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Abstract

Human alveolar type | (AT1) cells are specialized epithelial cells that line the alveoli in the lungs
where gas exchange occurs. The primary function of AT1 cells is not only to facilitate efficient
gas exchange between the air and the blood in the lungs, but also to contribute to the structural
integrity of the alveoli to maintain lung function and homeostasis. Aging has notable effects on
the structure, function, and regenerative capacity of human AT1 cells. However, our understanding
of the molecular mechanisms driving these age-related changes in AT1 cells remains limited.
Leveraging a recent single-cell transcriptomics dataset we generated on healthy human lungs, we
identified a series of significant molecular alterations in AT1 cells from aged lungs. Notably, the
aged AT1 cells exhibited increased cellular senescence and chemokine gene expression, alongside
diminished epithelial features such as decreases in cell junctions, endocytosis, and pulmonary
matrisome gene expression. Gene set analyses also indicated that aged AT1 cells were resistant to
apoptosis, a crucial mechanism for turnover and renewal of AT1 cells, thereby ensuring alveolar
integrity and function. Further research on these alterations is imperative to fully elucidate the
impact on AT1 cells and is indispensable for developing effective therapies to preserve lung
function and promote healthy aging.
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Introduction

Human alveolar type | (AT1) cells are specialized, highly flattened epithelial cells that
form a crucial component of the alveolar lining in the lungs [1,2]. These cells cover
approximately 95% of the alveolar surface area, creating an extensive, thin barrier that
facilitates the efficient exchange of gases-oxygen and carbon dioxide-between the air in
the alveoli and the blood in the surrounding capillaries [2]. The unique structure of AT1
cells, characterized by their broad, thin cytoplasmic extensions, minimizes the diffusion
distance for gases, thus optimizing respiratory efficiency [3]. Beyond their role in gas
exchange, AT1 cells contribute significantly to the structural integrity and stability of the
alveolar architecture, helping to maintain the shape and function of the alveoli, and to fluid
homeostasis, preventing the accumulation of excess fluid in the alveolar space [1,4,5].

Aging impairs lung function, and significantly impacts the differentiation of AT1 cells from
their progenitor cells, alveolar type Il (AT2) cells [6,7], resulting an age-related decline in
alveolar regeneration. We and others have highlighted a series of significant changes in AT2
cells, along with their niches, within aged human lungs that may compromise their capacity
to differentiate into AT1 cells [7-11]. More directly, aging is associated with alterations in
the morphology and density of AT1 cells [12,13], leading to a decline in their functional
activities. Aging-related changes in the lung microenvironment can further impact AT1

cell function and contribute to age-related lung diseases [12]. These findings suggest a
significant influence of aging on human AT1 cells, potentially contributing to structural

and functional alterations that compromise their capacity to maintain lung health and
function. These changes are associated with a higher susceptibility to respiratory diseases.
Understanding the effects of aging on AT1 cells is vital for developing interventions to
preserve lung health and function in the aging population.

Here, we revisit the single-cell transcriptomics atlas we recently generated with half a
million cells from healthy human lungs covering various ages and isolated AT1 cells

for further differential and pathway analyses. Intriguingly, the healthy AT1 cells are
heterogeneous and at least two functionally distinct AT1 subpopulations were identified.

In line with findings regarding AT2 cells [8], AT1 cells from aged donors exhibited
significantly increased cellular senescence and elevated chemokine gene expression. In-
depth pathway analysis further unveiled an increased resistance of these cells to apoptosis.
More notably, aged AT1 cells showed a dramatic deficiency of epithelial identities,
evidenced by the downregulation of general epithelial marker genes, as well as genes
associated with AT1 cell junctions, the pulmonary matrisome, and endocytosis. This study
provides comprehensive evidence demonstrating the impact of aging on molecular and
functional changes in AT1 cells and enhances our understanding of age-related declines

in human lung functions. As AT1 cells play a key role in gas exchange and maintaining
alveolar structure, aging-induced alterations in these cells can lead to increased susceptibility
to respiratory diseases and compromised lung health. By investigating the molecular and
cellular mechanisms underlying these changes, we can develop targeted therapies to preserve
lung function, improve respiratory health, and enhance the quality of life for the elderly
population.
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2. Materials and Methods

2.1. Single Cell Transcriptomics Data Analysis

The data collection and integration for the human lungs of healthy subjects from fourteen
individual databases containing 94 healthy subjects and 491,187 cells have been previously
described [8]. Briefly, the databases were integrated, batch effects were corrected by
canonical correlation analysis (CCA), and major cell types were identified based on the
expression of canonical marker genes. For AT1 cell identification, commonly used marker
genes including AGER, RTKN2, and BDNF were used. The AT1 cell cluster was isolated
and re-clustered, and the contaminating cells were identified and excluded with pure AT1
cells retained. Again, the differential analyses were done with GSE135893 dataset excluded
as the transcription of some genes in GSE135893 was far beyond the scale of other datasets

[8].

2.2. Differentially Expressed (DE) Gene Analysis

Differentially expressed genes in AT1 cells from different clusters or ages (young, middle-
aged, and aged subjects) were calculated by “FindAllMarkers” as described previously [14].
For heatmaps, gene average expression in each identity was determined by the command
“AverageExpression” and a heatmap showing the relative expression of top genes or a
specific set of genes was illustrated. For individual gene expression or gene score, Violin
plots were utilized with a dashed line indicating the mean levels and a boxplot displaying the
distribution of the continuous variable.

2.3. Expression Scores of Gene Sets

The command “AddModuleScore” was used to determine the expression score of a gene
set as described previously [8,15]. The Cellular Senescence Score was calculated based
on the expression of the genes that were detectable in human AT1 cells selected from

the core senescence gene list (503 genes) in CSGene database [8,16,17]. The Epithelial
Identity Score was determined using common alveolar epithelial genes, and Keratin and
Claudin genes, and the Cell Apoptosis score was identified using 81 protein-coding genes
participating in the apoptosis pathway from the KEGG Pathways dataset.

2.4. Ingenuity Pathway Analysis (IPA)

IPA analysis on the differentially expressed genes of AT1 cells from different clusters or age
stages was performed as described previously [8,18]. The DE gene symbols were loaded
into IPA together with the expression fold change “avg_log2FC” and “p_val” as inputs. IPA
analysis was conducted based on these variables, and the Ingenuity Canonical Pathways and
the “-log(p-value)” and “z-score” were exported as outputs. Data visualization was depicted
using -log(p-value) with or without a z-score.

2.5. Gene Set Enrichment Analysis

Gene Set Enrichment Analysis (GSEA) analysis on young and aged AT1 cells was
conducted with fgsea (Version 1.18.0), as previously described [8]. The hallmark gene
sets, C2 curated gene sets and C5 ontology gene sets were downloaded from GSEA web
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(https://lwww.gsea-msigdb.org/gsea/index.jsp). The GSAE pathway analysis was performed
on all the above gene sets by the DE genes of the aged AT1 cells. The signaling pathways
were ranked based on their Normal Enrichment Scores (NES) and p-values (pval). The top
pathways were visualized by the plotGsea Table and individual pathways were presented by
Enrichment Plot with NES, pval, and padj (adjusted p-value).

2.6. Statistical Analysis

GraphPad was used to show the exact frequency of AT1 cells in each subpopulation. The
comparison of each gene expression or score level was visualized using violin plots, and
the Wilcoxon test or Kruskal-Wallis test was employed to compare two or three groups,
respectively. A p-value was included in each comparison by violin plots and the lowest
p-value calculated by these tests was p < 2.2 x 10716,

3. Results

3.1

Identification of Functionally Distinct AT1 Subpopulations in Healthy Human Lungs

To systematically study the impact of aging on human lungs, we recently generated a
single-cell transcriptomics atlas of healthy human lungs from donors of different age stages
[8,17,19-30] and identified an AT1 cell cluster by examining the expression of canonical
AT1 marker genes (Figure 1A,B). We then isolated and re-clustered the AT1 subset,
removed contaminant cells, and ultimately retained 13,226 purified AT1 cells in two distinct
sub-clusters (Figure 1C,D). Differential expression analysis revealed unique gene expression
profiles for each AT1 sub-cluster (Figure 1E). Remarkably, the representative top genes in
Cluster 0 were predominantly related to the protein components of epithelial cell membranes
and cell junctions, whereas those in Cluster 1 were mainly associated with cell inflammation
and ribosomal protein genes (Figure 1F). To further verify the specific functions of these
two sub-clusters, we conducted IPA analysis on the differentially expressed genes of each
sub-cluster. As expected, the top signaling pathways in Cluster O were primarily related

to epithelial cell junction signaling and organization (Figure 1G). IPA analysis in Cluster

1 identified several top pathways associated with eukaryotic translation attributed to the
expression of ribosomal protein genes in this sub-cluster. Additionally, many of the other
pathways in Cluster 1 were related to cell inflammation and chemokine storm (Figure

1H), consistent with the elevated expression of chemokine genes in this sub-cluster (Figure
1F). These analyses indicate that AT1 cells in healthy human lungs exhibit significant
heterogeneity and at least two distinct sub-clusters are identified, each characterized by a
unique set of genes and functional properties. This functional divergence underscores the
complexity of AT1 cell roles in maintaining pulmonary homeostasis and responding to
various physiological and pathological stimuli.

3.2. AT1 Cells from Aged Human Lungs Showed Increased Cellular Senescence

Aging has been suggested to lead to a gradual decline in lung function in healthy
individuals, characterized by structural changes that hinder gas exchange, as well as
immunologic changes that increase susceptibility to infections [6]. We propose that age-
related compromises in human AT1 cells may contribute to the changes in lung function
observed in healthy elderly individuals. To confirm this, we separated the AT1 cells into
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three groups by age as described previously [8]: young, <40 year old, middle-aged, 40—

60 year old, and old (aged) >60 year old (Figure 2A). We quantified the frequencies of

AT1 cells in each sub-cluster across different age stages and found that the frequency of
Cluster 0 dropped dramatically with aging, while that of Cluster 1 increased (Figure 2B).

To systematically characterize the profiles of AT1 cells across different age stages, we
conducted differential expression analysis and identified distinct gene expression patterns

in AT1 cells corresponding to each age stage (Figure 2C, left panel). Many of the highly
expressed genes in young AT1 cells are related to the cellular structural integrity of epithelial
cells, while many of those expressed in aged AT1 cells are transcriptional factor genes and
their functions are yet to be determined (Figure 2C, right panel).

Cellular senescence, as one of the major common hallmarks of human aging [31], has

been suggested to be involved in several age-related lung diseases [6]. To study the cellular
senescence of AT1 cells, we ran IPA analyses and identified several cellular senescence
related pathways in AT1 cells from aged subjects (Figure 2D). As a verification, we defined
a cellular senescence score with the selected genes that are detectable in human alveolar
epithelial cells from CSGene database (503 genes) [8,16,17] and found a significantly
elevating cellular senescence score in AT1 cells with aging (Figure 2E). The upregulated
expression levels of representative senescence genes, such as COKN1A (P21), CDKNZB
(P15), and CDKH4, further confirmed the increased cellular senescence in aged AT1 cells
(Figure 2E).

Decreased Cell Apoptosis in Aged AT1 Cells

AT1 cells are often considered terminally differentiated cells in the adult lung although some
studies believe that they retain cellular plasticity [32,33]. However, the consistency is that
the turnover of AT1 cells is tightly regulated to maintain lung homeostasis. Programmed
cell death, including apoptosis, is considered a natural mechanism regulating the turnover
of AT1 cells and facilitating tissue remodeling processes and it is typically balanced by

the differentiation of AT2 progenitor cells to replace the lost cells [34,35]. To further study
the age-associated change in AT1 cells more systemically, we employed another pathway
analysis method, fast gene set enrichment analysis (GSEA). Surprisingly, we identified
several cell apoptosis related pathways downregulated in aged AT1 cells by analysis of
Hallmark gene sets (Figure 3A,B). This finding was further corroborated by additional
analyses on C2 curated gene sets and C5 ontology gene sets (Figure 3B). To validate the
downregulated cell apoptosis in aged AT1 cells, we accessed the 81 protein-coding genes
participating in the apoptosis pathway from the KEGG Pathways dataset and defined the
Cell Apoptosis Score. Consistent with our GSEA analysis, the aged AT1 cells exhibited a
significantly lower Cell Apoptosis Score and decreased transcription levels of representative
cell apoptosis genes (Figure 3C). These data revealed insufficient AT1 cell apoptosis,
indicating impaired turnover of AT1 cells and accumulation of damaged or senescent cells,
which may lead to compromised lung tissue homeostasis and functionality in aging human
lungs.
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3.4. Decreased Epithelial Identities in AT1 Cells from Aged Subjects

Amidst the activated pathways identified by IPA analysis on aged AT1 cells, several
intriguingly appeared to be associated with Epithelial-Mesenchymal Transition (EMT)
(Figure 4A). Although we did not observe “real” EMT in aged AT1 cells, we did notice

a consistent decrease in the transcription levels of common lung epithelial genes (Figure
4B). We then established an Epithelial Identify Score with the common lung epithelial genes
and found that the Epithelial Identify Score, along with the representative epithelial cell
marker genes, was significantly downregulated with the aging of human AT1 cells (Figure
4C). These observations, similar to the characterizations of aged AT2 cells as we reported
recently [8], indicate a deficiency in epithelial features in AT1 cells from aged human lungs.

3.5. Dysregulated Cell Junctional Complexes in Aged Human AT1 Cells

As one of the major features of epithelial cells, the intercellular junctions of alveolar
epithelial cells are critical to form adhesive forces that connect neighboring cells and
separate the external environment from the subepithelial tissue and conduct intercellular
communications [36]. Among the top 15 dysregulated pathways identified by IPA analysis
in aged AT1 cells, many are related to cell junction signaling (Figure 5A, red highlighted)
and actin cytoskeleton signaling (Figure 5A, blue highlighted).

There are three major types of cell junctions: tight junctions, adherent junctions and
desmosomes, and gap junctions and almost all require association with the actin
cytoskeleton. To verify the dysregulated actin cytoskeleton and cell junction signaling, we
then examined the transcriptional levels of the representative actin cytoskeleton genes and
the major components of each cell junction complex in AT1 cells from different stages
(Figure 5B-G). Many of the actin cytoskeleton component or intermediate genes were
downregulated in the aged AT1 cells (Figure 5B). Tight junctions consist of transmembrane
proteins (Claudins/ CLDNs, Occludin/ OCLN) and adaptor proteins (ZO-1/7JP1 and ZO-2/
7JP2) that link to the underlying actin cytoskeleton [37-39]. In aged AT1 cells, both OCLN
and 7JP1, along with most of the claudin genes, were significantly downregulated (Figure
5C,D). Adherens junctions are primarily composed of the transmembrane protein E-cadherin
(encoded by CDHI1 gene) and adaptor catenin proteins [39]. Desmosomes are intercellular
junctions requiring a protein complex formed by several major desmosomal proteins, such
as desmogleins (DSGs), desmocollins (DSCs), junction plakoglobin (JUP), plakophilins
(PKP), and desmoplakin (DSP) [40]. Many genes encoding the components of adherens
junctions (Figure 5E) and desmosomes (Figure 5F) were also decreased in aged AT1 cells.
Connexins are the major proteins of gap junctions [41]. One representative Connexins,
Connexin-43/CX43 encoded by GJAI gene, which is detectable in human AT1 cells, was
also dramatically downregulated in aged AT1 cells (Figure 5G). Age-related deficiency in
cell junctions in AT1 cells can compromise lung integrity, disrupt efficient gas exchange,
and increase susceptibility to respiratory diseases in elderly populations.

3.6. Dysregulated Cell Endocytosis in Aged AT1 Cells

Endocytosis in AT1 cells plays a crucial role in the uptake of extracellular materials,
regulation of membrane protein turnover, and maintenance of cellular homeostasis, which
are essential for efficient gas exchange and lung function [42,43]. IPA analysis on aged
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AT1 cells revealed several cell endocytosis-related pathways including Clathrin- (Figure
5A, green highlighted) and Caveolar-mediated endocytosis (Figure 6B). To validate these
findings, we examined the transcriptional levels of the key components involved in clathrin-
coated vesicle and caveolae, the major organelles mediating Clathrin- or Caveolar-mediated
endocytosis, and found that most of these genes were significantly downregulated in aged
AT1 cells (Figure 6A,C).

3.7. Compromised Pulmonary Matrisome Controlled by TGF-g in Aged AT1 Cells

3.8.

The extracellular matrix (ECM) in the lungs is a unique structure that facilitates cell
adhesion, migration, and differentiation, regulates tissue repair and remodeling processes,
and ensures proper lung architecture and function [44]. A recent study demonstrates that
numerous genes associated with constituents and regulatory components of the pulmonary
ECM, collectively termed the pulmonary matrisome, are expressed in AT1 cells, and are
regulated by TGF-p signaling through its receptor TGFBR2 in AT1 cells [45]. Here in

the aged human lungs, we observed dysregulated signaling by TGF-p receptor complex

by IPA analysis (Figure 5A, purple highlighted) and a deficient transcription level of
TGFBRZ2 (Figure 7) in aged AT1 cells. As expected, the expression levels of several
pulmonary matrisome proteins, including glycoproteins (/GFBP?), proteoglycans (SPOCKZ2
and HSPGZ2), ECM regulators (ADAM10and CTSH), and integrins (/7TGA3and /TGBI)
were significantly downregulated in AT1 cells with aging (Figure 7). Basement membrane
provides essential support for AT1 cells by serving as a structural foundation that ensures
their stability and proper alignment. Components of the basement membrane including the
collagen 1V subtypes (COL4A1, COL4A3, and COL4A4) and laminin-332 constituents
(LAMAS3, LAMBS3, and ITGAG6), are contributed by AT1 cells, but their transcriptional
levels were markedly decreased in aged AT1 cells (Figure 7). Collectively, these data suggest
an age-associated decline in the formation of the pulmonary matrisome by AT1 cells in aged
human lungs.

Elevated Cell Inflammation in Aged AT1 Cells

Although covering a significant portion of the lung surface area exposed to the external
environment, the potential contribution of AT1 cells to pulmonary immunity is not well
understood [46]. Here our pathway analysis revealed several pathways associated with

cell inflammation that were heightened in aged AT1 cells (Figure 8A). As more direct
evidence shows, many cytokine genes, despite their overall low transcriptional levels, were
upregulated in aged AT1 cells (Figure 8B). Meanwhile, the chemokine genes that could be
detected in human AT1 cells were consistently up-regulated in aged AT1 cells (Figure 8C).
Further analyses of separated AT1 subclusters indicated that both Cluster 0 and 1 contributed
to the expression of these chemokine genes, although the overall transcription levels of
these genes were much higher in Cluster 1 compared to Cluster 0 (Figure 8D). While the
role of AT1 cells in pulmonary immunity has been rarely reported, the elevated cytokine
gene expression by the aged AT1 cells suggests a newly identified function of AT1 cells in
triggering innate immune responses in the human lung.
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4. Discussion

Alveoli serve as the primary sites for blood-gas exchange within the human lung and
alveolar epithelium, comprising two main cell types, alveolar type | cells (AT1) and alveolar
type Il cells (AT2), play a crucial role in this exchange process [44]. AT2 cells function as
stem cells, aiding in the repair of injured alveolar epithelium [47]. AT1 cells are specialized
epithelial cells that cover approximately 95% of the alveolar surface area in the lungs.

Their distinctive squamous shape, along with their thin and extended surfaces, allows them
to closely align with lung microvascular endothelial cells, thus facilitating the interface

for efficient blood-gas exchange [1,48]. As individuals age, cells within the respiratory
epithelium display both quantitative and qualitative differences and specific alterations
associated with aging have been observed in most of the epithelial cell types in the both
airway and alveolar regions [6]. While recent research has provided insights into age-related
changes in lung structure and function, the distinct alterations occurring within AT1 cells
have not been extensively characterized. Understanding how aging affects AT1 cells is
crucial for elucidating the mechanisms underlying age-related lung dysfunction and may
lead to the development of targeted therapeutic interventions to preserve respiratory health in
the elderly population.

In the present study, we revisited a previously established single-cell transcriptomics atlas
of healthy human lungs to delve into the gene expression dynamics of AT1 cells across
different age groups. Our findings unveiled distinct gene expression profiles associated with
aging in AT1 cells. Functional pathway analysis highlighted significant alterations induced
by aging, including increased cellular senescence, diminished epithelial identities, and shifts
in gene expression related to crucial cellular processes such as cell junctions, extracellular
matrix dynamics, chemokine signaling, and apoptosis. These age-related changes have

the potential to disrupt lung function, elevate susceptibility to respiratory ailments, and
compromise overall respiratory health in the elderly population.

Cellular senescence, characterized by a permanent growth arrest, is recognized as one of

the hallmarks of aging in human tissues [31]. Senescent cells accumulate with age and

are thought to play a significant role in age-related tissue dysfunction [31]. Interestingly,
senescent cells often exhibit resistance to apoptosis, a process of programmed cell death
crucial for removing damaged or dysfunctional cells from tissues [49,50]. This phenomenon
might explain the observed increase in cellular senescence in AT1 cells from aged human
lungs, accompanied by a concurrent downregulation of cell apoptosis. The interplay between
these two processes highlights the intricate mechanisms governing cellular homeostasis

and aging in lung tissue, though further investigations are needed for validation. The
imbalance of these cellular processes in alveolar epithelial cells is likely contributing to the
development of age-associated lung diseases such as Idiopathic Pulmonary Fibrosis (IPF),
Chronic Obstructive Pulmonary Disease (COPD), and lung cancer, although direct evidence
is still lacking.

Another hallmark of aging in human tissues is altered intercellular communication [31].
One of the primary features of epithelial cells is the presence of cell junctions, which
are considered crucial mechanisms for intercellular communication of epithelial cells [39].
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Thus, impaired gene expression of cell junction complexes in aged AT1 cells may indicate
not only compromised epithelial integrity and barrier, but also disrupted intercellular
communications of AT1 cells with their neighboring cells or the extracellular matrix in

aged human lungs. Endocytosis is indeed another mechanism of cell communication, which
plays a crucial role in various cellular processes that facilitate intercellular communication
and signal transduction [51]. Dysregulated endocytosis in aged AT1 cells, including clathrin-
and caveolae-mediated endocytosis, underscores the compromised cell communication in
these cells. We hypothesize that other endocytosis pathways specific to epithelial cells may
also be affected by aging, although they were not explored in the current study. Another
recently identified function of AT1 cells is their role in maintaining alveolar matrisome
through ECM secretion [45]. These components, along with other ECM elements such as the
basement membrane, play a crucial role in preserving alveolar integrity. Our recent analyses
using the same integrated dataset have shown a decreased transcriptional level of ECM
genes, including basement membrane genes, in mesenchymal cells from aged human lungs
[8]. These findings collectively suggest a compromised signaling interplay between AT1
cells and their neighboring cells, leading to a deficit in alveolar integrity and intercellular
communication in aged human lungs. Pulmonary diseases such as IPF, COPD, pneumonia,
and lung cancer are more prevalent with increasing age and are commonly associated with
disruptions in alveolar integrity and structure. Age-related molecular and cellular changes
in AT1 cells may contribute to the pathogenesis of these pulmonary diseases, though more
direct evidence is needed to confirm this involvement.

AT?2 cells, as the progenitor cells, have also been reported to execute various innate
immunologic activities and participate in lung adaptive immune responses as well [8,52-54],
but the role of AT1 cells in pulmonary immunity has been rarely studied. Here, we reported
an increased transcription of cytokine genes in aged human AT1 cells. Although the precise
functions of these genes remain unclear, we propose that AT1 cells participate in pulmonary
immunity via the secretion of these chemokines and future studies will be actively pursued.

5. Conclusions

In summary, this study revealed a heterogeneity within AT1 cells, with distinct
subpopulations identified, with a recently generated single-cell transcriptomics atlas of
healthy human lungs. Aged AT1 cells exhibited increased cellular senescence, elevated
chemokine gene expression, and resistance to apoptosis, along with a deficiency in epithelial
identities and altered gene expression related to cell junctions, pulmonary matrisome, and
endocytosis. These findings underscore the impact of aging on AT1 cells and highlight
implications for respiratory health. Understanding these mechanisms could inform targeted
therapies to preserve lung function and improve respiratory health in the elderly.

Acknowledgments

The authors would like to thank the all contributors of the open-access single-cell omics data on human lungs. The
authors thank the lab members for their support and discussion during the study.

J Respir Biol Transl Med. Author manuscript; available in PMC 2024 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal. Page 10
Funding
This research was funded by National Institutes of Health grants R35-HL150829 (P.W.N.), P01-HL108793 (P.W.N.
and D.J.), R0O1-AG078655 (J. L.), and American Heart Association Career Development Award 24CDA1268568
(X.L.).
References
1. Williams MC. Alveolar type I cells: Molecular phenotype and development. Annu. Rev. Physiol

10

11.

12.

13.

2003, 65, 669-695, doi:10.1146/annurev.physiol.65.092101.142446. [PubMed: 12428023]

. Weibel ER. On the Tricks Alveolar Epithelial Cells Play to Make a Good Lung. Am. J. Respir. Crit.

Care Med 2015, 191, 504-513, d0i:10.1164/rccm.201409-16630E. [PubMed: 25723823]

. Schneider JP, Wrede C, Hegermann J, Weibel ER, Muhlfeld C, Ochs M. On the Topological

Complexity of Human Alveolar Epithelial Type 1 Cells. Am. J. Respir. Crit. Care Med 2019, 199,
1153-1156, doi:10.1164/rccm.201810-1866LE. [PubMed: 30758981]

. Crapo JD, Barry BE, Gehr P, Bachofen M, Weibel ER. Cell number and cell characteristics of the

normal human lung. Am. Rev. Respir. Dis 1982, 126, 332-337, doi:10.1164/arrd.1982.126.2.332.
[PubMed: 7103258]

. Dobbs LG, Johnson MD, Vanderbilt J, Allen L, Gonzalez R. The great big alveolar Tl cell: Evolving

concepts and paradigms. Cell. Physiol. Biochem 2010, 25, 55-62, d0i:10.1159/000272063.
[PubMed: 20054144]

. Schneider JL, Rowe JH, Garcia-de-Alba C, Kim CF, Sharpe AH, Haigis MC. The aging lung:

Physiology, disease, and immunity. Cell 2021, 184, 1990-2019, doi:10.1016/j.cell.2021.03.005.
[PubMed: 33811810]

. Han S, Budinger GRS, Gottardi CJ. Alveolar epithelial regeneration in the aging lung. J. Clin.

Investig 2023, 133, e170504, doi:10.1172/JC1170504.

. Liu X, Zhang X, Yao C, Liang J, Noble PW, Jiang D. Transcriptomics Analysis ldentifies the

Decline in the AT2 Stem Cell Niche in Aged Human Lungs. Am. J. Respir. Cell Mol. Biol 2024,
doi:10.1165/rcmb.2023-03630C.

. Liang J, Huang G, Liu X, Zhang X, Rabata A, Liu N, et al. Lipid Deficiency Contributes to

Impaired Alveolar Progenitor Cell Function in Aging and Idiopathic Pulmonary Fibrosis. Am. J.
Respir. Cell Mol. Biol 2024, doi:10.1165/rcmb.2023-02900C.

. Liang JR, Huang GL, Liu X, Liu NS, Taghavifar F, Dai K, et al. Reciprocal interactions
between alveolar progenitor dysfunction and aging promote lung fibrosis. Elife 2023, 12, 85415,
doi:10.7554/eL.ife.85415.

Jia H, Chang Y, Chen Y, Chen X, Zhang H, Hua X et al. A single-cell atlas of lung homeostasis
reveals dynamic changes during development and aging. Commun. Biol 2024, 7, 427, doi:10.1038/
$42003-024-06111-x. [PubMed: 38589700]

Penkala 1J, Liberti DC, Pankin J, Sivakumar A, Kremp MM, Jayachandran S, et al. Age-dependent
alveolar epithelial plasticity orchestrates lung homeostasis and regeneration. Cell Stem Cell 2021,
28, 1775-1789.e1775, doi:10.1016/j.stem.2021.04.026. [PubMed: 33974915]

Watson JK, Sanders P, Dunmore R, Rosignoli G, Jule Y, Rawlins EL, et al. Distal lung

epithelial progenitor cell function declines with age. Sci. Rep 2020, 10, 10490, doi:10.1038/
541598-020-66966-y. [PubMed: 32591591]

14. Liu X, Rowan SC, Liang J, Yao C, Huang G, Deng N, et al. Categorization of lung mesenchymal

15.

cells in development and fibrosis. iScience 2021, 24, 102551, doi:10.1016/j.isci.2021.102551.

Liu X, Dai K, Zhang X, Huang G, Lynn H, Rabata A, et al. Multiple Fibroblast Subtypes
Contribute to Matrix Deposition in Pulmonary Fibrosis. Am. J. Respir. Cell Mol. Biol 2023, 69,
45-56, doi:10.1165/rcmb.2022-02920C. [PubMed: 36927333]

16. Zhao M, Chen L, Qu H. CSGene: A literature-based database for cell senescence genes and its

application to identify critical cell aging pathways and associated diseases. Cell Death Dis. 2016,
7, €2053, doi:10.1038/cddis.2015.414. [PubMed: 26775705]

17. Yao C, Guan X, Carraro G, Parimon T, Liu X, Huang G, et al. Senescence of Alveolar Type 2

Cells Drives Progressive Pulmonary Fibrosis. Am. J. Respir. Crit. Care Med 2021, 203, 707-717,
d0i:10.1164/rccm.202004-12740C. [PubMed: 32991815]

J Respir Biol Transl Med. Author manuscript; available in PMC 2024 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Page 11

Liu X, Geng Y, Liang J, Coelho AL, Yao C, Deng N, et al. HER2 drives lung fibrosis by activating
a metastatic cancer signature in invasive lung fibroblasts. J. Exp. Med 2022, 219, e20220126,
doi:10.1084/jem.20220126.

Wang A, Chiou J, Poirion OB, Buchanan J, Valdez MJ, Verheyden JM, et al. Single-cell multiomic
profiling of human lungs reveals cell-type-specific and age-dynamic control of SARS-CoV-2 host
genes. Elife 2020, 9, 62522, doi:10.7554/eL ife.62522.

Morse C, Tabib T, Sembrat J, Buschur KL, Bittar HT, Valenzi E, et al. Proliferating SPP1//MERTK-
expressing macrophages in idiopathic pulmonary fibrosis. Eur. Respir. J 2019, 54, 1802441,
d0i:10.1183/13993003.02441-2018.

Habermann AC, Gutierrez AJ, Bui LT, Yahn SL, Winters NI, Calvi CL, et al. Single-cell RNA
sequencing reveals profibrotic roles of distinct epithelial and mesenchymal lineages in pulmonary
fibrosis. Sci. Adv 2020, 6, eabal972, doi:10.1126/sciadv.abal972.

Reyfman PA, Walter JM, Joshi N, Anekalla KR, McQuattie-Pimentel AC, Chiu S, et al.
Single-Cell Transcriptomic Analysis of Human Lung Provides Insights into the Pathobiology

of Pulmonary Fibrosis. Am. J. Respir. Crit. Care Med 2019, 199, 1517-1536, doi:10.1164/
rccm.201712-24100C. [PubMed: 30554520]

Tsukui T, Sun KH, Wetter JB, Wilson-Kanamori JR, Hazelwood LA, Henderson NC, et al.
Collagen-producing lung cell atlas identifies multiple subsets with distinct localization and
relevance to fibrosis. Nat. Commun 2020, 11, 1920, doi:10.1038/s41467-020-15647-5. [PubMed:
32317643]

Heinzelmann K, Hu QJ, Hu Y, Dobrinskikh E, Ansari M, Melo-Narvaez MC, et al. Single-cell
RNA sequencing identifies G-protein coupled receptor 87 as a basal cell marker expressed

in distal honeycomb cysts in idiopathic pulmonary fibrosis. Eur. Respir. J 2022, 59, 2102373,
d0i:10.1183/13993003.02373-2021.

Liang J, Huang G, Liu X, Taghavifar F, Liu N, Wang Y, et al. The ZIP8/SIRT1 axis regulates
alveolar progenitor cell renewal in aging and idiopathic pulmonary fibrosis. J. Clin. Investig 2022,
132, doi:10.1172/JCI157338.

Guo M, Yu JJ, Perl AK, Wikenheiser-Brokamp KA, Riccetti M, Zhang EY, et al. Single-Cell
Transcriptomic Analysis Identifies a Unique Pulmonary Lymphangioleiomyomatosis Cell. Am.
J. Respir. Crit. Care Med 2020, 202, 1373-1387, d0i:10.1164/rccm.201912-24450C. [PubMed:
32603599]

Melms JC, Biermann J, Huang H, Wang Y, Nair A, Tagore S, et al. A molecular single-cell

lung atlas of lethal COVID-19. Nature 2021, 595, 114-119, doi:10.1038/s41586-021-03569-1.
[PubMed: 33915568]

Bharat A, Querrey M, Markov NS, Kim S, Kurihara C, Garza-Castillon R, et al. Lung
transplantation for patients with severe COVID-19. Sci. Transl. Med 2020, 12, eabe4282,
doi:10.1126/scitransImed.abe4282.

Basil MC, Cardenas-Diaz FL, Kathiriya JJ, Morley MP, Carl J, Brumwell AN, et al. Human
distal airways contain a multipotent secretory cell that can regenerate alveoli. Nature 2022, 604,
120-126, doi:10.1038/s41586-022-04552-0. [PubMed: 35355013]

Adams TS, Schupp JC, Poli S, Ayaub EA, Neumark N, Ahangari F, et al. Single-cell RNA-seq
reveals ectopic and aberrant lung-resident cell populations in idiopathic pulmonary fibrosis. Sci.
Adv 2020, 6, eabal983, doi:10.1126/sciadv.aba1983.

Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G. The hallmarks of aging. Cell
2013, 153, 1194-1217, doi:10.1016/j.cell.2013.05.039. [PubMed: 23746838]

Jain R, Barkauskas CE, Takeda N, Bowie EJ, Aghajanian H, Wang Q, et al. Plasticity of
Hopx(+) type I alveolar cells to regenerate type 1l cells in the lung. Nat. Commun 2015, 6, 6727,
doi:10.1038/ncomms7727. [PubMed: 25865356]

Wang YJ, Tang Z, Huang HW, Li J, Wang Z, Yu YY, et al. Pulmonary alveolar type I cell
population consists of two distinct subtypes that differ in cell fate. Proc. Natl. Acad. Sci. USA
2018, 115, 2407-2412, doi:10.1073/pnas.1719474115. [PubMed: 29463737]

Del Riccio V, Van Tuyl M, Post M. Apoptosis in lung development and neonatal lung injury.
Pediatr. Res 2004, 55, 183-189, doi:10.1203/01.Pdr.0000103930.93849.B2. [PubMed: 14630991]

J Respir Biol Transl Med. Author manuscript; available in PMC 2024 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Page 12

Martin TR, Hagimoto N, Nakamura M, Matute-Bello G. Apoptosis and epithelial injury in the
lungs. Proc. Am. Thorac. Soc 2005, 2, 214-220, doi:10.1513/pats.200504-031AC. [PubMed:
16222040]

Brune K, Frank J, Schwingshackl A, Finigan J, Sidhaye VK. Pulmonary epithelial barrier function:
Some new players and mechanisms. Am. J. Physiol. -Lung Cell. Mol. Physiol 2015, 308, L731-
L745, doi:10.1152/ajplung.00309.2014. [PubMed: 25637609]

Hartsock A, Nelson WJ. Adherens and tight junctions: Structure, function and connections

to the actin cytoskeleton. Biochim. Biophys. Acta 2008, 1778, 660-669, doi:10.1016/
j.bbamem.2007.07.012. [PubMed: 17854762]

Zihni C, Mills C, Matter K, Balda MS. Tight junctions: From simple barriers to multifunctional
molecular gates. Nat. Rev. Mol. Cell Biol 2016, 17, 564-580, doi:10.1038/nrm.2016.80. [PubMed:
27353478]

Garcia MA, Nelson WJ, Chavez N. Cell-Cell Junctions Organize Structural and Signaling
Networks. Cold Spring Harb. Perspect. Biol 2018, 10, a029181, doi:10.1101/cshperspect.a029181.
Delva E, Tucker DK, Kowalczyk AP. The desmosome. Cold Spring Harb. Perspect. Biol 2009, 1,
2002543, doi:10.1101/cshperspect.a002543.

Goodenough DA, Paul DL. Gap junctions. Cold Spring Harb. Perspect. Biol 2009, 1, a002576,
doi:10.1101/cshperspect.a002576.

Wang S, Singh RD, Godin L, Pagano RE, Hubmayr RD. Endocytic response of type | alveolar
epithelial cells to hypertonic stress. Am. J. Physiol. -Lung Cell. Mol. Physiol 2011, 300, L560-
L568, doi:10.1152/ajplung.00309.2010. [PubMed: 21257731]

Kim KJ, Malik AB. Protein transport across the lung epithelial barrier. Am. J. Physiol. -Lung Cell.
Mol. Physiol 2003, 284, L247-L259, doi:10.1152/ajplung.00235.2002. [PubMed: 12533309]
Morrisey EE, Hogan BL. Preparing for the first breath: Genetic and cellular mechanisms in lung
development. Dev. Cell 2010, 18, 8-23, doi:10.1016/j.devcel.2009.12.010. [PubMed: 20152174]

Callaway DA, Penkala 1J, Zhou S, Knowlton JJ, Cardenas-Diaz F, Babu A, et al. TGF-beta controls
alveolar type 1 epithelial cell plasticity and alveolar matrisome gene transcription in mice. J. Clin.
Investig 2024, 134, doi:10.1172/JC1172095.

Yamamoto K, Ferrari JD, Cao Y, Ramirez MI, Jones MR, Quinton LJ, et al. Type | alveolar
epithelial cells mount innate immune responses during pneumococcal pneumonia. J. Immunol
2012, 189, 2450-2459, doi:10.4049/jimmunol.1200634. [PubMed: 22844121]

Barkauskas CE, Cronce MJ, Rackley CR, Bowie EJ, Keene DR, Stripp BR, et al. Type 2 alveolar
cells are stem cells in adult lung. J. Clin. Investig 2013, 123, 3025-3036, doi:10.1172/JC168782.
[PubMed: 23921127]

Chan M, Liu Y. Function of epithelial stem cell in the repair of alveolar injury. Stem Cell Res. Ther
2022, 13, 170, d0i:10.1186/s13287-022-02847-7. [PubMed: 35477551]

Hu L, LiH, Zi M, Li W, Liu J, Yang Y, et al. Why Senescent Cells Are Resistant to Apoptosis:

An Insight for Senolytic Development. Front. Cell Dev. Biol 2022, 10, 822816, doi:10.3389/
fcell.2022.822816.

Wang B, Han J, Elisseeff JH, Demaria M. The senescence-associated secretory phenotype and

its physiological and pathological implications. Nat. Rev. Mol. Cell Biol 2024, doi:10.1038/
s41580-024-00727-x.

Di Fiore PP, von Zastrow M. Endocytosis, signaling, and beyond. Cold Spring Harb. Perspect. Biol
2014, 6, a016865, d0i:10.1101/cshperspect.a016865.

Fehrenbach H. Alveolar epithelial type Il cell: Defender of the alveolus revisited. Respir. Res 2001,
2, 33-46, doi:10.1186/rr36. [PubMed: 11686863]

Stegemann-Koniszewski S, Jeron A, Gereke M, Geffers R, Kroger A, Gunzer M, et al.

Alveolar Type Il Epithelial Cells Contribute to the Anti-Influenza A Virus Response in the

Lung by Integrating Pathogen- and Microenvironment-Derived Signals. mBio 2016, 7, 10-1128,
doi:10.1128/mBi0.00276-16.

Toulmin SA, Bhadiadra C, Paris AJ, Lin JH, Katzen J, Basil MC, et al. Type Il alveolar cell MHCII
improves respiratory viral disease outcomes while exhibiting limited antigen presentation. Nat.
Commun 2021, 12, 3993, doi:10.1038/s41467-021-23619-6. [PubMed: 34183650]

J Respir Biol Transl Med. Author manuscript; available in PMC 2024 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Liuetal.

Page 13

BDNF B
10 10
5 e 5
100 | @ 10.0 ~ | G
75 0 ol 7.5 oo 2
5.0 5.0 <
25 25 s
-5 . -5
-10 . “ -10
0 5 0 5 10 0 5 0 5 10 0 5 0 5 10 = =
UMAP_1 UMAP_1 UMAP_1 10 S umes ° 10
C 13,226 cells D 6 AGER
5.0 .
25 3
NI NI
o o
<00 ELS
- o
-25 -3
50
-4 4 4 -4 0 P! -4 (] 4 -4 [] i
UMAP_1 UMAP_1 UMAP_1 UMAP_1
AT1 cluster EMP2 RTKN2 AGER CAV1 CAV2 TJP1 GJA1
0 1 Wilcoxon, p < 2.2x10%  Wilcoxon, p < 2.2x10-% Wlw xon, p < 2.2x10°%  Wilcoxon, p < 2.2x10%  Wilcoxon, p < 2.2x10%  Wilcoxon, p < 2.2x10-%¢ Wﬂeoj(oﬂ.n(ZZx'D o
% Q Q J\ ?Q Q -6_ i 1 l
S e a4 X | dl ,;_; ==
CXCL1 7 CXCL2 FABP5 SLPI RPS6 RPL12
200 Wilcoxon, p < 2.2x10%6  Wilcoxon, p < 2.2x10%6  Wilcoxon, p < 2.2x10"%  Wilcoxon, p < 22x10-%¢  Wilcoxon, p < 2.2x10-% Wlmxm p<22x10% Wweoxnn n 22!‘0 .

L ]hieisiesn

i i \ i i | A . 1

05 ?é |
lo.o 7

05 8

i

L

=S

G
IPA anaIyS|s on AT1 Cluster 0
| C ical Pathway -log(p-value) z-score
RHO GTPase cycle 18.9 [I—— 7.416 I
Cell junction organization 10.9 4.359 1
Sertoli Cell-Sertoli Cell Junction Signaling 9.3 I 3.402 ]
Actin Cytoskeleton Signaling 8.6 I 2.858 |
Epithelial Adherens Junction Signaling 8.24 I 1.091 |
Extracellular matrix organization 8.03 I 4.123 1
Tight Junction Signaling 7.92 I - !
Semaphorin interactions 7.55 I 3.606 ]
Sertoli Cell-Germ Cell Junction Signaling Pathway (Enhanced) [7.01 I -1.633 |
Integrin cell surface interactions 6.87 [ 3.742 |

H

IPA analy5|s on AT1 Cluster 1

-log(p-value;
Eukaryotic Translation E[ongat on 146
Eukaryotic Translation Termination 136
Eukaryotic Translation Initiation 133
Response of EIF2AK4 (GCN2) to amino acid deficiency 128

EIF2 Signaling 101
Neutrophil degranulation 7.53
TCR signaling 4.1
MHC class |l antigen presentation 4.1
Pathogen Induced Cytokine Storm Signaling Pathway 2.2
Neutrophil Extracellular Trap Signaling Pathwa

Figure 1.
Functional heterogeneity of AT1 cells in healthy human lungs. (A) Transcription of AT1

maker genes in the integrated SCRNA-seq atlas of healthy human lungs. (B) UMAP

showed the identification of AT1 cluster. (C) AT1 cells were isolated and re-clustered.

(D) Transcription of canonical AT1 marker genes in the isolated AT1 cells. (E) Heatmap
displayed the top 100 genes of AT1 cell clusters. (F) Expression of representative top genes
of AT1 cell clusters were visualized by violin plots. (G,H) IPA analysis revealed the top
Ingenuity Canonical Pathways of AT1 cell clusters.
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Increased cellular senescence in aged human AT1 cells. (A) UMARP visualization of AT1
clusters from lungs of young (Y, Age < 40), middle-aged (M, Age 40-60), aged (old)
donors (O, Age > 60). (B) Frequency of AT1s in each sub-cluster from lungs of young,
middle-aged, and aged (old) donors. (C) Heatmaps displayed the top 100 (left) and
representative (right) genes differentially expressed in AT1s at different age states. (D)
Cellular senescence-related pathways from IPA analysis in aged AT1s. (E) Violin plots
showed the cellular senescence score and expression of representative senescence genes in
AT1s of different age stages. Y, young (Age < 40), M, middle-aged (Age 40-60), O, aged

(old) donors (Age > 60).
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Figure 3.

Reduced cell apoptosis in aged human AT1 cells. (A) Fast Gene Set Enrichment Analysis
(GSEA) analysis revealed the top hallmark-pathways in AT1 cells from aged (O) vs young
(Y) donors. (B) Enrichment plots showed the decreased apoptosis related pathways in
aged AT1 cells by FGSEA analysis from HALLMARK, C2, and C5 Molecular Signatures
Databases. (C) Violin plots showed the cell apoptosis score and the expression of
representative cell apoptosis associated genes in AT1s of different age stages. Y, young
(Age < 40), M, middle-aged (Age 40-60), O, aged (old) donors (Age > 60).
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Figure 4.
Reduced epithelial identities in aged human AT1 cells. (A) Epithelial-Mesenchymal

Transition (EMT)-related pathways identified by IPA analysis on aged AT1s. (B,C)
Heatmap (B) and violin plots (C) showed the Epithelial Identity Score and expression of
representative epithelial identity genes in AT1s of different age stages. Y, young (Age < 40),
M, middle-aged (Age 40-60), O, aged (old) donors (Age > 60).
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Figure5.

Dysregulated cell junctional complexes in aged human AT1 cells. (A) Top dysregulated
Ingenuity Canonical Pathways by IPA analysis on aged AT1s were listed with interested
pathways color-highlighted. (B) Representative genes of actin cytoskeleton signaling were
visualized by violin plots. (C) Violin plots depicted the transcription levels of major tight
junction components in AT1s of different age stages. (D) Heatmap displayed the expression
levels of Claudin genes. (E-G) Gene transcriptional levels of key components in adherens
junctions (E), desmosomes (F), and gap junctions (G) were illustrated by violin plots in
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AT1s of different age stages. Y, young (Age < 40), M, middle-aged (Age 40-60), O, aged
(old) donors (Age > 60).
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Figure®6.

Impaired cell endocytosis in aged human AT1 cells. (A) Dysregulated Clathrin-mediated
endocytosis was visualized by IPA analysis in Figure 3A, and violin plots showed the
expression levels of the major components of Clathrin-mediated endocytosis. (B) IPA
analysis suggested dysregulated Caveolar-mediated Endocytosis Signaling in aged AT1
cells. (C) Violin plots displayed the expression levels of the major components involved
in caveolar-mediated endocytosis signaling. Y, young (Age < 40), M, middle-aged (Age
40-60), O, aged (old) donors (Age > 60).
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Figure7.

Deficient alveolar matrisome gene transcription by aged human AT1 cells. Reduced
transcription level of 7TGFBR?2, as well as genes related to ECM-related matrisome and
Laminin-332 proteins, by aged human AT1 cells was visualized by violin plots. Y, young

(Age < 40), M, middle-aged (Age 40-60), O, aged (old) donors (Age > 60).
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Figure 8.
Increased cytokine signaling in aged human AT1 cells. (A) IPA analysis revealed several

elevated cytokine and chemokine related signaling pathways in aged human AT1 cells.

(B) Heatmap showed the expression of representative cytokine genes by AT1 cells of
different age stages. (C) Violin plots illustrated elevated expression levels of AT1-cell
specific chemokine genes. (D) Relative transcriptional levels of AT1-cell specific chemokine
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genes in AT1 cells of cluster 0 and 1 from different age stages. Y, young (Age < 40), M,
middle-aged (Age 40-60), O, aged (old) donors (Age > 60).
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