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Abstract: Idiopathic pulmonary fibrosis (IPF) is a chronic and progressive lung disease with no known cure, characterized by the
formation of scar tissue in the lungs, leading to respiratory failure. Although the exact cause of IPF remains unclear, the condition is
thought to result from a combination of genetic and environmental factors. One of the most widely used animal models to study IPF is
the bleomycin-induced lung injury model in mice. In this model, the administration of the chemotherapeutic agent bleomycin causes
pulmonary inflammation and fibrosis, which closely mimics the pathological features of human IPF. Numerous recent investigations
have explored the functions of various categories of stem cells in the healing process of lung injury induced by bleomycin in mice,
documenting the beneficial effects and challenges of this approach. Differentiation of stem cells into various cell types and their ability
to modulate tissue microenvironment is an emerging aspect of the regenerative therapies. This review article aims to provide
a comprehensive overview of the role of stem cells in repairing bleomycin-induced lung injury. It delves into the mechanisms through
which various types of stem cells, including mesenchymal stem cells, embryonic stem cells, induced pluripotent stem cells, and lung
resident stem cells, exert their therapeutic effects in this specific model. We have also discussed the unique set of intermediate markers
and signaling factors that can influence the proliferation and differentiation of alveolar epithelial cells both during lung repair and
homeostasis. Finally, we highlight the challenges and opportunities associated with translating stem cell therapy to the clinic for IPF
patients. The novelty and implications of this review extend beyond the understanding of the potential of stem cells in treating IPF to
the broader field of regenerative medicine. We believe that the review paves the way for further advancements in stem cell therapies,
offering hope for patients suffering from this debilitating and currently incurable disease.
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Introduction

The lungs are complex organs responsible for oxygen-carbon dioxide exchange and are susceptible to damage that can
destroy alveolar epithelial cells.! The alveoli, trachea, bronchiole, and bronchus constitute the structural and functional
unit of the lung. Alveoli, which are the primary component of lung tissue, are responsible for gas exchange within the
small air sacs.” These expandable sacs have a large surface area, and the inhaled oxygen is absorbed by a network of
capillaries that surround these sacs. The carbon dioxide from the capillaries is released to the alveoli.

The pulmonary alveolar epithelium acts as a physical barrier, shielding the lungs from environmental insults and
foreign substances. Recently, this protective function of alveolar epithelia has garnered attention as it is a primary target
of SARS-CoV-2 infection that caused COVID-19.? Two types of epithelial cells make up the majority of the pulmonary
alveolar epithelium: alveolar type I (AT1) and alveolar type II (AT2) cells. AT2 cells constitute less than 5% of the
alveolar surface and are small, cuboidal cells responsible for synthesizing and secreting pulmonary surfactant protein
C (SFTPC). Additionally, the AT2 cells also serve as alveolar stem cells that can self-renew and differentiate into AT1
cells during alveolar homeostasis and post-injury repair.*> AT1 cells, on the other hand, are large, flat cells that cover
95% of the alveolar surface area and form the epithelial component of the thin-air blood barrier. They are considered to
be terminally differentiated cells.’
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Remarkably, the lungs can repair and regenerate damaged alveolar cells through various biological processes. During
alveolar regeneration, AT1 cells can dedifferentiate and give rise to AT2 cells. Studies have confirmed that AT1 cells also
possess a certain degree of plasticity and can contribute to repair and regeneration to a varying degree, indicating lineage
interchangeability between AT1 and AT2 cells in both in vitro and in vivo systems. Therefore, we believe that the
regenerative potential of lung epithelia is an ideal system to understand the paradigms of stem cell biology and apply this
knowledge for regenerative therapies to diverse organ systems. The review aims to summarize the current knowledge in
the field about the regenerative potential of lung epithelial cells, specifically alveolar type I (AT1) and alveolar type II
(AT2) cells, in a pulmonary fibrosis model. Here, we summarize the signaling pathways involved in the dedifferentiation
and proliferation of these stem cells and explore the role of extrinsic factors in the regenerative process. By studying the
regenerative capabilities of lung epithelial cells, the review aims to provide valuable insights into stem cell biology and
potentially contribute to the development of regenerative therapies for various organ systems.

Bleomycin-Induced Lung Injury as a Model System for Pulmonary Fibrosis
Pulmonary fibrosis is a chronic disease characterized the development of fibrotic scar tissue in the lung parenchyma,
impairing its function and causing respiratory failure. Histopathological examination of lung tissues from IPF patients
reveals a distinctive pattern known as usual interstitial pneumonia (UIP), characterized by fibroblastic foci, collagen
deposition, and distorted lung architecture.”® Alveolar epithelial cell injury and aberrant repair processes play a key role
in IPF pathogenesis, leading to the activation of fibroblasts and their transformation into myofibroblasts. These
myofibroblasts contribute to the excessive production and deposition of extracellular matrix components, causing
irreversible tissue remodeling. Additionally, an inflammatory microenvironment with activated immune cells further
exacerbates the fibrotic process.” ' Recent studies have also documented development of pulmonary fibrosis in about
half of the COVID-19 survivors.'>!* Nevertheless, the fibrosis identified in individuals who have survived COVID-19
seems to exhibit a self-resolving nature.'* However, further longitudinal investigations are ongoing to comprehensively
ascertain the trajectory and mechanisms of this observed self-resolution of COVID-19-induced fibrosis.

This pulmonary fibrosis can result from drug use, environmental exposure, or collagen vascular disorders, and is often
idiopathic.'* Idiopathic pulmonary fibrosis (IPF) is a progressively deteriorating and fatal lung disease. Widespread
changes in DNA methylation, chromatin accessibility, and gene expression have been identified in pulmonary fibrosis.
These epigenetic changes correlate well with pulmonary fibrosis predisposing factors such as smoking, age, gender,
exposure to etiological agents such as asbestos and silica, or certain cancer treatments.'”> Therefore, understanding the
pathogenesis of idiopathic pulmonary fibrosis (IPF) and COVID-19-related pulmonary fibrosis could providing valuable
insights into novel treatment approaches for both conditions, allowing for early intervention and better management of
lung complications.

Idiopathic pulmonary fibrosis has also been reported in domestic animals such as dogs, cats, horses, and donkeys.
Each of these animal models presents clinical features resembling those of human IPF, although the progressive and
irreversible symptoms are not fully recapitulated. Several approaches to induce pulmonary fibrosis have been established:
Fibrous or particulate aerosols (eg silica, asbestos, arsenic, cadmium), overexpression of cytokines such as TGF-p,
TNFa, or IL13 in lung epithelia, induced senescence of AT2 cells by loss of Sin3a or Cdc42, exposure to radiations,
immunizing haptens (eg Fluorescein isothiocyanate, trinitrophenol).'® Among these approaches, inducing lung injury in
mice through the intratracheal administration of bleomycin has become a widely accepted model system for studying the
risk factors associated with pulmonary fibrosis (Table 1).

Bleomycin is a glycopeptide antibiotic, used for the treatment of cervical, uterine, and testicular cancers, and
lymphoma.*? Bleomycin causes cell cycle arrest by inducing DNA breaks and creating free radicals, leading to
inflammation, necrosis, and apoptosis.*>** Owing to the cytotoxic activity, a commonly observed adverse effect of
bleomycin treatment is pulmonary toxicity in around 10% of patients undergoing bleomycin treatment.>? Even a single
dose of bleomycin has been reported to induce lung fibrosis, but the extent of fibrotic damage in human lungs is at best
achieved through repetitive intratracheal bleomycin administration. Such robust bleomycin-induced lung fibrosis in mice
models has been achieved through multiple biweekly doses of 0.04 units of bleomycin.*> Immediate response to
bleomycin administration is the production of inflammatory markers (interleukin-1, interleukin-6, interferon-y, tumor
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Table | Key Research Articles Contributing to the Field of Pulmonary Fibrosis

No. Study Contribution Reference
| Snider et al, 1978 Established bleomycin-induced lung injury animal model system to study human IPF [17]
2 Adamson et al, 1988 Explored link between hyperoxia-induced alveolar epithelial injury, repair, and pulmonary fibrosis [18]
3 Kuhn et al, 1989 Investigated architectural remodeling and connective tissue synthesis in pulmonary fibrosis [19]
4 Zhang et al 1994 Explored myofibroblasts’ role in lung collagen gene expression during fibrosis [20]
5 Sime et al, 1997 Studied adenovector-mediated gene transfer of active TGF-betal and induced fibrosis [21]
6 Hagimoto et al, 2002 | Investigated role of TGF-beta | in enhancing apoptosis of lung epithelial cells [22]
7 Izbicki et al, 2002 Investigated the time course of bleomycin-induced lung fibrosis [23]
8 Moodley et al, 2003 Demonstrated profibrotic role of Interleukin-6 in IPF [24]
9 Kim et al, 2006 Explored alveolar epithelial cell mesenchymal transition, and role of extracellular matrix during fibrosis | [25]
10 Alder et al, 2008 Identified that telomere shortening may be an important contributor to the genetic [26]
susceptibility to IPF
I Sisson et al, 2010 Investigated targeted injury to type Il alveolar epithelial cells and fibrosis [27]
12 Marmai et al, 2011 Observed alveolar epithelial cells expressing mesenchymal proteins in fibrosis [28]
13 Raghu et al, 2011 Provided evidence-based guidelines for idiopathic pulmonary fibrosis diagnosis and management | [29]
14 Rock et al, 201 | Explored role of multiple stromal populations in pulmonary fibrosis [30]
15 Barkauskas et al, 2013 | Used lineage-tracing experiments to demonstrate long-term self-renewal and differentiation of | [5]
AT2 cells
16 Huang et al, 2014 Established protocol for directed differentiation of hPSCs into lung and airway epithelial cells [31]
17 Jain et al, 2015 Demonstrated plasticity of AT | cells and a bidirectional lineage relationship between distinct [6]
differentiated alveolar epithelial cell types
18 Wang et al, 2018 Genetic marker (HopX/Igfbp2) based identification of AT | subtypes and their fates during [4]
distinct cell fates during alveolar regeneration

necrosis factor-a). After about 9 days of bleomycin administration, the fibrotic response takes over and the pro-fibrotic
factors (eg TGF-B, fibronectin, procollagen-1) are expressed.*® The resulting fibrosis is characterized by an increase in
the production and deposition of collagen and other extracellular matrix components.®’

Fibrosis typically appears four weeks after bleomycin administration, and more severe progression can be achieved
by extending the duration of treatment. Although the fibrosis is self-limiting after 28 days, it becomes more difficult to
resolve with age, possibly due to cellular senescence and telomere attrition.*®*° To create a more comprehensive model
of persistent and progressive fibrosis, it is essential to understand the composition and presence of various cell types in
the lung niche during fibrosis. These cell types include alveolar cuboidal type 2 epithelial cells (AT2s), Clara cells
(CCSPs), and surfactant protein C (SPC) expressing cells.*” Several cell types, including AT1, AT2, fibroblasts,
myofibroblasts, lymphocytes, neutrophils, endothelial cells, airway epithelial cells, and stem/progenitor cells are involved
in bleomycin-induced lung fibrosis (Figure 1). Upon exposure to bleomycin, there is a temporary disruption of the
alveolar structure before fibrosis occurs, leading to abnormal morphology and an increase in the number of
myofibroblasts.*!

The severity of pulmonary fibrosis induced by bleomycin treatment in mice varies depending on the mouse strain,
with C57BL/6 mice being more susceptible than BALB/c mice.** This differential response to bleomycin treatment
between the two strains is likely due to the lower expression of transforming growth factor-beta (TGF-B) in BALB/c
mice.* Similarly, higher susceptibility to fibrosis caused by intratracheal delivery of silica fibers was also observed in
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Figure | An illustration of AT2-AT| cell transition during fibrotic lung injury. The figure represents the process of AT2-AT| cell transition during fibrotic lung injury. AT2
cells are shown to proliferate after the lung injury, where a fraction of these cells differentiating into mature AT cells. Also included are the representative cell types
involved in the repair process (top right). Created with BioRender.com.

C57BL/6 mice compared to CBA/J mice.** Such strain-specific differences may also be due to variations in immune
response, pathogen susceptibility, or drug metabolism. The different immune response of mouse strains toward parasitic
infections or tumors has been demonstrated elsewhere.*>*® Nevertheless, this strain-specific response to bleomycin
treatment parallels human genetic predisposition to risk factors contributing to pulmonary fibrosis.

Mechanism of Lung Injury Induced by Bleomycin

Fibrosis is associated with excessive alveolar destruction, decreased lung capacity, and disrupted gas exchange
function.*’° The cause of pulmonary fibrosis is not fully understood, but it is believed to result from the infiltration
of inflammatory cells and pro-inflammatory mediators in the lung parenchyma. Infiltration of T cells, B cells, and
macrophages in the lung tissue in response to bleomycin treatment has been observed, and their activation can contribute
to the progression of fibrosis.’' > This infiltration leads to the release of pro-inflammatory mediators that eventually
cause fibrosis, which is a major contributor to end-stage lung failure and death in many chronic cases. Release of
cytokines such as TGF-B, IL-1, IL-6, and IL-13 has also been observed during the pro-fibrotic phenotype in damaged
lungs.54 Further, increased expression of immune-responsive genes (eg Pteges, Orml, and Zbpl) and antioxidative
enzymes (eg Glrx, Prdx4, and Gstk1/2) has been shown in proliferating AT2 cells,” indicating a role of inflammatory and
oxidative-damage response in the repair process.

The chronic fibrotic response to bleomycin-induced lung injury is also linked to a loss of bleomycin hydrolase
(BLMH) activity. Bleomycin hydrolase is a cytosolic aminopeptidase that presents antigens to the MHC-I complex,® and
is ubiquitously expressed in human tissues. In bleomycin-treated mice, the BLMH regulates the release of inflammatory
cytokines and migration of activated effector cells in the lung. Enzymes such as cytosolic phospholipase A2 (cPLA2),
transglutaminase (TG), and lysyl oxidases (LOX) have also been implicated in the progression of lung disorders and
collagen deposition. cPLA2 is a key enzyme in the generation of pro-inflammatory eicosanoids, thromboxanes, and
leukotrienes. Additionally, increased expression of TG and LOX has been suggested to contribute to pulmonary fibrosis
by modifying the extracellular matrix (ECM).>” Both enzymes modulate ECM stiffness by mediating protein cross-
linking.
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TG2 promotes fibrosis by cross-linking extracellular collagen and fibronectin, while the LOX family of enzymes facilitates
the covalent cross-linking of type I collagens. However, there is limited information available on the regulation of LOXL2 in
lung fibrosis and its precise role in cross-linking fibrillar collagen.”’” Evidently, more research is needed to understand the role
of matrix stiffness and fibroblast contractility due to collagen deposition during bleomycin injury. Collagen and other ECM
protein deposition lead to the production of pro-inflammatory cytokines that worsen the lung fibrotic process induced by
bleomycin. Considering that CD44 is a hyaluronan receptor and an integral part of the ECM, understanding its role in the
inflammatory and wound repair phases could provide deeper insights into the pathogenesis of lung injury.>®

Epithelial-Mesenchymal Transition (EMT) in Bleomycin-Induced Lung

Fibrosis

Epithelial-Mesenchymal Transition (EMT) is a fundamental cellular process in development, wound healing, and disease
progression. During EMT, epithelial cells lose their tightly connected structure and polarity, acquiring mesenchymal
characteristics like enhanced mobility and invasive abilities. Transcription factors like Snail, Twist, and ZEB act as central
regulators of EMT by suppressing epithelial gene expression and promoting mesenchymal gene expression. These path-
ways converge to reorganize the cellular architecture, downregulate E-cadherin, upregulate N-cadherin and vimentin, and
alter cytoskeletal dynamics.'*>? Although the origin and mechanism of lung fibrosis are not yet fully understood, current
research has indicated the involvement of epithelial-mesenchymal transition (EMT) in idiopathic pulmonary fibrosis (IPF)
(Table 1). The prevailing hypothesis suggests that defective alveolar epithelial type-II (AT2) cells initiate the fibrotic
cascade. Their failure to differentiate to AT1 cell impairs the recovery of lung epithelia after injury, which is followed by
induction of EMT and eventually fibrosis.”**®! The dysregulation of epithelial function, extracellular matrix deposition,
fibroblast activation, and morphological changes in mesenchymal cells are all associated with IPF. The proper functioning
of lung tissue depends on the dynamic interaction between the epithelium and the surrounding mesenchyme.*¢

Exposure to bleomycin can trigger the process of epithelial-mesenchymal transition (EMT), which transforms
alveolar epithelial cells into myofibroblasts (Figure 1).°*° These myofibroblasts overproduce collagen and other
extracellular matrix proteins implicated in fibrosis. A common cell surface marker of these myofibroblasts, but not of
healthy fibroblasts, is the fibroblast activation protein (FAP).>* While this process can damage pleural mesothelial cells,
the exact mechanism behind EMT in these cells is not yet clear. The loss of alveolar epithelial cells and the activation of
signaling pathways, such as TGF-f, and SMAD2-3, may play a role. The loss of regenerative potential in damaged
epithelial cells results in sustained mechanical tension on AT2 cells. This mechanical tension triggers the activation of the
TGF-p pathway, which propagates towards the center of the damaged tissue, leading to the spread of fibrosis in
a periphery-to-center manner.® The degree of fibrosis in the lungs can be accessed by the dynamic interactions of
bronchoalveolar stem cells (BASCs), club cell secretory protein (CCSP), AT2 cells, and SPC2, which have similar
functions to stem cells.®” Stem and progenitor cells are currently a growing field of research, with a focus on their use in
regenerating damaged lungs. Tissue regeneration can occur through cell proliferation and differentiation of stem and
progenitor cells.

Various epithelial cells express cytokeratin, which serves as an epithelial phenotypic marker. These markers form
a cell-communication network with mesenchymal cells during lung fibrosis and repair. During bleomycin-induced EMT
of pleural mesothelial cells, there is an increased expression of mesenchymal markers such as vimentin and a-smooth
muscle actin, along with a reduction in expression of epithelial phenotypic markers (cytokeratin-8 and E-cadherin).®®
Epithelia express keratins 5, 8, 14, and 18 and have a more rapid turnover rate.®” Thus, keratin expression likely plays
a significant role in lung injury. Additionally, after influenza infection, there is a strong expression of keratin 5" in the
lung parenchyma, which creates a barrier to epithelial regeneration.”®’"

After lung injury and tissue damage, epithelial cells can differentiate and undergo phenotypic switching or dedifferentiation.
One effective way to study the role of different cells and their controlling mechanisms in the repair process is to use the CrER
system (Figure 2). This bipartite system uses tissue or cell-specific promoters to drive Cre reporter expression at a safe-haven
expression locus, such as the Gt{(ROSA4)26Sor locus. Cre-mediated recombination removes the intervening stop codon, producing
robust tdTomato fluorescence. Tamoxifen, an estrogen receptor agonist, is a widely used inducer that activates the Cre-ERT2
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Figure 2 Lineage-tracing of cells during the repair phase of an injured lung by the Cre-ERT2 system. (a) Schematic representation of the Cre-ERT2 system. The presence of
a stop codon flanked by loxP sites inhibits the expression of the reporter transgene (tdTomato). Upon tamoxifen treatment, the expressed Cre mediates site-specific
recombination between loxP sites, which removes the intervening stop codon, and the reporter is expressed. (b) Lineage-tracing using Cre-ERT2 system enriches and
identifies intermediate stages of transdifferentiated AT2 stem cells. Some of the identified intermediates are shown for representation. Similar enrichment can also be
achieved using stem cell surface markers such as CD34, CD45, and Thyl. Created with BioRender.com.

fusion protein for lineage tracing experiments.”* CreER mouse studies have linked pre-alveolar type 1 transitional cell state
(PATS) markers with AT1 cells, which emerge during lung injury and derive from AT2 cells (Figure 2).”* In the next section, we
will discuss the role of alveolar epithelial cells, including AT2/AT1 transitional cells, in the development of pulmonary fibrosis.

Acquisition of Stem Cell-Like Properties During the Transition from AT2
to ATI Caells

One of the key areas of research in the development of pulmonary fibrosis is the understanding of the properties of stem
cells and their origins during the AT2-AT1 transition. This process, known as alveolar epithelial cell plasticity, involves
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cellular differentiation, proliferation, and various phenotypic changes.”* During this transition, cells may acquire stem
cell-like properties that help them regenerate damaged tissue. This AT2-AT1 transition state is characterized by the
expression of Krt8*, Hbegf, and Areg intermediate stage markers (discussed in the next section).’>’> Another model of
lung regeneration and alveolar repair is pneumonectomy, where one or multiple pulmonary lobes are surgically removed.
In this system also AT2 cell proliferation has been observed during compensatory lung growth.”®

Notably, the bone morphogenetic protein (BMP) signaling pathway has been identified as an important determinant of
the AT2-AT1 transition. AT2 cell proliferation was inhibited by BMP4 in both in vitro (3D organoid culture) and in vivo
(post-pneumonectomy) models, while the BMP4 agonists (eg noggin, follistatin) promoted the renewal of AT2 cells.”®
Similarly, the local microenvironment comprising of the extracellular matrix (ECM), cytokines, growth factors, and cell-
cell junctions also modulate stem cell proliferation and differentiation. With progressively increasing rigidity of the
matrix the lineage outcome of mesenchymal stem cell differentiation shifts from neurogenic and myogenic to osteogenic
lineage.”” Recently, it was demonstrated that the AT2 cells deficient in Bl integrins are also modulated by ECM.”® In the
absence of Bl integrins, the AT2 cells proliferate but fail to differentiate into AT1 cells during the repair of alveolar
damage. The study also suggests the existence of a feedback loop controlling the proliferation of AT2 cells during the
repair process, where the proliferation of AT2 cells continues till the damaged epithelium is completely healed.”® The
integrin-mediated mechano-transduction can remodel the actin cytoskeleton, thereby affecting cell-cell adhesion and cell
polarity. This mechano-transduction pathway can also induce changes in nuclear architecture, function, and gene
expression, and can be pathogenic.””®* Aberrant nuclear morphology and organization have been implicated in the
altered differentiation potential of stem cells,* which can also hinder the repair process.

The AT2-AT1 transition is also accompanied by changes at the transcriptional levels. However, since the regenerating
lungs are composed of tens of different cell types, the cell-specific changes in the gene expression can be better appreciated
through single-cell RNA seq (scRNAseq) methods. The IPF Cell Atlas Data Mining portal (www.ipfcellatlas.com) is one

such resource that permits transcriptional analysis and cell-type annotation based on RNAseq datasets from different
research groups.® Analysis of the global transcription profiles can resolve the distinct intermediate stages and the cell types
contributing to the repair process. A demonstration of this approach was made recently by comparing different cell types in
pulmonary fibrotic lungs to normal human lungs through scRNAseq. The study found that the SCGB342" secretory cells
can also differentiate into AT1 cells. These SCGB3A42" cells may either differentiate first from AT2 cells or may share
a common progenitor state with AT2 cells during this differentiation process.®” In a bleomycin-induced lung injury mice
model scRNAseq analysis showed that the airway club cells converge to a common intermediate state during transdiffer-
entiation to AT1 cells.®® These observations raise a pertinent question of whether the alveolar niche or the level of maturity
of differentiated cells is a primary determinant of cellular identity during regeneration. Notably, these transdifferentiation
mechanisms have also been observed to promote chemotherapy resistance and tumor diversification,*”*® ascribing a larger
clinical relevance to cellular plasticity in regeneration and disease progression.

Stem cells are typically dormant during normal conditions, but in response to lung injury, they undergo proliferation.®
Although progenitor cells are believed to help maintain the epithelium’s integrity, their ability to regenerate the damaged
lung epithelium is still uncertain, as studies have shown conflicting results.>® Following lung damage, resident and tissue-
specific stem cells in the airways and structural units of the lung tissue undergo significant changes. In response to infection
or injury, facultative stem and progenitor cell populations such as alveolar type II cells, Clara cells, basal cells (BCs), and
Bronchioalveolar stem cells (BASCs) enter the cell cycle to activate progenitor cells.*! These progenitor cells are found in
various regions of the lung, including the airways, alveoli, submucosal glands, and bronchoalveolar ductal junctions. They
primarily participate in the local repair of lost cells in adjacent populations.”® AT2 (Alveolar type II) cells, which express
surfactant protein C (SFTPC) genes, are also long-term stem cells. Recent studies indicate that AT2/AT1 transitional cells
may play a role in the development of pulmonary fibrosis. Importantly, after bleomycin-induced injury to the alveolar
region, the rate of differentiation of the lineage-labeled AT2 to AT1 is significantly higher.”'-*

Although it is known AT?2 cells transition to flattened AT1 cells, the exact mechanism of this transition and accompany-
ing morphological change is still being investigated. Consistent with this hypothesis Chen et al identified a subpopulation of
CD44 high and CD44 low on AT2 cells with the capability to differentiate into AT1 cells.”® CD44 is a receptor of
hyaluronan and is a surface marker of various stem cells.”* In addition, distribution of Axin2 and Wnt proteins in AT2
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subpopulation under homeostatic conditions and their essential role in inhibiting transdifferentiation was demonstrated.”>**
It is believed that upon Pseudomonas aeruginosa infection, a higher percentage of AT2 exit quiescence, differentiate, and

start expressing Sca-1" and FoxM1. These cells have a higher potential to differentiate into AT1 cells.””*®

Signal Transduction During the Transition from AT2 to AT Cells

During the repair of damaged pulmonary epithelium, the AT2 cells proliferate, undergo a cascade of intermediate
transitional stages, and differentiate into AT1 cells (AT2-AT1 transition). Transcriptional analysis of cells derived from
several in vivo murine or human repair models and organoids has revealed the presence of distinct intermediate progenitor
cell or alveolar differentiation intermediate (ADI) states, each expressing a unique set of markers. These intermediate
progenitors have been grouped into five distinct stages: ctgf’ pre-alveolar type 1 transitional cell state (ctgf PATs), Lgals3
PATs, Krt8" expressing alveolar differentiation state (K7¢t8" ADI), preAT1 state, and damage-associated transient progeni-
tors (DATPs).>>"3? Some of the intermediate markers expressed in ADI are shown in Figure 2. The ctgf® PATS, first
identified in organoids, specifically express marker genes Ctgf, Clu, Sox4, and Actnl, while the Lgals3 PATs are
characterized by the expression of Lgals3, Csrp1, S100a14, and Cldn18 markers.”> DATPs are the cells expressing markers
Cldn4, Krt8, Ndrgl, Sprrla, and AW112010 and have been identified as an intermediate state during AT2 to ATl
transition.> Interestingly, the DATPs were found to have the capacity to terminally differentiate into AT1 cells or revert
to AT2 stem cells. It was also found that the IL-1f signaling indirectly promotes DATP formation, while HIF 1o regulates
their differentiation to the AT1 lineage.”> A similar population of cells has also been identified in the lungs of COVID-19
patients.”> The Krt8" ADI state is transcriptionally similar to the DATPs. This state of cells is characterized by pro-
fibrogenic SMAD signaling and high expression of markers such as Crgf, Itgh6, Areg, Hbegf, Ednl, and Lgals3.%¢

Another transitional state known as alveolar type-0 (ATO) has also been identified in human lung tissues. ATO cells
can differentiate into alveolar type 1 (AT1) or respiratory bronchioles secretory cells (TRB-SCs) during alveolar type 2
(AT2) differentiation, like the previously mentioned ADI. These ATO cells have been shown to express high levels of
SCGB3A42, SFTPC, and SFTPB, which are secreted during AT2 injury and repaired during bleomycin injury.”® AT2 cells
express STAT-3 (signal transducer and activator of transcription), which produces Brain-derived neurotrophic factor
(BDNF) to improve the niche function of surrounding fibroblasts and play a role in alveolar repair through a non-
autonomous mechanism.' Studies have also shown that STATSs can regulate the function of various tissue stem cells.'®!
Wnt, BMP, Notch, and NF«B signaling pathways also modulate the AT2 stem cell population to create different subsets
of alveolar progenitor cells, which can alter the mechanical properties and structure of the tissue.”> Increased Notch
signaling during the early repair phase of Pseudomonas aeruginosa induced acute lung injury in mice was found to
promote AT2 cell proliferation. However, in a coordinated manner, non-canonical Notch ligand DIkl (delta-like
homolog 1) attenuates this Notch signaling and permits the transition of proliferated cells to the AT1 lineage.'®

The formation of abnormal epithelial cells and defective fibrotic foci, responsible for IPF, is controlled by complex
signaling pathways that regulate the transition states of AT2-AT1 cells.'®® Impaired alveolar regeneration can be caused
by mechanical tension (Figure 3). AT2 cells deficient in Cdc42 are unable to differentiate into AT1 cells, resulting in the
inability to generate new alveoli after lung injury.® Cdc42 is a small GTPase Rho family member that regulates signaling
pathways and controls various cellular functions, including differentiation, cell migration, and morphology. Additionally,
Cdc42 is implicated in stem cell aging, leading to loss of polarity and altered epigenetic modification.'® As mice age,
treating fibrosis after bleomycin administration becomes increasingly difficult, potentially due to the inability of damaged
epithelial stem cells to return to normal function. The role of Cdc42 in regulating cytoskeletal organization, cell-cell
matrix adhesion, and cell polarity in distinct cell types could be beneficial in resolving lung fibrosis by rejuvenating and
regulating the phenotypic expression of stem cells.

During bleomycin-induced lung injury and repair in mice, diverse clusters and clonal cells with unique properties may
develop. Lineage tracing experiments have revealed lineage-negative progenitor stem cells (LNEP) in normal epithelial
lung cells that consist of p63"/krt5". Accumulating evidence indicates that these LNEP cells can activate and migrate to
heavily injured areas and proliferate after injury. These cells can differentiate into multipotent progenitor cells or mature
AT2 cells, with other stem cells potentially contributing to lung fibrosis.'®> Studies have revealed the presence of two
distinct subsets of AT1 cells, Hopx Igfbp2" and Hopx 'Igfbp2~, that have different fates during alveolar regeneration
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Figure 3 Mechanotransduction-Mediated Signaling in AT2-AT| Transition. The figure illustrates the signaling factors and progenitor stem cells involved in the AT2-AT|
transition in fibrotic lungs, as well as the role of the mesenchymal niche microenvironment in this process. The complex mechanical signaling pathways that control this
transition are depicted, with a focus on the involvement of the small Rho GTPase family member Cdc42 in regulating the STAT-3 and STAT-1 signaling pathways. The effects
of mechanotransduction on Wnt, Sox2, EGF, B-catenin, and Nkx2 proteins in the lung mesenchyme, which can alter lung development and repair, have also been
demonstrated (bottom right). Created with BioRender.com.
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(Figure 2).* The former subset represents the AT1 population which is terminally differentiated, while the latter subset
constitutes ~5% of the total AT1 population and retains cellular plasticity.* Igfbp2 (Insulin-like growth factor binding
protein 2) is specifically expressed in postnatal AT1 cells.'®* Hopx (Homeodomain-only protein X) plays a crucial role in
lung development, alveolar damage, and maturation. Hopx also impedes surfactant protein expression, leading to
defective AT1 cells and deformed alveoli.' Interestingly, Hopx can also promote self-renewal and differentiation to
AT?2 cells, indicating bidirectional lineage differentiation in the alveolar epithelium (Figure 2).° However, understanding
the different subsets of the epithelial cell population and the immune signals during this phenotypic switch remains
a challenge.

Recent studies have suggested that the rate of differentiation from AT2 to AT1 is more pronounced in bleomycin-
induced injury than in other injury models such as Diphtheria Toxin A (DTA).” Bleomycin injury may promote a distinct
local signaling pathway which is not observed with other injury models. Comprehensive data analysis suggests that
severe lung pathologies are associated with increased apoptosis, senescence, and mutations in surfactant proteins.
Senescent cells have been found to hinder the regeneration of damaged cells by producing signaling proteins via
senescent-associated secretory phenotype (SASP), which can cause fibrosis and block the function of neighboring
cells.'”” This can lead to stochastic profibrotic epigenetic reprogramming and premature epithelial cell senescence,
preventing regeneration. It is unclear whether senescent cells express senescence-related genes that control differentiation
towards AT2 or AT1 cells.

The mTOR complex which includes mTOR complexes 1 and 2, plays a crucial role in regulating cellular
proliferation and biosynthetic processes. Activation of mTOR signaling can occur through various stimuli such as
cytokines, growth factors, and mitogens.”' However, dysregulated mTOR signaling has been linked to a higher
vulnerability to pulmonary and liver fibrosis.'?®!° In a study by Hettiarachchi et al (2020), the targeted delivery of
PI3K/mTOR agonist to myofibroblasts resulted in a significant reduction in the expression of fibrogenic mediators in
BLM-injured mice and prolonged their survival,”® suggesting the potential of mTOR inhibitors in managing IPF. In
a recent study, it was found that the constitutive activation of mTOR signaling in lung epithelial cells treated with
bleomycin can potentially promote EMT. This effect might be attributed to the disruption of tight junctions in the
lung epithelial cells.'®
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Stem Cells: A Potential Avenue for Treatment of Pulmonary Fibrosis

The current treatment options for IPF are limited and aim to slow the disease progression and manage symptoms. The
standard pharmacological therapies include the use of antifibrotic agents, such as pirfenidone and nintedanib."'® These
drugs have been shown to slow the decline in lung function and reduce the rate of acute exacerbations in patients with
IPF. However, they do not cure the disease and have potential side effects. Other treatment options for IPF may include
oxygen therapy, pulmonary rehabilitation, and lung transplantation in advanced cases. However, these treatments are not
suitable for all patients and may have case-specific limitations.

In recent years, mesenchymal stem cells (MSCs) have emerged as a potential therapeutic option.® MSCs are adult
stem cells derived from various sources such as bone marrow, adipose tissue, umbilical cord tissue, menstrual blood, and
placenta. These cells can differentiate into multiple cell types and secrete functional paracrine factors that possess anti-
inflammatory, immunosuppressive, and angiogenic properties.''"''? Currently, several clinical trials are underway to
evaluate MSCs for the treatment of IPF (ClinicalTrials.gov Identifiers: NCT05468502, NCT05016817, NCT01919827,
NCT02013700, NCT01385644, NCT02594839, NCT02135380). However, at least for now, the therapeutic potential of
MSC:s is limited by their low survival rates in the intended organ and associated risks of embolism and tumorigenesis. An
alternative approach is the use of extracellular vesicles (EVs) derived from MSCs. The use of EVs to deliver cargo has
the advantages of target cell specificity, ability to cross biological barriers, low immunogenicity, and potential for
chemical/biological modifications."'®> The EVs are being clinically evaluated for health conditions such as Acute
Respiratory Distress Syndrome, COVID-19, type-I diabetes, and cardiovascular disease.'* However, standardization
of EV isolation and characterization methods is needed to ensure consistency and reproducibility of results. As IPF is
caused by persistent immune reaction and deposition of extracellular matrix proteins the administration of MSCs or
extracellular vesicles is a promising treatment option.''> This is evidenced by the use of MSCs in treating bleomycin-
induced lung injury in mice, where improved wound healing and reduction in fibrosis were observed.''>''¢

Recently, human induced pluripotent stem cells (iPSCs) have also emerged as a promising therapeutic option for COVID-19
treatment. In this case, the stem cells infuse and migrate into damaged lung tissue, playing a role in reconstructing the damaged
lung tissue and promoting regeneration.''” Studies using murine embryonic stem cells (ESCs) have demonstrated differentiation
into alveolar epithelial cells and non-ciliated Clara cells, indicating their potential in treating lung injuries.'"® In addition,
transplantation of human ESC-derived AT2 cells was found to mitigate lung injury in mice by improving pulmonary function
and prolonging survival (Table 1).'"” CD166 is a glycoprotein found on the surface of lung epithelial cells that encodes the
activated leukocyte cell adhesion molecule. Studies have demonstrated that CD166 derived from human ESCs and iPSCs can
effectively mitigate bleomycin-induced acute lung injury (ALI) by enhancing pulmonary function and improving survival rates in
mice.'** Additionally, both MSCs and iPSCs have the potential to differentiate into lung and airway progenitor cells with similar
ultrastructural features and biological functions as normal AT2 cells. These cells can be produced from a variety of cell types,
including basal cells, goblet cells, Clara cells, ciliated cells, and alveolar epithelial cells, both in vitro and in vivo.'”® Human
umbilical cord blood (HUCB) contains CD34" cells that can differentiate into mesenchymal stem cells (MSCs) and potentially be
121 CD44 is an early marker of differentiation for these immature CD34" cells.'** Studies have shown that
cells with higher CD44 expression levels have better proliferation and differentiation capabilities into AT1 cells.”® Therefore, the

used for cell therapies.

study of HSCs with a general expression of CD34 and CD44 markers could provide insight into the development of lung fibrosis.

Conclusion and Future Directions

The lung is a complex organ composed of various types of cells, including progenitor cells, endothelial cells, and
myofibroblasts.*” While both mouse and human lungs harbor stem and progenitor cells in distinct niches, there are species-
specific differences in their organization and challenges faced by these cells.® For instance in mice, bronchoalveolar stem cells
(BASC) are responsible for maintaining proximal and distal lung epithelia, whereas human lung BASC faces additional
challenges from external factors such as environmental and behavioral influences.' One contributing factor is the relative
uniformity of the mouse lung niche, attributed in part to the controlled maintenance conditions in the laboratory. However, it is
essential to consider that both wild and lab-raised mice, as well as human subjects, can experience alterations in lung niche
development and function due to various environmental factors, including diet, microbiome, pollutants, and lifestyle choices.
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Several studies have demonstrated that exposure to environmental pollutants, such as particulate matter and cigarette smoke, can
impair lung function and increase the risk of lung diseases in both humans and animals. Similarly, dietary factors and gut
microbiota have been shown to play a critical role in lung health and disease.'** Despite these cross-species differences, the
murine lung exhibits some complexity comparable to that of the human lung, making it a valuable model for investigating lung
development and potential therapeutic approaches in the clinical setting.

Bleomycin-induced lung fibrosis is a model used to study the development of lung fibrosis, which is a condition
characterized by the accumulation of excess fibrous tissue in the lungs. In this model, bleomycin, a chemotherapy drug, is
administered to laboratory animals, typically mice, and its effects on the lung tissue are monitored. Bleomycin-induced
lung fibrosis has also been used to study the therapeutic potential of stem cells in the treatment of lung fibrosis. The
rationale behind this approach is that stem cells can differentiate into various cell types, including lung cells, and can be
used to repair damaged tissue. Studies have shown that stem cells, including bone marrow-derived mesenchymal stem
cells (BM-MSCs) and embryonic stem cells (ESCs), can reduce fibrosis and improve lung function when administered to
animals with bleomycin-induced lung fibrosis. These cells appear to exert their therapeutic effects by reducing
inflammation, suppressing fibroblast activation, and promoting the regeneration of lung tissue. These changes mimic
those seen in human lung fibrosis, making the bleomycin-induced lung fibrosis model a valuable tool for studying the
underlying mechanisms of this condition and for testing potential therapeutic approaches. In addition to changes in
cellular morphology and proliferation rate, the local microenvironment of the damaged tissue also undergoes significant
change. A complex network of signals and immune interactions may influence changes in stem cell behavior, quiescence,
regeneration, and homeostasis. Exploring the functionality of resident stem cells, effector cells, and memory T cells may
provide valuable insights into understanding the interactions between scarred epithelial tissue and stem cells.

Currently, researchers are employing lineage tracing experiments, cell labeling methods, and reporter systems to
better understand the bleomycin-induced systemic injury (Table 1). However, there are several challenges in accurately
identifying differentiating cells, characterizing transformed cells, and tracking transdifferentiation due to the spatial and
temporal changes in the lineage trajectory. Additionally, the heterogeneity and existence of divergent subpopulations of
fibroblasts present significant obstacles in comprehending lung fibrosis.'*> Another challenge to the lineage tracing
approach is the silencing of reporters during the transdifferentiation of cells, a problem acerbated when stem cells
terminally differentiate. Bacterial artificial chromosome (BAC)-mediated stable gene expression is a powerful tool that
enables the introduction of large genomic regions, including entire genes and their regulatory elements, into cells to
achieve stable and physiologically relevant gene expression.'?®'?” This technique can be particularly useful in the
context of lung fibrosis for introducing key reporters for lineage tracing, or through controlled expression of genes or
signaling pathways regulating the differentiation and function of alveolar progenitor cells, including AT2 cells.

Importantly, there is a growing body of evidence supporting the use of human umbilical mesenchymal stem cells
(HUMSC:s) as a therapeutic approach for bleomycin-induced pulmonary fibrosis. HUMSCs regulate immune responses
and synthesize hyaluronan to enhance lung regeneration.'*® However, the use of stem cells in the treatment of lung
fibrosis is still in its early stages and further research is needed to fully understand their mechanisms of action and to
optimize their therapeutic potential. Despite these limitations, the use of stem cells in the treatment of bleomycin-induced
lung fibrosis has provided valuable insights into the biological processes involved in lung fibrosis and has generated hope
for the development of new therapeutic strategies for this debilitating disease. In the current review, we have summarized
the various aspects of resident stem cells in lung tissue and their role in bleomycin-induced lung injury and the repair
process. We believe that the key challenges in understanding the behavior of lung stem cell progenitors include:

1. Characterizing newly identified AT2 stem cell subpopulations involved in post-injury repair: AT2 cells have been
identified as alveolar stem cells that play an important role in lung repair and regeneration following injury.®
These cells possess the capacity for long-term self-renewal and differentiation to AT1 cells. Recent research has
focused on characterizing newly identified subpopulations of AT2 cells that are involved in the post-injury repair.
Approaches such as lineage tracing, 3D organoid culture, and single-cell RNA sequencing (scRNAseq) have been
used to study these cells and identify key molecular pathways and signaling pathways involved in their activation
and differentiation.
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While 3D organoid culture has been effective in modeling the behavior of AT2 cells, it does not fully replicate the
complex microenvironment of the human alveolar stem cell niche, which is critical for their differentiation into AT1
cells. To overcome these limitations, researchers are developing more sophisticated models that better recapitulate the
niche microenvironment of AT2 cells.>”> For example, microfluidic devices have been used to create dynamic environ-
ments that mimic the alveolar niche, allowing for the study of AT2 cells under more physiologically relevant
conditions.'?’ Additionally, the use of decellularized lung scaffolds has shown promise in creating a more realistic
microenvironment for studying AT2 cell behavior and differentiation.'*® By improving our understanding of the complex
microenvironment that supports the differentiation and maintenance of AT2 cells, researchers can develop more effective
strategies for promoting lung repair and regeneration in patients with lung injury or disease.

2. Understanding the role of immunity-related transcription factors in determining AT2 stem cell properties: The
properties of alveolar type 2 (AT2) stem cells in the lung are regulated by a complex network of transcription
factors, including the signal transducers and activators of transcription (STATs).'**!°! Distinct combinations of
STATs play a critical role in determining the properties of AT2 stem cells during basal homeostasis versus repair.
Recent studies have focused on the role of immunity-related transcription factors such as NF«xB and STATs in
determining the properties of AT2 stem cells. A recent study has demonstrated the essential role of NF«B in
epithelial-mesenchymal transition.'*" Interestingly, NF«B itself is regulated by mechanotransduction responsive
signalling pathways such as Rho, Racl, cdc42, and integrins.'**'** STAT1 and STAT3 are shown to regulate the
functions of facultative AT2 stem cells that are activated following lung injury. These transcription factors play

a key role in promoting the proliferation and differentiation of these cells in response to injury.'”

Moreover,
a recent study demonstrated that the activation of STAT3 in AT2 cells led to the formation of a novel subset of

alveolar epithelial progenitor cells, which could differentiate into both AT1 and AT2 cells.'**

Overall, a better understanding of the complex transcriptional regulatory networks that control AT2 stem cell properties
will be critical for the development of novel therapeutic strategies for lung injury and disease. By identifying the specific
transcription factors that control the proliferation and differentiation of these cells, researchers may be able to target these
factors to promote lung repair and regeneration.

3. Linking disruptions of progenitor functions of distinct AT2 subsets with the pathogenesis of chronic lung diseases:
The identification of distinct subpopulations of alveolar type 2 (AT2) cells has highlighted the importance of
understanding the specific roles of these subsets in lung homeostasis and repair. Dysregulated immune signaling
has been implicated in disrupting the stem cell functions of AT2 cells, leading to the pathogenesis of chronic lung
diseases such as pulmonary fibrosis.”" Identifying the specific immune signaling pathways that disrupt the stem cell
functions of distinct AT2 subsets is critical for the development of targeted therapies for chronic lung diseases.
Immune-regulatory drugs such as nintedanib and pirfenidone have shown promise in treating pulmonary fibrosis by
modulating immune signaling pathways that drive fibrotic remodeling.''® Understanding the specific disruptions in
AT2 stem cell proliferation and function that can contribute to lung disease pathogenesis will help researchers
develop more targeted approaches for reversing or alleviating these conditions.

Summarily, the present review article holds significant importance in the field of regenerative medicine, specifically in
the context of idiopathic pulmonary fibrosis (IPF). By using the bleomycin-induced lung injury model in mice, which
mimics the pathological features of human IPF, researchers have demonstrated that stem cell therapy can reduce
inflammation, prevent fibrosis progression, and promote tissue regeneration in the injured lung. The article delves into
the mechanisms through which various types of stem cells, such as mesenchymal stem cells, embryonic stem cells,
induced pluripotent stem cells, and lung resident stem cells, exert their therapeutic effects in this specific model.
Understanding the regenerative capabilities of these stem cells could pave the way for the development of targeted
and effective therapies for lung-related disorders in humans. Moreover, this review also highlights the challenges and
opportunities associated with translating stem cell therapy to the clinic for IPF patients, shedding light on potential
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avenues for further advancements in regenerative medicine. In essence, this comprehensive review offers hope to IPF

patients while also carrying broader implications for regenerative medicine, providing valuable insights into the

regenerative potential of stem cells across various organ systems.
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