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Abstract

Aging poses a global public health challenge, which is linked to
the rise of age-related lung diseases. The precise understanding of
the molecular and genetic changes in the aging lung that elevate
the risk of acute and chronic lung diseases remains incomplete.
Alveolar type II (AT2) cells are stem cells that maintain epithelial
homeostasis and repair the lung after injury. AT2 progenitor
function decreases with aging. The maintenance of AT2 function
requires niche support from other cell types, but little has been
done to characterize alveolar alterations with aging in the AT2
niche. To systematically profile the genetic changes associated
with age, we present a single-cell transcriptional atlas comprising
nearly half a million cells from the healthy lungs of human
subjects spanning various ages, sexes, and smoking statuses. Most
annotated cell lineages in aged lungs exhibit dysregulated genetic

programs. Specifically, the aged AT2 cells demonstrate loss of
epithelial identities, heightened inflammaging characterized by
increased expression of AP-1 (Activator Protein-1) transcription
factor and chemokine genes, and significantly increased cellular
senescence. Furthermore, the aged mesenchymal cells display a
remarkable decrease in collagen and elastin transcription and a
loss of support to epithelial cell stemness. The decline of the AT2
niche is further exacerbated by a dysregulated genetic program in
macrophages and dysregulated communications between AT2
and macrophages in aged human lungs. These findings highlight
the dysregulations observed in both AT2 stem cells and their
supportive niche cells, potentially contributing to the increased
susceptibility of aged populations to lung diseases.

Keywords: aging; human lung; alveolar type II cell; niche;
macrophage

In the past century, human life expectancy
has nearly doubled globally, with an increase
more significant than that in all previous
millennia combined. By 2019, more than 600
million people were 65 years old or older,
and this number will likely triple by 2050 (1).
Increases in human age necessitate new
scientific understanding of how to both
extend and enhance health over the course of
longer human lives (2). The respiratory
system, representing a unique interface with

the outside environment, is one of the major
organs that is reported to be most affected by
human aging (3). Several lung diseases have
aging as a major risk factor, including
chronic obstructive pulmonary disease
(COPD), interstitial fibrotic lung disease,
lung cancer, and inflammatory lung diseases
such as pneumonia and coronavirus disease
(COVID-19) (3, 4). However, it is not fully
appreciated what the mechanistic, molecular,
and genetic drivers of lung aging are and

how aging increases susceptibility to these
acute and chronic lung diseases.

Alveoli, the essential units for lung
gas exchange, consist of epithelial and
mesenchymal populations. Alveolar type II
epithelial cells (AT2s) have been well
accepted as progenitor cells that maintain
alveolar homeostasis and repair damaged
epithelium after injury (5). However,
AT2s exhibit reduced self-renewal and
differentiation capacity with aging (6).
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Endothelial andmesenchymal cells,
as well as the immune components,
especially the macrophages (7), participate
in the alveolar niches (8–10) and are also
affected by aging. As an example, the
aging of lung mesenchymal cells, vital
for supporting AT2 renewal (11), further
impairs AT2 cell function (9). However,
a comprehensive dissection of the AT2
niches during lung aging using a large
dataset is lacking.

Recent studies have greatly benefited
from the advancements in next-generation
sequencing technologies, especially single-
cell RNA sequencing (scRNA-seq), which
has profiled healthy and diseased human
lungs (12–16). Specifically, progressive lung
diseases with increased prevalence with
aging, including idiopathic pulmonary
fibrosis (IPF), COPD, COVID-19, and lung
cancers, have been better described, with
known cell population delineated, novel cell
types identified, and changes in cellular
phenotypes and gene expression patterns
better characterized (17). The hallmarks of
these diseases, such as metabolic defects,
genomic instability, telomere attrition,
cellular senescence, and genomic and
epigenetic alterations, overlap with those that
occur during aging and may act as sensitizers
to these diseases (18–28). Although the
single-cell transcriptomics atlas on these
diseases has generated a huge amount of
information on molecular and cellular
profiles and disease-specific alterations in the
lungs, limited studies have focused on aging
of human lungs (29, 30), and longitudinal
transcriptomics profiling of human lungs at
the single-cell level across all adult age ranges
is not available.

To fill the gap, here we generated a
single-cell transcriptomics atlas of 491,187
human lung cells from 14 datasets with 92
adult healthy subjects of different ages, sexes,
and smoking statuses. The comprehensive

analyses elucidated the changes of
transcriptional programs in all cell types in
the lung during aging. Strikingly, we found
a significant decline in the AT2 niches,
characterized by the aberrantly
inflammaging profile of AT2s themselves,
and a decay of aged stromal cells in
supporting alveolar epithelium. Dysregulated
alveolar niches were further presented by
dysregulated transcriptional programs in the
immune systems in aged lungs. Moreover,
cell–cell communication analyses suggested a
strong proinflammatory niche between AT2
cells and macrophages in aged subjects.
Thus, these detailed observations highlight
significant dysregulations in the aging of
human lungs, shedding light on the
mechanisms behind the decline in lung
capacity and resilience and the increased
susceptibility to diseases in older
populations. The human lung atlas presented
here serves as a valuable resource, resembling
a pathogenetic-like library of aging lungs,
and targeting specific molecular or cellular
factors could potentially offer novel insights
for intervening in age-related lung diseases.

Some of the results of these studies have
been previously reported in the form of a
preprint (31).

Methods

Subject Details
All human lung experiments were approved
by the Cedars-Sinai Medical Center
Institutional Review Board (IRB) and were in
accordance with the guidelines outlined by
the IRB. Informed consent was obtained
from each subject (IRB: Pro00032727). For
histological verifications on human lungs,
slides from three young and three aged
donors were used: CC02-19, 37-year-old
male with no smoking history; CC07-19,
18-year-old male with no smoking history;
CC07-21, 32-year-old female with no
smoking history; CC06-19 (male) and CC08-
19 (female), both donors 78 years old with no
smoking history; and CC01-20, 72-year-old
female with no smoking history.

Data Collection
The original processed data on human lungs
of healthy donors were reaccessed either
fromGene Expression Omnibus (https://
www.ncbi.nlm.nih.gov/geo/) or LungMAP
(https://www.lungmap.net/). These data
included scRNA-seq (LungMAP,
GSE135893, GSE128033, GSE122960,

GSE136831, GSE132771, GSE146981,
GSE190889, GSE157996, GSE135851,
GSE158127, and GSE168191) and single-
nucleus RNA sequencing (GSE161382 and
GSE171524). All or specific cell or nucleus
types were enriched in each dataset and the
detailed cell or nucleus types of the original
studies were described (see Table E1 in the
data supplement).

Data Integration, Visualization, and
Comparative Analysis
Quality control, cell clustering, and cell type
annotation were conducted and the
bioinformatic quantification and data
visualization were performed following the
computational, quantificational, and
statistical methods as described previously (32).
Detailed methods can be found in the
data supplement.

Ingenuity Pathway Analysis and Fast
Gene-Set Enrichment Analysis
Ingenuity Pathway Analysis (IPA) was
performed as described previously (33) and
in the data supplement. Gene-set enrichment
analysis (GSEA) was conducted with fgsea,
an R-package for fast preranked GSEA,
following authors’ detailed vignettes (https://
github.com/ctlab/fgsea). In brief, the
differentially expressed genes in aged versus
young AT2 cells were calculated, and
hallmark gene sets were accessed fromGSEA
web (https://www.gsea-msigdb.org/gsea/
index.jsp). The top signaling pathways were
determined based on the expression levels
(avg_log2FC) of the genes they accessed, and
then normalized enrichment scores were
calculated. The significantly activated
signaling pathways on aged AT2 cells were
ranked based on the normalized enrichment
scores, and the top pathways were presented
by bar plots. Individual pathways were
visualized by Enrichment Plots.

Inference and Analysis of Cell–Cell
Communication by CellChat
The cell–cell communications or interactions
among different annotated cell types were
performed and visualized by newly updated
CellChat following the generator’s vignette
(https://github.com/sqjin/CellChat) (34).
Detailed methods can be found in the data
supplement.

Histology and
Immunofluorescence Staining
Histology and immunofluorescence analysis
were done mainly as verifications of the

Clinical Relevance

This study has drawn a comprehensive
transcriptomics map of healthy
human lungs. A deep excavation of
this map will hopefully improve our
understanding of lung degeneration
and exhaustion in elderly people, as
well as age-associated deficiency and
pathogenesis in respiratory diseases.
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bioinformatic analysis. Immunofluorescence
was performed on both paraffin-embedded
and optimal cutting temperature
compound–embedded sections as described
previously (32). Detailed methods can be
found in the data supplement.

Quantification and Statistical Analysis
For the subject and cell numbers of the
integrated data, the percentages were
calculated and visualized in GraphPad, and
the exact values were shown. The gene-
expression–positive cells were counted by
their actual gene transcription.0, and the
percentage was determined by normalization
of the positive cell number to total cell
number.

Results

Generation of the Single-Cell
Transcriptional Atlas of Healthy
Human Lungs
To generate a single-cell transcriptomics map
of healthy human lungs and to study the
mechanisms underlying lung aging, we used
a substantial number of single-cell
multiomics databases and isolated data on
healthy human lungs from 14 published
databases (13, 14, 16, 18, 28, 35–42)
containing 94 healthy subjects and
491,187 cells (Figure 1A and Table E1). The
donors spanned wide age ranges (Figure
E1A), included both sexes, had varying
smoking histories, and represented different
ethnic races (Figure E1B).

To study the lung transcriptional
profiles under different conditions, the
subjects and cells were divided based on
donor identities, including sex (female, male,
and unknown sex), smoking history
(smoker, nonsmoker, and smoking history
unknown), and age range (,40 yr, 40–60 yr,
and.60 yr) (Figure 1B). The cells were then
integrated, and cell distributions were
visualized using UniformManifold
Approximation and Projections (UMAPs).
The comparable sequencing depth of
different datasets was confirmed, although
the transcription of some genes in
GSE135893 was far beyond the scale of other
datasets (Figure E1C). Therefore, the
following comparative analyses were
conducted with this dataset separated, unless
mentioned otherwise. Well-performed batch
corrections (Figures E1D–E1H) were
confirmed, and the cells were then clustered
(Figure E1I) in the integrated data. We then

cataloged the cells into 15 major cell types
annotated with the transcriptions of
canonical marker genes (Figures 1C and
E1J), composed of five distinct lineages,
including endothelial (lymphatic and
vascular endothelial cells), mesenchymal,
epithelial (AT2, AT1, ciliated, basal/goblet,
and club cells), myeloid (macrophages,
monocytes, dendritic cells, mast cells, and
erythrocytes), and lymphoid (T/NK and
B/plasma cells) lineages (Figures 1D and 1E).

Accelerated Cellular Senescence
and Loss of Epithelial Identities in
Aged AT2s
The respiratory epithelium is one of the
major cellular components in human
lungs, with alveolar epithelial cells being
particularly impacted by the aging (3).
AT2 cells, surfactant-secreting cells, serve
as the epithelial lineage progenitors in the
alveoli (5). To examine the aging process of
human alveolar epithelial cells, AT2 cells
were isolated, and differential expression
analysis revealed a unique gene expression
profile of AT2 cells from each age group
(Figure 2A). Notably, aged AT2 cells
underwent a significant decrease in cell
proliferation rate, as indicated by a reduction
in the proportion of cells that were positive
forMKI67,HMMR, or TOP2A (Figure 2B).
Furthermore, elevated cellular senescence,
a hallmark of aging (43), was found in the
aged AT2 cells. This was confirmed by both
bioinformatically increased senescence
marker genes (Figures E2A and E2B) and the
cellular senescence score returned by the
average expression of core senescence genes,
as described previously (38) (Figure 2C), and
histologically upregulated P21 (CDKN1A)
protein expression, a commonly recognized
cellular senescence marker, in HTII-2801

AT2 cells in human lung sections from aged
donor (Figure 2D).

The transcription of surfactant protein
genes, together with the lamellar body
marker geneABCA3, signifies the typical
functions of AT2 cells (44). Most of these
genes showed decreased transcription in the
aged AT2 cells in most individual datasets,
although there was some inconsistency in
other datasets (Figure E2C). ETV5, a
transcription factor essential for the
maintenance of AT2 cells (45), showed
slightly impaired transcription in aged AT2
cells (Figure E2C).

The other downregulated genes in aged
AT2s were represented by Small Nucleolar
RNAHost Genes (SNHG7 and SNHG8),

Keratin genes (KRT7, KRT8, KRT18, and
KRT19), S100 Protein genes (S100A10,
S100A14, and S100A16), Serpin family genes
(SERPINA1, SERPINB1, and SERPINH1),
and Solute carrier family genes (SLC1A5,
SLC25A3, SLC25A5, SLC25A6, SLC34A2,
and SLC39A8) (Figures E2D and E2E).
Among these downregulated genes, those
representing the epithelial identities were
dominant (Figure E2D). Defective
transcription of these genes, together with
other downregulated epithelial identity genes
(Figure 2E) and a decreased epithelial
identity score indicated by the average
expression of these genes (Figure 2F),
suggested a loss of epithelial identity in
aged AT2 cells in human lungs. This was
further confirmed by histological loss of
KRT8 and KRT19, representative epithelial
feature proteins, in alveolar regions of aged
human lungs (Figures 2G and 2H). Among
these AT2-specific and dysregulated genes,
we reported recently that SLC39A8 (ZIP8) is
required for AT2 cell renewal in murine and
human lungs (18).

Aberrantly Activated AP-1 and
Elevated Inflammation in Human AT2s
of Aged Lungs
Surprisingly, a set of AP-1 (Activator
Protein-1) transcription factor subunit genes,
including JUN, JUNB, JUND, FOS, and
FOSB, were found to be elevated both
bioinformatically (Figures 3A and 3B) and
histologically (Figures 3C and 3D) in the
aged AT2 cells. AP-1 has been demonstrated
to lead a transcription factor network that
drives the transcriptional program of cellular
senescence in cell culture (46) and immune
aging in murine tissues (47, 48), implying a
relevance of the activation of these genes
with AT2 cell senescence and inflammation
in human lungs. The other significantly
activated transcription factor genes included
ID genes (ID2 and ID4) and TSC22 domain
family genes (TSC22D1 and TSC22D3)
(Figure 3A), the roles of which in AT2 cells
are to be determined.

Alveolar epithelial cells have been
reported to secrete chemokines in response
to some pathogenetic stimulations (49, 50).
In the aged AT2 cells, several chemokine and
cytokine genes, such as CXCL1, CXCL2,
CXCL3, CXCL8, CCL2, CCL20, andMIF
(macrophage migration inhibitory factor),
were found to be remarkably upregulated
(Figure 3E). Among these chemokine and
cytokine genes, CXCL2, CCL2, andMIF-
positive AT2 cells were representatively

ORIGINAL RESEARCH

Liu, Zhang, Yao, et al.: AT2 Niches in Aged Human Lungs 231



Figure 1. Integration of single-cell RNA sequencing data on human lungs from healthy subjects. (A) Schematic overview of the data collection,
integration, differential analysis, and histological verifications of the healthy human lungs. The donors were all adults from different sex, age, and
smoking history statuses. (B) The subjects and the cells were divided regarding donor sex, smoking history, and age stages. For grouping by
ages, the subjects were evenly divided into three groups: age, 40 years, age 40–60 years, and age.60 years. Pie charts are used to illustrate
the corresponding subject and cell numbers and proportions. (C) The average transcriptions of the canonical cell type marker genes (rows) in
cell types (columns) are determined and visualized by heatmap in the integrated data. (D) The distribution of the cells in the integrated data is
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quantified and were found to be increased
with aging (Figure 3F). CCL2 was chosen as
the representative gene to be histologically
verified in the aged AT2 cells on human lung
sections (Figure 3G). These secreted

chemokines and cytokines suggested the
activated cell–cell communications of aged
AT2 within the alveolar microenvironments,
althoughmost of their receptor genes were
of low transcriptional levels except CD74

(Figure E3A), the canonical receptor for
MIF (51). To study the potential pathways
regulating the DE genes of the aged AT2
cells, we used an R-based FGSEA for the
pathway analysis on the aged versus young

Figure 1. (Continued ). visualized by Uniform Manifold Approximation and Projections (UMAP), and major cell types are identified based on the
expression of the cell type marker genes in C and Figure E1J. (E) Cell number of each major cell type in the integrated data was determined,
and the proportion of each cell type is quantified and visualized by pie chart. Color codes are followed by cell type annotations and cell
numbers and percentages. AT1/2=alveolar type I/II epithelial cells; DC=dendritic cells; Eryth=erythrocytes; F= female; L/V-endo= lymphatic/
vascular endothelial cells; M=male; Mesen=mesenchymal cells; Mono=monocytes; Mw=macrophages; ukn=unknown.

Figure 2. Elevated cellular senescence and loss of epithelial identities in AT2 cells of aged human lungs. (A) Heatmaps show the expression of
top 100 genes (rows) with distinct gene profiles of AT2 cells from subjects of different age stages (columns). (B) Percentages of AT2 cells
positive for cell-proliferating marker genes MKI67, HMMR, and TOP2A are quantified from subjects of different age stages. (C) Violin plots show
the cellular senescence scores of AT2 cells from different age stages. The cellular senescence score is defined as the average transcription of
130 core senescence genes from CSGene that were detectable in the AT2 cells. (D) Representative immunofluorescence staining of cell
senescence marker (CDKN1A/P21) and human AT2 cell marker (HTII-280) on human lung sections from young and aged donors. White
arrowheads indicate the senescent AT2 cells. (E and F) Heatmaps compare the relative transcriptions of the epithelial identity genes (E),
and violin plots show the average expression of the epithelial identity genes (F) in AT2 from subjects of different age stages. (G)
Immunofluorescence costaining of epithelial identity genes KRT8 and KRT19 with human AT2 cell marker (HTII-280) in alveolar regions of human
lung sections from young and aged donors. Boxed regions are magnified. (H) Quantified relative intensity ratios for KRT8 and KRT19 staining
compared with nuclear DAPI on human lung sections from young and aged donors (n=11 sections from three subjects per group). Purple
dashed lines in the violin plots indicate the mean levels of module score and gene transcriptions. Scale bars, 20mm (D and G). *P, 0.05,
**P,0.01, and ****P, 0.0001. M=middle-aged donors (age 40–60 yr); O=aged (old) donors (age. 60 yr); Y= young donors (age,40 yr).
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Figure 3. Activated AP-1 (Activator Protein-1) and elevated inflammation in AT2 cells of aged human lungs. (A and B) Heatmap (A) and violin
plot (B) visualization of the upregulated AP-1 transcriptional factor genes in aged AT2 cells in the integrated data and representative individual
datasets. (C) Immunofluorescence staining presented the protein levels of representative AP-1 transcription factor gene, c-FOS (FOS) and
c-JUN (JUN), in AT2 cells (HTII-2801) on human lung sections from young and aged donors. Boxed regions are magnified. (D) Quantified
relative intensity ratios for c-FOS and c-JUN staining in AT2 cells (HTII-2801) compared with nuclear DAPI on human lung sections from young
and aged donors (n=100cells from three subjects per group). (E) Heatmaps show the transcriptional levels of chemokine and cytokine genes
in aged AT2 cells in the integrated data. (F) Percentage quantifications of AT2 cells positive for the representative chemokine and cytokine genes,
CXCL2, CCL2, and MIF, in lungs from subjects of different age stages. (G) Immunofluorescence staining for the representative chemokine protein,
CCL2, in alveolar regions on human lung sections from young and aged donors. Boxed regions are magnified. (H and I) Top canonical Hallmark
pathways from GSEA (pval, 0.05) on genes upregulated in aged AT2 cells identified by Fast GSEA (FGSEA) are illustrated (H) and representative
pathways are visualized by enrichment plots (I). Purple dashed lines in the violin plots indicate the mean levels of module score and gene transcriptions.
Scale bars, 20mm (C and G). ***P,0.001 and ****P,0.0001. GSEA=gene-set enrichment analysis; NES=normalized enrichment score.
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AT2 cells. Remarkably, among the top
hallmark pathways of aged AT2 cells, many
are related to activated inflammatory
response (Figures 3H and 3I). To further
confirm this, we input the significantly
upregulated genes of aged AT2 cells into
another leading pathway analysis application,
IPA. Consistently, most of the top activated
signaling pathways were myeloid- or
lymphoid-related inflammation pathways
(Figure E3B). These data suggest an activated
inflammatory reaction in AT2 cells from
aged human lungs.

Diminished Collagen and Elastin Gene
Transcription in Aged
Lung Mesenchyme
Aging has been considered as the driving
force of progressive interstitial lung diseases
such as IPF, a disease with accumulated
fibroblasts and excessive extracellular matrix
(ECM) production as the hallmarks (52). To
comparatively profile the fibroblasts from
lungs of donors at different ages, the
mesenchymal cells were isolated from the
integrated data and subjected to differential
analysis. Intriguingly, a declined ECM
transcriptional program was observed in
the aged fibroblasts (Figure 4A). More
specifically, decreased transcription of matrix
genes, including COL1A1, COL1A2,
COL3A1, COL6A1, COL6A2, FN1, and
ACTA2 (Figure 4B), as well as a reduced level
of theMatrix gene score, defined by the
average expression of these genes, were
identified in the aged fibroblasts (Figure 4B).
To eliminate the potential bias caused by
the smoking history of the subjects, the
fibroblasts from lungs of nonsmokers and
smokers were examined separately.
Downregulated collagen gene expression was
observed in aged fibroblasts from both
nonsmokers (Figure E4A) and smokers
(Figure E4B) compared with fibroblasts from
young donors. These observations were
verified by the immunostainings for Collagen
I, Collagen VI, and a-SMA (Figure 4D) on
lung sections from young and aged donors
and their protein intensity quantifications
(Figure 4E).

The synthesis and function of ELN
(Elastin), as a unique ECM component with
a specific function to provide elasticity (both
compliance and recoil) to the lungs, rapidly
decline with age (53). As one of the
decreased ECM genes in aged fibroblasts
(Figure 4A), the transcription of Elastin, as
well as other elastic fiber component genes,
was found consistently downregulated

(Figure 4C). Consistent with the RNA levels
in the scRNA-seq datasets, the protein level
of ELN in aged lung sections was
significantly declined (Figures 4D and 4E).

Lung mesenchymal cells exhibit
significant heterogeneity. To assess changes
in the ECMwithin fibroblast subtypes, the
total mesenchymal population was
reclustered, and distinct fibroblast
subpopulations were delineated (Figures E4C
and E4D) using similar approaches as
described recently (32). Interestingly,
reduced transcription of ECM and ELN
genes was observed across most fibroblast
subtypes in aged human lungs (Figures E4E
and E4F).

In addition to the loss of ECM and
elasticity, decayed functions of aged
mesenchymal cells were further reflected by
decreased support to AT2 niches. This was
evidenced by downregulated genes required
for the support of AT2 renewal and
stemness, such as PLIN2, TCF21, FGF10,
FGF7, and PPARG (54), in aged
mesenchymal cells (Figure 4F), as well as a
loss of FGF receptor (mainly FGFR2) in
aged AT2s (Figure 4G). Using a three-
dimensional (3D)-organoid system presents
a significant advancement in studying how
alveolar epithelial cells maintain stemness
and regenerate as well as how lung
mesenchymal cells support alveolar epithelial
cell stemness (55). By using the 3D-organoid
assay, we observed that AT2s cocultured with
primary fibroblasts from aged donors
exhibited lower colony formation efficiency
(CFE) (Figures 4H and 4I) and smaller
organoid sizes (Figures 4H and 4J). This
suggests that fibroblasts from aged donors
possess a reduced capacity to support human
AT2 renewal compared with those from
young donors.

Aberrantly Activated Inflammation in
Aged Lung Macrophages
Pulmonary immune homeostasis in human
lungs is maintained by a complex network of
immunocytes derived frommyeloid and
lymphoid lineages (56). To profile the
immunocytes from human lungs of different
age stages, we isolated the myeloid and
lymphoid lineages identified above (Figure
1D). Macrophages, the largest myeloid
population in the integrated data, have been
recently suggested to present the
transcriptomic age-related changes,
including a reduced number and
compromised proliferation induced by the
aging microenvironment in human and

mouse lungs (7). Similarly, here
macrophages were isolated, and comparative
analysis revealed dramatically differentially
expressed gene profiles between the young
and aged lung macrophages (Figure E5A).
Many of the DE genes were functional genes
specific to macrophages (Figures E5B and
E5C). The downregulated genes included
several gene families, such as LAIRs
(Leukocyte associated immunoglobulin like
receptor genes), CTSs (Cathepsin genes),
CSTs (Cystatin genes), SH3BGRL (SH3
domain binding glutamate rich protein like
genes),MS4As (Membrane spanning
4-domains genes), and CD68 (Figure E5B).
All these genes have shown some relevance
with either inflammation inhibition orM2
macrophage polarization, suggesting an age-
associated decay in antiinflammation of the
lung macrophages from aged subjects.
Together with these data, ectopic activation
of macrophage-mediated inflammatory
genes (MSR1, ALOX5, and SCD) and
macrophage-specific antigen presentation
genes (HLA-DQA1,HLA-DRB5, andHLA-
DRB6) (Figure E5C) further revealed an
activated inflammatory genetic program
modulated by aged macrophages in human
lungs. CD81, one of the representative DE
genes, was verified via flow cytometry and
was found to be decreased in aged lung
macrophages (Figure E5D). Remarkably, the
elevated genes in aged lung macrophages
included a set of macrophage-specific
chemokine genes, such as CXCL3, CXCL5,
CXCL16, and CCL18 (Figure 5A), and the
transcription of these chemokine genes
was consistently increased in the age
macrophages across most individual datasets
(Figure 5B). CD74, CD44, and CXCR4,
canonical receptor genes of MIF
predominantly expressed in macrophages, as
mentioned above, were also significantly
elevated in the aged macrophages (Figures
5C and 5D). Flow cytometry analysis
validated the upregulation of CD74
expression in lung macrophages from aged
donors (Figure 5E). These data suggest a
growingMIF-receptor interaction between
epithelial cells and macrophages with the
aging of lungs.

Constitutively Activated Cell–Cell
Communications between AT2s and
Macrophages in Aged Lungs
Qualitative deficits during aging are believed
to lead to abnormal cell–cell communication
mechanisms in lungs (3). To determine the
alterations in cell–cell communications
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Figure 4. Decreased extracellular matrix gene transcription in aged lung mesenchymal cells. (A) Heatmaps show the expression of the
extracellular matrix genes in the mesenchymal cells from subjects of different age stages. (B) The Matrix gene score (the average transcription
of COL1A1, COL1A2, COL3A1, COL6A1, COL6A2, FN1, and ACTA2) and transcriptions of representative collagen genes in mesenchymal cells
from subjects of different age stages are visualized by violin plots. (C) Violin plots show the transcriptions of genes specific to elastic fiber
components and assembly in mesenchymal cells from subjects of different age stages. (D) Immunofluorescence staining for Collagen I,
Collagen VI, a-SMA (ACTA2), and ELN (Elastin) on human lung sections from young and aged donors. Boxed regions are magnified. BV=blood
vessel. Scale bars, 20mm. (E) Quantified intensity ratios for Collagen I, Collagen VI, a-SMA, and ELN staining compared with nuclear DAPI on
human lung sections from young and aged donors. (n=4–11 sections from three subjects per group). (F) The quantification of PLIN2, TCF21,
and FGF7 transcriptions and FGF10- and PPARG-positive cell percentages in total lung mesenchymal cells from donors of different age stages.
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during aging, we used CellChat, an R toolkit
for inference, visualization, and analysis of
cell–cell communication (34), and elucidated
a dynamic change in cell–cell
communications with the aging of human
lungs. We noticed an increased cell–cell
communication profile between AT2 cells
andmacrophages in aged lungs when the
interaction weights among other cell types
were mostly compromised (Figure E6A). The
increased cell–cell communication was even
more obvious when AT2s were set as the
sender cells (Figure E6B). Visualizations of
all the individual L–R (Ligand-Receptor)
pairs emanated from AT2s suggested that the
dominant significant interaction in the aged
lungs wasMIF and its receptor, CD74 (and
CD44, CXCR4). The interaction strength of
MIF–CD74 among cell types was relatively
even in lungs of young subjects but became
more condensed between AT2s and
macrophages in the lungs from aged subjects
(Figure 5F). Heatmap quantification further
demonstrated that in the aged lungs the
AT2s were the only dominant originator cells
of the MIF signaling pathway network
(Figure 5G). This may be explained by the
more dominant and elevated expression of
MIF in AT2s and CD74 in macrophages in
aged lungs (Figures 3E, 3F, and E6C). This
observation was in alignment with a previous
review discussing the complex interaction
betweenMIF-mediated inflammation and
host defense and age-related lung biology via
binding to its receptors (57). Together, with
the aberrant MIF-CD74 signaling pathway in
aged AT2s andmacrophages as an example,
we established a dysregulated cell–cell
interactome in aged human lungs that may
interlink the exhausted cellular niches with
compromised supportiveness among alveolar
cell types and subsequent accumulated
cellular deficits together with aging.

Discussion

With the rapid increase of the aging
population worldwide, degenerative changes
in lungs have been found to be strongly
correlated with the development and
incidence of chronic respiratory diseases,
such as COPD, IPF, and lung cancers. The

cellular andmolecular hallmarks of aging,
including genomic instability, telomere
attrition, epigenetic alterations, loss of
proteostasis, deregulated nutrient sensing,
mitochondrial dysfunction, cellular
senescence, stem cell exhaustion, and altered
intercellular communication, have been
summarized (43). A number of
transcriptomics studies of murine lung aging
have been recently performed (29, 30);
however, a longitudinal transcriptomics
profiling of human lungs at the single-cell
level across all adult age ranges is not
available. To systemically characterize the
effect of aging on the transcriptomics
changes of human lungs, we collected and
integrated the open-access single-cell
transcriptomics studies on adult human
lungs of all age ranges and applied a
comprehensive analysis covering all the lung
cell lineages. An overall dysregulated genetic
program has been demonstrated in the aged
lungs, with the abnormal transcriptomics
changes within all lineages, including
mesenchymal cells, epithelial cells, and
myeloid cells.

The lung epithelium in aging shows
deficits in progenitor cells in the airway and
alveolar parenchyma. One aging hallmark of
the AT2 cells, which are the major
progenitor cells in the alveoli, is the depletion
of adult stem cell reservoirs and failure in
self-renewal and differentiation capacity (3).
This depletion and dysfunction of AT2 cells
may contribute to pulmonary diseases like
emphysema and pulmonary fibrosis (18, 38).
However, most of the existing data are
derived from rodent studies. Thus, questions
remain about how aging reshapes the lung
stem niches and how advanced age alters the
contributions of epithelial populations to
lung regeneration (3). In this study, we find
that the genes driving cellular senescence are
elevated, and the genetic programs deriving
immune aging, such as AP-1 transcription
factor subunits, a complex recently found to
be a conserved signature of immune aging
that contributes to inflammaging in mouse
tissues (47, 48), are aberrantly activated in
AT2 cells in aged lungs. Another consistent
feature of both AT2 and AT1 cells from aged
lungs is the loss of epithelial identities. These
dysregulated genetic programs of aged AT2

cells would trigger some pathogenetic
signaling cascades, ultimately leading to
defects in respiratory epithelium and
increased susceptibility to the development
of chronic diseases. AT2 cells from aged
lungs produce higher levels of chemokines.
This has been manifested by a previous study
on an influenza murine model, in which
neutrophils induced by alveolar epithelial
cell–secreted chemokines increased the
mortality of aged animals after infection (58).
Although we do not have any direct
evidence, we assumed that the loss of
epithelial features and structures induced by
long-term exposure to the environment
might cause the heightened inflammatory
program and chemokine secretion as well as
increased cellular senescence in aged human
lungs. Increasing statistical and metastudies
have claimed that cumulative inhalational
exposures over the lifespan introduce
accumulating inflammatory oxidative stress
and structure damage to the epithelium and
induce widespread pulmonary cellular
senescence, which in turn accelerates lung
aging (59–61). Thus, aging not only
enhances the expression of the genes related
to inflammation, stress responses, and
senescence in a normal state but also blunts
the recovery of impaired AT2s in mouse
lungs after injury (62). These data collectively
propose the effects of aging on pulmonary
innate immune dysfunction and the
compromised response to invading
microorganisms.

The AT2 niche is supported by lung
mesenchymal cells, mainly fibroblasts, which
have critical roles in lung development,
homeostasis, and lung repair to chronic
injuries. Aging increases the capacities of
lung fibroblasts in differentiation into
myofibroblasts and restricts their effects in
supporting alveolar epithelial renewal (52,
54). Increased collagen production in
fibroblasts is linked to interstitial lung
diseases, which tend to have higher
morbidity rates in older individuals. Here we
reported a decrease in the transcription of
collagen genes by the total mesenchymal cells
and by multiple mesenchymal populations
from aged human lungs. However, a recent
comparative analysis by transcriptomics and
proteomic data identified increased

Figure 4. (Continued ). (G) Visualization of FGF receptor gene, FGFR2, in AT2 cells from donors of different age stages. (H–J) Representative
images (H), colony formation efficiency (CFE) (I; n=5), and colony size (J; Young, n=130; Aged, n=99) of human AT2s cultured with primary
fibroblasts from young and aged donors. Boxed colonies are magnified, and visible colonies are indicated by arrowheads (H). Scale bars,
500mm (H). Purple dashed lines in the violin plots indicate the mean levels of gene transcriptions. **P, 0.01, ***P,0.001, and ****P, 0.0001.
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Figure 5. Hyperactivated chemokine expression in macrophages from aged and smoking lungs. (A and C) Density plots show the specification
of macrophage chemokine and MIF (macrophage migration inhibitory factor) receptor genes in lungs from aged subjects. (B and D) Violin plots
present the elevated transcriptions of macrophage chemokine and MIF receptor genes in lungs from aged subjects. (E) Flow cytometry analysis
for CD741macrophages from lungs of young and aged human donors (n=3). (F) Circle plot (top panels) and Chord diagram (bottom panels)
visualization of cell–cell communications by MIF signaling pathway network among cell types in the integrated, young and aged datasets. The
communications between AT2 and macrophages are strong and are stronger in aged lungs. (G) Identification of dominant senders, receivers,
mediators, and influencers in the intercellular communication network by computing MIF signaling pathway network centrality measures for each
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expression of several ECM genes in specific
regions of aged healthy human lungs (63).
This inconsistency may arise from either
unpurified mesenchymal cell isolation or
unbiased selection of lung regions during
transcriptomics and proteomic analysis at
bulk levels by the previous study. The
mechanisms or consequences of collagen loss
in aged lung fibroblasts have rarely been
reported, but decreased collagen production
in aged skin fibroblasts has been frequently
demonstrated to result in fragmentation of
the dermal collagen matrix and impairment
in the structural integrity of the dermis (64).
Whether the fibroblasts from these two
organs share similar roles or underlying
mechanisms remains to be further
investigated. Another observation in the aged
lungs was the loss of ELN expression by
fibroblasts. Elastin is required for normal
lung development, and destruction of elastin
or abnormality in elastic fiber assembly are
major factors in emphysema and destructive
lung diseases. In adults, Elastin conveys
elasticity to the lungs, and loss of elasticity is
associated with reduced lung compliance and

recoil, leading to an increasing risk of
emphysema (53). Impaired lung elasticity
due to defected Elastin production and
elastic fiber assembly might explain the
compromised forced vital capacity and
expiratory volume in aged human
populations. Some specific mesenchymal
subpopulations, such as lipofibroblasts, are
lipid droplet and growth factor contributor
cells to AT2 homeostasis and stemness in
adult human lungs (54). Dysregulated
transcriptional programs in aged
mesenchymal cells also revealed a decayed
support to AT2 cells, as observed in the
in vitro organoid assay by us and another
recent publication (9).

The immune response is required to
protect against invading pathogens and
external material, and well-coordinated
control of proinflammatory and
antiinflammatory mediators is critical to
prevent uncontrolled injury and fibrotic
deposition (56). The lung myeloid cells, in
conjunction with lymphoid lineages, play the
central role in orchestrating the pulmonary
immune response. However, we found a

dysregulated genetic program in the immune
system of the aged human lungs. Most
significantly, the aged lung macrophages
exhibited a sustained proinflammatory effect
and aberrant cytokine gene expression. These
observations partially align with a recent
study indicating a decrease in “cell cycle” and
“translation” related genes and an increase
in “inflammatory response” genes in
macrophages from aged human and mouse
lungs (7). Together, the dysregulated gene
expression profiles in the immunocytes,
consistent with a recent review (3), might
indicate an age-associated decline in immune
function efficiency in the lungs of older
individuals.

Overall, we have presented a
comprehensive single-cell multiomics atlas of
healthy human lungs, encompassing distinct
cellular lineages across all age groups. The
progressive dysregulation of genetic profiles
in major cellular lineages suggests a general
decline in lung function with age, particularly
highlighting a significant deterioration of the
AT2 niches. The dysregulated alveolar niche
is further compromised by impaired

Figure 5. (Continued ). cell type in the integrated, young, and aged datasets. The communications by MIF signaling pathway network are wide,
with several cell types as senders in young lungs, but are more specific to AT2–macrophage, with AT2 as the only sender in the age lungs.
Purple dashed lines in the violin plots indicate the mean levels of gene transcriptions. *P, 0.05, **P, 0.01, and ****P, 0.0001.

Figure 6. Constitutively activated cell–cell communications between AT2 and macrophages in aged lungs. Schematic summarization of the
histopathological, cellular, and molecular alterations in aged human lungs. The aged lungs have a general aged-associated decay in multiple
cell types, suggesting a general compromised lung function. The basement membranes are represented by elastic fibers.
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macrophages andmesenchymal cells in aged
lungs (Figure 6). This proposition raises the
hypothesis that the increased susceptibility to
lung diseases in aging populations may stem
from the accumulation of deficits across
multiple cell lineages and the resultant
miscommunication among these affected cell
populations. This study offers a
comprehensive depiction of healthy human
lungs, providing a valuable resource for

investigating age-related cellular deficiencies
in lung diseases. Although many
observations require further functional and
mechanistic verification, the current study
has drawn a comprehensive transcriptomics
map of healthy human lungs. Further
exploration of this map holds the potential to
enhance our understanding of lung
degeneration and functional decline in
elderly individuals, as well as age-associated

deficiencies and pathogenesis in respiratory
diseases.�
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