuvants
to induce the immunological response, as well as the clinical rele-
vance of OVA as an allergen, which have driven the development of
more clinically relevant allergens and models [31].

4.2 House Dust Mite The common environmental aeroallergen house dust mite (HDM)
extract is increasingly used to initiate disease in mouse models of
allergic airway inflammation, as it is a common human allergen
(around 50% of asthmatics are sensitized toHDM [40]) that evokes
asthma attacks and other allergic responses in susceptible indivi-
duals. In addition, HDM has inherent allergenic properties, likely
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due to components with protease activity [40], so there is no need
to use an adjuvant, thus improving the etiological similarity of these
models with the clinical situation [41]. In contrast to OVA, pro-
longed exposure of HDM (up to 7 weeks) induces asthma-like
severe airway inflammation with prominent eosinophilia, severe
hyperreactivity to methacholine, and robust remodeling of the
airway wall [41], i.e., the presentation of chronic respiratory
HDM exposure in mice effectively recapitulates the key features
of human allergic asthma. Importantly, the airway structural
changes induced by chronic HDM exposure, such as increased
collagen deposition, airway smooth muscle thickening, and micro-
vascular alterations, persist for at least 4 weeks after the cessation of
HDM exposure [42], another commonality with human asthma in
which airway remodeling is currently considered to be irreversible.

Thus, the advantages of using HDM as the allergen in mouse
models of asthma are the clinical relevance of the allergen [43] and
the route of delivery via the respiratory tract. Moreover, studies
have shown that the type of inflammation and characteristics of
tissue remodeling are relatively similar to those seen in human
asthmatics [35, 41, 43]. One disadvantage is the complexity of
HDM extract; as a consequence of this complexity, variations exist
in some components between batches, particularly regarding the
content of lipopolysaccharide, so reproducibility in these studies
may be problematic.

4.3 Cockroach,

Aspergillus, and Other

Model Allergens

With similarity to HDM, these models were developed to be as
clinically relevant as possible, as many patients suffer from allergy
toward cockroach allergen, molds, and other environmental irri-
tants. A common feature of these allergens is their complex nature,
as they commonly consist of a mix of different allergic epitopes and
fragments. This complexity is most likely why the immunological
reaction in mice is relatively similar to that seen in asthmatics [44].

Cockroach allergen (CRA) is a common allergen, known to
induce asthma in susceptible individuals; thus, it shares with HDM
the advantage of being highly clinically relevant [45]. CRA induces
peribronchial inflammation with significant eosinophilic inflamma-
tion and transient airway hyperresponsiveness, both of which can
be increased by repeated administrations of the allergen [45].

Colonization of the airways with Aspergillus fumigatus is the
cause of allergic bronchopulmonary aspergillosis (ABPA), a disease
where the lungs are colonized by the fungus, but allergens from
Aspergillus fumigatus can also induce asthma similar to other aller-
gens [46]. The reaction to Aspergillus allergens is robust, and often
no adjuvants are needed to elicit inflammation [46]. In addition to
Aspergillus, other fungi such as Penicillium andAlternaria can also
induce asthma in humans and have been used to model disease in
mice [47]. A common difficulty with these allergens is the method
of administration, as the physiological route is believed to be the
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inhalation of dry allergens; mimicking this route with a nebulizer
introduces the risk of the animals ingesting the allergen and thus
causing systemic responses [47].

4.4 Modeling Asthma

Exacerbations

Exacerbations of asthma are defined as the worsening of symptoms,
prompting an adjustment in treatment, and are believed to be
associated with increased inflammation in the distal airways. Clini-
cally, exacerbations are believed to be induced by infections (most
common), allergen exposure, or pollutants, which can be modeled
in different ways [48, 49]:

1. Infections with viruses and bacteria or exposure to proteins/
DNA/RNA derived from these microbes.

2. Administration of a high dose of allergen in a previously sensi-
tized animal.

3. Exposure to environmental pollutants, such as diesel exhaust or
ozone.

Modeling exacerbations adds a layer of complexity, as robust
ongoing allergic airway inflammation needs to be established first,
before challenge with the exacerbating agent. Both the OVA and
HDM models are used in this respect, and in both cases chronic
protocols extending for several weeks before triggering an exacer-
bation have been used [48].

5 Chronic Obstructive Pulmonary Disease

Chronic obstructive pulmonary disease (COPD) is characterized by
chronic airway obstruction, in contrast to asthma where the
obstruction is reversible (particularly in response to bronchodilator
treatment). Clinically, in COPD, chronic bronchitis and emphy-
sema can occur either separately or in combination. COPD is
almost always associated with either first- or secondhand tobacco
smoking or in rare cases with a deficiency in the production of α1-
antitrypsin (a serpin that prevents elastin breakdown as a result of
neutrophil degranulation) [50]. The etiology of COPD is highly
complex and is believed to develop after many years of smoking in
combination with other known factors such as genetic susceptibility
or environmental factors [51]. In similarity to asthma, inflamma-
tion is a major component in COPD, but the leukocyte profile is
very different: the most prominent players in COPD-related
inflammation are neutrophils and, to some degree, macrophages
[51]. Due to the complex etiology of COPD, it is difficult to
recapitulate all aspects of this disease in a single model, so in most
cases, the aim is to induce COPD-like lesions by exposing mice to
tissue-damaging substances (usually cigarette smoke) or to mimic
emphysema by the administration of tissue-degrading enzymes
[27, 51].
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5.1 Cigarette Smoke Clearly, mice do not smoke cigarettes on their own, so to model
COPD by cigarette smoke (CS) inhalation, the mice need to be
exposed to unfiltered CS in an induction chamber; moreover, in an
attempt to better model the chronic aspects of COPD, this needs to
be performed for a prolonged period of time. Mice are very tolerant
to CS, but eventually (over a period of several weeks), CS induces
pulmonary neutrophilic inflammation that is associated with some
degree of tissue degradation and destruction [51]. An important
advantage of this model is the fact that CS is the actual irritant
responsible for disease in humans, and mice develop several features
similar to the clinical disease, making this model highly clinically
relevant [27]. A significant drawback is the self-limitation of the
model—the pathological changes do not progress after the cessa-
tion of CS exposure [51]. Furthermore, the exposure time needed
for mice to develop COPD-like pathology is extensive, i.e., studies
have shown that an exposure protocol of 5 days per week for a
minimum of 3 months is needed to generate robust structural
changes to the lung [52]. The pathological image in COPD is
complex and varies greatly between patients, commonly encom-
passing chronic bronchitis and bronchiolitis, emphysema, fibrosis,
and airway obstruction. Although mice develop some of these
symptoms when exposed to CS, they do not develop all the symp-
toms of human disease; thus, CS has advantages as a model but fails
to mimic the complexity of the clinical situation and disease
presentation [27].

5.2 Protease

Instillation

Other models of COPD rely on the administration of proteases
(protein-degrading enzymes) that are believed to be involved in the
pathology of this disease in a subset of patients, such as elastin-
degrading elastase. This approach mimics the emphysematous
changes seen in COPD, but the pathological process underlying
tissue destruction is likely very different compared to the clinical
situation [51], as very few patients show evidence of elastase dysre-
gulation [27]. However, if the aim of the study is to investigate the
general effect of protease-induced tissue destruction and regenera-
tion, then this is a highly relevant method [51]. Some studies on
COPD have also used genetically modified animals, such as mice
overexpressing collagenase, which results in tissue destruction
without inflammation or fibrosis with an end result fairly similar
to the type of emphysema observed in COPD [53].

6 Pulmonary Fibrosis

Pulmonary fibrosis, the accumulation of fibrotic tissue within the
alveolar parenchyma, is merely a symptom of disease, and the
etiology of this pathology in humans varies greatly [54]. The
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most enigmatic class is perhaps the idiopathic interstitial pneumo-
nias, especially idiopathic pulmonary fibrosis (IPF). IPF is a debil-
itating and progressive disease with a grave prognosis, characterized
by progressive fibrosis believed to reflect aberrant tissue regenera-
tion [55]. As the reason behind this defective repair is unknown,
although a combination of immunological, genetic, and environ-
mental factors are suspected, it is very difficult to model disease in a
clinically relevant fashion [56]. The most common method used to
model pulmonary fibrosis in mice is administration of the chemo-
therapeutic agent bleomycin; this agent is known to cause pulmo-
nary fibrosis in humans as well, but this may not accurately reflect
the true etiology of most cases of human disease. The strain of
choice is C57BL/6, as it is prone to developing pulmonary fibrosis,
whereas BALB/c is relatively resistant, a feature believed to reflect
the cytokine response following cellular stress and damage
[57]. Bleomycin administration can be performed locally or sys-
temically, producing very different results.

6.1 Local Bleomycin

Administration

The most common model of pulmonary fibrosis is a single intrana-
sal or intratracheal administration of bleomycin, with analysis 3 to
4 weeks later. During this time, the drug causes acute tissue damage
in a restricted area of the lung (where the solution ends up during
administration), followed by intense inflammation in this area and
subsequent fibrosis, which gradually resolves within weeks. How-
ever, if older mice are used, the fibrosis will persist longer than in
younger mice, which is in accordance with clinical IPF, where the
majority of the patients are 65 years of age or older [56, 58].

A great advantage of this model is how well-characterized it
is. In addition, local administration is labor-effective, as only one
administration is required and the result is highly reproducible. The
fibrosis is robust, only affects the lungs, and the accumulation of
extracellular matrix can be easily measured using standard techni-
ques [58]. Furthermore, as it is used throughout the world, studies
performed in different labs and by different groups can be com-
pared relatively easily. Unfortunately, the intense pulmonary
inflammation may be lethal, and fatalities are to be expected with
this model [59], representing an important ethical limitation. Fur-
thermore, fibrosis is heterogeneous—it develops where the bleo-
mycin solution is deposited. The solution usually deposits within
the central lung, a localization that is not in agreement with the
clinical situation where fibrosis is located in the more distal regions
of the lung parenchyma. In addition, the fibrosis that develops as a
result of severe tissue damage is self-limiting and reversible, unlike
what is observed clinically [58]. The severe degree of tissue damage
induced by bleomycin may in fact be more relevant for modeling
acute lung injury (ALI) or acute respiratory distress syndrome
(ARDS).
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6.2 Systemic

Bleomycin

Administration

Bleomycin can also be administered systemically, through intrave-
nous or subcutaneous injection. In contrast to local administration,
this route requires multiple administrations and is thus more labor-
intensive [58]. Some studies have described the usage of osmotic
mini-pumps, where bleomycin is slowly administered over a short
period of time, and then fibrosis continues to develop over
subsequent weeks [60]. Irrespective of the route of delivery, sys-
temic administration results in more homogenous fibrosis, affect-
ing the entire lung through the pulmonary endothelium and
persisting much longer than following local administration
[61]. The main advantages of systemic administration are that
inflammation is limited, while the fibrosis is more apparent and
displays a more distal pattern, all of which mimics the clinical
situation relatively well. The multiple administrations allow for
lower doses with each injection; this is less stressful to the animals
and results in little to no mortality [61] and is thus more ethically
acceptable. A major disadvantage with this model is that it takes
time for fibrosis to develop [58], which may be the reason it is used
relatively scarcely, and thus the pathological development is less
well-understood. In addition, as IPF is a local disease, local admin-
istration of the etiologic agent may better mimic the clinical
reality [56].

6.3 Fluorescein

Isothiocyanate

Administration

The administration of fluorescein isothiocyanate (FITC) induces
focal inflammation, primarily involving mononuclear cells and neu-
trophils, and localizes in areas where the FITC solution is deposited
[58]. Antibodies against FITC can be detected after 1 week, and
the fibrosis persists for up to 5 months after instillation [58]. The
benefits of this model are mainly related to the persistent fibrosis
that does not appear to be self-limiting, thus reflecting the clinical
situation, and it is also very easy to determine which part of the lung
has been exposed to FITC, as the molecule is fluorescent [58]. It is
also an advantage that both C57BL/6 and BALB/c mice are
susceptible and develop fibrosis following FITC administration
[56]. The disadvantages of this model include profound variability
due to differences between batches of FITC, as well as in the
method used to prepare the solution before instillation. Impor-
tantly, given the characteristics of the etiologic agent used to induce
this model of IPF, this model is considered a very artificial system
with limited clinical relevance [56].

6.4 TGF-β
Overexpression

Adenovirus vectors have been used to overexpress the pro-fibrotic
cytokine transforming growth factor (TGF)-β, which results in
pulmonary fibrosis. As TGF-β overexpression in the lungs is
known to be crucial in the development of fibrosis in humans
[62], this model mimics an important feature of disease etiology.
However, the delivery system has some drawbacks, as the virus itself
initiates an immune response. Moreover, adenoviruses display
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significant tropism for epithelial cells and rarely infect other cell
types such as fibroblasts [58], which are the cells meant to be
targeted in this model. As TGF-β has major effects on fibroblast
biology, the main feature of this model is the effect of epithelium-
derived TGF-β on fibroblasts and myofibroblasts, resulting in the
deposition of ECM proteins and areas of dense fibrosis [63]. An
advantage of this model is the relatively low degree of inflamma-
tion, as well as what appears to be a direct effect on fibroblasts/
myofibroblasts [63], which is in accordance with the clinical situa-
tion (as we understand it today).

6.5 Silica Silica administration induces a similar pathology in mouse lungs as
in humans exposed to silica, and as is also observed in human silica-
induced fibrosis, structural remodeling persists when administra-
tion is halted [56]. Following the administration of silica particles,
fibrotic nodules develop in mouse lungs, with considerable resem-
blance to the human lesions that develop after exposure to mineral
fibers [56]. The fibrotic response is accompanied by a limited
inflammatory response, and different pro-fibrotic cytokines such
as TGF-β, platelet-derived growth factor, and IL-10 are involved in
disease development, which is in accordance with the clinical situa-
tion [56]. Another advantage is that nodules develop around silica
fibers, and these fibers are easy to identify by light microscopy. The
response in this model is strain-dependent, with C57BL/6 mice
being the most susceptible. The main drawbacks are the time
required to establish disease, i.e., 30–60 days, and the need for
special equipment to aerosolize the silica particles. However, since
the route of administration, the driving etiologic agent, and the
resulting pathobiology are all similar to the characteristics of this
subtype of pulmonary fibrosis [56, 58], the silica exposure model
can be considered to have very good clinical relevance.

7 What Does the Future Hold for Mouse Models of Human Disease?

Medical research using experimental animals (not only mice but
other animals including rats, guinea pigs, zebrafish, and fruit flies)
has greatly contributed to many important scientific and medical
advances in the past century and will continue to do so into the near
future. These advances have contributed to the development of
new medicines and treatments for human disease and have there-
fore played a vital role in increasing the human life span and
improving quality of life.

Despite the acknowledged benefits of performing research
using experimental animals, a number of considerations must be
made before embarking on this type of research. Of course, the
financial aspects of conducting this type of work are an important
limitation, as the costs of purchasing and housing mice can be
prohibitive, especially when genetically modified mice and colony
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maintenance are required for the study. The practicalities of work-
ing with animals such as mice may also be an issue, as this type of
work requires specialized facilities, equipment, and staff to ensure
studies are carried out in a manner that is safe for both the research-
ers and the animals. Moreover, as discussed in detail in this chapter,
the relevance of the selected animal model to human disease must
be carefully evaluated to ensure that these experiments provide
robust results that are translatable to human health and disease.
Another important and demanding aspect of biomedical research
using animals is the ethics of imposing pain and suffering on live
animals.

Although there has been a considerable reduction in the num-
bers of animals used in research in the last 30 years, animal research
remains a vital part of biomedical research. However, no responsi-
ble scientist wants to cause unnecessary suffering in experimental
animals if it can be avoided, so scientists have accepted controls on
the use of animals for medical research. In the UK, this ethical
framework has been enshrined in law, i.e., the Animals (Scientific
Procedures) Act 1986. This legislation requires that applications for
a project license to perform research involving the use of “pro-
tected” animals (including all vertebrates and cephalopods) must
be fully assessed with regard to any harm imposed on the animals.
This involves a detailed examination of the proposed procedures
and experiments, and the numbers and types of animal used, with
robust statistical calculations to support these numbers. The
planned studies are then considered in light of the potential benefits
of the project. Both within and outside the UK, approval for a study
involving protected animals also requires an internal ethical review
process, usually conducted by the research institution where the
work is taking place, with the aim of promoting animal welfare by
ensuring the work will be carried out in an ethical manner and that
the use of animals is justified. Additionally, the UK has a national
animal use reduction strategy supported by the National Centre for
the Replacement, Refinement and Reduction of Animals in
Research (NC3Rs; London, UK). This consortium was established
in 2004 to promote and develop high-quality research that takes
the principles of replacement, refinement, and reduction (the 3Rs)
into account.

7.1 Replacement Replacement strategies often involve the use of alternative,
non-protected species (e.g., zebrafish, fruit flies, flatworms) and
in vitro correlates (two-dimensional cell culture or three-
dimensional organoids containing multiple cell types) to test
hypotheses and assess the effects of therapeutic interventions. The
main obstacle with studies on non-protected animals is the diffi-
culty of accurately mimicking the complex physiological systems
involved in human health and disease, as described in detail above.
For example, the fruit fly Drosophila melanogaster is an excellent
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model organism for studies on genetic diseases, aging, and
pathogen-borne illnesses but may be less relevant for studies on
complex lung diseases. Importantly, model organisms such as fruit
flies, zebrafish, and flatworms do not possess lungs, which some-
what limits the translatability of research on these animals in the
field of respiratory disease. As such, it is likely that rodents will
remain the model organism of choice for studies into lung disease
for some time to come.

There has been considerable progress recently in imitating
single organs such as the liver, lung, and brain in vitro using
multiple cell types and a physical scaffold. As an important advan-
tage, these in vitro tests have replaced a large number of rodents in
initial drug discovery experiments, while also speeding up the
process [64]. These studies still require further refinement and
validation to establish them as suitable models for an entire organ;
importantly, these in vitro organoids cannot take into account
interactions between organ systems in complex, multisystem dis-
eases such as COPD.

7.2 Refinement Refinement involves selecting the most clinically relevant model for
the disease available, informed by the discussion above on closely
recapitulating the etiologic agent and disease pathobiology asso-
ciated with clinical cases. Another important factor is refining the
management of pain. An assessment of the procedures used and the
effects of the substance on the animal, as well as the degree of
handling, restraint, and analgesia, are other important aspects of
refinement. This standard of animal care is achieved through strict
regulations and controls on how personnel are trained to carry out
experiments on live animals. Adequate training is an important
aspect of refinement and should be reviewed and improved on an
ongoing basis. Moreover, refinement can be achieved by improving
animal housing by environmental enrichment, e.g., providing a
place for mice to hide in the cage and housing social animals such
as mice in appropriate-sized groups. These simple changes can
improve the physiological and behavioral status of research animals;
this not only increases animal well-being but also contributes to the
quality of the experimental results by reducing stress levels.

7.3 Reduction The 3Rs aspect of reduction focuses on the statistical power of
experiments and by following the Animal Research: Reporting of
In Vivo Experiments (ARRIVE) guidelines, originally published in
PLOS Biology in 2010. These guidelines provide a framework to
improve the reporting of research performed on live animals by
maximizing the quality of the scientific data and by minimizing
unnecessary studies. The ARRIVE guidelines provide a checklist of
aspects that must be considered in good quality research using live
animals. The guidelines are most appropriate for comparative stud-
ies involving two or more groups of experimental animals with at
least one control group, but they also apply to studies involving
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drug dosing in which a single animal is used as its own control
(within-subject experiments). The guidelines provide recommen-
dations on what should be considered when preparing to report on
the results of experiments involving live animals, i.e., by providing a
concise but thorough background on the scientific theory and why
and how animals were used to test a hypothesis, a statement on
ethical approvals and study design including power and sample size
calculations, a clear description of the methods used to ensure
repeatability, objective measurements of outcomes and adverse
effects, and interpretation of the results in light of the available
literature and the limitations of the study. In addition to the posi-
tive impact of the ARRIVE guidelines on reducing the number of
animals used in experiments, this checklist provides an easy-to-
follow roadmap on what is required for good quality reporting of
experimental results.

8 Conclusion

In conclusion, the use of animals in research will continue to be an
important aspect of medical research, and these procedures can be
ethically justified provided the proper controls are in place. The
benefits of animal research have been vital to the progress of medi-
cal science; abandoning these studies would have severe negative
consequences on human health. By considering aspects such as the
3Rs and the ARRIVE guidelines in planning experiments involving
live animals, the number of animals used and suffering of these
animals for the benefit of human health can be minimized. This
requires a strong regulatory framework such as that found in the
UK and many other countries, as well an ongoing public debate on
the advantages and limitations of animal experimentation.
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