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The tracheal epithelium that connects the upper airway
to the lung consists of two compartments, the submucosal
gland (SMG) and the surface airway epithelium (SAE).
Less exposed to environmental hazards, myoepithelial cells
(MECs) in SMG represent a stem cell reservoir to repair
severely injured surface epithelia (1,2).

Epithelial tissues are composed of tightly assembled cells
that cover a surface or line a cavity. Some epithelia consist of
a single cell layer (i.e., in the respiratory tract and intestine),
while others are stratified (i.e., in skin and esophagus).
One interesting feature of some epithelia is the presence of
adnexal structures often associated with glandular structures
with dedicated functions, such as the pilosebaceous units
in the skin and SMG in airway epithelium (3,4). Epithelia
exposed to external environment have the crucial role to
protect the underneath tissue acting as physical, chemical
and immunological barrier. They can also be involved in
absorptive and secretory processes through specialized
individual cells or cells organized in glandular structures.
Epithelia and their associated adnexal structures are
maintained by stem cells always located on the basement
membrane, able to self-renew and generate progeny that
undergoes differentiation (5). Epithelia are characterized
by a continuum of distinct and spatially separated epithelial
lineages that are maintained by dedicated stem cells. This
compartmentalization is strictly maintained in homeostasis
and, if altered, can lead to pathological conditions (6).
During tissue injury, many epithelial cell populations have
been shown to exhibit a remarkable plasticity contributing to
the repair not only of their own lineage, but also to distinct
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injured epithelial lineages (4,7,8). In several epithelia, cells
of the adnexal structures migrate out of their homeostatic
niche to become the new resident progenitors of the repaired
epithelial injury. This is the case of the epidermis, the
outermost layer of skin, where the epidermal cells resident in
the pilosebaceous unit or in the sweat gland can contribute
to the interfollicular and paw epidermis regeneration
respectively (9-11). In some cases, it has been observed that
a small proportion of these cells will remain resident for a
relative long term even after the complete resolution of the
injury (9,10). In the epidermis this change in location within
the epithelium has been shown to be associated with a lineage
reprogramming that is initially characterized by a loss of the
original identity of the injury-engaged stem cells, followed
by a transient lineage infidelity, and later by the acquisition
of the lineage identity of the repaired epithelial niche (10,12).
Together with the stem cells, also some differentiated cells
contribute to the healing process. Recent studies have shown
that in epidermis, in the lung and in the intestine a tissue
lesion can stimulate differentiated or committed cells to
revert back to a more stem-cell state (10,13). For example,
lineage tracing in vivo experiments showed that the luminal
secretory cells of the airway can dedifferentiate into stem
cells, functioning as their endogenous counterparts in
repairing epithelial injury (14).

Together with lineage tracing technology, that has
revealed all the previously mentioned cell behaviors in vivo,
single cell (sc) expression profiling represents a powerful
discovery method to deeply understand tissue heterogeneity.
Even in case of rare subpopulations, scRNA-Seq is able to
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identify cell types or cell states and to link this knowledge to
positional information (15-17). The computational analysis
of scRNA-Seq offers the possibility to predict, from a single
snapshot, the cellular transitional and dynamic states. For
example, in the lung epithelium scRNA-seq has revealed
the lineage hierarchies in homeostasis (18).

Located below the SAE of cartilaginous airways, SMGs
are tubuloacinar structures that secrete antimicrobial
mucous and serous fluids fundamental for the innate
immunity in the airway epithelium. They consist of ciliated
and collecting ducts, mucous tubules and serous acini.
The ducts that connect the acini to the SAE are composed
of cells similar to the SAE cell types: stem and luminal
cells (secretory, ciliate and club cells). Conversely, tubules
and acini, the more distal structures from the SAE, are
characterized by unique cell types: the serous and mucous
luminal cells and the contractile MECs which are thin
cells, with a spindle or stellar-shape, situated between the
basal membrane and the other epithelial cells (1-3,19). In
homeostatic condition, since SAE and SMG stem cells are
mostly quiescent, the tracheal epithelial turnover is very
slow. However, after injury, they proliferate to repair their
own compartment. In an in vivo model of tracheal epithelial
regeneration using syngeneic subcutaneous tracheal
transplantation, it has been shown that SMG duct cells
can reconstitute functional SMG-like structures (20). In
addition, lineage tracing of KRT'14" SMG duct cells showed
their ability to contribute to the SAE repair following a
severe injury (20).

Recently, the combination of scRNA-Seq and lineage
tracing experiments revealed the plasticity of MECs resident
in the SMG of the airway epithelium after injury (1,2).

Through scRNA-Seq, Tata et a/. identified a cluster
of cells in the SAE expressing SMG markers upon
naphthalene-mediated injury, that induces sloughing and
death of SAE cells. Clustering of the expression profiles
revealed co-expression of genes related to normal airway
luminal and stem cells, as well as markers of developing
SMGs (SOX9%) or MEC (ACTA2", also known as a-SMA
alpha smooth muscle actin). The histological analysis during
the SAE healing dynamics identified highly proliferative
and migratory cells in the SAE expressing SMG markers.
Different injury airway models, such as sulfite dioxide
administration or influenza virus infection, led to a lower
degree of damage and to a fewer ACTA2" and SOX9*
SMG-like cells suggesting that the SAE repair contribution
by SMG cells is linked to injury severity.

To prove the SMG cells plasticity during SAE injury,
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lineage tracing of SOX9 expressing cells was performed.
After injury, a large percentage of SOX9-labeled cells
derived from SMG were observed not only in the proximal,
but also in the distal SAE. These cells were characterized
by the expression of stem, secretory or ciliated markers,
indicating a broad cellular contribution of SMG in the SAE
repair. Interestingly, the number of secretory and ciliated
cells derived from SMG SOX9" cells increased overtime,
suggesting a model in which SMG cells migrated in the
injured SAE would differentiate into specialized cells to
establish a proper airway barrier. To understand if the
contribution of the SMG to the SAE healing is recapitulated
by MECs, Tata and collaborators performed similar lineage
tracing experiment labelling ACTA2" cells. Inducing a
severe injury of the tracheal epithelium, they observed that
the ACTA2" lineage contributes to stem and luminal cells in
both SAE and SMG.

To further test MEC plasticity, ACTA2" cells were
isolated and cultured. In these conditions ACTA2" cells
stopped expressing ACTA2 and induced the expression of
SAE stem cells markers and also changed their morphology,
thus resembling SAE stem cells. Furthermore, in an ex vivo
tracheal regeneration model in which SAE cells have been
removed from a tracheal scaffold, ACTA2" cells were able
to proliferate and generate epithelial sheets composed of
both stem and luminal SAE cells. All these data suggest that
SMG-derived cells represent a stem/progenitor reservoir in
mouse tracheal airways.

To test if this regenerative mechanism is also activated
in large animals, they employed a porcine model of airway
injury after exposure to chlorine gas. In this context
only SOX9" and not ACTA2" cells were observed to be
induced in the SAE. However, isolated porcine MECs are
able to generate SAE stem-like cells in ex vivo cultures.
The authors suggested that since SMGs are particularly
abundant in porcine compared to murine airways, the SMG
duct cells might alone be sufficient to repair injured SAE,
a hypothesis that will need further analysis. To explore the
molecular mechanism involved in MECs plasticity in mice,
they analyzed the role of the transcription factor SOXO9.
Conditional genetic ablation of SOX9 in the tracheal
epithelium led to a fewer number of MECs in injured
SAE regions, with respect to control, and a concomitant
reduction of proliferation. Therefore, similarly to other
epithelial regenerative contexts, SOX9 represents an
important player during the acquisition of MEC plasticity.

The plasticity of MECs upon injury shown by Tata et al.
has been also identified and dissected by Lynch et a/. Both
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studies defined MECs as a reserve of multipotent SAE and
SMG stem cells. Indeed, Lynch ez /. demonstrated through
two lineage tracing models that, after severe airways injury,
MECs migrate toward SAE where they proliferate and
adopt a SAE stem cells phenotype. Like Tata er al., they
showed that MECs resident in SAE are able to generate all
SAE cell types: stem, secretory, ciliated cells and rarely club
cells. This bias of SAE MEC-derived progenitors towards
secretory and ciliated differentiation was partially rescued
in a second injury where an increased number of club cells
were observed. These data indicate that the differentiation
potential of SAE MEC-derived progenitors and SAE stem
cells is not equivalent (2).

Similar to the early stages of SMG morphogenesis, Lef-1,
a Wnt-regulated transcription factor, is a key player of
the MEC plasticity observed upon injury. Lynch ez 4l
demonstrated that Lef-1 inducible over-expression
improved tissue repair after naphthalene induced damage,
increasing the number of replicating MECs in SMG
and resident MECs in SAE. Moreover, they proved that
Lef-1 over-expression in MECs is sufficient to drive
transdifferentiation from MEC to stem SAE cells without
tissue damage. This suggests that Lef-1 modulation
in MEC-derived progenitors may be a strategy for
regenerative medicine in lung diseases.

The recent reports from Tata et a/. and Lynch et al.,
offer a new example of compartmentalized sheltered cells
in an epithelial adnexal structure able to contribute to the
repair of the more exposed area of the epithelium. This
phenomenon has been observed for example in skin, where
different epidermal cells restricted in homeostasis in the hair
follicle, sebaceous gland and sweat gland, acquire the ability
to migrate out their own epithelial niche and regenerate
the epidermis during wound healing (7-11). All together
these observations highlight the possibility of a general
mechanism to keep specialized epithelial cells, holder of a
remarkable plastic potential, in the adnexal structures of the
epithelia, where they are protected, away from the regions
of the epithelium more exposed to injury.

MEC:s are also located in other glandular epithelia,
such sweat, mammary, lacrimal and salivary glands where
contraction favors the gland secretion. These cells are
epithelial cells, as their major components of intermediate
filament system are Krt5 and Krtl4, however they also
have element of smooth muscle differentiation required
for contraction. If the identity of MECs compared to other
epithelial stem cell identities gives unique epithelial plasticity
features is still an open question. It is interesting that in
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some contexts, such as in mammary glands, MECs show
greater plasticity compared with their neighbor luminal
long-lived progenitors in transplantation assay (21,22).

While we are still learning the intrinsic potential of
MECs during tissue repair, it is evident that plasticity
triggering is dependent on distance from the injury and
its extent. In sweat glands, for instance, ductal progenitors
that are in closer proximity to the injury, but not glandular
progenitors, participate to the epidermal wound repair (11).
Similarly, the ductal cells in the SMG contribute to the
repair even in minor SAE injuries (1,2). On the same line,
in large mammals where SMGs are more abundant and
larger than in mice, even after important injury such as
the one triggered by naphthalene, only the ductal cells, in
proximity of the injured SAE, contribute to the repair while
the MECs do not (1).

In terms of molecular mechanisms, two crucial epithelial
developmental players such as the transcription factors
SOX9 and LEF1 have been shown to positively regulate
SMG MEC plasticity during SE injury. Further studies
will be necessary to better define how SOX9 targets are
involved in the switch from SMG to SAE phenotype, and
how LEF1 can influence both differentiation of SMG and
dedifferentiation toward SAE phenotype. In addition, it
will be important to identify key chromatin and epigenetic
factors and verify if some negative regulators of plasticity,
such as the transcription factor JUNB (a component of the
AP-1 complex) in the epidermis (23) also exist in the SMG
and SAE regenerative context.
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