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THE SUCCESSFUL APPLICATION of gene targeting to specifically
induce genetic modifications in animals represents a tour de
force approach to better understand regulation and function of
specific genes. The sequencing of the human genome, and the
subsequent massive high throughput profiling “omics” assays
currently available in the functional genomics era such as
genome-wide association studies, epigenetics, large-scale analysis of gene expression, microRNA targeting and expression,
metabolomics, and proteomics have made it even more imperative that we validate the function of these candidate molecules
in the context of human disease models. Gene targeting (i.e.,
overexpression, or gain of function, via transgenic mice; and
knockdown, or loss of function, via null knockout mice) in
animals plays critical roles in these functional studies. Moreover, current technology exists to generate gene-targeted modifications in animals ranging from mice and rats to large
animals such as sheep, goats, chicken, cows, pigs, and nonhuman primates. The seminal discovery of principles for introducing specific gene modifications in mice by Drs. Mario R.
Capecchi, Martin J. Evans, and Oliver Smithies [awarded the
2007 Nobel Prize in Physiology or Medicine (101)] has transformed biomedical research over the past 30 years and has
generated intense investigations in the study of mammalian
biology, and its application toward improved understanding of
the pathophysiology and pathogenesis of human diseases.
Pulmonary investigators, as well as investigators in all fields
of biomedical research and clinical disciplines, have been
challenged to use gene-targeting approaches to unravel the

Address for reprint requests and other correspondence: R. M. Baron,
Pulmonary and Critical Care Medicine, Brigham and Women’s Hospital, 75
Francis St., Boston, MA 02115 (e-mail: rbaron@partners.org).
http://www.ajplung.org

function of specific gene(s), with the hope of translating the
discoveries made in gene-targeted mice into new diagnostic
and therapeutic modalities for human lung diseases. The lung
community has experienced successes and has received priceless dividends from these gene-targeted approaches, but we are
also reminded that this approach has limitations, as does any
technology available currently in the armamentarium of research tools (see Table 1). The sheer number of cell types (⬃60
cell types) in the lung, each with distinct and overlapping
functions in disease processes, presents unique challenges
compared with other organs. Furthermore, the unique physiological responses of the lung (e.g., hypoxic vasoconstriction in
the lung in contrast to vasodilation as might occur in other
organs) further highlight the complexity of the lung and the
critical necessity to examine lung-specific molecular regulation
and function and lung-specific gene targeting. Our goal in this
review is to provide a basic update on gene-targeting approaches (with a primary focus on gene-targeted mice) that
have been used by lung investigators in recent years, with
specific application to the more “common” ailments chronic
obstructive pulmonary disease (COPD), asthma, pneumonia,
acute respiratory distress syndrome (ARDS), idiopathic pulmonary fibrosis (IPF), and pulmonary hypertension (see Supplemental Table S2).
GENERATING KNOCKOUT, KNOCKIN, AND TRANSGENIC
ANIMALS

The ability to insert exogenous DNA randomly into the
genome through injection of pronuclei to produce transgenic
mice (or expression of the DNA at a “trans” or nonendogenous
location) was first reported over 30 years ago (55, 56). However, the fundamental concept of genetically engineered
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2012. First published December 23, 2011; doi:10.1152/ajplung.00085.2011.—Gene targeting in mice (transgenic and knockout) has provided investigators with an
unparalleled armamentarium in recent decades to dissect the cellular and molecular
basis of critical pathophysiological states. Fruitful information has been derived
from studies using these genetically engineered mice with significant impact on our
understanding, not only of specific biological processes spanning cell proliferation
to cell death, but also of critical molecular events involved in the pathogenesis of
human disease. This review will focus on the use of gene-targeted mice to study
various models of lung disease including airways diseases such as asthma and
chronic obstructive pulmonary disease, and parenchymal lung diseases including
idiopathic pulmonary fibrosis, pulmonary hypertension, pneumonia, and acute lung
injury. We will attempt to review the current technological approaches of generating gene-targeted mice and the enormous dataset derived from these studies,
providing a template for lung investigators.
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Table 1. Limitations of genetically modified mice in the study of lung disease
Category of Limitation

Mouse model effects
Integration of the genetically modified vector

Off-target effects of tools used to generate
genetically modified mice

Possible Remedies

Variable biology based on disease model and mouse
strain used
Variable biology based on gender
It is possible that observed biology can be on the
basis of disruption of another gene from random
integration rather than the gene of interest
Variable biology might be observed based on the
copy number of a transgenic insertion

Test multiple models and strains and confirm
biological findings mechanistically
Confine conclusions to 1 gender examined
Test more than 1 line of genetically modified
mice to confirm that the findings are
related to the target gene
Confirm biology with different lines of mice
with variable copy numbers as is possible
and confirm mechanism in vitro and/or in
another in vivo system
Use lowest dose possible of doxycycline to
achieve induction of expression; consider
use of a more sensitive promoter that
might allow induction with lower doses of
doxycycline (114)
As possible, use lines of mice that have been
exhaustively tested for off-target effects
and include controls to rule out
independent effects of the tissue-specific
promoter
Limit intensity and duration of Cre exposure
as much as possible; include controls in
experiments to rule out off-target effects
of Cre-recombinase [i.e., can consider
conditional expression: more recently
generated lines of SPC-rtTA and CCSPrtTA have demonstrated less toxicity when
combined with Cre-recombinase (120)]

Doxycycline (and tetracycline analogs) can have
antibacterial effects, effects on bone, effects on
the placenta in pregnant mice (fetoplacental
toxicity) (114), effects on alveolar development
(especially at high doses) (139)
Air space enlargement observed in some CCSPrtTA lines in absence of doxycycline and
concerns raised that might also be the case for
some SPC-rtTA lines (139)
Toxicity to mammalian cells with prolonged
exposure of Cre-recombinase (perhaps related to
“illegitimate” recombination of nonloxP sites)
(97, 137)

CCSP, Clara cell secretory protein; SPC, surfactant protein C; rtTA, reverse tetracycline transcriptional activator.

knockout or knockin mice rests in the ability to induce a
specific genetic modification within the chromosome of an
embryonic stem (ES) cell. These modified ES cells are then
used to derive mice with this alteration that can be passed along
to subsequent offspring. Creation of genetically engineered
mice thus depends on two key concepts: homologous recombination and introduction of altered genetic material into ES
cells (101). Homologous recombination was initially described
in the context of sexual reproduction in which meiosis produces a haploid gamete from a diploid germ cell. With joining
of two haploid gametes, a diploid zygote is formed that
contains one set of chromosomes from the egg and one from
the sperm. As the diploid zygote develops, chromosomes from
each of the parents recombine at sites of homologous genes to
produce unique genetic offspring. It was known that homologous recombination could occur within somatic cells in the
context of DNA repair to allow the undamaged chromosome to
serve as a template for repair of the damaged strand. However,
it was Oliver Smithies (140) who discovered that homologous
recombination within somatic cells could serve as a significant
source of allelic variation and thus opened the door for considering introduction of new genetic material in a targeted
fashion. In parallel, Mario R. Capecchi (152) reported microinjection of DNA into a somatic cell nucleus and noted homologous recombination of the introduced genetic material
with the genetic machinery of the recipient cell. To propagate
targeted genetic modification in mice, introduction of the new
genetic material would be required in cells that contributed to
germ cell formation. Both Smithies and Capecchi relied on
Martin J. Evans’s (39) development of a pluripotent ES cell
line derived from mouse blastocysts, and their work led to

development of the techniques that have been used widely to
generate genetically engineered mice.
“Global” Knockout Mice (or Gene Knockout in All Tissues)
A general approach toward development of a “knockout”
mouse relies on generating a vector that, through homologous
recombination after introduction into ES cells (commonly
through electroporation), will result in deletion of the desired
portion of the target gene (Fig. 1). By including positive (and
sometimes negative) selection markers within the targeting
vector, recombinant ES cells harboring the knockout construct
can be selected after screening, injected into mouse blastocysts,
and transferred to surrogate mothers to produce a novel line of
mice with targeted deletion of the desired gene or gene segment. Thus in vivo studies examining the effect of loss of gene
expression of the target gene can be carried out. The initial
offspring are chimeric (carrying cells derived both from host
and ES cells, often initially from different strains), and mice
carrying the germ line targeted deletion can be selected and
bred to homozygosity. Similar techniques can be used to
“knock in” a mutated version of the target gene in place of the
endogenous gene, allowing study of changes in protein structure or function.
Pitfalls of global knockout mice. Global knockout animals
are now widely used and have revealed unexpected functions
for targeted genes (see Supplemental Table S1), but generation
of these mice still can be complicated and time consuming.
Deletion of genes important for development can result in
embryonic lethality. Thus study of these targets as well as the
analysis of tissue-specific effects of gene targeting might require development of more complicated mice with conditional
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expression (see below). Conversely, deletion of genes for
which there exist other genes with overlapping functions can
result in the development of no novel phenotype at all (29). For
example, there exists a single gene in humans that produces the
protein ␣-1-antitrypsin (A1AT), Serpinea1; however, in mice
there exist three to five genes with overlapping functions
responsible for A1AT production, thus making generation of
an A1AT knockout mouse extremely challenging (161).
Global Transgenic Mice (or Gene Overexpression in All
Tissues)
Conversely, generation of a “transgenic” mouse that overexpresses a target gene requires microinjection of the gene sequence (often under control of a tissue-specific promoter, see
below and Fig. 2) into a newly fertilized oocyte, where the gene
integrates randomly into the genome, usually at a single chromosomal location, and with variable copy numbers of the gene
inserted. The injected eggs are transferred to a surrogate

mother, and offspring harboring germ line expression of the
transgene are bred to produce a novel (or “founder”) line of
mice with overexpression of the target gene. Compared with
knockout animals, transgenic mice generally are easier to
generate, can produce high levels of expression of the desired
transgene, and, as a result, were more widely used before
knockout animals.
Pitfalls of global transgenic mice. The site of integration of
the transgene can affect expression of the transgene, such that
copy number of the inserted transgene does not necessarily
correlate with levels of transgene expression. Moreover, most
transgenic mice are mosaic for the transgene, in that the
transgene may not be expressed in every cell of the body.
Mosaicism has been attributed to the fact that chromosomal
replication is rapid in mice (in contrast to larger animals) and
is already occurring at the time of microinjection of the embryo
(168). Thus levels of transgene expression should be analyzed
in each founder line. Some investigators have proposed using
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Fig. 1. Generation of knockout mice. A vector is constructed containing homologous
regions of the gene targeted for deletion
(Homologous, in gray) that surround a drug
selection marker such as the neomycin resistance cassette (Neo-R). This vector is then
introduced into embryonic stem cells in culture (e.g., by electroporation), where homologous recombination with the endogenous
gene of interest occurs, resulting in a subset
of cells containing the recombined product
containing the disrupted endogenous gene
(gene fragments, or Gene Frag) and the drug
selection marker. Drug selection is then performed to isolate the desired clone, which is
then microinjected into a blastocyst that is
then transferred to the uterus of a surrogate
mother, with the goal of obtaining germ line
transmission and offspring harboring the genetic modification. (Adapted from Ref. 101
with permission).
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DNA insulator sequences to mitigate the integration effects of
transgene expression, but this technique has not proven uniformly successful (155). Transgene integration also has the
potential to disrupt unintended DNA sequences (in as many as
5–10% of transgenic mice) and thus can affect expression of
other genes (105, 150). Thus at least two independent lines of
mice from different founders should be analyzed for function
of the transgene, to confirm that the observed effects result
from overexpression of the intended target gene, rather than an
unintended genetic mutation. Moreover, in global transgenic
mice, tissue-specific expression of the transgene should be
analyzed as well, as the efficacy of promoter expression can
vary between tissues (especially in nonendogenous target tissues). Finally, transgene expression can produce nonphysiological (and perhaps even toxic levels) of gene expression,
such that the observed effect of the transgene might not apply
to endogenous levels of gene expression (29, 120).
To date, the majority of genetic manipulation has been
carried out in mice, although clearly limitations in translatability of murine models to human disease have been extensively
described in recent reviews, with some aspects reviewed
briefly below (19, 51, 65, 102). The ability to routinely perform
genetic modification in larger mammals will expand our capabilities of carrying out clinically relevant research. Interestingly, Rogers et al. (128, 129) used this rationale to generate
pigs with targeted disruption of the cystic fibrosis transmem-

brane receptor gene (CFTR) and found that CFTR-deficient
(CFTR⫺/⫺) pigs recapitulated human cystic fibrosis far more
accurately than did CFTR⫺/⫺ mice. More recently, Tong et al.
(154) demonstrated the feasibility of gene targeting in rats
through homologous recombination in pluripotent rat ES cells,
thus expanding dramatically the future repertoire of possible
experiments using rat-based systems.
A number of exciting and unexpected findings have arisen
from examination of the lung in global knockout or transgenic
mice, and many of these have furthered our basic mechanistic
understanding of “common” diseases, such as COPD, IPF,
pneumonia, ARDS, and pulmonary hypertension (see Supplemental Table S1). Although beyond the scope of this article,
there also exist important examples of the contribution of global
knockout mice to our understanding of other “less common”
diseases, such as the discovery that granulocyte macrophage
colony-stimulating factor (GMCSF)-deficient mice develop pulmonary alveolar proteinosis (PAP) as a result of ineffective
macrophage degradation of ingested surfactant (141). These studies ultimately led to important further mechanistic understanding
of the disease and to consideration of GMCSF repletion in a
subset of humans with PAP (81). However, many genes are
lethal in mice when globally disrupted, requiring more complex genetic manipulations to derive animals with tissue- and
temporal-specific expression.
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Fig. 2. Approaches in generating knockout and transgenic mice. Shown here are some examples of strategies in generating knockout and transgenic mice with
tissue-specific and conditional expression of genetic modifications. In 1 type of conditional expression system, a mouse containing a tissue-specific promoter
(TSP) driving Cre-recombinase can be bred to mice harboring targeted regions for deletion flanked by loxP sites, with resultant offspring harboring tissue-specific
expression of the recombined genetic material. This strategy can be used to conditionally delete a gene target in knockout mice (KO) or overexpress a gene target
in a transgenic mouse (TG) by deleting a genetically engineered Stop codon, thus allowing the promoter (Pro) to transcribe the gene of interest (see
KO-Conditional and TG-Conditional examples in figure). Another type of conditional expression system involves engineering a TSP to drive rtTA (reverse
tetracycline-controlled transactivator) that, when combined with a tetracycline-response element (TRE) in the presence of doxycycline, permits TSP and
doxycycline (Dox)-dependent gene expression (see TG-Conditional example in figure). Dox-dependent Cre-recombination can also be undertaken, as in the
KO-Conditional Tet-on example in the figure, thus employing multiple levels of complexity in controlling gene expression. [Adapted with kind permission from
Springer Science⫹Business Media: Aoki K, Taketo MM. Tissue-specific transgenic, conditional knockout and knock-in mice of genes in the canonical Wnt
signaling pathway. In: Wnt Signaling Volume 1: Pathway Methods and Mammalian Models, edited by Vincan E. Totowa, NJ: Humana, 2008, vol. 468,
chapt. 24.].
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TISSUE AND TEMPORAL SPECIFICITY

The ability to localize expression within specific tissues (by
using a tissue-specific promoter) and under specific times/
conditions (by using conditional expression systems) represent
powerful tools for dissecting the effects of altered gene expression. Moreover, this technology has facilitated the study of
genes that when globally and/or constitutively overexpressed
or knocked out result in embryonic lethality and have allowed
examination of biological effects as a result of localized expression within the lung.
Lung Specificity

but not in C57BL6 mice, in which low-level Aqp5 expression
can be detected in ATII cells.
Conditional-Expression Systems
Conditional expression systems have allowed for significant
advancement in biological understanding with the possibility
of turning genes “on” or “off” at specific times. This technology has allowed complex study of developmental biology and,
conversely, has allowed for expression of genes during development that can later be modified postnatally and under specific injury conditions. Although there exist a number of
conditional expression systems (6), two often-used systems in
lung biology are 1) the tetracycline-responsive system and 2)
the Cre-mediated recombination system, with both systems
often used under the direction of a tissue-specific promoter (see
Fig. 2). A system less often used in lung biology studies, the
estrogen receptor-activated system, will also be briefly mentioned.
Tetracycline-Responsive System
The tetracycline-responsive system is based on the Escherichia coli tetracycline resistance operon (57, 58), in which the
tetracycline repressor (tetR) binds to the operator sequences
(tetO) within the promoter of the tetracycline resistance
operon, thus inhibiting transcription. Tetracycline, when present, binds tetR, thus prohibiting binding of tetR to tetO, and
gene transcription of the tetracycline resistance operon is
permitted. Thus investigators fused tetR to VP16 (a transcriptional activator) to produce the tetracycline-dependent transactivating factor (tTA). Furthermore, the target gene of interest
was placed under control of the tetO sequences and basic
promoter elements, producing what has been termed a tetracycline-response element (TRE) (57, 150). Thus, when tetracycline (or the commonly used analog doxycycline) is present,
tTA cannot bind the TRE, and gene transcription is prohibited. Thus this system has been termed the “tet-off” system,
because transcription of the target gene is off in the presence of
tetracycline. One approach toward generating conditional lungspecific expression involves mating a mouse with the tTA
region under control of a lung-specific promoter, with a mouse
that harbors the target gene under control of a TRE promoter.
Thus, in mice carrying both the tTA and TRE elements,
transcription of the gene of interest can be expressed the
majority of the time, then turned off in the presence of
doxycycline. This tet-off system is often used to allow for gene
expression during development and subsequent modulation of
its expression thereafter.
A “tet-on” system has been developed through engineering
the reverse tetracycline transcriptional activator (rtTA) that
binds tetO and activates gene transcription only in the presence
of doxycycline (59, 105). Thus, in mice carrying both the rtTA
under the control of a lung-specific promoter and TRE elements (as a result of a breeding strategy as described above for
tet-off mice), lung-specific gene expression occurs only in the
presence of administration of doxycycline (or another tetracycline analog). This tet-on system allows for a gene to be kept
inactive the majority of the time, then activated as desired with
the addition of doxycycline. It must be remembered that the
kinetics of altered gene expression after administration (or
withdrawal) of doxycycline can vary, and thus changes in gene
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There exist a number of promoters that have been wellcharacterized and have allowed for localized expression within
specific tissues, including central nervous system, liver, heart,
immune system, mammary gland, reproductive system, skin,
and bone (6, 54). Interestingly, a recent paper used the VEcadherin-5 promoter to target endothelial-specific blockade of
NF-B activation during murine models of endotoxemia and
sepsis (cecal ligation and puncture) (174). Within the lung, the
specific location and timing of gene expression of Clara cell
secretory protein (CCSP, also known as CC10) and surfactant
protein C (SPC) that are expressed exclusively within the lung
epithelium have led to widespread use of these promoters to
direct gene expression to distinct lung sites (138, 145, 163).
CCSP is synthesized and expressed primarily in the larger
airway and proximal epithelial cells of the lung (⬃40% of
airway epithelial cells), whereas SPC is synthesized and secreted predominantly by the more distal type II alveolar epithelial cells. To target larger airway-specific expression in
adult mice, a 2.3-kb rat CCSP promoter was engineered and
has been widely used (127), and, similarly, to target more distal
airway-specific expression a 3.7-kb human SPC promoter was
generated and has also been widely used (165).
Pitfalls of lung-specific promoters. SPC-targeted distal expression is observed only after the embryonic day 15.5–17.5
stage of embryonic development, such that SPC-driven transgene expression prior to this stage affects a more uniform
population of precursor cells in the entire lung epithelium.
Thus a number of investigators have used SPC-driven gene
expression to study lung development and the influence of
different targeted pathways on the differentiation of cells into
type I or type II epithelial cells (96). Although CCSP and SPC
have been the main promoters used to target gene expression to
lung epithelial cells, there has been interest in promoters with
more specific proximal or distal localization of epithelial expression. Interestingly, Flodby et al. (43) have recently described a new transgenic mouse line with selective expression
of Cre-recombinase (see below) in the distal type I alveolar
epithelial cells (ATI cells), using aquaporin-5 (Aqp5) to direct
expression at this site. To do this, they knocked in Crerecombinase (described in detail below) into exon 1 of the
endogenous Aqp5 gene. Although, as hoped, there was no
specific expression of Cre-recombinase in these mice in the
distal type II alveolar epithelial cells (ATII cells), the authors
observed variable expression in some other tissues with endogenous Aqp5 expression, such as submandibular salivary gland,
tracheal epithelium, brain, and stomach. It should be noted that
selective expression of Aqp5 in ATI cells exclusively without
ATII expression has been observed in 129S6/SvEvTac mice,
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activate transcription of the downstream transgene. The tTS
strategy thus requires additional generation and breeding steps
for double transgenic mice. Generation of these double transgenic mice usually includes a construct containing the desired
promoter element, the rtTA sequence, the tTS sequence, and an
internal ribosome entry site (IRES) sequence that allows for
production of both the rtTA and tTS elements.
Cre-Mediated Recombination System
The Cre-mediated recombination system (or Cre-loxP system) depends on the enzyme Cre-recombinase (cyclization of
recombination, a product of the bacteriophage P1 gene and a
site-specific recombinase) cleaving at lox sites of bacteriophage P1 (locus of crossing over of P1, loxP) consensus sites,
with recombination of the cleaved ends (97, 137). Thus mating
one mouse with Cre-recombinase under the control of a tissuespecific promoter (produced by transgenic approaches, see
above) to a second mouse engineered to contain a gene or gene
segment flanked by two 34-base loxP sites (i.e., “floxed” sites
placed within introns of the gene; mice produced by homologous recombination in ES cells, see above) results in excision
and recombination of DNA around the gene of interest in mice
inheriting both the Cre transgene and the floxed target gene
(29). The Cre-loxP system has been used extensively to allow
time- and tissue-specific expression of genes, and, moreover,
once a floxed mouse has been generated, it can be bred to a
variety of tissue-specific (or even global) Cre-recombinaseexpressing mice to allow for the study of gene function
specifically in different tissues. Given concern from toxicity of
prolonged exposure of mammalian cells to Cre-recombinase
(see below, and Table 1), Whitsett and colleagues (120) bred
the CCSP-rtTA and SPC-rtTA mice, respectively, to TRE-Cre
mice, thus enabling conditional expression of Cre-recombinase
in localized sites within the respiratory epithelium (see Fig. 2).
As described above, whereas initial lines of these rtTA-Cre
mice exhibited off-target effects, more recent lines of mice
have been made available to the research community that
appear to exhibit fewer off-target effects and nonspecific expression.
Pitfalls of Cre-mediated recombination system (including
doxycycline administration). Long-term exposure to Cre-recombinase has been reported to produce toxicity in mammalian
cells, as a result of unintended cleavage at “pseudo”-loxP sites
and “inappropriate” recombination, with subsequent DNA
damage (167). This toxicity is limited with shorter-term Crerecombinase expression, and thus many investigators are using
inducible systems as described above (120). As with any
transgenic animal (see Pitfalls of global transgenic mice
above), integration and expression levels of Cre-recombinase
can be variable. Thus newly generated lines of Cre mice need
to be tested as would any new transgenic animal, and efficacy
of excision of the floxed target must be confirmed by examining tissue-specific levels of the gene of interest (150). Additionally, placement of the loxP sites can also affect target gene
expression, even though these sites are targeted to intron
segments, such that expression and function of the wild-type
floxed gene prior to excision and recombination should be
confirmed. Given the complexity of generating these mouse
lines, it is important to include controls that allow for optimal
interpretation of the effects of the gene target. Controls should
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expression (in addition to basal expression, see Pitfalls of
conditional expression systems: promoter leakiness) have to be
assessed over a time course after doxycycline administration.
CCSP-rtTA mice and SPC-rtTA mice have been widely used to
drive conditional proximal airway or distal airway expression,
respectively, of target genes. Clearly, independent effects relating to use of the antibiotic doxycycline in murine models of
lung injury (especially those induced by infectious causes)
must be considered, and appropriate controls must be used
[see Pitfalls of Cre-mediated recombination system (including
doxycycline administration)]. However, a recent publication
demonstrated no independent antibacterial or anti-inflammatory properties of doxycycline when used to induce transgene
expression during a model of polymicrobial sepsis (149).
Pitfalls of conditional expression systems: off-target effects. As has
been reviewed (167), biological (and/or toxic) effects unrelated
to expression of the gene target have been attributed to CCSP,
rtTA, and doxycycline, and earlier lines of CCSP-rtTA mice
exhibited air space enlargement not attributable to transgene
expression. However, whereas newer lines of CCSP-rtTA and
SPC-rtTA mice used in conjunction with the Cre-recombinase
system have not been reported to exhibit these off-target effects
(120), it remains important to test transgenic littermates not
expressing the transgene (e.g., including CCSP or SPC-rtTA
mice, TRE-Cre mice, etc.) to be certain that observed effects
are attributable to transgene expression [see discussion regarding doxycycline administration under Pitfalls of Cre-mediated
recombination system (including doxycycline administration)].
Pitfalls of conditional expression systems: promoter leakiness.
Concerns have been raised regarding “leakiness” of the TRE
promoter (i.e., low levels of undesired gene expression when
the gene is supposed to be “turned off”), and thus it is
important to confirm that gene expression is truly inducible as
intended with the conditional expression system. Many investigators have used newer generation TRE promoters with the
goal of decreasing basal activity of the promoter and improving
inducibility of the transgene. For example, the pTRE-Tight
vector (Clontech) (142) is engineered with the 7-tetO sequences more closely approximated compared with the original
pTRE vector, such that there are fewer potential binding sites
available for nonspecific endogenous transcription factors.
However, intense interest persists in developing “leak-free”
doxycycline systems, and Duerr et al. (33) recently reported
that a newer-generation rtTA driven by CCSP (termed CCSPrtTA2S-M2) exhibits no basal activity in the absence of doxycycline, high levels of doxycycline inducibility with dosedependent effects of doxycycline, increased sensitivity of the
promoter to doxycycline, such that 10-fold lower doses of
doxycycline are required for induction, and complete reversibility of expression of the conditionally expressed transgene in
the absence of doxycycline.
Another more involved strategy to address promoter leakiness that has been employed alone, or in combination with
vectors such as the pTRE-Tight vector, includes the combination of rtTA-mice with “silencer” mice, such as those that
harbor the tetracycline transcriptional silencer (tTS) element.
With the tTS-rtTA double transgenic mice in this system, in the
absence of doxycycline, the tTS element binds and silences the
TRE promoter element with elimination of basal transcription
of the downstream target gene. In the presence of doxycycline,
tTS is dissociated, and doxycycline binds the TRE element to
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include littermate mice from the floxed lines, Cre lines, and
wild-type mice, and when inducible mice are being used (e.g.,
with doxycycline or 4-hydroxytamoxifen, as below), inducertreated mice from all of these lines should be included as well
as the untreated controls. Additionally, as prolonged administration of doxycycline can result in its deposition and later
release from tissues, it has been recommended, especially for
experiments involving developmental studies, that doxycycline
be limited to as short a period as possible, with limited
off-target effects observed with short-term administration during distinct developmental stages (120, 167).
Estrogen Receptor-Activated Systems

DISCOVERIES AND PITFALLS OF GENETICALLY MODIFIED
MICE IN LUNG DISEASES

There exist numerous studies that have employed genetically
modified mice in characterizing the biology and underlying
mechanisms in lung disease pathogenesis. Although some lung
biology findings have emerged from “unchallenged” mice at
baseline (see example of GMCSF-null mouse above), many
important observations in lung biology have emerged after
subjecting genetically modified mice to models of lung disease.
Because it is impossible to do justice to the extensive important

findings in lung biology that have been identified through use
of modeling genetically modified mice, we have reviewed
some of the key findings that have contributed to our basic
understanding of COPD, asthma, pneumonia, ARDS, IPF, and
pulmonary hypertension (Supplemental Table S1). Although
the list is certainly not exhaustive, it is apparent that: 1) critical
discoveries have arisen as a result of use of these animal
models; 2) the same genetically modified animal has yielded
key information regarding disease pathogenesis for multiple
illnesses and has contributed substantially to our understanding
of human disease; and 3) despite the immense information of
these animal models, there exist important limitations in direct
translatability of the findings for each lung disease and have
recently been reviewed in depth (11, 19, 65, 102, 109, 144). It
is important to understand the limitations of the models themselves, since these factors are of enhanced importance in
interpreting findings from genetically modified mice subjected
to these models. We have therefore summarized a few key
limitations below.
With regard to modeling COPD in mice, it must be considered that mice and humans exhibit different lung anatomy, with
mice having few submucosal glands and only six to eight
branches before reaching the terminal bronchiole, whereas
humans have more than 20 airway branches. Moreover, mice
do not possess the respiratory bronchiole structure that is an
important initial site of inflammation and is believed to be a
critical site in the development of centriacinar emphysema. In
addition, genes that are important in the development of COPD
in humans are not always expressed in mice, thus prompting
some investigators to develop genetically modified mice that
overexpress human genes (e.g., see MMP-1 mice in Supplemental Table S1). Although we have chosen to focus on
murine models of COPD that arise from cigarette exposure,
there are clearly other conditions (genetic and environmentally
mediated) that lead to COPD, and thus translatability of findings in one model must be applied with caution to all forms of
the disease (135).
Although many of the key biological findings in asthma have
arisen from the study of airway hyperreactivity (AHR) as a
result of ovalbumin sensitization and challenge in mice (OVA
model), there exist important differences in human and murine
aspects of asthma: 1) humans with asthma may have basal
AHR to methacholine, whereas mice may not exhibit this
finding; 2) humans might develop chronic allergic asthma, and
mice develop tolerance; 3) IgE and mast cells are critical for
the development of human asthma, whereas this is not necessarily the case in mice; 4) mice require short-term, high-level
exposure to allergens to develop AHR, whereas humans more
typically experience low-level chronic exposure; 5) although
eosinophils are activated in some human asthma subjects, these
cells may not be activated in the murine model of allergic
inflammation (reviewed in Ref. 68). There also exist important
strain-related findings with the OVA model, with BALB/c
mice exhibiting the best reproducible features of AHR. However, generation of genetically modified mice has not been as
straightforward with BALB/c as with other strains such as
C57BL/6 strains, and C57BL/6 exhibit different findings in the
OVA model (e.g., lateral granulocyte infiltration rather than the
peribronchial eosinophil infiltration observed in BALB/c
mice). Finally, although we have chosen to focus on the role of
genetically modified mice in advancing our understanding of
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The estrogen receptor-activated system is based on a promoter (often tissue-specific) driving the ligand binding domain
of a human estrogen receptor (ER) that is activated by administration and binding of 4-hydroxytamoxifen (4-HT) (132). The
ER may be fused to proteins (including transcription factors or
kinases) that are active in the cell nucleus and is often fused to
Cre recombinase (Cre-ER), thus providing another system for
time- and location-specific induction of genetic modifications
in mice, similar to the concept underlying the rtTA-Cre mice
described in the previous section. Basally, the ER fusion
protein is sequestered in the cytoplasm; then, with addition of
4-HT and binding and stabilization of the ER, the fusion
protein translocates to the nucleus where downstream effects
then ensue. ER-driven expression effects depend on stabilization of an existing protein rather than transcription and translation of the target protein as in the tet system, and thus target
gene expression may be realized more quickly than the tet
system. Additionally, fewer crossings may be required to
generate ER-driven conditionally expressing mice, compared
with the need to mate lines of rtTA (or tTA) and TRE mice in
the tet system.
Pitfalls of estrogen receptor-activated systems. Concerns are
heightened beyond those for the tet system for basal expression
of the ER in the absence of 4-HT (i.e., “promoter leak”), given
that the ER is endogenously expressed, whereas, in contrast,
tetO is not expressed in mammalian cells. In response to these
concerns, newer generation ER fusion proteins have been
generated through amino acid mutations to decrease the likelihood of binding endogenous 17␤-estradiol, while retaining
sensitivity to 4-HT (48, 132). Finally, similar to concerns
regarding non-gene-targeted effects of administering doxycycline in the tet system, administration of 4-HT can have
nonspecific effects on responsive organs (e.g., breast, uterus,
liver, bone), and experimental controls should include nongene-targeted littermate mice treated with 4-HT as well as the
untreated controls (29).
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mice are strain dependent, and Haston et al. (67) have shown
that many of these strain-related differences might be explained by differential expression of bleomycin hydrolase (67,
134); 2) the prominent proinflammatory response following
bleomycin may not be present in human IPF (115, 136, 153);
and 3) the time course of bleomycin-induced fibrosis is selflimited, whereas human IPF is often an inexorably progressive
disease (121).
Pulmonary arterial hypertension (PAH) in humans is characterized by medial hypertrophy and intimal proliferation, and
we have chosen to focus on models of hypoxia and exposure of
rats to the pyrrole liver metabolite of seeds of Crotalaria
spectabilis [monocrotaline, an alkaloid toxin that induces endothelial cell injury (62, 125, 130, 179)]. Limitations of these
models include the following: 1) monocrotaline and hypoxia
models lack plexogenic lesions seen in human PAH; 2) hypoxia may induce only modest increases in right ventricular
pressure and vascular remodeling; 3) hypoxia may not induce
significant endothelial cell proliferation; and 4) in contrast to
human PAH, the hypoxia-induced muscularization of the precapillary pulmonary arterioles and vasoconstriction are slowly
reversible when normal oxygen levels are restored (106). There
has been recent interest in VEGFR-2 blockade with SU5416
(Sugen) combined with hypoxia as a model of PAH, since
studies in rats have demonstrated formation of plexiform lesions that have been lacking in the other models described (1).
A recent study of Sugen plus hypoxia in mice demonstrated
development of pulmonary vascular remodeling, but the vessels lacked plexiform lesions, which is an important limitation
of this mouse model (26).
General pitfalls in using genetically modified mice in murine
models of lung disease. Given that every mouse model has
limitations in replicating the human disease, many investigators have replicated biological findings in at least two different
models of disease, along with confirming relevant mechanistic
findings in an in vitro system. Ideally, clinically relevant
findings from mouse models of disease will be repeated in
large animal models and ultimately in human samples and in
human trials. In addition, findings can be quite different between males and females, and thus findings should be compared between sexes, and ideally both male and female mice
should be examined. As described above with mouse models of
asthma, observed findings can vary dramatically with the
genetic background of the animal, and especially with generation and breeding of multiple lines of mice, offspring with
mixed genetic backgrounds can emerge. Thus it is important to
use littermate controls for all experiments, and genetically
modified animals on mixed backgrounds should ideally be
backcrossed to at least 99% purity (which may be as many as
10 generations). There exist genotyping strategies through
commercial vendors to determine the percent purity of the
genetic background and to facilitate faster achievement of
genetic purity through selecting “purer” animals for the backcrossing matings (termed “speed congenics”) (171). Additional
considerations include that phenotypes of genetically modified
mice may not be apparent with one “stressor” (i.e., model) but
might emerge on a different genetic background, by studying
animals at different ages, or by using a different model of
illness (29).
Finally, there exist important limitations to the study of any
genetically modified mice, not only from limitations of each of
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the inflammatory response in asthma, there exist a large number of critical studies that have focused on airway remodeling
that has been observed without an accompanying significant
inflammatory/eosinophilic response in a number of transgenic
mice with CCSP-specific overexpression [e.g., CCSP-driven
IL-6 expression (50)].
The study of pneumonia and ARDS has been extremely
challenging (102). We have therefore chosen to focus on
pneumonia that arises from bacterial infections (Supplemental
Table S1). Challenges have included the following: 1) it is
necessary to maintain mice in a uniform barrier facility, such
that underlying murine infections or differences in microbial
flora colonization do not influence the effects of the induced
infections; 2) titration of the administered bacteria can often be
difficult in achieving the desired infectious response without
inducing unintended mortality during the experiment; 3) observed findings from one infectious organism or even a different serotype of the same organism might vary quite widely
with another agent, and thus observed conclusions apply solely
to the organism under study; 4) genetically modified mice that
require administration of an antibiotic, such as doxycycline or
tetracycline, to induce expression of a transgene clearly have
the potential to influence the course of the experimental bacterial infection, and thus results from such experiments much
be interpreted with caution. We have focused on ARDS that
arises from induction of ventilator-induced lung injury (VILI)
and hyperoxia (75), given that these models have many features that replicate human ARDS (Supplemental Table S1). In
VILI, mice are ventilated for 2– 8 h, with induction of lung
injury as a result of alveolar stretch. Although it is possible to
induce VILI with low-tidal-volume ventilation, as has been
adopted in the support of patients with ARDS, the degree of
injury is often not sufficient to allow perturbation in an experimental system, and thus an element of clinical relevance of the
model must be sacrificed. Some studies of VILI have reported
using tidal volumes as high as 20 –35 ml/kg that would never
be considered for human use. A limitation to use of the
hyperoxia model is that humans do not appear to develop the
profound lung injury that mice exhibit after short-term hyperoxic exposure (102). Increasingly, investigators are applying
“two-hit” models, employing sequential lung injuries, which
might more accurately reflect clinical disease (e.g., development of sepsis, followed by the need for mechanical ventilation). These dual-injury models, in addition to being time
intensive and complicated to reproduce, require increased sophistication in interpreting the complex biological effects of
diverse insults. The difficulty of linking a specific genetic
modification of a transgenic or knockout animal with multiple
different injuries might result in some loss of “elegance” of the
mechanistic approaches to genetically modified mice. As with
any illness, the ability to confirm key murine findings in human
samples heightens the translatability and importance of the
genetically modified mouse models.
The study of IPF has been hampered by the lack of murine
models that recapitulate the histological features and the
chronic, progressive nature of the human disease. We have
chosen to focus on the bleomycin model, as intratracheal
instillation of bleomycin into rodents has provided important
insights into the molecular pathways leading to fibrotic responses to lung injury (Supplemental Table S1). Limitations of
the bleomycin model include the following: 1) the findings in
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SUMMARY AND CONCLUSIONS

This review has outlined the major technological approaches
to the utilization of gene-targeted and/or genetically modified
mice to delineate the cellular and molecular basis of experimental lung disease. Excitingly, with the ongoing international
effort of the Knockout Mouse Project (KOMP) to generate and
characterize knockout mice for each protein-coding gene in the
mouse genome, we can expect that a wealth of additional
important information will be generated from the evaluation of
gene-targeted mice (61). We have outlined the strengths and
limitations of gene manipulated mice, focusing on the tremendous potential and pitfalls for investigators to consider when
performing studies with these genetically engineered mice. We
hope that this review serves as an effective and helpful template for pulmonologists in our lung community.
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the disease models as described above, but also as a result of
the process of inducing genetic modification, and we have
reviewed key points in previous sections and in Table 1.
Importantly, any studies must be performed with the appropriate controls to rule out off-target effects of tissue-specific
promoters, administered drugs to induce transgene expression,
and expression of nonendogenous substances such as Crerecombinase. Additionally, it is critical with any genetically
modified mouse to make certain that the observed biology
arises from altering expression of the gene of interest, rather
than from disruption of another gene from random integration
of the introduced vector, or compensatory response arising
from either deficiency or overexpression of a gene other than
the intended target that has been modified. Thus, although data
gathered from genetically modified mice are incredibly valuable in determining gene function, mechanistic findings are
ideally replicated and further explored by using both in vitro
systems and, ultimately, translational systems that allow confirmation of relevant findings in human samples.
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