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An important contributor to the development of idiopathic pulmonary fibrosis (IPF) is the alteration of the
intracellular homeostasis of alveolar epithelial cells, which are mainly composed of alveolar type | epithelial cells
(AT1), alveolar type Il epithelial cells (AT2), as well as abnormal basaloid cells, resulting in aberrant epithelial

repair, myofibroblast activation, and increased extracellular matrix deposition to form lung fibrosis

idiopathic pulmonary fibrosis alveolar epithelial cells niche cells

| 1. Alveolar Epithelial Type I Cells

AT1 is morphologically flat and covers more than 95% of the surface area of the lung epithelium, which together
with the basement membrane, alveolar wall capillaries form the air—blood barrier and are mainly responsible for
gas exchange. Efficient gas exchange relies on the intrinsic ion and fluid transport functions of AT1 cells &I, In
addition, AT1 expresses pro-inflammatory receptors, including toll-like receptor 4 (TLR4) and receptors for
advanced glycation end-products (RAGE) involved in innate immunity 2!, In pulmonary fibrosis, AT1 has received
relatively little attention because AT1 is generally considered to be a terminally differentiated cell that does not have
the functions of proliferation and differentiation itself 4B, However, in contrast to AT2, which is more responsive to
hyperoxic injury, AT1 cells rapidly shed after exposure to bleomycin (BLM)-induced lung injury, and are completely
lost during the subsequent fibrotic process (8. There are several lines of evidence supporting that AT1 cells may
participate in pulmonary fibrosis. RAGE, which is selectively expressed in AT1 cells and acts as a regulator of
inflammation, was found to either promote fibrosis or controversially repress the progression of lung fibrosis [IEI2!
(291 caveolin-1, which encode a scaffold protein of caveolae and is mainly present in AT1, could directly inhibit
TGF-B signaling and frequently lost its expression in pulmonary fibrosis 112 Recently, the role of AT1 in
alveologenesis and alveolar regeneration is beginning to receive increasing attention. Studies have shown that
Hopx+Igfbp2-AT1 cells can be transdifferentiated into AT2 cells to participate in alveolar injury repair [L21[14]115]16]
These studies have changed the view that AT1 is a terminally differentiated cell. Therefore, the role of AT1 in

pulmonary fibrosis needs to be further elucidated (Figure 1).
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Figure 1. Function of alveolar type | epithelial cells. AT1 in the lung is mainly responsible for gas exchange, ion,
and fluid transport, and can participate in cellular immunity. AT1 achieves fluid transport via aquaporins, ion
transport via the cystic fibrosis transmembrane regulator and ATPases, and proinflammatory, pathway activating,
immune, and other functions via a variety of protein receptors such as rage, which is localized to the basement
membrane. Function is impaired or cells die when exposed to environmental insults. Abbreviations: RAGE,
receptors for advanced glycation end-products; MMP, matrix metalloproteinases; MAPK, mitogen-activated protein

kinase.

| 2. Alveolar Epithelial Type Il Cells

AT2, defined as alveolar stem cells, has the ability of self-renewal and differentiation, which produces pulmonary
surfactant, reduces alveolar epithelial surface tension, and prevents alveolar collapse. After alveolar epithelial cell
damage, AT2 cells can rapidly proliferate and differentiate into AT1 cells, thereby maintaining the integrity of
alveolar epithelial cells, which is necessary for maintaining alveolar homeostasis and promoting alveolar
regeneration X2, Notably, a subset of AT2 cells expressing the transcriptional target of Wnt signaling, Axin2, has
been shown to play a leading role in alveolar regeneration and repair, and can be rapidly mobilized, self-renewed,
and differentiated into AT1 cells after injury X8, Disruption of protein homeostasis, telomere damage, mitochondrial
dysfunction, and epigenetic changes lead to AT2 dysfunction, manifested as impaired stem cell function, apoptosis,

senescence, and pro-fibrotic signaling, which are closely related to the development of IPF.

During the initial injury phase, activated alveolar epithelial cells and recruited inflammatory cells release potent pro-
fibrotic growth factors (e.g., TGF-f3, tumor necrosis factor a, platelet-derived growth factor PDGF) that induce injury
and fibrogenesis 19, These growth factors, especially TGFp, are involved in the damage and apoptosis of alveolar
epithelial cells, induction of epithelial-mesenchymal transformation (EMT) of alveolar epithelial cells, activation and
invasion of fibroblasts, and ECM deposition 2921, Human, mouse, and rat alveolar epithelial cells display a pattern
of mesenchymal gene expression with the involvement of transcription factors when stimulated with TGF[3 in vitro

(201 sulforaphane (SFN) was found to enhance antioxidant capacity, reverse TGF-B-induced interstitial changes,
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return cells to epithelioid morphology, and exhibit significant antifibrotic effects on IPF patients, TGF-[B-treated cell
lines, and BLm-induced fibrosis in mice (221231, AT2 cells play a central role in the activation of TGF, which may be
self-sustained by elevated tension in the fibrotic lung 24!, Cell division cycle 42 (Cdc42) acts on the polymerization
of actin in AT2 cells, and its deletion causes a sustained increase in mechanical tension in AT2 cells, leading to
activation of the TGF-f3 pathway, driving the comprehensive development of fibrosis from the periphery to center,
with low Cdc42 expression in IPF patient samples [2125] Activation of TGF-B in AT2 induces the production of

fibrosis, which can be alleviated by inhibition of TGF-3 transduction.

2.1. Protein Homeostasis Destruction

Stemness maintenance of stem cells depends on tightly controlled protein homeostasis 28, The role of the
endoplasmic reticulum (ER) in vivo is to facilitate the folding and transport of proteins to ensure the quality of
proteins required for cellular homeostasis. Protein misfolding triggers ER stress, leading to unfolded protein
response (UPR), and persistent ER stress causes cellular dysfunction and affects stem cell fate decisions [27[28],
The study found that during pulmonary fibrosis, ER stress marker aggregation and UPR activation existed in AT2
cells. In BLM-injured mice, AT2 cells also exhibited ER stress, and the ER stress activator tunicamycin exacerbates
pulmonary fibrosis 2B, Deletion of glucose-regulated protein 78 (GRP78), a key regulator of ER homeostasis,
causes AT2 cells to undergo ER stress, apoptosis, senescence, impaired stemness, and TGF-/Smad signaling
activation; moreover, GRP78 is severely deleted in AT2 cells of IPF patients . Wang further found that
microcystin-leucine arginine (LR) can reduce TGF-/Smad signaling, regulate macrophage polarization, block EMT
and myofibroblast differentiation, and bind to GRP78 to inhibit the UPR signaling pathway, which contributes to
alleviating pulmonary fibrosis (22l ER stress and activation of UPR can cause AT2 dysfunction and further promote

the progression of pulmonary fibrosis, which can be alleviated by inhibiting its activation.

2.2. Mitochondrial Damage

Mitochondria possess their own genetic material and genetic system. In addition to providing energy for cells,
mitochondria are also involved in processes such as cell proliferation and differentiation, cell information
transmission, and cell apoptosis, and have the ability to regulate cell growth and the cell cycle. Impaired
mitochondrial phagocytosis, DNA damage, increased reactive oxygen species, growth disturbance, dysfunction,
and disturbance of homeostasis in AT2 cells all induce ER stress and programmed cell death in AT2 cells, leading
to the development of fibrosis 28134l Mitochondria were damaged and deformed in AT2 cells in IPF compared with
control lungs, showing enlargement, swelling, and cristae rupture 328, PTEN-induced putative kinase 1 (Pink1),
an enzyme that promotes phagolysis of damaged mitochondria, is downregulated in IPF patients, and the degree
of lung fibrosis is increased in Pink1-deficient mice, which is associated with reduced mitophagy, accumulation of
malformed mitochondria, ER stress, and increased AT2 apoptotic senescence 9. Activating transcription factor 3
(Aft3) is highly expressed in fibrotic and aging lungs 3. Conditional deletion of Aft3 in AT2 protects mice from
pulmonary fibrosis BZ. Mitochondrial (mt) DNA base excision repair enzyme, 8-oxoguanine-DNA glycosylase 1
(mtOGG1), can prevent mtDNA damage and apoptosis in epithelial cells. It was found that OGG1-deficient mice

had increased pulmonary fibrosis, and IPF patients had increased lung mtDNA damage. mtOGG1 overexpression
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protected mitochondrial DNA integrity in epithelial cells and weakened cell apoptosis [28l. Phosphoglycerate mutase
family member 5 (PGAMS5), an important regulator of mitochondrial homeostasis in pulmonary fibrosis, impairs
mitochondrial integrity at the functional and structural levels. Ganzleben et al. found that PGAM5-deficient mice
and human epithelial cell fibrosis was significantly reduced B2. These data suggest that improved mitochondrial

homeostasis has protective effects on AT2 cells and provides protection against pulmonary fibrosis 49,

2.3. Telomere Shortening

Telomeres maintain the proliferative potential of stem and progenitor cells by providing a telomerase-dependent
repeat expansion mechanism that protects chromosome ends from replicative loss 1. Telomere shortening
impairs stem cell function and tissue regeneration 22!, Telomere shortening in the alveolar epithelium is a common
factor in disease progression, and telomere length measured in AT2 is uniformly reduced in IPF 3], Telomeres are
shorter in cells in fibrotic areas compared to non-fibrotic areas in IPF lungs 4., IPF progression has been shown to
be associated with mutations in the telomerase reverse transcriptase family genes, telomerase RNA component
(TERC) and telomerase reverse transcriptase (TERT), which regulate telomere length and function 15,
Dysfunctions such as telomere shortening resulting from gene mutations lead to cell cycle arrest, AT2 senescence,
and impaired renewal capacity, which are risk factors for the development of IPF [28147][148] Recent studies have
found that POT1 p. (L259S) is defective in binding telomere protrusion, nuclear accumulation, negative regulation
of telomerase, and lagging chain maintenance. Heterozygous mutations in this gene in IPF patients exhibit
telomere loss, lagging strand defects, DNA damage, and cellular senescence, and mutations in this gene are
thought to be a pathogenic driver of IPF 49, Overexpression of E3 ubiquitin-protein ligase FBW7 (F-box and WD40
repeat domain-containing 7, also termed FBXW?7) inhibits the expression of telomere capping enzyme tripeptidyl
peptidase 1 (TPP1), leading to shortening of telomeres, senescence of AT2 cells, and promotion of the occurrence
and development of IPF B2, Kriippel-like factor 4 (KLF4), a protein transcription factor, is involved in a variety of
cellular processes and plays an important role in the maintenance of cellular stemness. The study found that the
expression of KLF4 and TERT in IPF patients and fibrosis mouse model AT2 is decreased, while the
overexpression of KLF4 can increase the expression of TERT and telomerase activity B, Therefore, maintaining
the stemness of AT2 stem cells by regulating telomere length and function may be a new way to alleviate the

development of fibrosis.

| 3. Abnormal Basaloid Cells

In recent years, studies using single-cell sequencing technology and lineage tracing technology have found that
there is a previously unknown alveolar differentiation intermediate (ADI, also called basaloid cells) population in the
differentiation progress of AT2 cells to AT1 cells during the repair of alveolar epidermal damage in mice 22531, AD|
expresses keratin 17/8 (KRT17/KRT8) but does not express the classic AT2 marker Surfactant Protein C (SFTPC)
and AT1 markers advanced glycosylation end-product specific receptor (AGER), podoplanin (PDPN), and can
further differentiate into mature AT1 cells 2. In vivo and in vitro functional experiments confirmed that intervention
in the ADI-specific regulatory network can promote or inhibit its differentiation into AT1 cells. Surprisingly, the

population of basaloid cells is significantly increased in IPF patients and highly enriched in areas of severe fibrosis
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341 Furthermore, human basaloid cell populations can be transdifferentiated into keratin 5 (KRT5)-positive basal
stem cells and their progeny, which largely explains why patients with IPF exhibit an alveolar-bronchialized
phenotype B2l In vitro organoid and in vivo xenograft experiments further confirmed that human basaloid cell
populations can differentiate into normal alveolar epithelial cells or transdifferentiate into basal-like cells to promote

fibrosis in immunodeficient mice B2 (Figure 2).

Figure 2. Transition of alveolar epithelium and intrinsic pathological mechanism of alveolar type Il cells after injury.
(A) Upon environmental and genetic insults to the alveolar epithelium, AT2 with stem cell functions undergoes self-
renewal and differentiation. During its differentiation into AT1, a transitional cell morphology, the ADI, is generated,
which is enriched in IPF lungs. (B) However, after AT2 is damaged, pro-fibrosis factor TGF-3 is released, which can
affect the expression of pro-fibrosis gene, produce endoplasmic reticulum stress, produce UPR, increase cell
mechanical pressure, and activate TGFB-Smad2/3 pathway. Mitochondria in damaged AT2 were damaged and
deformed, with enlargement and swelling, ridge breakage, increased reactive oxygen species, inducing apoptosis
and senescence of cells. TERT and TERC mutated and telomere shortened and lost under the influence of
intracellular genes, which jointly promoted the development of pulmonary fibrosis. Abbreviations: AT1, alveolar type
| epithelial cells; AT2, alveolar type Il epithelial cells; ADI, alveolar differentiation intermediate; TGF-[3, transforming
growth factor-B; LR, leucine arginine; ER, endoplasmic reticulum; UPR, unfolded protein response; ROS, reactive
oxygen species; GRP78, glucose-regulated protein 78; SFN, sulforaphane; KLF4, Krippel-like factor 4; TERT,
telomerase reverse transcriptase; TERC, telomerase RNA component; FBW7, F-box and WD40 repeat domain-
containing 7; TPP1, tripeptidyl peptidase 1; Aft3, Pinkl, PTEN-induced putative kinase 1; OGG1, 8-oxoguanine-
DNA glycosylase 1; PGAM5, phosphoglycerate mutase family member 5.
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