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Abstract

Lung epithelium, the lining that covers the inner surface of the respiratory tract, is directly exposed
to the environment and thus susceptible to airborne toxins, irritants, and pathogen-induced
damages. In adult mammalian lungs, epithelial cells are generally quiescent but can respond
rapidly to repair of damaged tissues. Evidence from experimental injury models in rodents

and human clinical samples has led to the identification of these regenerative cells, as well as
pathological metaplastic states specifically associated with different forms of damages. Here,

we provide a compendium of cells and cell states that exist during homeostasis in normal

lungs and the lineage relationships between them. Additionally, we discuss various experimental
injury models currently being used to probe the cellular sources—both resident and recruited
—that contribute to repair, regeneration, and remodeling following acute and chronic injuries.
Finally, we discuss certain maladaptive regeneration-associated cell states and their role in disease
pathogenesis.

Lung epithelium serves as the largest interface between the environment and our body
tissues and facilitates efficient gas exchange. Lifelong exposure to environmentally derived
inhaled particles, pathogens, and toxic chemicals makes it vulnerable to local tissue damage,
which can potentially spread to other tissues and organs. Therefore, respiratory health is
vital for the well-being and survival of an organism. Whereas the composition and function
of cells significantly vary along the proximal to distal axis of the respiratory tract, recent
studies have demonstrated that cells from one region can contribute to the repair and
regeneration of damaged tissues in a neighboring region by virtue of extreme plasticity
mechanisms. Studies have revealed that the mechanisms of tissue repair significantly

vary depending on the extent of damage (acute vs. chronic), site of damage (airway vs.
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alveoli) and the type of damage causing agent (pathogen, particles, or toxins). Therefore,
understanding the anatomy, cellular composition, and regenerative mechanisms following
different forms of injuries is vital to harness the endogenous regenerative capacity of lung
tissues.

ANATOMY OF THE LUNG

The architecture and complexity of the respiratory system have evolved to facilitate efficient
gas exchange and meet the metabolic needs of the organism. The respiratory system can

be divided into two major functional subdivisions—gas-conducting tubular airways and gas-
exchanging alveolar sacs (Fig. 1A,B). The lower respiratory tract, starting from the trachea
that bifurcates into mainstem bronchi, which repeatedly branches into increasingly smaller
bronchi and bronchioles, all together constitutes the entire gas conducting tubular network
(Weibel 1963, 2015; Crapo et al. 1982). The terminal airways lead into saccular alveoli,
which facilitate gas exchange. While the basic organization of the lungs among mammals

is similar, there are significant interspecies differences in tissue complexity and cellular
composition across species. One striking example is the variable number of bronchial
generations between different species. For instance, the human and pig tracheobronchial
tree on average consists of 23 bronchial generations, whereas the number of generations

in mice is about 13-17 (Weibel 2015). Another significant difference is the transitional

zone between conducting airways and gas exchange units in various species. In human,
monkey, dog, cat, and ferret lungs, the terminal bronchioles are followed by one to several
generations of respiratory bronchioles (Weibel 1963, 2015; Castleman et al. 1975; Hyde et
al. 1979; Pinkerton and Joad 2000). In contrast, respiratory bronchioles are absent in mice
and rat lungs in which terminal bronchioles open directly into alveolar ducts (Schwartz et al.
1976; Zitnik et al. 1978).

In addition, the branching pattern of the airway tree varies between species. In mammals,
including the mouse, rat, dog, pig, donkey, and horse, airway branching, although
stereotypic in early phases, follows a monopodial branching pattern (Plopper et al. 1983;
Onuma et al. 2001). In contrast, the humans and monkey lungs exhibit a dichotomous
branching pattern, where branches separating from the parent airway are equal in size and
diameter (Nikiforov and Schlesinger 1985). Furthermore, the localization and the density of
submucosal glands (SMGs) vary among species (Choi et al. 2000). SMGs are embedded
within the mesenchyme, open to the airway lumen and directly connect with surface
epithelium (SE) through specialized ducts. In humans, SMGs are found in the trachea and
extend into intralobular bronchi up to 8-10 bronchial generations. In contrast, SMGs in
mice are localized only in the proximal part of the trachea (Borthwick et al. 1999; Liu and
Engelhardt 2008).

CELLULAR COMPOSITION OF THE AIRWAY AND ALVEOLI

Classical studies using histological and ultrastructural analysis identified different cell
types based on their morphology and ultrastructural features such as secretory granules,
protrusions, or multicilia (on ciliated cells). In recent years, the advent of technologies
such as single-cell RNA sequencing (scRNA-seq), spatial transcriptomics, multiplex in situ
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analysis, and advanced three-dimensional imaging has led to the identification of novel cell
types, subpopulations, cell markers, and changes in gene expression patterns in healthy and
disease tissues.

The epithelium of large airways is a simple pseudostratified structure, populated by three
main cell types—basal, secretory club, and ciliated cells (Fig. 1). Collectively, these three
cell types constitute >90% of the airway epithelium (Mercer et al. 1994; Boers et al.

1998; Nakajima et al. 1998; Evans et al. 2001). Basal cells (expressing Transformation
Related Protein 63 [TP63], keratin 5 [KRT5], and nerve growth factor receptor [NGFRY]) are
relatively small and tightly attached to the basement membrane and serve as progenitor cells
(Evans et al. 1989; Borthwick et al. 2001; Rock et al. 2010). Classical immunostaining
analysis revealed two morphologically indistinguishable basal cell subsets that differ

in the presence or absence of expression of KRT14 (Hong et al. 2004a,b; Schoch et

al. 2004). However, recent single-cell transcriptome data have revealed the presence of
Krt14transcripts in all basal cells. Additionally, KRT14 protein expression is seen in all
regenerating basal cells after airway injury. This suggests a role for posttranscriptional
mechanisms that may underlie basal cell identity at homeostasis and injury repair. Single-
cell transcriptome studies further revealed proliferating basal cells as well as another cell
population, termed “hillock cells,” that expressed Krt4 and Krt13(Fig. 1A,C; Montoro

et al. 2018). These cells are organized in “hillocks” interspersed among other basal and
luminal cells. Interestingly, immunostaining analysis on airways from smokers have revealed
a significant increase in the number of KRT13-expressing cells in squamous metaplastic
regions, suggesting that they provide a protective “barrier-like” function (Bolton et al.

2009; Duclos et al. 2019; Goldfarbmuren et al. 2020). The functional role for this spatially
disparate organization and the role of these cells remains unknown. Columnar secretory
club cells express secretoglobins including secretoglobin family 1A member 1 (SCGB1A1),
secretoglobin family 3A member 1 (SCGB3AL), and proteins involved in the detoxification
process, such as Cytochrome P450 Family 2 Subfamily F (CYP2F). Ciliated cells (marked
by forkhead box J1 [FOXJ1] and tubulin B class VA [TUBB4]) are another columnar cell
population attached to the basement membrane and contain multiple cilia on their apical
surfaces enfacing the airway lumen. The numbers of basal, club and ciliated cells vary
among the mammalian species as well as along the proximodistal axis (Okuda et al. 2021).

The remaining infrequent cell populations of the airways include goblet, neuroendocrine
(NE), tuft cells, and most recently identified ionocytes (Fig. 1A,C). lonocytes are
characterized by the presence of significantly higher expression of cystic fibrosis
transmembrane conductance regulator (CFTR) protein and other markers, including
transcription factor forkhead box 11 (FOXI1) (Montoro et al. 2018; Plasschaert et al. 2018;
Scudieri et al. 2020). Previous studies have noted the presence of rare cells expressing high
levels of Cftrtranscripts in airway cells and termed them “CFTR hot cells” (Engelhardt et
al. 1994). However, until recently, their molecular profiles and functions were unknown. The
density of ionocytes is significantly higher in large airways, whereas CFTR expression can
be readily detected in secretory cells of the small airways. This suggests that large and small
airways use different cell types for CFTR-mediated airway luminal ionic balance and fluid
transport. Additionally, ionocytes may have additional functions other than CFTR-mediated
fluid transport. Goblet cells can be recognized by their characteristic goblet shape and
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expression of mucins 5AC (MUCS5AC) and 5B (MUC5B) (Whitsett 2018; Okuda et al.
2019). Recent single-cell transcriptome studies have identified distinct subsets within goblet,
NE, and tuft cells. However the physiological relevance of these subsets remains unknown
(Montoro et al. 2018; Plasschaert et al. 2018). NEs exist as solitary cells or in clusters

and are characterized by the expression of calcitonin gene-related peptide (CGRP) and
PGP9.5 (Franks et al. 2008; Song et al. 2012; Kuo and Krasnow 2015; Noguchi et al.
2015; Branchfield et al. 2016; Ouadah et al. 2019; Shivaraju et al. 2021). Tuft cells are
predominantly found in the trachea and contain microvilli on the apical surface (Tizzano et
al. 2006, 2011; Saunders et al. 2013; Montoro et al. 2018). Recent studies identified two
subpopulations of tuft cells (Montoro et al. 2018). Whereas tuft, NE, and goblet cells are
very rare during homeostasis, their numbers can rapidly expand in varying human disease
states, directly impacting disease severity. For example, tuft cells increase in number after
influenza infection, and they originate from basal cells (Rane et al. 2019). The mechanisms
controlling such expansion of tuft cells in these injury models remain unknown.

Underneath the airway epithelium is a bed of fibroblasts and various supporting niche cells.
The proximal airways are surrounded by cartilage rings or plates, which serve to provide
structural support. Interspersed among these and underneath the SE are SMGs composed of
distal acinar structures that connected to a highly branched tubular network, which in turn
leads into ciliated conducting ducts that finally open into the airway lumen (Fig. 1A,C; Tos
1966; Choi et al. 2000; Widdicombe and Wine 2015). The structure of the conducting ducts
closely resembles that of the SE and contains similar cell types, including basal, ciliated, and
secretory cells (Meyrick et al. 1969). However, recent studies have shown some differences
at the molecular level (sex determining region Y-box 9 [SOX9] expression in ducts but not
on the SE) (Tata et al. 2018). The distal most regions of SMGs consist of saccular acini that
are composed of mucous (MUCSB and trefoil factor 2 [TFF2]), serous (lacatoferrin [LTF]
and lysozyme [LYZ]), and myoepithelial cells (MECs) (actin a2 [ACTAZ2], transformation-
related protein 63 [TP63], and keratin 5 [KRT5]).

The alveolar compartment is organized to maximize gas exchange by thin, expansive
alveolar type 1 epithelial cells (AT1s) that occupy about 95% of the total surface area
(Fig. 1B,C; Crapo et al. 1982). Alveolar type 2 epithelial cells (AT2s), on the other

hand, are cuboidal and sparsely distributed and are estimated to occupy about 5% of the
alveolar luminal surface (Crapo et al. 1982; Mason 2006; Weibel 2015). Recent studies
have identified heterogeneity within the AT2 population based on either the expression of
Whnt target gene Axin2 (axis inhibition protein 2) and, in another subpopulation, cluster
of differentiation 44 (CD44) (Chen et al. 2017; Nabhan et al. 2018; Zacharias et al.
2018). Studies from preterm birth and other pediatric respiratory conditions have revealed
a significant role for AT2s in lung function as some of their products, such as surfactants,
are necessary for maintaining alveolar tension and preventing alveolar collapse (Whitsett
et al. 2004). In recent years, subsets of AT2 and AT1 have been identified, with unique
functional roles in alveolar renewal and regeneration, and these will be described in further
detail below.

Underneath the airway and alveolar epithelium is a complex network of mesenchymal
supporting cells composed of fibroblasts, endothelium, and resident immune cells. The full
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heterogeneity of these cells is being explored with the advent of single-cell sequencing
technologies and spatial transcriptomics and we refer the readers to other excellent papers
and reviews that described these populations (Hogan et al. 2014; Zepp et al. 2017; Zepp and
Morrisey 2019; Adams et al. 2020; Basil et al. 2020; Deprez et al. 2020; Habermann et al.
2020; Kobayashi et al. 2020; Liu et al. 2020b; Strunz et al. 2020; Travaglini et al. 2020; Vila
Ellis et al. 2020; Delorey et al. 2021; Okuda et al. 2021).

EXPERIMENTAL MODELS OF LUNG INJURY AND REGENERATION

The adult mammalian lung epithelium is quiescent at homeostasis but quickly responds to
injury to repair and regenerate damaged tissues (Hogan et al. 2014; Tata and Rajagopal
2017; Basil et al. 2020). Different types of injury-causing agents, most of which are
environmentally derived, include pathogens, chemicals, and particulate matter and target
different cells or tissues. Over the years, several experimental injury models have been
developed. Most of these models were adapted from clinical observations of humans who
had been exposed to different injury-causing agents (Table 1). For example, bleomycin,

a deoxyribonucleic acid (DNA) intercalating agent, was prescribed as a chemotherapeutic
agent but its side effects, including lung injury and fibrosis, led to a shift in its use to that of
an experimental fibrosis-inducing agent (Adamson and Bowden 1974). Injury models can be
divided into three categories, based on the agent used, which are either (1) environmentally
derived pollutants and chemical agents, (2) pathogens (viruses, bacteria), and (3) treatments
causing mechanical/physical/selective cell ablation, including surgical lung lobe removal.
These different injury models revealed a surprisingly wide variety of region-specific stem/
progenitor cell populations as well as cell plasticity mechanisms that participate in the
regeneration of the airway and alveoli (Table 1; Matute-Bello et al. 2008).

Table 1 summarizes different forms of injury-causing agents (chemical, biological, and
other), the route of administration, target cells, and responding cells.

Pollutants and Chemical Exposures as Injury-Repair Models

Whereas gaseous agents are more common than particulate ones, both have been widely
used as injury models to study lung regeneration. Historically, most of these agents have
come into the spotlight due to their use in chemical warfare and accidental or intentional
release of toxicants from industries (Morabia et al. 1988). The target cell/tissue damage
may depend on the degree of solubility of the agent or its derivatives and their mechanism
of action in cells. For example, high and intermediate soluble chemicals (such as chlorine,
SO», and bromine) tend to show damage primarily in upper and segmental bronchi, whereas
poorly soluble chemicals (such as phosgene) (Summerhill et al. 2017) cause damage to the
alveoli. Accordingly, different chemicals are being used as injury-causing agents to study
cellular responses in large and small airways and alveolar tissues in small animal models
such as mice and ferrets. Moreover, some of these chemicals recapitulated human lung
disease pathophysiology and therefore have further evolved as tools to study and model
certain lung diseases. For example, sulfur dioxide (SO,), nitrogen dioxide (NO5), cigarette
smoke, and ozone (O3) cause severe lung injury and development of respiratory diseases
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such as asthma and chronic obstructive pulmonary disease (COPD) in humans (Lamb and
Reid 1969; Riedel et al. 1988; Borthwick et al. 2001; Song et al. 2012).

Almost all gaseous chemicals and their derivatives can directly cause tissue damage. For
example, inhalation of high doses of SO,, which rapidly solubilizes in airway per-ciliary
fluid and converts into sulfuric acid that causes death and sloughing of luminal cells of
large airway SE, leaves behind only a few basal and club cells (Lamb and Reid 1968;
Riedel et al. 1988; Borthwick et al. 2001; Hong et al. 2004a; Kodavanti et al. 2006; Rawlins
et al. 2009; Rock et al. 2009, 2011; Song et al. 2012; Tata et al. 2018). As described in
detail in a later section, cell-tracing animal models have provided further insights into the
relative contribution and potential of different cell populations in repairing damaged tissues
(Borthwick et al. 2001; Rawlins et al. 2007, 2009; Rock et al. 2009; Barkauskas et al. 2013,;
Chung and Hogan 2018; Tata et al. 2018; Liu et al. 2019, 2020a; Salwig et al. 2019). In
humans, exposure to high doses of NO5 results in fatal pulmonary edema and rapid death,
whereas lower doses of NO, lead to the development of bronchiolitis, pulmonary edema,
bronchial pneumonia, and acute bronchitis (Grayson 1956; Lowry and Schuman 1956).
Nevertheless, exposure to NO» leads to shedding of the airway epithelium, cilia damage,
pulmonary edema, damage to AT1 cells, AT2 cell hyperplasia, and increased thickening

of the alveolar wall (Evans et al. 1981; Ranga and Kleinerman 1981; Foster et al. 1985;
Rombout et al. 1986; Barth and Mdiller 1999). Similarly, ozone (O3) (Broeckaert et al. 1999;
Sunil et al. 2013; Michaudel et al. 2018), chlorine (Tian et al. 2008; Tuck et al. 2008; Musah
et al. 2012), bromine (Rupp and Henschler 1967; Morabia et al. 1988; Woolf and Shannon
1999); and polidocanol (a non-ionic detergent used as a sclerosing agent) (Borthwick et

al. 2001; Farrow et al. 2018) exposures denude epithelial tissues and damage underlying
endothelial cells and connective tissues. Some chemical agents themselves are not toxic but
their metabolic derivatives are harmful and cause tissue damage. Low doses of naphthalene
(NA), an aromatic hydro-carbon found in cigarette smoke, predominantly kills club cells in
the airway SE, whereas high doses cause widespread damage of the SE and SMGs in the
lung (Buckpitt et al. 1995; Stripp et al. 1995; Van Winkle et al. 1995; Hong et al. 2001;
Giangreco et al. 2002; Kim et al. 2005; Rawlins et al. 2009; Lynch et al. 2018; Tata et al.
2018).

The most commonly used chemical agents for the alveolar injury are bleomycin, asbestos
(Behrens 1951; Wagner 1963; Bozelka et al. 1983; Mossman et al. 1990; Manning et al.
2002; Cheresh et al. 2015; Kim et al. 2016), hypoxia (Pritchard et al. 2004; Bouvry et al.
2006; Yee et al. 2014, 2016; Vohwinkel et al. 2015), hyperoxia (Frank et al. 1978; Smith
1985; Rawlins et al. 2009; Kallet and Matthay 2013; Desai et al. 2014; Nabhan et al. 2018;
Penkala et al. 2021), diacetyl (Harber et al. 2006), and acid aspiration (Mendelson 1946;
Hudson et al. 1995). As alluded to above, bleomycin has been used to induce lung injury
and mimic pulmonary fibrosis (Table 1; Aso et al. 1976; Bigby et al. 1985; Isakson et al.
2001; Kim et al. 2005; Moore and Hogaboam 2008; Barkauskas et al. 2013; Vaughan et
al. 2015; Kathiriya et al. 2020; Kobayashi et al. 2020). Similarly, the use of hydrochloric
acid (HCI) came from clinical observations as one of the important risk factors involved
in the development of acute respiratory distress syndrome (ARDS) is aspiration of gastric
content (Mendelson 1946; Hudson et al. 1995). Because gastric content has low power of
hydrogen (pH), HCI has been used to study lung damage in animal models. HCI injury by
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instilling acid to the trachea or bronchi induces damage to the alveolar cells and increases
capillary permeability, which leads to the development of acute lung injury and pulmonary
fibrosis (Kennedy et al. 1989; Modelska et al. 1999; Marinova et al. 2019; Tavares et al.
2019). Diacetyl, a toxic flavoring chemical used in the food industry was shown to cause
airway damage and lead to bronchiolitis obliterans and small airway obstruction (Harber et
al. 2006). Subsequently, it was used in animal models and caused severe epithelial damage
including necrosis and sloughing SE, with development of bronchial and bronchiolar fibrotic
lesions (Colley et al. 1969; Hubbs et al. 2008; Morgan et al. 2008; Palmer et al. 2011,
McGraw et al. 2020).

Biological Agents Used to Study Lung Injury Repair

Numerous viruses, bacteria, fungi, allergens, and microbial products have been shown

to cause damage to lung tissues, which can progress to life-threatening diseases. Over

the years, some of these clinically relevant pathogens or their derivatives have been
adapted to study injury repair processes in model organisms. Lipopolysaccharide (LPS)

is a glycolipid present in the cell wall of Gram-negative bacteria, including Escherichia
coli. LPS is one of the widely used biological agents to study sepsis in rodent models. LPS
when administered through intranasal inhalation or tracheal installation, can alter alveolar
membrane permeability and recruit of immune cells such as activated macrophages and
neutrophils to the site of injury (Stolk et al. 1992; Brass et al. 2008; Rittirsch et al.

2008; Sagiv et al. 2018; Yang et al. 2019). The site of damage and cellular responses,
including inflammation, can vary depending on the bacterial strains used. Among the
viruses, influenza virus infection in rodent models has been widely used to study lung
damage, as this model recapitulates human ARDS and respiratory failure. After the 1957
global influenza pandemic (Asian flu), an observation made on human lung samples
revealed the dramatic cytopathogenic changes in the epithelium of the respiratory tract

but also described the regeneration of the airway and alveolar epithelium into an extended
monolayer of the epithelium (Hers et al. 1958). To study the pathogenesis of influenza
infection, mouse models were developed, and several influenza strains were tested, including
a mouse-adapted version of a pandemic Hemagglutinin Type 1 and Neuraminidase Type 1
(H1N1) Peurto Rico 8 strain (PD8) (Loosli et al. 1975; Kumar et al. 2011; Zheng et al. 2012,
2014; Zuo et al. 2015; Kanegai et al. 2016; Tata et al. 2018; Zacharias et al. 2018). This
mouse-adapted strain has been widely used to study viral infection—induced injury repair
and disease pathogenesis.

Certain allergens, including house dust mites (HDMSs) can induce airway inflammation,
obstruction, and remodeling, which can lead to chronic lung diseases such as asthma
(Bousquet et al. 2000). Some of the widely used allergens such as HDM, cockroach extracts,
and ovalbumin (OVA), can induce a robust allergic inflammation in animal models (Herbert
et al. 1995; Woolf and Shannon 1999; Sarpong et al. 2003; McMillan and Lloyd 2004;
Locke et al. 2007; Royce et al. 2014; Shi et al. 2017). OVA is derived from chicken eggs
and when introduced to immunized model animals through inhalation causes chronic airway
inflammation and structural remodeling (Sarpong et al. 2003; Johnson et al. 2004).
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Mechanical and Radiation-Induced Lung Injury-Repair Models

In 1931, the first successful total pneumonectomy (PNX)—surgical removal of a lung lobe
—was performed by Rudolph Nissen, and since then, PNX has become a valuable clinical
intervention for lung cancer patients (Nissen 1980). Clinical follow-up studies of patients
after PNX lead to the observation that the remaining lungs expand by hypertrophy and
hyperplasia, both contributing to physiological compensation. The degree of compensatory
growth has been well documented and established in clinical follow-up examination as
documented based on serial computed tomography (Butler et al. 2012). Experimental

PNX in animal models similarly induces regrowth of remaining lung and restoration of
pulmonary function (Brody et al. 1978; Uhal and Etter 1993; Chamoto et al. 2013; Jain

et al. 2015; Vaughan et al. 2015; Chung et al. 2018; Wang et al. 2018). Lineage tracing
coupled with PNX have revealed epithelial, endothelial, and mesenchymal cell contribution
to compensatory lung growth. Additionally, this “injury model” is very valuable for studying
mechanosignal transduction pathways (Liu et al. 2016).

Radiation pneumonitis and radiation fibrosis are two clinical manifestations that were
initially observed in patients who underwent radiation therapy to treat cancers (Tsoutsou
and Koukourakis 2006; Hanania et al. 2019). Follow-up studies revealed that radiation
causes damage to alveolar epithelial cells, breakdown of vascular capillaries, collagen
accumulation, and fibroblast proliferation (Karvonen et al. 1987; Franko et al. 1991;
Johnston et al. 1998; Theise et al. 2002; Citrin et al. 2013). Since then, different types

of radiation (X-rays and gamma rays) at different doses have been used to study lung injury
repair and to model chronic lung diseases such as lung fibrosis.

CELL LINEAGES AND PLASTICITY IN LARGE AIRWAY EPITHELIAL
REGENERATION

In the proximal airways, basal cells can self-renew and generate all cell types constituting
the pseudostratified epithelium, as demonstrated by in vivo lineage tracing as well as ex vivo
reconstruction of airway cellular lineages in air-liquid interface cultures (Fig. 2A; Randell et
al. 1991; Liu et al. 1994; Hong et al. 2004b; Rock et al. 2009, 2010, 2011). Previous models
of airway regeneration suggested that basal cells first go through a transient intermediate
population, which then bifurcates into secretory or ciliated cells via a Notch-dependent
mechanism (Rock et al. 2011). However, recent time course analysis coupled with molecular
mapping has revealed that cell fate segregation occurs in the basal cells without going
through a transient intermediate state. Such bifurcation into ciliated and secretory primed
basal cell subsets can be identified based on the expression of activated Notch (NICD1) and
c-Myb expression, respectively. This model was further supported by Notch loss of function
studies in which basal cell fate was skewed toward ciliated cells. Clonal lineage-tracing
studies further revealed that the basal cell population is heterogeneous (Pardo-Saganta et al.
2015; Watson et al. 2015). More recently, in vivo lineage tracing in adult mouse trachea
coupled with scRNA-seq (termed Pulse-seq) provided a comprehensive lineage dynamic
and revealed that basal cells can give rise to all cell types on the SE including the rare
populations such as the NE, tufts, and ionocytes (Fig. 2A; Rock et al. 2011; Mori et al. 2015;
Montoro et al. 2018; Plasschaert et al. 2018; Rane et al. 2019; Ruiz Garcia et al. 2019).
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In addition, in silico lineage prediction studies identified a novel basal-to-club progenitor
population, characterized by the expression of Krt4and Krt13 (Montoro et al. 2018). Future
studies using Krt13 promoter-driven lineage tracing studies are needed to empirically test
the potential progenitor function of these cells (Fig. 2A).

Although basal cells are the main source of cells contributing to large airway regeneration
following injury, other cell types can contribute to tissue regeneration. Club cells normally
function to detoxify inhaled chemicals but they can also proliferate to some extent and
generate ciliated cells after injury, thereby serving as facultative progenitors (Fig. 2A;
Rawlins et al. 2009). Furthermore, early observations from allergen-induced mouse injury
models and human disease lungs showed that goblet cell metaplasia preferentially occurs
distally, suggesting that club cells in proximal and distal regions within the large airway may
have functional differences (Pardo-Saganta et al. 2013). This was partly explained by the
observation that distal club cells are enriched for Muc5b, Notch2, and 1/13ral (interleukin
13 receptor a1), all prominent mediators and markers for goblet cell metaplasia (Montoro
et al. 2018). How and why these distal club cell variants are established needs to be further
studied, as well as the mechanisms guiding their potential expansion in disease states.
Additionally, following ablation of basal cells in the airway epithelium, mature club cells
can proliferate and dedifferentiate to basal cells (Fig. 2A; Rawlins et al. 2009; Tata et al.
2013). These newly formed basal cells similarly appear to maintain all the characteristics
of wild-type basal cells in that they are activated after secondary injury and capable of
normal differentiation pathways and regeneration of all airway epithelial cell types (Tata et
al. 2013).

As described above, cartilaginous airways contain mucin-rich glandular tissues that are
embedded deep within the submucosal tissues. The main function of SMGs is the secretion
of aqueous fluids containing many distinct macromolecules including mucins, surfactants,
and antimicrobials (Widdicombe and Wine 2015). Several lines of evidence reveal that
SMGs are the source of multipotent stem cells that contribute to tissue repair and
regeneration (Fig. 2A; Borthwick et al. 2001; Hegab et al. 2011, 2012; Xie et al. 2011,
Lynch et al. 2016, 2018; Tata et al. 2018). Multiple experimental approaches, including in
vivo injury/repair mouse models and ex vivo cell cultures and tissue explants, showed that
MECs serve as a stem cell population that can proliferate in response to injury and generate
other SMG cells including serous and mucous cells. Interestingly, following severe injury,
MECs can also migrate to the luminal surface and regenerate basal, club, and secretory
cells (Fig. 2A). Using scRNA-seq in combination with lineage-tracing mouse models

and multiple injuries (NA, influenza infection, and SO5) revealed that ACTA2-expressing
myoepithelial cells have a regenerative potential to repair the damaged tissue, and thereby
serve as multipotent reserve stem cell of the airways (Lynch et al. 2018; Tata et al. 2018).
The recruitment of MECs to the surface is followed by dramatic changes in MEC cell
shape and down-regulation of contractile proteins such as ACTA2 (Lynch et al. 2018; Tata
et al. 2018). Although SMGs are confined to the very proximal regions of the trachea, SMG-
derived MECs were able to contribute distally up to 10 cartilage rings. Contrary to mice,
human airways contain SMGs of up to 13-15 generations of airways. This suggests that
SMGs may serve as a large reservoir of stem cells in human lobular airways. Indeed, studies
from experimental chlorine-induced injury in pig lungs have suggested that SMG-derived
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myoepithelial cells contribute to lobular airways. Longer-term lineage-tracing studies in
large animals are needed to experimentally test the potential contribution of SMG-derived
cells to lobular airways and potentially to distal alveoli (Yu et al. 2019).

SMALL AIRWAY EPITHELIAL STEM CELL CONTRIBUTION TO LUNG
REGENERATION

In small airways lacking cartlige (bronchioles), multiple cell populations including secretory
(club), NE, rare TP63* cells, and bronchioalveolar stem cells (BASCs) have been proposed
to contribute to both airway and alveolar regeneration (Fig. 2B; Van Winkle et al. 1995;
Giangreco et al. 2002; Reynolds et al. 2002; Kim et al. 2005; Rawlins et al. 2009; McQualter
et al. 2010; Kumar et al. 2011; Lee et al. 2014; Vaughan et al. 2015; Zuo et al. 2015;
McConnell et al. 2016; Guha et al. 2017; Xi et al. 2017; Yang et al. 2018; Liu et al. 2019;
Kathiriya et al. 2020; Strunz et al. 2020).

First descriptions of club cell contribution to small airway regeneration came from
environmental toxicology studies that used NA as an injury-causing agent (Van Winkle

et al. 1995). Following NA-induced injury, histological and cell-specific marker analysis
revealed that the residual SCGB1A1-expressing cells proliferate extensively followed by the
emergence of ciliated cells. These observations led to subsequent lineage-tracing studies
that provided experimental evidence that Scgblal-expressing club cells serve as the major
source of cells for homeostatic turnover of the bronchiolar epithelium (Reynolds et al. 2002;
Rawlins et al. 2009). However, over the years, multiple subsets of cells within SCGB1A1*
club cells including variant club cells and uroplakin 3A (UPK3a*) club cells, have been
proposed to exhibit regeneration potential following lung injury (Fig. 2B; Van Winkle et al.
1995; Rawlins et al. 2009; McQualter et al. 2010; Guha et al. 2017).

Contemporary studies using SCRNA-seq described a new subpopulation of club cells (~5%
of total) characterized by high expression of major histocompatibility complex (MHC) class
I (H2-K1 [histocompativility 2, K1, K region]) (Kathiriya et al. 2020). Based on marker
analysis, it was hypothesized that this cell population significantly expands in response

to bleomycin-induced injury. Subsequent studies revealed that a purified H2-K1-enriched
population of cells can expand and contribute toward alveolar lineages in engraftment assays
(Fig. 2B; Kathiriya et al. 2020). Another study using SCRNA-seq analysis proposed that an
MHC-I1* subset of club cells, in response to lung injury give rise to AT2s and a Krt8hi
transitional alveolar state in response to bleomycin-induced lung injury (Fig. 2B; Strunz et
al. 2020). Further analysis suggested that these two populations share common molecular
signatures (Kathiriya et al. 2020; Strunz et al. 2020). Future studies will need to focus

on further defining the molecular and functional differences and the potential of all of the
above-described club cell subsets.

Over a decade ago, BASCs were identified in murine lungs at the bronchioalveolar duct
junction and were thought to contribute to lung repair and regeneration (Giangreco et al.
2002; Kim et al. 2005). First descriptions of BASCs functional properties were based on a
combination of cell-type-specific marker expression in defined anatomical regions (i.e., at
the bronchoalveolar duct junction) and ex vivo characterization of purified cell populations
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(Giangreco et al. 2002; Kim et al. 2005). Lack of markers specific to BASCs has limited
definitive lineage-tracing experiments to assess their contribution to normal turnover and
regeneration following injury. Recently, two groups developed intersectional lineage tracing
mouse models to lineage trace BASCs in vivo (Liu et al. 2019, 2020a; Salwig et al. 2019).
One study used highly sensitive intein-mediated complementation of split-cre recombinase
(Cre) or split-tet-transactivator (tTA) allowed for specific labeling of dual marker expressing
BASC (club marker, Scgblal; and AT2 cell marker, Sftpc) and revealed that BASCs
contribute to distal airway and alveolar regeneration depending on the type of injury (i.e.,
airway, alveoli, or both) (Salwig et al. 2019). These findings were further supported by
another study that developed intersectional lineage tracing using two different recombinases
(Creand Dre) to label BASC (Liu et al. 2019). This study revealed that BASCs are able

to contribute to club and ciliated cells of the airway as well as AT1 and AT2 cells in

alveoli (Fig. 2B; Liu et al. 2019). This was further confirmed with the use of a multicolor
dual-recombinase reporter system to simultaneously label BASCs, club, and AT2s (Liu et al.
2020a). Nevertheless, it remains unknown whether a BASC-equivalent population exists in
human lungs. Apart from club cells, CGRP-expressing NE cells, another bronchiolar luminal
cell population, has been shown to contribute to both club and ciliated cells following injury
(Fig. 2B; Song et al. 2012). However, depletion of NE cells had no consequence on club or
ciliated cell recovery, suggesting that they are dispensable for airway epithelial regeneration
(Song et al. 2012).

In addition to luminal cells, a rare population of TP63-expressing cells in the bronchioles
have received significant attention for their contribution to distal airway and alveolar

repair. Kumar et al. first reported the presence of TP63- and KRT5-expressing cells in

distal airways and alveolar following severe damage to the airways and alveoli caused

by infection with mouse-adapted influenza virus (H1N1 Puerto Rico 8 [PR8] strain). The
authors made attempts to lineage trace these cells using a transgenic KRT14-creER-driven,
lineage-tracing model. However, due to inefficient labeling of this driver line prior to injury,
the authors administered tamoxifen for 7 days following injury, at which time KRT14
expression was significantly higher in injured regions. Nevertheless, using this experimental
model and other complementary ex vivo cultures, the authors concluded that a rare cell
population in terminal bronchioles could contribute to airway and alveolar regeneration
following severe injury (Kumar et al. 2011). This population was referred to as distal airway
stem cells (DASCs). Subsequent studies revealed that these TRP63-expressing cells either
lack or express low levels of KRT5 but activate its expression following injury. Using

more stringent lineage-tracing studies and in vivo engraftment of purified cells (based on
integrin subunit p4 [ITGB4*] CD200* CD14™), it was shown that these cells can migrate to
damaged alveolar regions. However, the contribution of these migrated cells is very minimal
or almost negligible toward AT2 and AT1s, respectively (Fig. 2C; Vaughan et al. 2015;
Yang et al. 2018). Interestingly, these migrated cells persist for many months following
injury and developed into metaplastic structures that resembled pathological tissues found
in human fibrotic lungs. This suggests that acute lung injury caused by influenza virus

and other agents may predispose lungs to fibrosis and other lung diseases (Vaughan et

al. 2015; Kanegai et al. 2016). Pathways controlling the fate of such cell populations

may offer therapeutic windows to reverse such pathological metaplastic tissues. Indeed,
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genetic modulation in mice following influenza injury revealed that temporal modulation
of hypoxia, bone morphogenetic protein (BMP), and Notch pathways can enhance the
contribution of TP63-expressing cells toward alveolar epithelial lineages (Vaughan et al.
2015; Liu et al. 2019).

Alveolar Epithelial Regeneration

As discussed above, the alveolar compartment is composed of two epithelial cell types—
AT2s and AT1s. During development, AT2 and AT1 cellular lineages are distinct, with
minimal plasticity between the two cell types (Frank et al. 2019; Gonzalez et al. 2019).
However, in the adult regenerating lung, early studies using isotope pulse-chase labeling
suggested that surfactant-producing AT2s can proliferate and generate AT1s (Evans and

Bils 1969; Evans et al. 1978, 1973). Subsequent studies using Sftpc-promoter-driven, creER-
based lineage tracing coupled with injury-repair models further corroborated these findings
(Chapman et al. 2011; Barkauskas et al. 2013; Desai et al. 2014).

Although AT2s were thought to be a homogeneous cell population, recent studies have
identified molecularly and functionally distinct subsets of AT2s. Two independent studies
have identified a Wnt-responsive AT2 subset (Nabhan et al. 2018; Zacharias et al. 2018), as
demonstrated by the expression of Axin2. However, the proportion of Axin2-expressing
cells significantly (2% vs. 20%) varied between these studies. Notably, these studies

used two different mouse lines one based on Ax/nZ2 promoter-driven reporter and another
using Axin2-CreER-based, lineage-tracing models and used varying doses of tamoxifen,
likely contributing to the discrepancy. Regardless, both studies have suggested that Ax/in2-
expressing AT2s “preferentially” expand in ex vivo cultures, and they require sustained
Whnt signaling for their maintenance. Another study revealed a subset of AT2s that can be
identified based on differential expression of CD44. About 3%of AT2s expressed high levels
of CD44 (CD44M) and exhibited high proliferation rates both in vivo and ex vivo cultures
(Chen et al. 2017). It is currently unknown whether Axin2-expressing and CD44M AT2s
represent the same cell population, or they entirely represent two distinct subsets.

Multiple signaling pathways, including activation of BMP, Notch, Yap/Taz, and transforming
growth factor p (TGF-B) signaling, and decreased Wnt pathways and mechanosignal
transduction have been implicated in AT2 differentiation into AT1s (D’Alessio et al. 2009;
Flozak et al. 2010; Al Alam et al. 2011; Aumiller et al. 2013; Lee et al. 2014; Liu et al.
2016; Li et al. 2018; Finn et al. 2019; Wu et al. 2020). However, until recently, the precise
mechanisms that control AT2s differentiation from a small cuboidal shape to large and
extremely thin AT1 cells was unknown.

Using scRNA-seq of injured mouse lungs, multiple groups have identified a transition

state between AT2 and AT1s, termed pre-alveolar type 1 transitional cell state (PATS)

or damage-associated transient progenitors (DATPs) or KRT8 alveolar differentiation
intermediates (ADIs) (Fig. 2C; Aspal and Zemans 2020; Choi et al. 2020; Jiang et al.

2020; Kobayashi et al. 2020; Strunz et al. 2020). This unique cell state can be characterized
based on unique molecular signatures. In multiple mouse models of lung injury, including
left-lobe PNX, bleomycin injury, and an AT1-ablation injury model (in which AT2 cells
rapidly differentiate), PATS-associated molecular signatures arise in the regenerative phase
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and gradually recede as the tissue injury resolves (Kobayashi et al. 2020). In mice, two
subsets of PATS have been identified—PATS-1 (connective tissue growth factor/claudin
4/stratifin/keratin 19 [ Ctgfi Cldn4] Sfnl Krt19]) and PATS-2 (Lectin, galactoside-binding,
soluble 3/cysteine and glycine-rich protein 1/S100 calcium binding protein Al4/claudin

18 [Lgals3/ Csrp1l S100a14/ Cldn18]), and lineage-tracing studies have further demonstrated
that PATS in mouse injury models progress into fully differentiated into mature AT1 cells
(Kobayashi et al. 2020). Perhaps most importantly, identification of the PATS state enabled
further understanding of the processes AT2s undergo in differentiation, including activation
of DNA damage repair pathways (e.g., TP53 signaling), cellular senescence, and TGF-$
signaling (Kobayashi et al. 2020; Wu et al. 2020; Yao et al. 2021). Experimental evidence
further demonstrated that loss of these pathways abrogates AT2 differentiation potential,
and thereby provides a therapeutic avenue for mitigating degenerative diseases such as lung
fibrosis.

Interestingly, studies have found that there is a significant overlap in marker expression
between PATS and “hyperplastic epithelial cells” found in fibrotic lung tissues. Indeed,
single-cell analysis of fibrotic human lungs has revealed a population that resembles PATS
and that has therefore been referred to as “PATS-like” cells. This population is marked by
the expression of KRT17*, TP63*, and SFN but lack KRT5 (Reyfman et al. 2019; Adams
et al. 2020; Habermann et al. 2020; Kobayashi et al. 2020; Strunz et al. 2020). In human
lungs, PATS-like cells are enriched around regions of active fibrosis. It remains to be seen
whether PATS-like cells are the “chicken or the egg” in human fibrosis—are they a result
of inefficient injury response and AT2 differentiation, caused by fibrosis, or do they drive
myofibrogenesis via increased TGF-p signaling?

Alveolar type 1 cells are extremely large and classically seen as terminally differentiated
cells. However, recent studies using homeodomain only protein homeobox (HOPX), a
marker for AT1 cells, promoter-driven lineage tracing studies revealed plasticity of AT1
cells. During PNX-induced compensatory lung growth and hyperoxia-induced lung, a few
injuries have revealed that lineage-labeled AT1 cells undergo dedifferentiation and acquire
AT2 cell identity (Fig. 2C; Jain et al. 2015; Penkala et al. 2021). Further analysis revealed
that these lineage-reverted cells are functionally equivalent to resident AT2s. Mechanistic
analysis revealed that tonic activity of yes-associated protein (YAP) and tafazzin (TAZ),
transcription factors of the hippo signaling, are required to maintain AT1 cell identity.
Genetic loss of YAP and TAZ results in the reversion of AT1s to AT2s. Interestingly, the
reversion of AT1 to AT1 goes through a transitional cell state that emerges during AT2

to AT1 differentiation (Little et al. 2021; Penkala et al. 2021). This suggests that alveolar
epithelial tissue homeostasis is actively maintained, and that plasticity is an integral part of
tissue regeneration.

CONCLUSION

Work from many groups in the past two decades have significantly improved our
understanding of lung cell composition in different anatomical sites, and their activities
in normal and regenerating tissues. Further, recent advancements in single-cell biology have
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led to the identification of previously unknown cell populations, and subsets within known
cell populations among epithelial, mesenchymal, endothelial, and immune cells.

Numerous challenges and unanswered questions remain. Current understanding of cell
lineages and their contribution to regeneration have come almost exclusively from mouse
models. However, there are significant differences in the anatomy, cell composition, and
physiology of human lungs compared to mice. As discussed, lack of respiratory bronchioles
in mouse lungs limits our understanding of the constituent cells of this region in human
lungs. Therefore, we need to develop human lung tissue—based ex vivo models to study
such populations. Currently, three-dimensional cell and tissue cultures are being used to
study some aspects of human lung cell properties (Katsura et al. 2020). However, the
culture conditions are either not optimal or do not recapitulate the full repertoire of tissue
interactions. One possibility to overcome this limitation is to engraft cultured, genetically
engineered human cells into either immunocompromised animal models or animals with
human immune system. Alternatively, development of large animal-based genetic tools can
potentially serve as a surrogate to better understand human lung tissue regeneration. Indeed,
recent advancements in genome editing technologies have significantly improved methods to
generate large animal-based genetic tools to label and trace cells and to modulate signaling
pathways (Yu et al. 2019).

Much of our understanding of tissue repair and regeneration is reductionist in nature,
focusing on a pair of cell types or pathways. However, most human lung diseases involve
dysregulation of a complex network of cellular interactions and signaling pathways.
Additionally, integration of mechanical cues and extracellular matrix—derived signals is

vital to realize a functional and physiological regeneration. Efforts are being made to
improve single-cell-based “omics” approaches coupled with advanced computational tools
to establish an integrated view of tissue dynamics at homeostasis, injury repair, and diseases.
Such comprehensive interactome maps will undoubtably pave the way for enhancing the
endogenous regenerative potential of the lung and developing new approaches to realize
personalized regenerative therapies.
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Structure and cellular composition of the lower respiratory system. (A) Schematic
representation of the surface epithelium (SE) and submucosal glands (SMGs). SE of the
trachea and bronchi consists of many distinct epithelial cell types including basal, club, and
ciliated and rare cell types (ionocytes, neuroendocrine [NE] tufts [1 and 2], and goblet

[1 and 2]). “Hillocks” are primarily composed of KRT13" basal cells and club cells.
Highly branched tubuloacinar SMGs are embedded within the mesenchyme and open to
the SE through specialized ducts. The serous acini and mucous tubules are surrounded by
stellate-shaped myoepithelial cells (MECs). (B) Comparison of human and mouse distal
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lungs at the airway and alveolar junctional region. Murine lungs lack respiratory bronchioles
and terminal airways directly lead to alveolar ducts via bronchoalveolar duct junction
(BADJ). Rare, bronchioalveolar stem cells (BASCs) are located in the bronchioalveolar
duct junction in mouse distal airway. Schematic shows different epithelial cells and subsets
(type 2 alveolar epithelial cells [AT2s], alveolar epithelial progenitors [AEPS], type 1
alveolar epithelial cells [AT1s]) of the alveoli. In human lungs, terminal bronchioles
transition to alveolar ducts via a unique respiratory bronchiolar region. Basal cells and
poorly characterized cuboidal epithelial cells are present in human distal airways. (C) Table
depicting all described epithelial cells with their specific markers and function.
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Figure2.
Epithelial cell lineage relationships in the large airways, small airways, and alveoli. (A4)

Regeneration of the trachea and large airways. Basal cells are the major cell types that

can self-renew and give rise to all luminal cells present on the surface epithelium (SE)
including club, ciliated, ionocytes, tufts, and goblet. Lineage-tracing studies have shown that
basal “hillock” cells can generate club “hillock™ cells. In response to damage, club cells

give rise to ciliated cells. Club cells can also dedifferentiate into basal cells. Myoepithelial
cells (MECs) of the submucosal glands (SMGs) can migrate to the SE, acquire basal cell
characteristics, and give rise to club, ciliated, and goblet cells. MECs also have the potential
to differentiate into mucous and serous in SMGs. (B) Multiple epithelial cell types respond
to different injuries in small airways and the bronchioalveolar duct junction. Neuroendocrine
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cells can self-renew and give rise to club and ciliated cells. In response to injury, H2-K1 and
Upka3a-expressing club cells can regenerate luminal cells of SE and contribute to alveolar
cell regeneration. Bronchioalveolar stem cells (BASCs) can self-renew and replenish injured
club, ciliated, and alveolar type 2 epithelial cells (AT2s) as well as the neighboring club
cells. (C) Regeneration and dysfunctional repair of the alveolar region. In response to loss of
AT1 and AT2, alveolar epithelial progenitors (AEPs) proliferate and replenish injured AT2s
and AT1s. AT2s differentiation into AT1 cells involves a novel transitional state termed pre-
alveolar type 1 transitional cell state (PATS) (also called alveolar differentiation intermediate
[ADI], damage-associated transient progenitors [DAPTS]). Hyperoxia and PNX-induced
injury can induce AT1 cell dedifferentiation into AT2s. Following severe injury, such

as influenza virus—induced injury, lineage-negative epithelial progenitors (LNEPs)/distal
airway stem cells (DASCs) from distal airways migrate to damaged alveoli and form KRT5*
epithelial pods, which persist for the long term and generate dysplastic tissues.
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