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In vivo models of human airway epithelium
repair and regeneration
C. Coraux, R. Hajj, P. Lesimple and E. Puchelle

ABSTRACT: Despite an efficient defence system, the airway surface epithelium, in permanent
contact with the external milieu, is frequently injured by inhaled pollutants, microorganisms and
viruses. The response of the airway surface epithelium to an acute injury includes a succession of
cellular events varying from the loss of the surface epithelium integrity to partial shedding of the
epithelium or even to complete denudation of the basement membrane. The epithelium has then
to repair and regenerate to restore its functions. The in vivo study of epithelial regeneration in
animal models has shown that airway epithelial cells are able to dedifferentiate, spread, migrate
over the denuded basement membrane and progressively redifferentiate to reconstitute a
functional respiratory epithelium after several weeks.
Humanised tracheal xenograft models have been developed in immunodeficient nude and
severe combined immunodeficient (SCID) mice in order to mimic the natural regeneration process
of the human airway epithelium and to analyse the cellular and molecular events involved during
the different steps of airway epithelial reconstitution. These models represent very powerful tools
for analysing the modulation of the biological functions of the epithelium during its regeneration.
They are also very useful for identifying stem/progenitor cells of the human airway epithelium.
A better knowledge of the mechanisms involved in airway epithelium regeneration, as well as
the characterisation of the epithelial stem and progenitor cells, may pave the way to regenerative
therapeutics, allowing the reconstitution of a functional airway epithelium in numerous respiratory
diseases, such as asthma, chronic obstructive pulmonary diseases, cystic fibrosis and
bronchiolitis.
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he human bronchial airways are lined by a
pseudostratified epithelium composed of
basal, ciliated and secretory cells, and a
subepithelial glandular network responsible for
the airway mucus production. The airway
epithelial cells are adapted to the defence of the
respiratory mucosa by a variety of mechanisms,
including mucociliary clearance, secretion of
ions, regulation of the airway surface liquid
water content, and production of antiinflammatory, antibacterial and antioxidant
molecules in the mucus [1, 2]. The second line
of defence is ensured by intercellular junctions
that create an efficient barrier against inhaled
pathogens or noxious agents intrusion.

T

surface epithelium impermeability, as a result of
opening of tight junctions, to more or less
shedding of the surface airway epithelial cells.
After airway epithelial injury, the basement
membrane may be completely denuded or partial
shedding of the airway surface epithelium may
be observed with only clusters of basal cells
remaining attached to the basement membrane
[4]. These alterations in the epithelial structure
and function play a major role in the pathogenesis of numerous respiratory diseases, such as
chronic bronchitis, asthma, chronic obstructive
pulmonary diseases or cystic fibrosis.

Despite this efficient defence system, the airway
epithelium is frequently injured because of its
permanent contact with the external milieu,
which contains toxic agents, viruses, microorganisms and pollutants [3]. Regardless of the
source of injury, lesions can vary from the loss of

Immediately after injury, the airway epithelium
initiates a repair process in order to restore the
barrier integrity. The epithelial cells participate,
in an orchestrated way, to the closure of the
wound and to the functional regeneration of the
epithelium. In order to more specifically determine the role of human airway cells and cellular
and molecular mechanisms involved in the
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airway epithelial repair and regeneration, several in vivo
models have been described in the literature [5]. This article
aims to describe these models.
ANIMAL MODELS OF AIRWAY EPITHELIUM
REGENERATION
A variety of animal models (dogs, rabbits, rats, mice, etc.) have
been developed in order to analyse the repair process of the
airway epithelium after injury from different sources (oxidants, bacterial or viral infection, mechanical injury, etc.).
These animal models highlight a common process in epithelial
repair and regeneration, including sequential steps of spreading and migration of the basal cells neighbouring the wound,
rapid restoration of the tight junctions, pre-mitosis and
dedifferentiation of repairing cells, followed by epithelial
squamous metaplasia, active mitosis leading to basal and
mucous cell hyperplasia, progressive redifferentiation, with
the emergence of pre-ciliated cells (a mixed phenotype of
ciliated and mucous cells), and a final step of ciliogenesis
representative of the complete regeneration of a mucociliary
epithelium [6] (fig. 1).
The regeneration of the hamster tracheal epithelium after
mechanical injury has been particularly well described.
MCDOWELL et al. [8] reported a rapid re-epithelialisation of
the denuded basement membrane with a first step of epithelial
migration before all proliferation processes. Indeed, epithelial
cells at the wound edge are able to dedifferentiate, spread and
then migrate to completely cover the denuded basal lamina.
Animal tracheal xenograft models have also been developed in
order to analyse animal airway epithelium repair and
regeneration and to identify stem or progenitor cells involved
in the airway epithelium reconstitution. Induction of the
regeneration process in animal airway tissue, which is
normally characterised by a low turnover, accelerates the cell
proliferation and differentiation. All these studies suggest that
several categories of stem cells and progenitor cells, including
surface columnar [9] and basal cells [10], as well as ductal cells
of the submucosal glands [11], can participate in airway
epithelium regeneration and renewal. In the rat xenograft
model, adult rat tracheal epithelial cells are seeded on a
denuded rat trachea implanted on the back of a nude mouse.
After a few days, dedifferentiated cells, exhibiting markers of

Stages of repair and
regeneration after injury

FIGURE 1.
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basal cells, colonise the basement membrane and then develop
the typical features of the rat airway epithelium from which
they originate [12]. Rat tracheal secretory cells, isolated by flow
cytometry, have a greater colony-forming efficiency than basal
cells and could be the airway stem cells [13].
Nevertheless, histological differences exist between human
and animal airways, raising doubts as to the relevance of the
latter as models for the study of the human airway epithelium
regeneration. For example, mouse tracheal epithelium is
composed mainly of ciliated cells and Clara cells, the latter
being present only in human distal bronchiolar airways,
whereas only few submucosal gland cells are identified at
the upper tracheal level in mice when they are identified in
human upper and lower airways.
HUMAN AIRWAY XENOGRAFT MODELS
Human airway xenograft models of maturation and regeneration have been developed during the last decade [5]. In order
to identify and trace progenitor cells of the human airway
epithelium, ENGELHARDT et al. [14] and ZEPEDA et al. [15]
adapted the animal xenograft model reported by SHIMIZU et al.
[12] in 1992. They seeded dissociated human airway epithelial
cells into a host rat trachea denuded from its own epithelium
and then grafted into an immunodeficient mouse. By using
this model, they could observe the regeneration of a welldifferentiated mucociliary human airway epithelium
and demonstrated that submucosal gland progenitor cells
were present within the surface airway epithelium, as clonal
analysis revealed that more than one airway progenitor cell
was involved in the initial stage of gland development, and
that several stem cell subsets could be responsible for airway
epithelial regeneration [16].
HUMAN ADULT AIRWAY EPITHELIAL REGENERATION
IN A NUDE MOUSE XENOGRAFT MODEL
To analyse the regeneration and maturation process of the
human airway epithelium, the present authors adapted the
tracheal xenograft model in nude mice [17], initially developed
in 1992 by ENGELHARDT et al. [14]. Human airway epithelial
cells either dissociated from nasal polyps or bronchi were
seeded into the lumen of rat tracheas denuded from their own
epithelium by successive cycles of freezing and thawing. The
host tracheas were tied to sterile polyethylene tubing at their

III

IV

V

Process of epithelial repair and regeneration after injury in animal models. I: Spreading and migration of basal cells. II: Cell proliferation and squamous

metaplasia formation. III: Cell proliferation, basal and mucous cell hyperplasia. IV: Redifferentiation of mixed cells. V: Complete regeneration of a mucociliary epithelium.
Reproduced with modification from [7] with permission from the publisher.
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distal ends and implanted subcutaneously in the flanks of
recipient nude mice. This ‘‘air-opened’’ chimeric model has the
advantage of allowing the reconstitution of a human airway
epithelium exposed to the external milieu in the same way as
in adult human airways [18] (fig. 2). The sequence of cellular
events leading to the complete regeneration of the human
airway epithelium was determined; this is similar to the
human epithelium regeneration described after airway injury.
After 3 days of engraftment, tracheas were partly repopulated
with a flattened, nonciliated and poorly differentiated untight
epithelium. After 13 days, cell proliferation occurred and led to
the formation of a squamous-type epithelium that was
stratified into multiple layers and tightly sealed, and covered
the entire surface of the host rat tracheas. This squamous
epithelium phenotype, which represents a highly protective
phenotype previously described after injury, does in fact
reflect a protective dynamic regenerative process. At 25 days
after implantation, the cell proliferation was stopped and the
epithelium became progressively pseudostratified, with
ciliated and secretory cell differentiation; it was still partly
untight, although it was already polarised. After 35 days of
engraftment, the epithelium was fully differentiated and tight,
exhibited the cystic fibrosis transmembrane conductance
regulator (CFTR) chloride channel at the apical domain of
the ciliated cells and submucosal glandular structures were
visible.

Recently, the ‘‘air-opened’’ humanised xenograft model, which
mimics the regeneration dynamics after severe injury, was
used to characterise the cellular and molecular mechanisms
involved during the different steps of airway epithelial
reconstitution. The expression and potential involvement of
some matrix metalloproteinases (MMPs), matrilysin (MMP-7)
and gelatinase B (MMP-9), and of their inhibitor, the tissue
inhibitor of matrix metalloproteinases-1 (TIMP-1), were analysed, as well as of the pro-inflammatory cytokine interleukin
(IL)-8. It was found that during the cell migration and
proliferation steps, airway epithelial cells expressed IL-8 at a
high level, whereas airway epithelial pseudostratification and
surface airway epithelium differentiation were associated with
an increased expression of MMPs and a progressive decrease
of IL-8. Interestingly, the immunohistochemical detection
revealed an exclusive expression of MMPs at the apical part
of the well-differentiated regenerated airway epithelium, and
incubation of the regenerating epithelial cells with MMP
inhibitors led to an abnormal epithelial differentiation attested
by immature and mature squamous metaplasia with areas of
basal cell hyperplasia. These data provide a new insight into
the temporal expression of MMPs and IL-8 during the human
airway epithelium regeneration, and demonstrate the involvement of these factors during the different steps, leading to the
restoration of a well-differentiated and functional airway
epithelium [19] (fig. 3).

Denuded rat trachea

Human airway epithelial cells

Subcutaneous implantation in a nude mouse

FIGURE 2.

Air-opened nude mouse xenograft model. Dissociated airway epithelial cells are seeded into the lumen of a denuded rat trachea tied at their end to sterile

tubing. The assembly is subcutaneously implanted in the flank of a recipient nude mouse. Reproduced with modification from [14] with permission from the publisher.
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FIGURE 3.

Involvement of matrix metalloproteinases (MMPs) and interleukin

(IL)-8 during human airway epithelial regeneration in the nude mouse xenograft
model. During the different steps of human airway epithelium regeneration, a
progressive decrease in IL-8 expression and secretion, associated with a
progressive increase in MMPs’ expression and secretion, can be observed. When
the airway epithelium is fully differentiated, MMPs exhibit an exclusive expression at
the apical part of the epithelium, and incubation with MMP inhibitors leads to an
abnormal epithelial differentiation attested by immature and mature squamous
metaplasia with areas of basal cell hyperplasia. TIMP: tissue inhibitor of matrix
metalloproteinase. Scale bars535 mm. Reproduced with modification from [19] with
permission from the publisher.

In terms of future human airway cell/gene therapy perspectives, the humanised xenograft model in nude mouse has also
been modified and miniaturised to generate a pre-clinical
model of cell repopulation assay. CASTILLON et al. [20] cultured
human airway epithelial cells as three-dimensional structures
called spheroids, allowing epithelial cells to differentiate and
to be maintained in a differentiated stage for several months.
They then seeded these epithelial three-dimensional differentiated structures on mouse tracheas denuded from their own
epithelium, followed by a subcutaneous implantation in nude
mice. The authors reported that the spheroids, which can be
transduced by a lentiviral vector with sustained expression of
the transgene eGFP for o80 days, were able to adhere and to
repopulate the denuded basement membrane after 1–2 weeks
of engraftment and, after 4 weeks, to reconstitute a fully
134
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differentiated airway epithelium composed of basal, ciliated
and secretory cells, exhibiting tight junctions and the CFTR
chloride channel at the apical domain of the ciliated cells [21]
(fig. 4).
HUMAN FOETAL AIRWAY EPITHELIAL XENOGRAFTS IN
SEVERE COMBINED IMMUNODEFICIENT MICE
Another model of in vivo human airway development using
transplantation of embryonic and foetal human lung rudiments into severe combined immunodeficient (SCID) mice has
been reported. In this model, proximal airway primordia grew
rapidly and differentiated after 6–12 weeks into tracheal
structures, including a pseudostratified mucociliary surface
epithelium with submucosal gland network. Whatever the
initial stage of development, fragments of human foetal
tracheas implanted subcutaneously into SCID mice were
rapidly closed at each end by a neoformed membrane (called
operculum) that lined their whole inner surface with a
pseudostratified and secretory epithelium. The presence of
airway fluid inside the lumen of these tracheal grafts resulted
from surface cell and submucosal gland secretion [22].
This humanised SCID mice xenograft model was recently used
as an assay for airway progenitor cells. For this purpose,
tracheal grafts were first repopulated with allogeneic epithelial
cells: total epithelial cells dissociated from developed airways
were seeded in host grafts from which native epithelium had
been eliminated by successive rounds of freezing/thawing.
The recovery of a fully differentiated mucociliary epithelium
ensued in all cases, whereas autonomous regeneration did not
occur in control unseeded grafts. The donor origin of newly
formed epithelia was confirmed in sex-mismatched combinations of hosts and donor tissues. In other experiments, the
endodermal pouch dissociated from 5–7 week embryonic lung
rudiment, which forms a homogenous population of respiratory epithelial stem cells, was used as donor tissue. Such early
anlagen also replenished the denuded host grafts with the full
spectrum of surface epithelial cells and glands. These experimental results demonstrate that candidate airway epithelial
stem cells can be assayed functionally in this model [23]. The
search for molecular markers discriminating such progenitors
is being actively pursued. Indeed, the same group screened an
array of candidate markers, among them the aquaporin-3
(AQP3) water channel, specifically expressed on the surface of
human foetal tracheal basal cells and allowing the separation
by flow cytometry of AQP3+ foetal basal cells and AQP3- foetal
ciliated and secretory cells. Functional evaluation of sorted
cells in the humanised SCID mice xenograft model showed
that AQP3+ cells restored a normal pseudostratified mucociliary epithelium, as well as submucosal glands. AQP3- cells also
exhibited the same potential but with faster engraftment,
suggesting their inclusion of more committed progenitors.
These results showed that epithelial progenitors exist among
both basal and suprabasal cell subsets within human foetal
airways [24].
CONCLUSIONS
The regeneration process of the human airway epithelium is a
complex phenomenon, partly elucidated by the use of animal
models. However, some histological differences between
human airways and those of other animal species led to the
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FIGURE 4.

Regeneration of human airway epithelium in a miniaturised nude mouse xenograft model using airway epithelial cells cultured as three-dimensional

spheroids. a) After 1–2 weeks of engraftment, spheroids have adhered to the denuded basement membrane. After 4 weeks, airway epithelial cells from the spheroids were
able to reconstitute a fully differentiated airway epithelium (b) exhibiting tight junctions, attested by the immunostaining of the ZO-1 protein (c and d), and the cystic fibrosis
transmembrane conductance regulator chloride channel at the apical domain of the ciliated cells (e and f). Scale bars520 mm (a) and 10 mm (b–f). Reproduced with
modification from [21] with permission from the publisher.
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development of humanised xenograft models in immunodeficient mice in order to characterise the cellular and molecular
events involved in the reconstitution of a fully mature and
functional human airway epithelium, as well as to try to
identify the stem and progenitor cells implicated in this
process. These xenograft models will allow a better knowledge
of the mechanisms involved in airway epithelium regeneration. They will permit identification of the changes in the
defence capacity of the airway epithelium (antibacterial, antiprotease and antioxidant proteins) during the regeneration
process and may help to develop regenerative therapeutics
allowing the reconstitution of a functional airway epithelium
in numerous respiratory diseases, such as asthma, chronic
obstructive pulmonary diseases, cystic fibrosis and bronchiolitis.
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