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GRAPHICAL ABSTRACT Main findings of the study. In human emphysema and mouse models, club cells give rise to an emphysema-specific
alveolar type II (ATII) cell subpopulation in enlarged alveolar sacs, characterised by impaired regenerative function. scRNAseq: single-cell RNA
sequencing; RASC: respiratory airway secretory cell.
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transcriptome and impaired progenitor cell function in emphysema, which contribute to impaired
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Abstract
Emphysema, the progressive destruction of gas exchange surfaces in the lungs, is a hallmark of COPD that
is presently incurable. This therapeutic gap is largely due to a poor understanding of potential drivers of
impaired tissue regeneration, such as abnormal lung epithelial progenitor cells, including alveolar type II
(ATII) and airway club cells. We discovered an emphysema-specific subpopulation of ATII cells located in
enlarged distal alveolar sacs, termed asATII cells. Single-cell RNA sequencing and in situ localisation
revealed that asATII cells co-express the alveolar marker surfactant protein C and the club cell marker
secretaglobin-3A2 (SCGB3A2). A similar ATII subpopulation derived from club cells was also identified
in mouse COPD models using lineage labelling. Human and mouse ATII subpopulations formed 80–90%
fewer alveolar organoids than healthy controls, indicating reduced progenitor function. Targeting asATII
cells or their progenitor club cells could reveal novel COPD treatment strategies.

Introduction
COPD is a leading cause of morbidity and mortality worldwide [1]. One major phenotype of COPD is
emphysema, which is characterised by airspace enlargement and loss of delicate gas exchange surfaces due
to the progressive destruction of parenchymal lung tissue. Common causes of emphysema include chronic
exposure to tobacco smoke, noxious gas, and particles, which trigger oxidative stress, inflammation,
proteolytic tissue breakdown and loss of alveolar epithelial cells. Among these, tissue restoration may be a
more effective strategy than targeting injurious and inflammatory stimuli, since most patients are diagnosed
at advanced stages of disease when tissue damage is already significant. However, reversal of alveolar
destruction in emphysema is presently unachievable with existing therapies. This lack of effective
treatments is primarily due to our limited understanding of the cellular and molecular mechanisms
underlying the failure of alveolar repair.
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Airway club cells [2–9] and alveolar type II (ATII) cells [10–12] are known lung epithelial progenitor cells
with the potential to induce alveolar repair, especially after acute injuries. However, their implication in
human COPD and emphysema remains under-investigated. Recent single-cell RNA sequencing
(scRNAseq) studies [13–17] have initiated characterisation of club/secretory cells (termed terminal
airway-enriched secretory cells (TASCs) [17]/respiratory airway secretory cells (RASCs) [16]) and ATII
cells (termed AT0 cell [15]) in the terminal/respiratory bronchioles of healthy and diseased human lungs,
including COPD lungs [13, 14, 16, 17]. However, these studies lack sufficient numbers of ATII cells
derived from severely emphysematous parenchyma in COPD, due to selection of airway dominant tissue
[16, 17] or lack of epithelial cell enrichment [13, 14]. As such, the potential functional and molecular
heterogeneities of ATII cells in the emphysematous alveolar sacs, which are four generations downstream
from the respiratory bronchioles [18], remain unclear.

Here we report a scRNAseq dataset of enriched epithelial cells from emphysematous parenchymal lung
tissue of COPD patients (n=6) and from non-lung disease controls (n=4). Our high-resolution analysis
includes 78 699 ATII cells, a significant increase from the <5000 ATII cells reported in prior studies
involving 62 patients [13, 14, 16, 17]. This expanded dataset revealed novel insights into emphysematous
tissue-specific ATII cell subsets expressing the club cell marker gene secretaglobin-3A2 (SCGB3A2). We
further investigated and characterised a subset of cells that localise to enlarged alveolar sacs in human
COPD patients with severe emphysema. Additionally, we identified a similar subpopulation of ATII cells
originating from club cells using mouse models of COPD. Mechanistically, our study also demonstrates
reduced progenitor cell capacity of these SCGB3A2+ ATII cells from both human COPD patients and the
mouse emphysema model.

Methods
Human lung tissue collection
Emphysematous parenchymal lung tissues were surgically dissected from explanted lung lobes of
de-identified patients with COPD in Global Initiative for Chronic Obstructive Lung Disease (GOLD)
stage IV (very severe: forced expiratory volume in 1 s <30% predicted [19]) (n=6), who received lung
transplantation. Protocol was approved by UCHealth University of Colorado Hospital (COMIRB 11–1664).
Healthy lung tissues of de-identified donors without lung diseases (n=4) were obtained from the human
Lung Tissue Research Consortium at National Jewish Health (NJHIRB HS-1797). Details are provided in
supplementary table S1.

Human lung tissue processing and scRNAseq
Two to three pieces (2 cm×2 cm) of parenchymal lung tissues were sampled from regions with visible air
trapping under pleura in each COPD lungs or comparable regions in donor lungs. Tissues without pleura
were minced with sterile scissors and digested by collagenase and dispase for 1 h at 37°C (collagenase
0.1 Wünsch U·mL−1; dispase 0.8 Wünsch U·mL−1; Roche 11097113001). The homogenised tissues after
digestion were filtered through 100 µm and 20 µm pore size sterile nylon mesh (Sefar) sequentially in a
vacuum system and washed with DMEM/F12 media (Gibco, 11330–032) with PenStrep (100 U·mL−1,
Gibco 15140122) and DNAseI (0.1 mg·mL−1, Roche 11284932001). The single-cell suspension was
centrifuged at 300×g for 10 min at 15°C, followed by immune cell depletion with magnetic-activated cell
sorting (MACS) beads conjugated with anti-human CD45 antibody (Miltenyi 130-045-801) and MACS LS
column (Miltenyi 130-042-401). Then cells were stained for PerCP/Cyanine5.5 anti-human epithelial cell
adhesion molecule (EpCAM) antibody (BioLegend 369804) and DAPI (4’,6-diamidino-2-phenylindole,
dihydrochloride) (Invitrogen D1306). Fluorescence-activated cell sorting (FACS) sorted viable epithelial
cells (DAPI−/EpCAM+) were used for single cell capture by 10X Genomics Chromium Controller.
scRNAseq libraries were generated using 10X Genomics Chromium single cell 3′ Library & Gel Bead
Kit v2. Sequencing was performed on illumine NovaSeq6000. Details of sequencing are provided in
supplementary table S1.

Mouse COPD models
The Scgb1a1-CreERTM;Rosa-tdTomato mice were generated by crossing Scgb1a1-CreERTM ( Jax
016225) [2] and Ai9 ( Jax 007909) [20] mice. Both male and female mice aged 8–10 weeks were subject
to intraperitoneal injections of tamoxifen (200 mg·kg−1 bodyweight; Sigma, T5648) in corn oil (Sigma,
C8267) every 2 days for three doses. 1 week after the last dose of tamoxifen, mice were treated with a
single dose of porcine pancreatic elastase (PPE) (40 U·kg−1 bodyweight in 80 μL volume; Sigma, 45124)
or saline via oropharyngeal injection [21]. All animal PPE treatment experiments were performed
according to the institutional and regulatory guidelines of University of Colorado institutional animal care
and use committee.
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All animal smoke exposure experiments were performed in accordance with the institutional animal care
and use committee of the University of Pittsburgh. Animals were housed according to standard housing
criteria. C57BL/6 mice obtained from Jackson Laboratories (female mice aged 10–12 weeks, n=3–4 per
group) were subjected to the smoke of four unfiltered cigarettes per day (lot #3R4F; University of
Kentucky, Lexington, KY, USA), 5 days a week for a duration of 6 months, using a smoking apparatus
that delivers targeted cigarette smoke to single mice isolated in individual chambers [22, 23]. The controls
in each group were exposed to room air alone. These mice were caged separately and housed in the same
facility as their smoke-exposed counterparts. At the completion of each experiment, mice were euthanised
by carbon dioxide inhalation, the chest was opened, and the trachea was cannulated. The lungs were
perfused with 10 mL of ice-cold PBS. The lungs were then inflated with 10% buffered formalin at a
constant pressure of 25 cmH2O for 10 min. The lungs were then ligated, excised and fixed in formalin for
24 h before washing in PBS, storing in 70% ethanol and embedding in paraffin. Serial midsagittal sections
were obtained for histological analysis.

Mouse lung epithelial cell isolation
At day 21 (and day 28 for detection of ATII-6 cells in alveolar sacs of emphysematous region by
co-immunofluorescence (co-IF) for lymphocyte antigen 6 complex I (Ly6i)) after PPE or saline treatment,
mouse lung lobes were inflated and submerged with dispase (Corning, 354235) at room temperature for
45 min. The digested lung lobes were further homogenised in DMEM/F12 with PenStrep (100 U·mL−1,
Gibco 15140122) and DNAseI (0.1 mg·mL−1, Roche 11284932001). The single cell suspension was
sequentially filtered through 70 µm and 40 µm cell strainers on top of 50 mL tubes, followed by centrifuge
at 300×g for 10 min at 15°C. Epithelial cells were enriched with anti-mouse CD326 (Miltenyi
130-105-958) and MACS LS column (Miltenyi 130-042-401). Cells were stained with APC anti-mouse
Epcam (BioLegend 118214) and DAPI for flow cytometric analysis and FACS sorting. For scRNAseq,
FACS sorted viable tdTomato+ (endogenous)/Epcam+ cells from PPE (n=3) and saline (n=2) treated
Scgb1a1-CreERTM;Rosa-tdTomato mice were used to generate scRNAseq libraries as described earlier.

Human single-cell RNA data analysis
FASTQ files of human single-cell RNAseq were processed and aligned to the hg38 human reference
genome (GRCh38.97) using the Cell Ranger computational pipeline from 10X Genomics (v3.1.0, STAR
v2.5.3a). Gene expression data of each sample were integrated and analysed using the Scanpy (v1.7.1).
Cells with high counts were filtered out using sample specific thresholds (>12 000 counts, >18 000 counts
or >25 000 counts). Then, cells with <350 genes and cells with >20% mitochondria reads were filtered out.
Genes detected in fewer than three cells were further filtered out.

We performed doublet detection with Scrublet (v0.2.3) [24] on the individual sample level. Next, ambient
RNA correction was performed for each sample separately with SoupX (v1.6.1, background contamination
fraction was manually set to 0.3) [25] followed by scran’s size factor based normalisation (v1.24.1) [26]
using cell groupings obtained through Louvain cluster (resolution=2.0) as input for both. The normalised
count matrix was log-transformed with scanpy.pp.log1p().

To account for individual variances, we first calculated the most variable genes for each patient via the
Scanpy function scanpy.pp.highly_variable_genes(flavour=“cell_ranger”) and then selected those genes
that ranked among the top 2000 most variable genes in at least five samples. After removal of cell cycle
genes, we obtained 599 highly variable genes that were used as input for the principal component analysis.
To further mitigate effect of individual patient variance, the k-nearest neighbours graph was constructed in
a batch-balanced manner using BBKNN (v1.4.0) [27] with the parameters n_pcs=50,
batch_key=“patient_ID” and neighbours_within_batch=15. The two-dimensional embedding was then
generated with scanpy.tl.umap() and louvain clustering was performed at resolution 1 and 2. The
annotation of the resulting clusters was based on canonical marker genes.

For trajectory analysis, we integrated our COPD ATII and club cells with data published by BASIL et al.
[16] via Seurat’s function IntegrateLayers (method=CCAIntegration) [28]. The neighbourhood graph
(dim=30) and uniform manifold approximation and projection (UMAP) was constructed based on the
shared embedding following standard procedure. Slingshot was used to infer the principal curve between
the lineages.

To assess disease specificity of asATII cells, we used scArches (v0.5.10) [29] to map our human ATII
subsets (query) to the integrated Human Lung Cell Atlas (HLCA) [30]. To assess the potential overlap of
cell type population from our query and the HLCA reference, Leiden clustering at resolution 1 was
performed on the integrated latent space.
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Murine lung cell scRNAseq analysis
FASTQ files were processed and aligned to the mm10 reference genome using the cell ranger count
pipeline (10X Genomics). Gene expression data were analysed using the Seurat R package. Cells from the
first experiment (one saline-treated mouse and one PPE-treated mouse) were filtered to only include those
with >500 UMI (unique molecular identifier) counts, <60 000 UMI counts, >1500 genes detected and
<12.5% mitochondrial counts. Cells from the second experiment (one saline-treated mouse and two
PPE-treated mice) were filtered to include those with >500 UMI counts, <20 000 UMI counts, >200 genes
detected, <5000 genes detected and <3 mean absolute deviations and <20% mitochondrial counts. UMI
counts were normalised by the total counts for the cell, multiplied by a scale factor (10 000), and
log-transformed (NormalizeData). Normalised counts were scaled and centred (ScaleData) using the top
3000 variable features (FindVariableFeatures). The scaled data were used for PCA (RunPCA), and the first
20 principal components were used for clustering (FindNeighbors, FindClusters) and to calculate uniform
manifold approximation and projection (RunUMAP). The two experiments were integrated using
Harmony, with the θ parameter set to 1 [31]. Cell types were annotated using clustifyr with a murine lung
regeneration single-cell dataset as the reference [8, 32]. Differentially expressed genes were identified for
each cluster using the presto R package (https://github.com/immunogenomics/presto).

Data and code availability
The human lung scRNAseq data have been deposited in Gene Expression Omnibus with accession number
GSE222374. Data processing and analysis code is provided at a GitHub repository (https://github.com/
KonigshoffLab/HU_COPD_2023).

Murine scRNAseq data have been deposited at the Gene Expression Omnibus (GSE218813). Murine
scRNAseq analysis code is provided at a Github repository (https://github.com/rnabioco/Koenigshoff-
murine-copd).

Histology and immunofluorescence staining
Human parenchymal lung tissues were obtained as described earlier. Four to six 1.5 cm×1.5 cm pieces
from each lung were fixed in 10% formalin overnight, followed by dehydration in 70% ethanol for ⩾24 h
before paraffin embedding and sectioning at thickness of 5 µm. Mouse lungs were inflated and fixed with
4% paraformaldehyde (PFA) overnight at 4°C, followed by dehydration in 70% ethanol. Paraffin sections
of mouse lungs at thickness of 5 µm were generated as described earlier. For immunofluorescence staining,
paraffin sections were deparaffinised and rehydrated as described previously [21]. Antigen retrieval was
performed using 10 mM sodium citrate (pH 6.0) boiled in a pressure cooker. Sections were incubated with
1X Carbo-Free Blocking Solution (Vector Laboratories SP-5040-125) diluted in PBS with 0.1%
Triton-X100 (PBST) for 30 min at room temperature, followed by incubation with primary antibodies at
4°C overnight. After washing three times with PBS, sections were incubated with secondary antibodies in
darkness for 2 h at room temperature. Then slides were washed and mounted with anti-fade mounting
media with DAPI (Invitrogen P36935). Immunofluorescence was visualised using an Olympus BX63
microscope and Olympus cellSens software. QuPath software [33] was used to measure the numbers of
cells labelled by staining.

Antibodies
Primary antibodies used for immunofluorescence include rabbit anti-SPC (Millipore, AB3786), rabbit
anti-SPC (Abcam, ab90716), mouse IgM anti-HTII280 (Terrace Biotech, TB-27AHT2-280), CD74
(Novus, NBP1-33109), intercellular adhesion molecule 1 (ICAM1) (Novus, BBA3), TM4SF1 (R&D
Systems, MAB8164), SCGB3A2 (R&D Systems, AF3545), acetylated α-tubulin (Abcam, ab24610),
tdTomato (Biorbyt, orb182397) and chicken anti-Ly6i antibody. The Ly6i antibody was customised
polyclonal antibody generated and validated by Rockland targeting peptide sequence
Ac-CPDEIEKKFILDPNTKM-amide. Secondary antibodies used for immunofluorescence include
anti-rabbit-Alexa Fluor488 (Invitrogen, A-21206), anti-rabbit-Alexa Fluor647 (Invitrogen, A-31573),
anti-rabbit-Alexa Fluor546 (Invitrogen, A-10040), anti-mouse-Alexa Fluor546 (Invitrogen, A-10036),
anti-mouse-Alexa Fluor488 (Invitrogen, A-21202), anti-chicken-Alexa Fluor488 (Invitrogen, SA5-10070)
and anti-goat-Alexa Fluor 647 (Invitrogen, A32849).

RNA in situ hybridisation
RNA in situ hybridisation was performed on 5-µm paraffin sections of human COPD and healthy lungs
using RNAScope Multiplex Fluorescent Assay v.2 kit (ACD) following the manufacturer’s instructions.

Tissue sections were deparaffinised in xylene (2×5 min), followed by 100% ethanol (2×2 min). Then,
sections were treated with RNAScope hydrogen peroxide for 10 min at room temperature, before boiling in
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target retrieval reagent for 15 min and protease plus treatment at 40°C in HybEZOven for 15 min. After
pre-treatment, the tissue sections were incubated with probes for hsSCGB3A2 (ACD 549951),
hsSCGB3A1(ACD 593251) and hsSCGB1A1 (ACD 469971) at 40°C for 2 h, followed by signal
amplification and incubation with HRP-C1-3, HRP blockers, and Opal Dyes (1:1000 dilution; Akoya, Opal
520 FP1487001KT, Opal 620 FP1495001KT, Opal 690 FP1497001KT) based on user manuals. For
co-immunofluorescence staining for pro-surfactant protein C (SPC), tissue sections were processed for
immunofluorescence from incubation with blocking solution as described earlier. ∼60 images at 20×
randomly distributed on stained tissue were obtained using an Olympus BX63 microscope and Olympus
cellSens software. QuPath software [33] was used to measure the numbers of cells labelled by
immunofluorescent staining.

Flow cytometry and FACS
For mouse lung cell flow cytometry analysis and sorting, cells were stained with allophycocyanin (APC)
anti-mouse CD326 (BioLegend, 118214), APC-Cy7 anti-mouse Sca-1 antibodies (BioLegend, 108126),
chicken anti-Ly6i antibody (Rockland, custom polyclonal antibody targeting peptide sequence
Ac-CPDEIEKKFILDPNTKM-amide) at room temperature followed by PBS wash and incubation with
donkey anti-chicken IgY antibody conjugated with fluorescein isothiocyanate (FITC) (Sigma-Aldrich,
AP194F) at room temperature for 20 min in darkness. Cells were washed and re-suspended in PBS with
0.1% fetal bovine serum (FBS). To detect dead cells, DAPI (Invitrogen, D1306) was added at a
concentration of 2 μg·mL−1 before analysis or sorting.

For human ATII cell flow cytometry analysis and sorting, lung epithelia cells were first stained with mouse
IgM anti-HTII280 antibody (Terrace Biotech, TB-27AHT2-280) at 1:50 dilution at room temperature for
20 min. Cells were washed with PBS and incubated with goat anti-mouse IgM-FITC secondary antibody
for 20 min at room temperature. Then cells were washed with PBS twice followed by incubation with
PerCP/Cyanine5.5 anti-human CD326 antibody (Biolegend, 324214), APC anti-human CD74 antibody
(Biolegend, 326812), PE anti-human CD54 antibody (Biolegend, 353106) and mouse IgG1 anti-TM4SF1
(R&D Systems, MAB8164) conjugated with APC-Cy7 using Lightning-Link Conjugation Kit (Abcam,
ab102859) at room temperature for 20 min in darkness. Cells were washed and resuspended in PBS with
0.1% FBS with DAPI before analysis or sorting.

Flow cytometry analysis was performed using BD LSRFortessa™ Cell Analyzer (BD Biosciences). Cell
sorting was performed using BD FACSAria™ Fusion cell sorter (BD Biosciences).

Organoid culture
For mouse ATII cell organoid cultures, sorted Ly6i+ and Ly6i− ATII cell-derived club cells (DAPI−/
Epcam+/tdTomato+/Sca1−) were isolated as described earlier. For organoid culture, 5000 sorted ATII cells
were mixed with mitomycin C treated MRC5 fibroblast cells at a 1:1 ratio in 50 μL growth factor reduced
Matrigel (diluted with DMEM/F12 to a concentration of 5 mg·mL−1; Corning 354263) and plated in
transwell inserts (Falcon 353095) for 24-well plates. The plates were incubated at 37°C for 10 min to
solidify the Matrigel. Cultures were maintained in an air/liquid interface condition by supplying organoid
culture media outside of the inserts, described previously [21, 34, 35]. The organoid culture media
contained DMEM/F12 (Gibco, 11330-032) containing 5% FBS, penicillin/streptomycin (100 U·mL−1), 1%
GlutaMax (Life Technologies, 35050-061), 1X amphotericin B (Gibco, 15290018), 1X
insulin-transferrin-selenium (Gibco #51300- 044), recombinant mouse epidermal growth factor (EGF)
(25 ng·mL−1, Sigma, SRP3196), cholera toxin (0.1 μg·mL−1, Sigma C8052) and bovine pituitary extract
(30 μg·mL−1, Sigma, P1476). Y-27632 (10 μM, Tocris, 1254) was added for the first 48 h of culture to
prevent anoikis. Medium was renewed every 2 days for up to 4 weeks before fixation. Organoids with
Feret diameter >25 µm were counted.

For human lung organoid culture, 10 000 sorted epithelial cells were mixed with 10 000 mitomycin C
pre-treated with 10 000 MRC5 fibroblast cells in 100 μL Matrigel (diluted with DMEM/F12 to a
concentration of 5 mg·mL−1; Corning 354263) in transwell inserts, as described earlier. Human organoid
culture media contains recombinant human EGF (25 ng·mL−1, Peprotech) replacing recombinant mouse
EGF and all the other components in the mouse organoid media. Organoids were maintained in culture for
4 weeks before fixation. Organoids with Feret diameter >30 µm were counted.

Organoid forming efficiency (%) ¼ Number of organoids per insert� 100

10000 (human) or 5000 (mouse)
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Immunofluorescence staining of organoids
For whole-mount immunofluorescence staining, mouse lung organoids in Matrigel were fixed by adding
4% PFA on top of Matrigel and outside inserts for 10 min at room temperature, followed by PBS wash and
permeabilisation using acetone and methanol (1:1) at −20 °C for 15 min. After PBS wash, 1X Carbo-Free
Blocking Solution diluted in PBST was added to the top of Matrigel in inserts to block for 4 h at room
temperature. Then organoids were incubated with primary antibodies diluted in PBST at 4°C overnight,
followed by PBS washing three times (10 min each time). Finally, organoids were incubated with mixture
of secondary antibodies and DAPI diluted in PBST for 2 h at room temperature or overnight at 4°C.
Organoids were imaged within the culture plate using a Cytation1 Cell Imaging Multi-Mode Reader
(BioTek), and images were obtained and analysed with Gen5 Image+ software (BioTek).

Results
Molecular heterogeneity of ATII cells in emphysema
To identify the molecular abnormalities of distal lung epithelial progenitor cells in emphysematous alveoli,
we generated scRNAseq libraries of EPCAM+ live epithelial cells from emphysematous parenchymal tissue
of six end-stage (GOLD IV) COPD patients and from comparable distal lung parenchymal regions of four
age-matched non-lung disease never-smoker donors [36] (figure 1a and supplementary table S1). After
quality control filtering, we analysed 46 471 EPCAM+ cells from COPD lungs and 35 914 EPCAM+ cells
from controls, with an average of 1811 genes detected per cell (figure 1b and supplementary table S1).

Annotations based on known epithelial cell marker genes [37–39] identified eight major cell types. These
included alveolar type II (ATII, SFTPC+) cells, alveolar type I (ATI, AGER+) cells, ciliated cells
(FOXJ1+), club cells (MUC5B-/SCGB1A1+), mucous cells (MUC5B+/SCGB1A1+), basal cells (KRT5+/
KRT17+), as well as basaloid cells (KRT5−/KRT17+), which were recently described in healthy and
diseased lungs [36, 40] (figure 1c and d and supplementary figure S1). Due to their central roles as distal
lung progenitor cells, we focused further on ATII cells.

Our dataset consists of a large number of ATII cells (n=10 donors, k=78 699 cells, 95.5% of total cells),
enabling a comprehensive analysis of human lung ATII cell heterogeneity. Analysis of differentially
expressed genes (DEGs) between emphysematous and healthy ATII cells identified 152 upregulated genes
(log2 fold change >1) and 461 downregulated genes (log2 fold change <−1) (figure 1e, supplementary
table S2). Gene Ontology enrichment analysis [41] using these DEGs identified inflammatory responses,
tissue morphogenesis, epithelial–mesenchymal transition and stress response pathways that were increased
in emphysematous ATII cells (supplementary figure S2a, supplementary table S3). By contrast,
downregulated pathways included cellular metabolism, transmembrane transport, DNA repair and
mitochondrial function (supplementary figure S2b, supplementary table S3).

Subclustering of ATII cells from healthy and COPD lungs (figure 1f,g) revealed expression of
secretoglobin genes dominantly in COPD ATII cells, including SCGB1A1, SCGB3A1 and SCGB3A2
(figure 1h, supplementary figure S1g and h), which are canonical markers of airway club cells. Notably,
SCGB3A2 was recently identified in club/secretory cells of respiratory bronchioles (RASCs) and in the
ATII cells of alveoli in the respiratory bronchiolar region (AT0) in healthy and COPD lungs [15, 16]
(figure 1f and g), suggesting that these COPD-specific ATII cell subsets might represent respiratory
bronchiole-associated cells that could be involved in halted alveolar repair.

Identification of secretoglobin-expressing ATII subpopulations in human COPD lungs
To annotate the ATII subclusters in our scRNAseq data and to localise the ATII subpopulations expressing
SCGB genes in situ, we performed multiplexed fluorescence in situ hybridisation for three SCGB mRNAs
and co-immunofluorescence staining for the common ATII cell marker SPC in human COPD (n=9) and
control lung tissue (n=5).

Surprisingly, cells co-expressing SCGB3A2 and SFTPC mRNA (3A2+/SPC+) were localised to enlarged
alveolar sacs within emphysematous regions specifically in the COPD lungs (figure 2a), but they were rare
or absent in alveolar sacs of healthy lungs (figure 2c, supplementary figure S3a). Based on their tissue
localisation, we annotated these 3A2+/SFTPC+ ATII cells as alveolar sacs (as)ATII in our scRNAseq data
(figure 2d, supplementary figure S4). Distinct from asATII, we found ATII cells co-expressing SCGB3A2
together with SCGB1A1 or SCGB3A1 in individual alveoli of respiratory bronchioles, similar to the
localisation of AT0 cells identified recently in the healthy lung [15] (figure 2b and c, supplementary figure
S3b and c). Here we annotate these multi-SCGBpos ATII cells as respiratory bronchiole (rb)ATII cells
(figure 2d, supplementary figure S4). Importantly, in COPD scRNAseq samples, asATII (30.4%) and
rbATII (66.1%) cells were highly enriched populations (figure 2e). The ATII cells without SCGB gene
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FIGURE 1 Alveolar epithelial cell heterogeneity in COPD. a) Sample information of single-cell RNA sequencing (scRNAseq) data. b) Schematic
showing workflow of sampling parenchymal tissue from emphysematous (n=6) and healthy (n=4) lungs, viable epithelial cell isolation and
scRNAseq using the 10X Genomics platform. Uniform manifold approximation and projection (UMAP) shows cells obtained from COPD patients and
healthy donors. c) UMAP visualisation of annotated lung epithelial cell types. d) The cellular composition of epithelial cells from individual COPD
patients and healthy donors. e) The numbers of genes upregulated (log2 fold change (fc) >1, p<0.05) and downregulated (log2fc <−1, p<0.05) in
each cell type from COPD patients, compared to those of healthy donor. f ) UMAP visualisation of alveolar type II (ATII) cells marked by expression
of surfactant protein C (SFTPC). g) UMAP showing ATII cells from emphysema patients and healthy donors. h) Feature plots showing expression of
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expression are predominantly from the healthy control lungs (88%; figure 2e), which were termed hATII cells
(figure 2d, supplementary figure S4). Notably, both asATII and rbATII cells exhibited pronounced ageing
characteristics compared to hATII cells, as demonstrated by higher levels of senescence marker genes (figure
2f), elevated senescence scores, and reduced mitochondrial function scores. (supplementary figure S5).

To test whether asATII and rbATII cells are specific to COPD, we mapped [29] our human ATII subsets to
the HLCA [30] data, which contains idiopathic pulmonary fibrosis (IPF) and interstitial lung disease (ILD)
samples, in addition to healthy and COPD samples (supplementary figure S6a and b). After unsupervised
clustering of ATII cells in the merged data (supplementary figure S6c), we identified both asATII and rbATII
cells in a dominant ATII cluster (cluster 20) specific to COPD (supplementary figure S6d and f). However,
neither asATII nor rbATII cells were found in IPF/ILD samples (supplementary figure S6e and g).

In addition, we tested expression of AT0 [15] and RASC-derived LAMP3+ ATII cells [16] marker genes in
our ATII subpopulations. Neither asATII nor rbATII showed significant enrichment of those markers
(supplementary figure 6h), suggesting that asATII and rbATII cells are distinct from previously described
cell subpopulations.

Next, we aimed to further identify unique marker genes of asATII and rbATII cells (figure 2g) for
functional characterisation. Compared to hATII and asATII cells, we found the highest expression of
ICAM1 and the Wnt active ATII progenitor marker TM4SF1 [11] in rbATII cells. In asATII cells, we
observed elevated levels of the Wnt inhibitor WIF1, the oxidative stress marker SOD2, and inflammatory
genes, such as CD74 and CXCL8 [42–46]. These results indicated potentially distinct functions for asATII
and rbATII cells.

Club cells give rise to emphysema-specific ATII subpopulations in human and mouse COPD lungs
An important gap in the field is understanding how bronchiolar airway club cells contribute to alveolar
repair upon chronic injury in COPD. From our human single cell data, trajectory inference algorithms
(Slingshot and PAGA velocity) support the hypothesis that club or rbATII cells may differentiate to asATII
cells in COPD (figure 3a). To test whether RASCs contribute to asATII cells, we integrated [28] RASC
and secretory/goblet cell data from healthy and COPD lungs [16] to our ATII subsets and club cells (figure
3b). Slingshot analysis indeed supports the notion that RASCs contribute to the asATII population.

To further confirm and study if the club cell lineage can differentiate to emphysema-specific ATII cells in
COPD, we utilised the established COPD mouse model of porcine pancreatic elastase (PPE) instillation to
induce acute emphysematous lung injury [47]. Briefly, Scgb1a1-CreERT;Rosa-tdTomato mice were first
treated with tamoxifen to label club cells for lineage tracing in vivo. 2 weeks later, this was followed by a
single challenge with PPE (40 U·kg−1, oropharyngeal instillation) (figure 3c). On day 21 post-challenge,
mice receiving PPE had enlarged alveolar sacs and altered pressure–volume relationships consistent with
emphysema (supplementary figure S7a and b) [21] .

We then analysed expansion and localisation of tdTomato-labelled (tdTomatopos) epithelial cells obtained
from whole lung digests using flow cytometry. PPE-treated mice showed a 50% increase in tdTomatopos

cells (38.0±2.2% after PPE versus 25.3±1.3% after saline) (supplementary figure S7c), suggesting
expansion of club lineage cells. To test whether this was accompanied by increased differentiation of club
cells to ATII cells, we quantified ATII cells along with co-expression of tdTomato using
co-immunofluorescence staining. However, there was no significant change in the percentage of
tdTomatopos cell among total SPC+ ATII cells in the alveolar region of PPE-treated lungs, compared to
saline controls (supplementary figure S7d and e). Taken together, these data demonstrate that club-to-ATII
differentiation was not increased in emphysema induced by PPE challenge in mice.

To further identify cell types derived by club cells upon emphysematous lung injury, we performed
scRNAseq on tdTomatopos epithelial cells from PPE- (n=3) and saline- (n=2) treated mice. We found six
main epithelial cell types, including ATII, ATI, club (Scgb1a1+/Muc5b−), mucous (Scgb1a1+/Mu5b+),
club-to-ciliated, ciliated (Foxj1+) and proliferating cells (Mki67+). Among these, ATII cells comprised the
biggest population (figure 3d, supplementary figure S8a).

secretoglobins SCGB3A2, SCGB3A1 and SCGB1A1 in ATII cells. NA: not applicable; GOLD: Global Initiative for Chronic Obstructive Lung Disease;
MACS: magnetic-activated cell sorting; FACS: fluorescence-activated cell sorting; EpCAM: epithelial cell adhesion molecule; NEC: nonepithelial cells;
DEGs: differentially expressed genes.
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To investigate whether there are mouse ATII subpopulations similar to human asATII cells, we
subclustered mouse club cell derived ATII cells into six groups (ATII-1 to -6; figure 3d). Among these,
ATII-6 cells were significantly enriched after PPE challenge (13% of tdTomatopos ATII in PPE, 2.2% of
tdTomatopos ATII in saline) (figure 3e). We next used matchSCore analysis to quantify shared marker
genes in mouse and human ATII subpopulations (supplementary table S5) [48]. Notably, mouse ATII-6
cells and human asATII cells had the highest matchSCore (figure 3f). Moreover, we show that ATII-6 and
asATII share many marker genes, including CD74 (figure 3g), which is not seen in the ATII clusters with
a matchSCore of 0, such as mouse ATII-5 and human hATII cells (figure 3h). Indeed, gene set enrichment
analysis (GSEA) of marker genes of both mouse ATII-6 and human asATII cells further revealed a strong
overlap in biological processes across species, including inflammation, cell adhesion and hypoxia
responses (supplementary figure S8b and c and supplementary table S6). These overlaps were not found in
the GSEA of ATII-2, which share a matchSCore of 0.01 with human asATII (supplementary figure S8d
and supplementary table S6). Collectively, our data reveal club cell derived ATII subpopulations that are
associated with alveolar tissue destruction and emphysema in both species.

Mouse ATII-6 and human asATII cells display limited progenitor function
To test the overall progenitor function of club cell-derived tdTomatopos cells, we performed lung organoid
assays. We found that tdTomatopos cells isolated from PPE-treated mouse lungs formed fewer alveolar
organoids than those from saline controls (figure 4a and b). Having revealed impaired alveolar regeneration
function in club cell derived subsets, we next sought to determine whether this could be explained by a
specific emphysema-enriched ATII cell subpopulation identified in our scRNAseq analysis. We focused on
the mouse ATII-6 cluster since it is enriched in PPE-treated samples and is similar to human asATII cells.
Mouse ATII-6 cells selectively express lymphocyte antigen 6 complex i (Ly6i) [49] as a surface marker
(figure 4c). We generated an antibody targeting the extracellular region of Ly6i, confirmed that Ly6i
localised to tdTomato/SPC dual-positive alveolar epithelial in PPE-challenged mouse lungs and employed
Ly6i for cell sorting (figure 4d and e).

Flow cytometry analysis of whole lung cells from PPE-treated mice demonstrated that 6.5% of epithelial
cells were tdTomato+/Ly6i+ (supplementary figure S9). We used Ly6i in combination with Sca1 to
specifically demarcate ATII cells, which are known to be Sca1-negative (Sca1−) [3]. We quantified
tdTomato+/Sca1−/Ly6i+ ATII-6 cell populations in the PPE challenge mouse lungs (figure 4e). ATII-6 cell
numbers increased in proportion to total tdTomato+ ATII cells on days 21 (4.48±2.88%) and 28
(15.05±3.96%) after PPE, but they were rare in saline controls (0.6%±0.53%) (figure 4f). By contrast,
ATII cells expressing Ly6i, but lacking the club cell reporter tdTomato, were not detected (supplementary
figure S9c, figure 4f). Thus, ATII-6 cells in emphysematous mouse lung tissues are derived from club cells
and not the result of off-target tdTomato reporter expression.

Additionally, we tested whether Ly6i+ ATII-6 cells exist in the lungs of C57BL/6 mice challenged with
cigarette smoke (CS), which develops mild emphysema with >6 months of treatment [50, 51].
Immunofluorescence co-labelling for Ly6i and SPC was performed on lung tissue slides from mice treated
with CS or filtered air for 6 months, respectively (supplementary figure S10a). Quantification showed an
increased percentage of Ly6i+/SPC+ cells in total SPC+ ATII cells in CS-treated lungs (6.2±3.2%)
compared to controls (1.0±0.7%) (supplementary figure S10b).

Functionally, ATII-6 cells isolated from mouse PPE model demonstrated poor alveolar progenitor functions
evident by the significantly lower alveolar organoid-forming capacity of Ly6i+ ATII-6 cells compared to

FIGURE 2 Identification of secretaglobin (SCGBpos) alveolar type II (ATII) cell subpopulations in human COPD lungs. a) Haematoxylin and eosin
(H&E) staining of emphysematous parenchymal lung tissue from COPD patient at low magnification. Scale bar=200 µm. Within thin alveolar sacs
(inset), fluorescent RNAScope for SCGB3A2 (red), 1A1 (green), 3A1 (green) and immunofluorescence (IF) staining for surfactant protein C (SPC)
(white) identifies 3A2+ ATII cells (arrowheads). Scale bars=40 µm. b) H&E staining of respiratory bronchiole region (inset) in COPD lung tissue. Scale
bar=100 µm. Multiplex fluorescence RNAScope for SCGB3A2 (red), 1A1 (green), 3A1 (green), and co-IF for SPC (white) identifies ATII cells
co-expressing multiple SCGB genes (arrowheads) in this region. Scale bars=40 µm. c) Quantification of percentages of 3A2+ and 1A1+/3A1+/3A2+ ATII
cells detected by RNAScope and IF in alveolar sacs of healthy (n=5) and emphysematous (n=9) lung tissue. d) Uniform manifold approximation and
projection (UMAP) showing annotation of ATII subclusters based on expressions of SCGB genes and tissue localisations. ATII cells dominantly
presenting in alveolar sacs of COPD samples and expressing SCGB3A2 were identified as asATII. ATII cells expressing multiple SCGBs and localised in
respiratory bronchioles were annotated as rbATII. The remaining of ATII cells, dominantly presented in healthy samples, were marked as hATII.
e) Percentages of ATII subclusters in healthy and COPD samples. f ) Dot plot of selected senescence marker genes in asATII, rbATII and hATII cells.
g) Dot plot of selected marker genes identified in asATII and rbATII cells. NS: nonsignificant. ***: p<0.001. NS: p>0.05, Mann–Whitney test.
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FIGURE 3 Club cells give rise to emphysema-specific alveolar type II (ATII) cell subpopulations in human and mouse COPD lungs. a) Principal curve
representing lineage between non-mucin club cells and alveolar sac (as)ATII cells using Slingshot, and partition-based graph abstraction (PAGA)
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the rest of tdTomato+ ATII cells from PPE-challenged mouse lungs. Notably, tdTomato+ ATII cells from
healthy lungs, which lack ATII-6 cells, showed the highest organoid-forming efficiency (figure 4g and h).
These results demonstrate a limited alveolar regeneration capacity of club cell derived ATII-6 cells in a
mouse model of emphysema.

Finally, we validated the murine model results in human organoid assays by comparing alveolar organoid
forming capacities of human asATII, rbATII cells and healthy ATII cells. We used CD74 as surface
marker for asATII cells (figures 2f and 5a), and ICAM1 and TM4SF1 for rbATII cells (figures 2f and 5b).
Flow cytometry analysis identified HTII280+/CD74+ asATII cells in emphysematous parenchymal tissue
samples, but they were rare in healthy controls (figure 5c and d). Functionally, asATII cells had the lowest
alveolar organoid-forming efficiency compared to rbATII cells from emphysematous tissue and healthy
ATII cells from control tissues (figure 5e and f). Taken together, we identified asATII cells that are
enriched in the distal emphysematous airspace in human COPD lungs and have significant defects in
progenitor cell function, which could contribute to impaired tissue repair in COPD.

Discussion
Pathogenesis of emphysema involves chronic inflammation and oxidative stress in lung parenchymal
tissue, as well as impaired endogenous tissue regeneration, probably through dysfunctional epithelial
progenitor cells [52, 53]. However, precise molecular mechanisms controlling progenitor functions in
disease remains elusive. Here we report a scRNAseq dataset with a large number of ATII cells from human
lung tissue with severe emphysema and from healthy lungs, thereby allowing deep profiling of
emphysematous ATII cells. We identified a unique ATII subpopulation present in emphysematous alveolar
sacs and expression of SCGB3A2, named asATII. In healthy lungs, asATII cells were rare. Trajectory
inference analysis suggested a potential contribution of club cells, including recently published RASCs, to
this emphysema-specific ATII subpopulation. Importantly, through lineage tracing of club cells in a mouse
emphysema model, we showed that club cells indeed gave rise to an ATII subcluster (ATII-6) with a
similar transcriptomic profile and tissue localisation as human asATII cells. Notably, these cells were also
found to be increased in CS-exposed mouse lungs, which represents a clinically relevant COPD model.
Moreover, functional analyses using organoids demonstrated that these newly identified cell ATII
subpopulations in human and mouse emphysema exhibit impaired alveolar regeneration capacity. Taken
together, we have unravelled a novel mechanism of club cells differentiating to transcriptionally distinct
ATII cell populations in emphysema. These may help to explain impaired tissue regeneration during COPD
pathogenesis and to develop early therapeutics.

SCGB3A2 is a marker for respiratory bronchiolar club-like cells, including recently identified RASCs and
TASCs [16, 17]. Additionally, SCGB3A2 expression was identified in a subpopulation of ATII-like cells,
termed AT0, within single alveoli attached to the respiratory bronchioles in healthy human, primate and
ferret lungs [13]. On average, the respiratory bronchioles lead to up to 11 alveolar ducts, which in turn
derive approximately six alveolar sacs [18]. It is crucial to highlight that SCGB3A2 expression in alveolar
sacs has not been reported previously. Thus, the asATII subpopulation reported in our study is distinct
from the AT0 based on localisation and gene expression.

Our high-resolution analysis of emphysematous epithelial cells with scRNAseq and usage of sensitive
RNA in situ hybridisation allowed us to identify the SCGB3A2+/SFTPC+ asATII cells within the enlarged
alveolar sacs distal to respiratory bronchioles in severe emphysematous regions. Nonetheless, our DEG
analysis highlights several key features of the asATII cells, including senescence, mitochondrial
dysfunction, inflammation, oxidative stress [54], apoptosis and inhibition of Wnt signalling, which are
known to be critical for stem cell activation, but are downregulated in COPD lungs [55, 56]. Stem cell

analysis of asATII, respiratory bronchiole (rb)ATII, and nonmucin club cells from COPD lungs. Arrows mark the predicted trajectory from nonmucin
club cells to asATII cells. b) Data from a) are merged with respiratory airway secretory cells (RASCs) and secretory/goblet (Sec/Gob) cells published
by BASIL et al. [16] to perform Slingshot analysis. c) Experimental schematics of lineage tracing of club cells in the porcine pancreatic elastase
(PPE)-induced mouse emphysema model. d) Uniform manifold approximation and projection (UMAP) visualisation and annotation of sorted
tdTomato+ epithelial cells from saline- (n=2) and PPE- (n=3) treated Scgb1a1-CreERT;Rosa-tdTomato mice, respectively. e) Percentage of ATII-6
subcluster cells in tdTomato+ ATII cells in (d). f ) Similarity measurement of human (h)ATII subpopulations and mouse ATII subclusters based on
expression of common markers genes. Higher matchSCore indicates higher similarity. g) Scatter plots showing marker genes driving similarity
between human asATII cells and mouse ATII-6 in (f ). h) Scatter plot showing a lack of common marker gene in human hATII and mouse ATII-5
cells. scRNAseq: single-cell RNA sequencing.
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exhaustion is a hallmark of ageing and might be driven by cellular senescence [57], which is enriched in
asATII cells. Further studies investigating the role of senescence and mitochondrial dysfunction in asATII
cells are needed.
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FIGURE 4 Identification of emphysema-specific alveolar type II (ATII) cells in a porcine pancreatic elastase (PPE)-induced mouse COPD model.
a) Representative images of organoids from tdTomato+ (red) epithelial cells of saline- and PPE-treated Scgb1a1-CreERT;Rosa-tdTomato mice on day
21 post-treatment. Scale bar=1000 µm. b) Quantification of alveolar organoids in c). Saline-treated mice (n=4), PPE-treated mice (n=5). Welch’s
t-test. c) Feature plot showing lymphocyte antigen 6 complex i (Ly6i) as a unique marker gene of mouse ATII-6 cells. d) Detection of ATII-6 cells in
alveolar sacs of emphysematous region (black square in left picture with haematoxylin and eosin staining) by co-immunofluorescence for Ly6i
(right, green), tdTomato (right, red), and surfactant protein C (SPC) (right, white). Scale bar=20 µm. e) Detection of tdTomato+/Sca1−/Ly6i+ ATII cells
in viable epithelial cells (see gating strategy in supplementary figure S7a) from PPE-treated mouse lungs by flow cytometry. f ) Percentages of Ly6i+

cells in the tdTomato+/Sca1− and tdTomato−/Sca1− ATII cells from mice treated with saline or PPE on days 21 and 28 after treatment. Mann–
Whitney test. g) Representative pictures of organoids from fluorescence-activated cell sorted ATII-6 (tdTomato+/Sca1−/Ly6i+, left) and the rest
(tdTomato+/Sca1−/Ly6i−, middle) ATII cells from PPE-treated mice at day 21 post-treatment and ATII (tdTomato+/Sca1−) cells from saline-treated
mice. Whole-mount immunofluorescence staining for pro-SPC (green) is used to identify alveolar organoids. Endogenous tdTomato is in red.
4′,6-Diamidino-2-phenylindole (DAPI) in blue shows nuclei. Scale bar=1000 µm. h) Quantification of alveolar (SPC+) organoid-forming efficiency in g).
****: p<0.0001, Mann–Whitney test.
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Transcriptionally, asATII cells show similar expression patterns to ATIIB cells identified by SAULER et al.
[14] (supplementary figure S6h), including increased HHIP, NPC2, SERPINA1, SFTPA1 and SFTPD and
reduced NUPR1. This similarity confirmed COPD specificity of asATII cells. However, their dataset
contained non-emphysematous samples, mixed tissue regions and large populations of nonepithelial cells.
Moreover, the localisation and regenerative function of ATIIB cells have not been reported. Here, we
assessed the progenitor functions of the asATII cells through organoid assays, which revealed a
significantly diminished organoid forming capacity of asATII cells. The small number of organoids
derived by asATII has limited our characterisation of proliferation and differentiation potential of the
asATII cells, specially the asATII-to-ATI differentiation, which needs to be further investigated in other
organoid or tissue culture systems.

Additionally, we have identified a small fraction of rbATII cells expressing multiple SCGB genes and
SFTPC in alveoli attached to the respiratory bronchioles in both COPD and healthy human lungs. Our
RNA velocity analysis showed a trajectory from club cells to asATII cells, with the rbATII cells serving as
a potential transitional population, suggesting a similar localisation and progenitor function to the recently
reported AT0 cells in healthy lungs [15]. In COPD, the rbATII cells were detected in damaged respiratory
bronchioles lining in perivascular regions (figure 2b), similar to the RASC-derived LAMP3+/3A2+ cells
reported by BASIL et al. [16]. However, rbATII cells do not express the full scope of RASC derived ATII
and AT0 marker genes [15, 16] (supplementary figure S6h). These distinct transcription patterns may be
due to differences in tissue regions collected and disease subtype and stages in those studies and ours.

Furthermore, an intermediate population during club-to-ATII differentiation is missing in our human lung
scRNAseq study, probably due to the late stage of emphysema in our samples. Therefore, a disease model
is needed to trace the fate of club cells during emphysema-like injury. Here, we first employed a
PPE-induced mouse emphysema model [47]. PPE induces severe and progressive destruction of alveoli in
mouse lungs in 3 weeks. Using the PPE model, we identified a club cell derived ATII subpopulation in the
mouse lung (ATII-6) that is similar to human asATII cells in terms of transcriptional profile, localisation in
emphysematous alveolar sacs, and impaired regeneration capacity in organoid assays. Importantly, we also
observed the ATII-6 subpopulation in a cigarette smoke induced COPD model [50, 51]. Collectively, these
findings establish and validate the significant roles of ATII-6 cells in the pathogenesis of COPD-like lung
injury in mice.

It is possible that the terminal bronchiolar club cells directly migrate to alveolar sacs and differentiate into
ATII-6 cells in response to emphysema-like injury during early stages of disease. Alternatively, it is
possible that the club cells may attempt to repair alveolar tissue by differentiating to normal ATII
progenitors, which then shift to ATII-6 cells during late stage of emphysema. Further time-course studies
are needed to test these hypotheses and to investigate the mechanisms controlling how club cells sense and
respond to injuries.

Although we showed a trajectory from club-like cells in the respiratory bronchiole (RASC) to asATII cells
in scRNAseq analysis, our mouse lineage-tracing model is limited in its ability to validate this due to the
lack of respiratory bronchioles in mouse lungs. Larger animal (e.g. ferret) models of emphysema, along
with disease modelling using patient-derived precision cut lung slices, could help evaluate the formation of
similar abnormal ATII populations by RASCs, identify molecular mechanisms controlling differentiation,
and investigate functional shifts of progenitor cells across stages of emphysema pathogenesis. Another
limitation of our study is the restricted analysis of end-stage tissue. The localisation, number and secreted
factors of asATII cells at early stages of COPD, including recently proposed pre-COPD stage [58], will be

FIGURE 5 Decreased progenitor cell function of emphysema-specific alveolar type II (ATII) cells in human COPD lungs. a) Detection of asATII cells in
alveolar sacs of emphysematous region (black square in left picture with haematoxylin and eosin (H&E) staining) by co-immunofluorescence (co-IF)
for CD74 (green), secretaglobin-3A2 (SCGB3A2) (red), and surfactant protein C (SPC) (white). Scale bars=200 µm, 50 µm and 10 µm. b) Detection of
rbATII cells in respiratory bronchiole of emphysematous region (black square in left picture with H&E staining) by co-IF for intercellular adhesion
molecule 1 (ICAM1) (green, top), TM4SF1 (green, bottom), SCGB3A2 (red), and SPC (white). Scale bars=50 µm, 20 µm and 10 µm. c) Flow cytometry
analysis of asATII and rbATII using CD74 (centre), TM4SF1 and ICAM1 (right) in healthy control sample (n=6, top) and emphysematous parenchymal
tissue from COPD patients (n=6, bottom). d) Quantification of the percentages of asATII (CD74+) and rbATII (ICAM1+/TM4SF1+) cells in total ATII cells
(HTII280+/epithelial cell adhesion molecule (EPCAM)+/4′,6-diamidino-2-phenylindole (DAPI)−) in a). Mann–Whitney test. e) Organoids formed by
fluorescence-activated cell sorted asATII (HTII280+/CD74+) and rbATII (HTII280+/ICAM1+/TM4SF1) cells from human emphysematous parenchymal
tissue (n=5) and by ATII cells (HTII280+) from healthy control (n=3). Scale bar=100 µm. f ) Quantification of organoid forming efficiency of c). Values
are presented as mean±SEM. Mann–Whitney test. *: p<0.05.
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helpful to facilitate early diagnosis of emphysema. Ultimately, determining how reprogramming of asATII
cells and club cells promotes failed tissue repair in emphysema will shed light on novel therapeutic
treatment strategies.

In summary, our study identified distinct ATII subpopulations in the alveolar sacs of emphysematous lung
parenchyma, and we revealed a previously unknown contribution of club cells to this ATII subpopulation
with impaired regeneration capacity during pathogenesis of emphysema. These studies pave the way for the
development of early diagnostic tools and novel therapeutics for COPD.
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