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Repairing the lungs one breath at a time:
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Tissue regeneration involves various types of cellular and
molecular responses depending on the type of tissue and
the injury or disease that is inflicted. While many tissues
contain dedicated stem/progenitor cell lineages, many
others contain cells that, during homeostasis, are consid-
ered physiologically functional and fully differentiated
but, after injury or in disease states, exhibit stem/progen-
itor-like activity. Recent identification of subsets of
defined cell types as facultative stem/progenitor cells
has led to a re-examination of how certain tissues respond
to injury tomount a regenerative response. In this review,
we focus on lung regeneration to explore the importance
of facultative regeneration controlled by functional and
differentiated cell lineages as well as how they are posi-
tioned and regulated by distinct tissue niches. Additional-
ly,we discuss themolecular signals towhich cells respond
in their differentiated state during homeostasis and those
signals that promote effective regeneration of damaged or
lost cells and structures after injury.

Tissues in adult vertebrates exhibit a broad range of repar-
ative capabilities. Understanding the degree to which a
tissue can regenerate and how that regenerative process
proceeds is necessary to the rational design of future re-
generative therapies. Stimulation of endogenous regener-
ation could be less invasive and more economical than
current treatment options for organ failure (Cossu et al.
2018; Wells and Watt 2018). By studying regenerative
processes across species, we have begun to discover the
cellular, molecular, and genetic mechanisms of regenera-
tion. In particular, lower vertebrates such as fish and
amphibians have an enormous capacity for tissue regener-
ation that involves distinct mechanisms, including
dedicated stem/progenitor cell lineages and specific tis-
sue-remodeling processes such as the blastema (Chen
and Poss 2017). The formation of a blastema and related
processes result in generation of a heterogeneous collec-
tion of proliferating cells with restricted cell fates that

can regenerate entire compartments of an organism,
such as limbs, which include blood vessels, bone, and
muscle (Chen and Poss 2017).
In mammals, only a subset of organs contains dedicated

stem/progenitor cells capable of multilineage renewal.
The hematopoietic system, skin, skeletalmuscle, and gas-
trointestinal tract are examples of tissues that have well-
described and dedicated stem cell lineages essential for
both homeostatic maintenance and tissue regeneration
(Crane et al. 2017). These stem/progenitor cells are often
found within distinct tissue niches and include a variety
of cell types, such as mesenchymal support cells, vascular
endothelial cells, and immune-modulating cells. A differ-
ent subset of organs in mammals exhibits either a poor or
unknown capacity for regeneration, including the brain
and the heart. After injury, such tissues generally form a
fibrotic scar to retain architectural integrity. Between
the spectrum of these two polar opposite tissue types exist
a large number of other tissues, which exhibit a significant
level of repair and regeneration but lack a single well-
characterized and dedicated stem cell population essen-
tial for either in toto tissue homeostasis or the response
to acute injury (Fig. 1).
Within a facultative regenerative tissue, several differ-

ent cell lineages may exist as fully differentiated cells
with a defined physiological function separate from cellu-
lar renewal during homeostasis but, upon injury or in dis-
eased states, exhibit stem/progenitor activity. Such cells,
which we refer to as facultative stem/progenitor cells,
can contribute to restoration of functional tissues through
their ability to re-enter the cell cycle and differentiate into
a limited number of daughter cells. Facultative stem/pro-
genitor cells retain a distinct cellular state or lineagewith-
in a larger cell population (Fig. 2). In many respects, the
facultative stem/progenitor cell is a functionally mature
cell waiting for tissue injury or disease initiation to acti-
vate its regenerative response. Such a cell is generally
part of a larger functionally important cell population
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that has an important role outside of its stem/progenitor
activity (Fig. 2). This is in contrast to the somatic or tis-
sue-specific stem cell, which maintains a quiescent state
characterized by genomic, metabolic, and proteomic
dormancy and functions primarily as a stem cell. Further-
more, the facultative cell is distinct from the dedifferenti-
ated/transdifferentiated cell. The facultative cell is also
transcriptionally similar to the larger cell population of
which it is a part but could maintain a distinct genetic or
epigenetic state (Fig. 2; Cheung and Rando 2013; Rodgers
et al. 2014; Signer et al. 2014).

Conceptually, facultative regeneration has some dis-
tinct advantages compared with a more classic stem cell/
differentiated cell hierarchy. In facultative regeneration,
tissue repair is accomplishedbyallowing fully differentiat-
ed cells or a sublineage embedded within them to re-enter
the cell cycle, proliferate, and differentiate into a restricted
repertoire of other cells. In the liver, hepatocytes (or a sub-
set of them) can rapidly proliferate and regenerate the or-
gan after acute injury or partial hepatectomy (Wang et al.
2015; Lin et al. 2018). In the distal lung, a subset of alveolar
type 2 (AT2) cells called alveolar epithelial progenitors
(AEPs) rapidly re-enter the cell cycle, proliferate to replace
lost AT2s, and, over time, differentiate into AT1 cells

(Nabhan et al. 2018; Zacharias et al. 2018). In both situa-
tions, the regenerative capacity is derived from what ap-
pear to be fully differentiated cell populations. The
advantage of this mode of regeneration is that a tissue
does not have to dedicate and protect a unique cell lineage
for the sole purpose of retaining stem cell activity. This
would alsohelp disperse the riskof organ failure duringho-
meostasis or regeneration. Facultative regenerative lineag-
es often comprise a larger percentage of the overall cell
number than dedicated stem cell lineages and are often
found randomly distributed throughout the tissue, offer-
ing the ability to respond robustly and in a nonbiased spa-
tialmanner for rapid recoveryof function. In larger tissues,
a sizable number of facultative stem/progenitor cells
would allow for a more rapid response to acute injury to
maintain tissue integrity.

A deep understanding of dedicated stem cell lineages
has informed our understanding of the generation and re-
generation of multiple tissues. However, our understand-
ing of how facultative regenerative tissues such as the
lungs, liver, pancreas, and kidneys respond to injury and
regenerate lost structures and cells has lagged. Consider-
ation of the advantages and disadvantages of facultative
regeneration may allow for a better understanding of

Figure 1. Functional tissue regeneration proceeds as a spectrum among various tissue types. (Right panel) Tissues with dedicated stem
cell populations display themost robust regenerative response, including the intestinal crypt, hematopoiesis, and the hair follicle. (Middle
panel) Tissues with facultative stem cells maintain a limited regenerative capacity that generally is displayed by subsets of cells prolifer-
ating after injury.These tissues include the liver and lungs. (Left panel) Finally, other tissues have no discernable stem cell population, do
not exhibit efficient tissue regeneration, and often form scar tissue in response to injury. These tissues include the brain and heart.

A CB D Figure 2. Comparison of cell behaviors in
tissues containing dedicated or facultative
stem/progenitor cells. (A) Some tissues,
such as the liver, exhibit extensive injury-
induced cell replication without the neces-
sity of a well-defined stem/progenitor cell
population. (B) In some tissues, such as the
large pseudostratified epithelium of the tra-
chea, a differentiated secretory cell can
dedifferentiate back into a stem/progenitor
basal cell state and then redifferentiate as
needed. (C ) Tissues such as the intestine
and skin contain well-characterized and
dedicated stem cells that self-renew and
are multipotent. (D) Tissues such as the

lung alveolus and certain parts of the proximal airways contain functional cell lineages that act as facultative stem/progenitor cells during
homeostasis and are also activated to function as stem/progenitor cells upon injury.

Leach and Morrisey

1462 GENES & DEVELOPMENT



how and why different tissues repair and regenerate in dif-
ferent manners. In this review, we discuss how faculta-
tive regenerative capacity is spatially restricted in some
tissues and also explore whether facultative stem/progen-
itor cells require a distinct supportive niche in a manner
similar to dedicated tissue stem cells. The critical signal-
ing pathways and transcriptional responses involved in
facultative stem/progenitor cell niche development,
maintenance, and response to injury or disease are also
discussed.

The pulmonary system as a model to study dedicated
vs. facultative stem cell niches and tissue regeneration

The pulmonary system is an ideal tissue to explore the
differences and similarities between facultative and
dedicated stem cells and their role in tissue regeneration.
In mice, the respiratory system is specified at approxi-
mately embryonic day 9.0 (E9.0) within the ventral an-
terior foregut. At this time, the definitive pulmonary
endoderm is demarcated by expression of the transcrip-
tion factor Nkx2-1 on the ventral side of the anterior
foregut endoderm (Minoo et al. 1999). Rapidly after the ap-
pearance of Nkx2-1+ endoderm progenitors, the anterior
foregut evaginates ventrally through lateral invasion of
the surrounding mesenchyme to form the primitive tra-
chea. Subsequent to this process, the growing endoderm
begins the process of branching morphogenesis to gener-
ate the extensive arborized airway tree. During branching
morphogenesis, which ends at approximately E16–E17 in
mice, both the endoderm and surrounding mesoderm are
patterned in a distinctive manner to generate the various
epithelial andmesenchymal lineages in the adult lung (for
review, see Morrisey and Hogan 2010; Herriges and Mor-
risey 2014; Stabler and Morrisey 2017). This patterning
process has been studied extensively over the last few de-
cades, and multiple signaling pathways have been identi-
fied that promote either a proximal or distal epithelial or
mesenchymal cell fate, including Wnt, Notch, Bmp, and
Hippo signaling (for review, see Morrisey and Hogan
2010; Herriges and Morrisey 2014).
Even within a single organ such as the lungs, different

regions exhibit different strategies for tissue regeneration.
Tracheal and large proximal airway cellular renewal is
driven primarily by the airway basal cell, which can self-
renew and regenerate both luminal secretory andmultici-
liated epithelial cells during homeostatic turnover as well
as after acute injury (Fig. 3). In addition to the basal cell,
certain populations of secretory cells can act as facultative

progenitors capable of both self-renewal and differentia-
tion into multiciliated cells (Fig. 3; Reynolds et al. 2000;
Giangreco et al. 2002).
In the distal gas exchange compartment in the lung,

called the alveolus, there are two types of epithelial cells:
the AT1 cell and the AT2 cell. The ability of AT2 cells to
self-renew and differentiate into AT1 cells was first de-
scribed in the early 1970s (Evans et al. 1973, 1975) and
was further characterized more recently through lineage
tracing studies (Barkauskas et al. 2013). Emerging data
have revealed a subset of the AT2 cell population, distin-
guished by Axin2 expression and termed AEPs, that both
promotes homeostatic repopulation of AT1 and AT2 cells
and provides for alveolar epithelial regenerative response
after acute injury (Fig. 4; Nabhan et al. 2018; Zacharias
et al. 2018). As AEPs are embedded within the overall
AT2 cell population and appear to have most if not all of
the functional capacities as other AT2 cells, they can be
defined as a facultative stem/progenitor cell within the
lung alveolus.

Stem cells of the lung airway

The proximal–distal patterning of the airways in the respi-
ratory system helps to define the differentiation and spa-
tial patterning of the basal stem cell lineage within the
large proximal airways of the lungs and trachea (Rock
et al. 2009a). As their name implies, basal cells are found
on the basal surface of the pseudostratified epithelium,
where they make intimate contact with both the basal
surface and the more luminal secretory and multiciliated
epithelium of the large airways (Fig. 5). Recent evidence
has revealed that basal cells are defined early in lung de-
velopment as multipotent progenitors but become re-
stricted to their basal cell fate by E13.5 in mice (Yang
et al. 2018). Basal cells in the lungs and elsewhere express
a canonical set of markers, including the transcriptional
regulator Trp63 and certain keratins, including Keratin 5
(Krt5). Interestingly, basal cells are distributed differently
throughout the trachea and airways of the mouse and hu-
man respiratory system. In mice, Trp63+/Krt5+ basal cells
are found only in the trachea andmain stem bronchi, with
a small population of Trp63+/Krt5− immature basal cells
found more distally (Yang et al. 2018). In contrast, the hu-
man respiratory system contains basal cells underlying
the airway epithelium distally all the way down to the
terminal bronchioles (Nakajima et al. 1998; Rock et al.
2010). This anatomical difference may reflect the need
of amore committed stem cell population in a larger organ

BA Figure 3. Response of airway and alveolar niches to
acute injury and regeneration. (A) In the lung air-
ways, basal cells self-renew and differentiate into
secretory and multiciliated cells after injury. Secre-
tory cells can also self-renew and differentiate into
multiciliated cells in mice, but it is unclear whether
this occurs in human airways. (B) In the lung alveo-
lus, the Axin2+ AEP self-renews and differentiates
into mature AT2 and AT1 cells after injury.
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with greater conducting airway surface. Together, these
studies show that the basal cell is an example of a dedicat-
ed or committed stem cell population of the lung airway.
Certain physiological functions have been attributed to
the basal cell, including maintaining attachment of other
luminal epithelium to the basement membrane (Evans
et al. 2001).

During normal human lung homeostasis, basal cell pro-
liferation isminimal with limited turnover of basal, secre-
tory, andmulticiliated epithelial lineages. However, acute
damage by either chemical insults or viral infection rapid-
ly activates basal cell proliferation and subsequent differ-
entiation (Hong et al. 2004; Rock et al. 2009b). Techniques
have been developed to isolate and culture basal cells from
themouse and human trachea and lung airways, including
air–liquid interface cultures and organoid culturing sys-
tems (Rock et al. 2009a; Tata et al. 2013; Hynds et al.
2016). Using organoid assays to test basal stem cell com-
petence and self-renewal, several laboratories have dem-
onstrated that basal cells can clonally generate both
secretory and multiciliated epithelial cells without the
need for mesenchymal cell support (Rock et al. 2009b,
2011; Mou et al. 2016). The resulting organoids, often re-
ferred to as tracheospheres, provide a useful model system
in which to study basal cell characteristics.

Using lineage tracing techniques, basal cells in mice
have similarly been shown to generate both luminal secre-
tory and multiciliated cells during normal homeostatic
turnover as well as after acute injury (Watson et al.
2015). This process is controlled in part by Notch signal-
ing, which promotes a secretory cell phenotype over a
multiciliated cell phenotype (Rock et al. 2011; Mori
et al. 2015). Interestingly, in basal cell ablation experi-
ments, two divergent secretory cell responses are ob-
served. First, a limited number of secretory cells are

capable of dedifferentiation into basal cells after basal
cell ablation (Tata et al. 2013). Second, transient amplify-
ing secretory cells terminally differentiate into ciliated
cells (Pardo-Saganta et al. 2015). The precise mechanisms
that direct secretory cell dedifferentiation after basal cell
ablation remain elusive. However, it is clear that basal
cells provide aNotch signal forward to their own secretory
cell progeny to maintain the differentiated secretory cell
state (Pardo-Saganta et al. 2015). This type of forward sig-
nal is unusual but could be beneficial in maintaining the
pseudostratified architecture of the upper airway, where
the basal cell and its progenymaintain a direct connection
(Xin et al. 2016). These data also suggest that the basal cell
can act as an important component of the airway niche,
thus conferring a role beyond acting as a stem cell (Tata
and Rajagopal 2016). Furthermore, recent evidence sug-
gests that basal cells form their own niche, where mesen-
chyme-expressed Fgf10 suppresses Hippo signaling to
maintain nuclear Yap activity. In this model, Wnt7b ex-
pression by basal cells provides a feedback signal to pro-
mote Fgf10 expression (Volckaert et al. 2017). Injury can
induce basal cell spreading, destabilizing the upstream
Hippo signaling factorMerlin, activating nuclear localiza-
tion of Yap, and promoting the Wnt7b and Fgf10 expres-
sion loop (Volckaert et al. 2017).

A B

Figure 4. Comparison between the niche signals in lung alveo-
lar and liver regeneration. (A) The mesenchymal alveolar niche
cells (MANCs)/AT2-associated stromal cells (TASCs) provide
key proregenerative signals to the Axin2+/Tm4sf1+ AEPs that ac-
tivate cell proliferation and differentiation, including Wnt, Fgf,
and Bmp signals. The signals emanating from AEPs that are re-
ceived by MANCs/TASCs are still poorly understood. (B) In the
liver, vascular endothelium produces Wnt2 and Wnt9b, which
activate the Axin2+/Tbx3+ hepatocyte population to promote liv-
er regeneration.

Figure 5. The adult lung contains multiple cell lineages that re-
generate the airway and alveolar niches. There are three basic
compartments in the lung: the trachea, the proximal airway
niche (top two panels), and the distal alveolar niche (bottom
panel). Both are comprised of multiple epithelial and mesenchy-
mal lineages, as indicated with useful marker genes noted. In
the human respiratory system, proximal airways are underlined
by basal cells, while, in mice, basal cells extend only through
the main stem bronchi. Moreover, in uninjured mouse lungs,
airways generally lack goblet cells. Recent studies have de-
scribed a subset of basal and secretory cells located in what
has been named “hillocks.” In the alveolus, AEPs represent a
subset of AT2 cells defined by Axin2 and Tm4sf1 expression.
Adjacent to both airways and alveoli, there is heterogeneity in
the mesenchymal cell lineages, including endothelial cells,
some of which support the alveolar epithelium through para-
crine signaling and help to define the alveolar niche. While sev-
eral nonendothelial mesenchymal cell types have been
described, including MANCs, TASCs, and Lgr5+ cells, the sim-
ilarities or differences between these lineages remain unclear.
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In addition to their role in proximal airway and tracheal
regeneration, a subpopulation of basal cells responds after
acute lung injury by expanding into the distal lung paren-
chyma to form large epithelial “pods” (Vaughan et al.
2015; Zuo et al. 2015). While these cells were originally
thought to contribute to alveolar regeneration after acute
influenza injury (Zuo et al. 2015), recent evidence indi-
cates that they do not regenerate AT1 or AT2 cells but
rather re-epithelialize severely damaged regions of the
lung to maintain architectural integrity (Vaughan et al.
2015; Kanegai et al. 2016). However, upon manipulation
of Wnt signaling or hypoxia, these cells can acquire an
AT2-like phenotype (Xi et al. 2017). While these cells
appear to radiate out of the airways and express Trp63
and Krt5 once they have formed the large pod structures,
the precise cell of origin remains unclear. The most defin-
itive experiments to date have shown that they arise
from a Sox2+ airway epithelial population, and some stud-
ies have suggested that they arise from an immature
Trp63+/Krt5− airway population (Ray et al. 2016; Yang
et al. 2018). Further research will be needed to better
understand the reparative process mediated by these
Sox2+/Trp63+ basal-like cells and whether they can be le-
veraged to promote true alveolar regeneration through re-
programming into the AT1 and/or AT2 cell fates.
A pair of recent studies focused on defining airway cell

heterogeneity described a previously unidentified airway
cell type, the ionocyte, which expresses high levels of
the cystic fibrosis transmembrane conductance regulator
(Cftr) gene (Montoro et al. 2018; Plasschaert et al. 2018).
In addition to the identification of the ionocyte, one of
these studies described the presence of a subset of basal
cells found in unique structures termed “hillocks” (Mon-
toro et al. 2018). The hillock basal cell cycles at a higher
rate than the surrounding basal cells and specifically con-
tributes to a subset of “hillock” club cells. Additionally,
analysis of pseudotemporally ordered transcriptome tra-
jectories indicate homeostatic production ofmulticiliated
cells from basal cells that first transition through a secre-
tory cell state (Montoro et al. 2018). In contrast, injury ap-
pears to induce a transcriptional trajectory in which basal
cells transition directly to amulticiliated cell fatewithout
passing through a secretory cell fate (Plasschaert et al.
2018). These new studies increase themultilineage poten-
tial of certain basal cell subpopulations to include secre-
tory, ionocyte, tuft, and likely other epithelial cell types.
An additional stem cell population in the lung airways

is the recently characterized myoepithelial cells (MECs)
located in the submucosal glands (SMGs) surrounding
the large airways and trachea. SMGs are found only in
the most proximal trachea of the mouse respiratory air-
ways, whereas they are located throughout the cartilagi-
nous airways of the human respiratory tract. While
MECs were known to exist for some time, whether they
exhibited any stem/progenitor cell activity was not clear.
Using multiple lineage tracing techniques along with sin-
gle-cell transcriptome analysis, two recent reports have
shown that MECs express Acta2 and an Acta2-creERT2
mouse line can be used to trace their fate after injury.
Upon severe but not mild injury nor during homeostatic

turnover, these studies indicate that a portion of Acta2+

MECs can proliferate, migrate out of the SMG, acquire a
basal cell-like phenotype, and repopulate secretory and
multiciliated cells of the trachea in mice (Lynch et al.
2018; Tata et al. 2018). The investigators have called
MECs “reserve” stem cells, since they appear to be acti-
vated only after severe injury.
The proximal airways of the mouse lung also contain a

population of secretory cells that exhibits facultative pro-
genitor activity (Fig. 5). A subset of Scgb1a1+ secretory
cells lacks expression of cytochrome Cyp2f2 and is often
referred to as variant secretory cells (VSCs). These cells ex-
press Upk3a and are found near neuroendocrine bodies,
which may generate a potential niche environment
(Guha et al. 2017). VSCs can both self-renew and differen-
tiate intomulticiliated epithelium, depending on the inju-
ry model used. In the naphthalene depletion model,
Cyp2f2+ secretory cells are lost over the course of 7–10 d,
but the VSCs survive (Stripp et al. 1995; Reynolds et al.
2000; Giangreco et al. 2002). While lineage tracing tech-
niques using a Upk3a-creERT2 driver have revealed the
multipotency of VSCs, it remains unclear whether this
ability to act as facultative progenitors is reserved only
for the Cyp2f2− subpopulation or whether, upon injury,
some Cyp2f2+ cells lose expression of this cytochrome
and then are allowed to proliferate and differentiate
(Guha et al. 2012, 2017). Despite these uncertainties,
VSCs appear to act as facultative progenitor cells for air-
way epithelial regeneration in regions of the mouse lung
that lackbasal cells.WhetherVSCs exist and play a similar
or identical role in the human lung is unknown. However,
since basal cells are found throughout most of the human
airways, including the terminal bronchioles, it is unclear
whether the human airway epithelium would require
VSCs for airway regeneration.

Stem cells of the lung alveolus

In contrast to the trachea and large proximal airways, the
distal lung alveolus appears to use a different mode of tis-
sue regeneration, likely due to the developmental and ar-
chitectural distinctions of this niche. As the distal tip
endoderm progenitors in the lung develop and mature in
late gestation and during alveologenesis, two major epi-
thelial cell lineages are generated: AT1 and AT2 cells
(Fig. 5). Functionally, the AT2 cell is the primary source
of surfactant production in the alveolus and can be identi-
fied by the presence of lamellar bodies, the tightly packed
surfactant-storing organelles (Lopez-Rodriguez et al.
2017). As a mixture of lipids and proteins, surfactant
works to reduce surface tension at the air–liquid interface
to helpmaintain alveolar integrity during breathing (Veld-
huizen and Haagsman 2000). Furthermore, AT2 cells me-
diate surfactant catabolism and recycling, modulating the
overall alveolar environment to maintain proper surface
tension and prevent alveolar collapse (Wright and Clem-
ents 1987). In contrast to AT2 cells, AT1 cells aremorpho-
logically distinct, with a very large extensive flattened
shape. They cover 90%–95% of the alveolar surface
area, although they comprise ∼50% of the total alveolar
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epithelial cell population, where they form the thin gas-
diffusible interface with the vascular endothelial plexus
(Haies et al. 1981; Crapo et al. 1982; Stone et al. 1992).

There is still a paucity of information about the spe-
cification and divergence of AT1 and AT2 cells during
development. Currently, there are two developmental
paradigms that attempt to explain the origins of the
AT1 and AT2 cell lineages. Previous studies have present-
ed lineage tracing data to support a model of AT1 and
AT2 cell lineage specification that occurs gradually dur-
ing development after proximal–distal patterning of the
endoderm has been established (Perl et al. 2002; Rawlins
et al. 2009). More recently, a model of AT1 and AT2 cell
divergence was proposed that suggests the existence of a
bipotent progenitor in late lung development, located in
the very distal portion of the branched airway tips, where
it is responsible for generating both AT1 and AT2 cells
during sacculation and alveologenesis (Desai et al. 2014;
Treutlein et al. 2014). Several questions remain on the na-
ture of this bipotent progenitor, including exactly when it
appears, whether it diminishes in number during devel-
opment, and whether it exists in the adult lung. More
data are also needed on the developmental contribution
of the bipotent progenitor to the mature alveolus. Stage-
dependent inducible and clonal lineage tracing through-
out development is needed to assess whether bipotent
cells expand preferentially or harbor a specific differenti-
ation capacity not present in the committed AT1 or AT2
cell lineages. While identifying stem/progenitor cell
types through the expression of single transcription fac-
tors, signaling pathway proteins, or a single physiological-
ly consequential gene is a standard approach in most
studies (Kretzschmar and Watt 2012), characterizing cell
lineages that are difficult to mark with a single gene,
such as a bipotent progenitor, could be addressed using
intersectional genetic models to lineage-trace cells ex-
pressing markers of both the AT1 and AT2 lineages (Awa-
tramani et al. 2003; Devine et al. 2014; Plummer et al.
2015). Such intersectional genetic approaches would
help delineate the origin and divergence of the AT1 and
AT2 cell lineages in the lung epithelium as well as deter-
mine the contribution of the bipotent cells in this
process.

During alveologenesis, a unique subset of AT2 cells that
express the Wnt target gene Axin2 arises (Fig. 5). These
AT2Axin2 cells proliferate to a greater extent than other
AT2s and are capable of generatingAT1 cells during alveo-
logenesis (Frank et al. 2016). Activation of Wnt signaling
promotes AT2Axin2 cell self-renewal, while inhibition of
Wnt signaling promotes their differentiation into AT1
cells (Fig. 5). Importantly, the AT2Axin2 cell population
is rather fluid during the alveologenesis period, with
some non-Axin2-expressing AT2 cells acquiring an
AT2Axin2 cell phenotype. In the adult lung, AT2Axin2 cells
become a stable sublineage that self-renews and differen-
tiates into AT1 cells and is called the AEP (Nabhan
et al. 2018; Zacharias et al. 2018). The two concurrent
studies describing this sublineage use different Axin2-
creERT2 mouse models that resulted in different relative
abundances of AEPs. The Desai group (Nabhan et al.

2018) used anAxin2creERT2 allele, whereas theMorrisey
group (Zacharias et al. 2018) used an Axin2creERT2:
TdTomato allele that can report steady-state levels of
Axin2 expression in addition to the inducible lineage trace
using the creERT2 recombinase. The relative abundance
estimated by the Morrisey group (Zacharias et al. 2018)
ranged between 20% and 30%,whichwas primarily based
on the steady-state TdTomato expression. This circum-
vents issues of cre recombinase efficiency by establishing
absolute cell numbers directly from the tdTomato expres-
sion reporter (Heffner et al. 2012). The Morrisey group
(Zacharias et al. 2018) also identified a cell surface marker
expressed by mouse AEPs, Tm4sf1, and used this to iden-
tify and characterize human AEPs, which similarly repre-
sented 25%–30% of the human AT2 cell population.
Using the comparison between the lineage-traced AEPs
and the expression of the steady-state TdTomato reporter,
the Morrisey group (Zacharias et al. 2018) demonstrated
that mouse AEPs are a relatively stable population of cells
for up to 9 mo. While data from the Desai group (Nabhan
et al. 2018) suggested that Axin2 expression was induced
after acute viral lung injury, the Morrisey group (Zachari-
as et al. 2018) did not observe a post-injury induction of
Axin2 expression. Data from both groups indicate that
the Axin2-expressing AT2 cell population is uniquely ca-
pable of responding to injury by re-entering the cell cycle
and contributing to tissue regeneration (Nabhan et al.
2018; Zacharias et al. 2018). Furthermore, part of the dis-
tinctive nature of AEPs comes from their unique chroma-
tin state compared with other AT2 cells, which suggests a
“primed” state for the purpose of regenerating lost alveo-
lar epithelium through re-entry into the cell cycle (Zach-
arias et al. 2018). Despite the chromatin state differences,
AEPs exhibit many if not most of the attributes of other
AT2 cells, including expression of surfactant protein
genes. Whether they are functionally equivalent to non-
Axin2-expressing AT2s in their abilities to generate and
recycle surfactant remains to be determined. In future
studies, it will be important to determine whether there
are other subsets of AT2 cells capable of responding to
other types of injury that induce different cellular
responses.

While the recent studies describing the importance of
AEPs in lung alveolar regeneration indicate that Fgf and
Wnt signaling plays important roles in their self-renewing
capacity, the molecular mechanisms controlling differen-
tiation into AT1 cells remain unclear (Nabhan et al. 2018;
Zacharias et al. 2018). Clues from AT1 and AT2 cell de-
velopment suggest that a unique interplay between me-
chanical forces and cell–cell interactions may help
specify developmental alveolar progenitors into either
AT1 or AT2 cells (Li et al. 2018). In this study, FGF10/
FGFR2 signaling between a subset of epithelial progeni-
tors and the underlying mesenchyme creates an actin-
based cell protrusion and reduces the apical surface
area, characterized by an enrichment in myosin. This pre-
vents mechanical forces from flattening the cell, and thus
the cells with protrusions and an apical myosin ring are
specified as AT2 cells. Ostensibly, the flattened cells
that do not react to these signals become AT1 cells. In
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this model, a niche is created that maintains the AT2 cell
as an alveolar progenitor, while stretch-mediated me-
chanical forces specify the AT1 cell fate. Interestingly, a
recent study suggests that the mechanosensing pathway
Hippo is regulated in part by claudin-18 to govern lung
growth. In this study, claudin-18 knockout mice have in-
creased lung size coincident with an increase in nuclear
YAP activity and increased cellular proliferation (Zhou
et al. 2018). Whether Hippo signaling plays an important
role in AT1 and AT2 cell proliferation and differentiation
either in development or after lung injury remains to be
determined.
Given the space constraints of the lung alveoli, cell–cell

communication directing regenerative ability is integral
to proper stimulation of growth. Endothelial stimulation
of AT2 cell growth appears to underlie compensatory re-
growth in a unilateral pneumonectomy model of lung in-
jury (Ding et al. 2011). In this model, epithelial-
derived MMP14 unmasks EGF-like ectodomains on AT2
cells that in turn activate EGF receptors and stimulate
AT2 cell expansion. Moreover, the epithelium appears
to form a niche permissive to epithelial reconstitution
and engraftment (Cao et al. 2017). Other studies have
provided evidence that interactions between AT2 cells
and the underlying mesenchyme are required to maintain
the AT2 facultative state and promote proliferation
and differentiation in this cell population after injury
(Barkauskas et al. 2013; Liang et al. 2016; Lee et al.
2017; Zepp et al. 2017; Chung et al. 2018). Some of the sig-
nals involved include Wnt, Fgf, Bmp, and IL6.
Concurrent reports of mesenchymal heterogeneity im-

plicate interactions between the epithelium and subsets
of underlying mesenchymal cells (Lee et al. 2017; Zepp
et al. 2017; Chung et al. 2018). Furthermore, the mesen-
chymal alveolar niche cell (MANC) identified by expres-
sion of Axin2 and Pdgfra is capable of promoting
maximal alveolar growth and regeneration through ex-
pression of Fgf7, IL6, and Bmp inhibitors such as Grem2
(Zepp et al. 2017). Activation of BMP inPdgfra+mesenchy-
mal cells, referred to as an AT2-associated stromal cell
(TASC), inhibitsAT2 cell self-renewal after pneumonecto-
my (Chung et al. 2018). In addition toMANCs andTASCs,
distinct Lgr5+ lung mesenchymal cells can also promote
differentiation of epithelial progenitors through Wnt
activation (Lee et al. 2017). These studies also indicate
that expression of BMP antagonists Grem2, Fstl1, or Fst
inmesenchymal cells suchasMANC/TASCs andpossibly
Lgr5+ cells could be promoting and maintaining the AT2
cell facultative state (Zepp et al. 2017; Chung et al.
2018). Further experiments are needed to determine the
overlap between these subsets of mesenchymal cells in
the lung andwhether there is additional functional hetero-
geneity. Finally, it will be important to determine how
these different sublineages of mesenchymal cells interact
with AT2 cells to create a facultative stem cell niche.

Facultative stem/progenitor cells in other tissues

The above anatomical and cellular descriptions of the
various regions of the mammalian lung raise an interest-

ing question: Why do some compartments have a dedi-
cated stem cell lineage, while others contain more
facultative progenitors? Multiple reasons for this distinc-
tion could include the rate of cellular turnover, space
constraints within the tissue, or even the speed of cellu-
lar response necessary to replace lost or damaged cells
and maintain tissue architecture. Importantly, the lung
requires replacement of a large and very thin surface
area after injury, whereas tissues with highly dedicated
stem cells require mostly volumetric or cell number
replacement.
When conceptualizing the spectrum from dedicated to

facultative stem/progenitor cells, there are likely to be
few absolutes in either extreme category. Both basal cells
and AEP cells could be considered facultative or dedicat-
ed, depending on the definition of these two terms. A ma-
jor distinction between basal and AEP cells is that basal
cells contribute to multiple cell types in the lung airway,
whereas the AEP cells appear to self-renew and contribute
to only one other cell type: the AT1 cells. Both basal cells
and AEPs appear to be long-lived and phenotypically sta-
ble cells, which could suggest a more dedicated role as a
stem/progenitor cell. However, the difference between
dedicated and facultative stem/progenitor cells may be
better defined by whether they appear within a larger
cell population and exhibit distinctive and robust func-
tional roles important for tissue homeostasis, in addition
to their ability to exhibit multilineage differentiation ca-
pabilities. Thus, since AEPs look very much like other
AT2 cells, they are better defined as a facultative progen-
itor, while basal cells have a unique phenotype in the large
airways of the lung and can robustly self-renew and differ-
entiate into multiple other lineages, making them appear
more dedicated in their stem cell role. Despite such defi-
nitions, there are likelymany cell types fromother tissues
that can be found along the entire spectrum from dedicat-
ed to facultative.
In the liver, there have been several studies revealing a

specialized subtype of hepatocyte that can be distin-
guished by expression of markers such as Axin2 or telo-
merase that are critical for liver regeneration (Miyajima
et al. 2014). Axin2 expression marks a subset of hepato-
cytes adjacent to the liver central vein that are capable
of contributing to hepatocyte renewal (Fig. 4; Wang
et al. 2015). These Axin2+ hepatocytes are distinguished
from mature hepatocytes in other ways, including their
expression of the liver progenitormarker Tbx3.Moreover,
these cells are diploid, whereas mature hepatocytes are
polyploid. In contrast to the lung AEPs, which rely on
an interaction with closely associated mesenchymal
cells, the liver Axin2+ hepatocytes associate with nearby
endothelium. The Wnt signal maintaining the Axin2+

state appears to be derived from adjacent endothelial cells
expressing Wnt2 and Wnt9b, thereby establishing a hepa-
tocyte–endothelial anatomical niche (Fig. 4). Also, these
cells appear to be stable and capable of self-renewal,
with some studies suggesting that this does not represent
a dedifferentiation/redifferentiation model of hepatocyte
renewal (Wang et al. 2015). Periportal hepatocytes ex-
pressing low levels of Sox9 and hepatocytes distributed
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throughout the liver expressing TERT also appear to ex-
hibit regenerative abilities after injury (Font-Burgada
et al. 2015; Lin et al. 2018). The requirement of TERT
to maintain the renewal capability of these cells would
suggest a progressive loss of renewal ability with aging,
dependent on telomere integrity. It is unclear whether
the Sox9+ periportal hepatocytes or the TERT+ hepato-
cytes are maintained in a niche that supports self-renew-
al. Other studies have suggested that most if not all
hepatocytes may exhibit the ability to proliferate and re-
generate the liver after injury (Malato et al. 2011; Yanger
et al. 2014). This would represent the most democratic
way to disperse facultative regeneration, giving all cells
the ability, under specific and controlled circumstances,
to proliferate and regenerate most cells within a tissue.

In addition to hepatocytes, cholangiocytes or biliary
bile duct cells have also been shown to contribute to liver
regeneration after injury when self-replication-derived he-
patocyte renewal is impaired (He et al. 2014; Raven et al.
2017). Whether cholangiocyte-dependent hepatocyte re-
generation is as efficient as that observed through hepato-
cyte self-renewal described above remains unclear.
Moreover, the signaling and transcriptional responses
that distinguish these two modes of liver regeneration
are poorly understood.

In tissues where mature cell types can contribute to re-
generative processes, not every differentiated cell of a par-
ticular lineage is intrinsically capable of contributing to
the regenerative process. Instead, definable niche charac-
teristics often exist and can be used to distinguish faculta-
tive cells from other fully differentiated cell types.
Furthermore, it has become increasingly clear that cellu-
lar niches are made of more than just cells. The extracel-
lular matrix and other noncellular mechanisms are
known to help coordinate cellular niche behaviors
(Wang and Wagers 2011; Gattazzo et al. 2014; Xin et al.
2016). In skeletal muscle, emerging evidence suggests
that a robust regenerative response requires a scaffold
from which to build to restore functional tissue. Indeed,
myogenic progenitors require guidance from “ghost fi-
bers” in order to restore properly oriented muscle fibers
(Webster et al. 2016). In this example, remnants of the ex-
tracellular matrix of the basal lamina help to orient regen-
eration of muscle fibers in the correct orientation,
presumably through orchestration of signaling molecules
and growth factors maintained in the matrix milieu. Such
cellular remnants may provide an important scaffold for
alveolar regeneration in the lung.

In the skin, complete neogenesis of hair follicles has
been demonstrated, suggesting that, at least in certain
contexts, residual tissue may not be required for regener-
ation (Ito et al. 2007; Gay et al. 2013; Nelson et al. 2015).
De novo folliculogenesis requires Wnt ligand expression
after re-epithelialization of a skin wound in mice (Ito
et al. 2007). Subsequent studies indicated that epidermal
γδ T cells produce Fgf9, which triggered Wnt expression
by fibroblasts, and, through a feedback mechanism, the
activated fibroblasts amplify the Fgf9 signal, which is suf-
ficient to activate Wnt ligand expression, specifying epi-
dermal activation and hair follicle formation (Gay et al.

2013). Hair follicle regeneration is not an essential aspect
of skin wound healing and is absent in humans. However,
these studies highlight the important contribution of the
immune system to tissue regeneration beyond basic
wound healing. More recently, single-cell transcriptional
profiling of epidermal and hair follicle heterogeneity indi-
cates a lock of a “stemness” gene signature in basal cells
(Joost et al. 2016). The investigators speculate that basal
stem cell function is dependent on spatial positioning
within a tissue and could be a product of maintaining at-
tachment to the basement membrane. The intricately de-
scribed spatial layout of the hair follicle allowed the
investigators to reconstruct a proximal–distal gene ex-
pression axis to describe cellular differentiation. As with
the recent reports of single-cell transcriptome profiling
in the lung airway, basal cell differentiation trajectories
can be constructed from single-cell transcriptome profiles
(Joost et al. 2016; Montoro et al. 2018; Plasschaert et al.
2018).

Regenerative systems requiring a scaffold or being capa-
ble of de novo formationmay have developmental origins.
Conceptionally, rebuilding the architecture of the alveoli
and having that integrate into the airway would be chal-
lenging. Could epithelial–mesenchymal interactions that
integrate mechanical feedback, such as those described
in the developing alveolus, lead to self-organization of de
novo alveoli during regeneration, or is amatrix scaffold re-
quired for proper patterning of alveolar structure?Does the
immune system provide instructions for de novo alveoli
regeneration? As the field progresses, it will be important
to discern how the various cell types of the lung interact
to maintain the alveolar niche and what contributions
each cell type provides to the regeneration of alveoli.

Conclusions

A robust understanding of the tissue-regenerative process-
es at play in the adult mammalian lung will allow for tar-
geted therapies that improve or induce a reparative
response when it is otherwise ineffective. This will re-
quire a more detailed understanding of the signaling and
transcriptional pathways that activate reparative pro-
grams after injury or in chronic diseases. Studies in tissues
outside of the lung will continue to inform the pulmonary
regeneration field. In the case of a facultative stem cell-
driven process, careful consideration must be made to ac-
knowledge the functional roles of these cells in the main-
tenance of overall tissue homeostasis. In the lung alveoli,
any method that aims to improve the regenerative re-
sponse will need to consider the implications on surfac-
tant production and immune regulation. Furthermore,
stimulating the creation of more cells might not be
enough to initiate self-organization of functional alveoli.
A more detailed understanding of how the lung alveolus
and airways are specified and maintained throughout de-
velopment and in the adult will provide important in-
sights to better understand how to regenerate destroyed
or defective lung tissue. Moreover, while much headway
has been made in understanding the cellular responses

Leach and Morrisey

1468 GENES & DEVELOPMENT



and signaling activators important for lung regeneration,
there is still a paucity of data to describe the steady and ac-
tivated epigenetic states of these cells. To this end, recent
advances in single-cell transcriptomics, chromatin profil-
ing, lineage tracing, and cell–cell interaction studies will
undoubtedly help to propel the field forward.
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