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Abstract

Wnt/β-catenin signaling regulates progenitor cell fate decisions during lung develop-

ment and in various adult tissues. Ectopic activation of Wnt/β-catenin signaling pro-

motes tissue repair in emphysema, a devastating lung disease with progressive loss

of parenchymal lung tissue. The identity of Wnt/β-catenin responsive progenitor cells

and the potential impact of Wnt/β-catenin signaling on adult distal lung epithelial

progenitor cell function in emphysema, are poorly understood. Here, we used a TCF:

GFP reporter mice to investigate the role of Wnt/β-catenin signaling in lung organoid

formation. We identified an organoid-forming adult distal lung epithelial progenitor

cell population characterized by a low Wnt/β-catenin activity, which was enriched in

club and alveolar epithelial type (AT)II cells. Endogenous Wnt/β-catenin activity was

required for the initiation of multiple subtypes of distal lung organoids derived from

the Wntlow epithelial progenitors. Further ectopic Wnt/β-catenin activation specifi-

cally led to an increase in alveolar organoid number, however, the subsequent prolif-

eration of alveolar epithelial cells in the organoids did not require constitutive

Wnt/β-catenin signaling. Distal lung epithelial progenitor cells derived from the

mouse model of elastase-induced emphysema exhibited reduced organoid forming

capacity. This was rescued by Wnt/β-catenin signal activation, which largely

increased the number of alveolar organoids. Together, our study reveals a novel

mechanism of lung epithelial progenitor cell activation in homeostasis and

emphysema.
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1 | INTRODUCTION

The adult mammalian distal lung comprises functionally distinct

regions including a branched network of conducting and respiratory

airways and a dense lattice of alveolar sacs where gas exchange

occurs. Maintenance and repair upon injury of this highly complex

structure relies on distinct progenitor cell populations and their regu-

lation by signaling pathways in a spatio-temporally controlled manner.

Several progenitor cell populations have been identified, including

club cells and alveolar type II (ATII) cells, which collectively are able to

repopulate distal airway as well as alveolar epithelium.1-3 Regenera-

tion upon acute and severe distal mouse lung injury (eg, following

influenza infection) is proposed to involve activation of quiescent,

multipotent progenitors capable of generating both airway and alveo-

lar cell types.4-8 The function and potential impairment of lung epithe-

lial progenitor cells upon chronic and progressive lung injury, which

underlies many lung diseases including chronic obstructive pulmonary

disease (COPD), however, remains largely unexplored.9

COPD is the third leading cause of death world-wide. One major

pathological feature of COPD is emphysema, characterized by the

progressive loss of functional parenchymal lung tissue and thus loss of

alveolar gas exchange area. Currently, emphysema cannot be cured or

reversed, underscoring a large unmet medical need for novel treat-

ment options.10,11 Important risk factors for emphysema are age and

genetic predisposition, cigarette smoking, or occupational expo-

sures.10,12 It is known that ongoing inflammation, oxidative stress, and

protease/antiprotease imbalance lead to matrix degradation and pro-

gressive tissue destruction in emphysema. Importantly, endogenous

regenerative mechanisms of the lung are severely compromised in

emphysema. Recent work by our laboratory and others has demon-

strated that the activity of the Wnt/β-catenin pathway, which is criti-

cal for lung development and lung tissue homeostasis, is reduced in

the alveolar epithelium in human emphysema as well as in mouse

models.9,13-17 Notably, ectopic activation of Wnt/β-catenin signaling

induced intrinsic alveolar repair in mouse models of emphysema and

3D lung tissue culture (3D-LTC) derived from emphysema patients.9,18

These studies suggest that tissue regeneration can be initiated in

adult human emphysematous lungs and that Wnt/β-catenin signaling

serves as a potential therapeutic target to achieve tissue repair in

emphysema. However, the identity of potential lung progenitor cells

that respond to Wnt/β-catenin activation upon chronic injury to

regenerate alveoli in emphysema, and the role of Wnt/β-catenin sig-

naling during their transition from quiescence to activation in homeo-

stasis and disease are poorly defined.

Here, we investigated the role of Wnt/β-catenin signaling in adult

distal lung progenitor cells using a lung organoid assay. We aimed to

identify and characterize the Wnt/β-catenin responsive epithelial pro-

genitor cell populations in the adult lung, and furthermore, to investi-

gate the potential for Wnt pathway modulation to rescue changes in

regenerative potential in a mouse model of emphysema.

2 | MATERIALS AND METHODS

2.1 | Mice

TCF/Lef:H2B/GFP mice (The Jackson Laboratory, 013752) of

>8 weeks of age were used for all experiments. Mice were maintained

in specific pathogen-free conditions. All animal experiments were per-

formed according to the Ethics Committee guidelines of the Helm-

holtz Zentrum München and Government of Bavaria and the

institutional and regulatory guidelines of University of Colorado Insti-

tutional Animal Care and Use Committee.

2.2 | Elastase treatment

Mice were injected with porcine pancreatic elastase (PPE, 40 U/kg

body weight in 80 μL) oropharyngeally as described previously.19 The

control mice received 80 μL of saline. Lung function measurement

and lung epithelial isolation were performed at day 21 post PPE injec-

tion. N = 6 animals per group and were repeated at least 3 times.

2.3 | Lung epithelial cell isolation

Distal lung epithelial cells were isolated from adult mouse lung with

antibody-conjugated magnetic beads as previously described.20-23

Detailed procedure is included in the Supplemental Methods and

Material.

Significance Statement

The field of regenerative lung biology lacks understanding

of mechanisms regulating lung progenitor behavior in

homeostasis and in chronic diseases. Our study demonstrate

a distinct, broad, Wnt-responsive cellular landscape in the

lung ex vivo and in vivo. We reveal nuances in Wnt signaling

dynamics during organoid formation that have not previ-

ously been described. Importantly, we utilized an elastase

induced mouse emphysema model to show for the first time

that distal lung epithelial progenitor cell function is impaired

in a chronic lung disease. We strongly believe that our study

will advance the field, contributing to our understanding of

how lung repair and regeneration upon chronic lung injury is

controlled in distinct cell populations and thus will poten-

tially aid the rational design of cell-specific therapeutics

aimed at inducing lung regeneration in lung diseases, which

represent the second leading causes of death worldwide.
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2.4 | Flow cytometric analysis and Fluorescence-
activated cell sorting (FACS)

The distal lung epithelial cell suspension was stained with

fluorochrome-conjugated antibodies, as described in the Supplemen-

tal Methods and Material. Flow cytometric analysis were performed

using a Fortessa cell analyzer (BD Bioscience). FACS sorting was per-

formed using a FACSAria Fusion cell sorter (BD Bioscience). A

FACSDiva software was used for data analysis.

2.5 | Microarray

Total of 18 RNA samples were prepared with RNeasy Micro kit

(Qiagen 74 004, Germantown, US) from flow sorted Wntneg/low/high

cells (n = 6/group, 3-4 mice pooled) The integrity of extracted RNA

was analyzed using an Agilent Tapestation 2200 and the RNA integ-

rity numbers are all well above 8. Transcriptional microarray assay

was done at the University of Colorado Denver Genomics and Micro-

array Core facility. Following the manufacturer’s protocol, 8 ng of

starting total RNA was converted to cDNA with the Affymetrix

GeneChip WT Pico Kit. Processed samples were then hybridized to a

Clariom D arrays in the GeneChip Hybridization Oven 645 with rota-

tion at 60 rpm for 16 hr at 45�C. The arrays were washed and stained

using FS450_0002 protocol, followed by examination with an

Affymetrix GeneChip Scanner 3000 7G.

Upon data acquisition for TCF:GFP samples, subsequent data

analysis was performed using R studio v1.1 and R v3.4.4. Probes and

oligos were annotated using BrainArray CDF.24 The principle compo-

nent analysis was performed using a singular-value decomposition

method implemented in stats packages. Gene Set enrichment analysis

was performed using GAGE pathway analysis method25 and gene set

database MsigDB.26,27 This data set is publicly available in GEO under

accession no. GSE150957. Emphysema human gene expression data

set GSE47460 from GPL14550 platform was obtained and rea-

nalyzed. Emphysema group is represented by samples with CT-

emphysema score of greater than 30%.28 The pathway enrichment

analysis is performed using Fisher’s exact test and the gene set data-

base MsigDB. To account for multiple testing, Hochberg p value cor-

rection method was used.

2.6 | Organoid culture

The organoid assay is based on established and published proto-

cols.3,29-31 Briefly, the freshly sorted distal lung epithelial cells were

co-cultured with the mitomycinC (10 μg/mL, Sigma #M4287) treated

Mlg ([MLg2908, CCL206],ATCC) cell in 50% of Matrigel (Corning,

354263) in 24-well plate trans-well inserts with 0.4 μm of membrance

pore size (Falcon 353095). Cultures were maintained in DMEM/F12

media (Gibco, 11330-032) containing 5% FBS, pen/strep (100 U/mL),

1% GlutaMax (Life Technologies, 35050-061), 1X amphotericin B

(Gibco, 15290018), 1X insulin-transferrin-selenium (Gibco

#51300-044), recombinant mouse EGF (0.025 μg/mL, Sigma,

SRP3196), Cholera toxin (0.1 μg/mL, Sigma C8052), bovine pituitary

extract (30 μg/mL, Sigma, P1476), and freshly added all-trans retinoic

acid (0.01 μM, Sigma, R2625). Y-27632 (10 μM, Tocris, 1254) was

added for the first 48 hours of culture to prevent anoikis. Media was

refreshed every 2-3 days. Details of organoid culture and immunoflu-

orescence stainings of organoids are described in the Supplemental

Methods and Material.

2.7 | Immunofluorescence staining

Fresh frozen tissue embedded in OCT was sectioned and fixed with

ice cold acetone/methanol (1:1), followed by Immunofluorescence

staining. Cytospin samples were generated with freshly sorted

EpCAM+ Wntneg/low/high cells and stained with the same method for

tissue sections. Full methods and antibodies used are described in the

Supplemental Methods and Material.

2.8 | Statistical analysis

Data were analyzed with GraphPad Prism 8.0. Data are presented as

mean ± SEM within the text. N refers to number of independent

experiments starting from an independent EpCAM+ isolation, and n

refers to number of organoids. The statistical tests used are stated in

the Figure legends. Differences at P < 0.05 were considered

significant.

3 | RESULT

3.1 | Wnt/β-catenin activity defines distal lung
epithelial populations with distinct transcriptome

We investigated the contribution of Wnt/β-catenin signaling to adult

distal lung epithelial progenitor cell function using a TCF/Lef:H2B-

GFP (TCF:GFP) reporter mouse line, which harbors a histone 2B-

tagged eGFP fusion gene driven by 6 copies of a TCF/Lef responsive

element.32 Total EpCAM+ cells were isolated from the distal lung of

8-16 weeks old TCF:GFP mice by trachea removal and dispase diges-

tion, followed by microbead (MACS)-based CD31+/CD45+ cell deple-

tion and EpCAM+ cell selection (Figure 1A and Figure S1A). Flow

cytometry of cell suspensions from TCF:GFP mouse lungs stained for

EpCAM and GFP revealed three distinct populations (EpCAM+ GFP
neg, GFP low and GFPhigh), comprising 89.5% ± 2.3%, 4.95% ± 1.5%,

and 5.56% ± 0.98% of the EpCAM+ fraction, respectively (N = 14,

Figure 1A). We further confirmed active β-catenin/TCF activity by

quantitative (q)RT-PCR for EGFP using sorted GFP neg/low/high cells

(Figure 1B) and thus refer to these cells as Wntneg/low/high cells from

here on.

To further characterize the EpCAM+ Wntneg, Wntlow and Wnthigh

populations, we analyzed the transcriptome of freshly sorted cells by
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microarray. EpCAM+ Wntneg, Wntlow and Wnthigh populations

exhibited distinct gene expression patterns (19 112 genes were

detected in total) (Figure 1C). Furthermore, principle component anal-

ysis of the top 500 genes by coefficient of variation demonstrated

that the Wntneg population can be distinguished from the Wnt active

populations by PC1 (87.4%), and that the Wntlow population possess a

unique transcriptome that can be distinguished from the other two

populations by PC2 (8.6%) (Figure 1D).

3.2 | Alveolar and airway epithelial progenitor cells
are enriched in the Wntneg and Wntlow populations

To identify the cell types labeled by the TCF:GFP reporter in the

mouse distal lung, we applied the microarray data to analyze the

expression of markers of known lung epithelial cells, including ATI,

ATII, club cells, ciliated cells, basal cells and rare populations of lung

epithelial stem/progenitor cells reported previously.4,33 The expres-

sion of ATII cell markers (Sftpb and Sftpd) were higher in Wntneg cells

compared to Wntlow and Wnthigh cells, while the mRNA of Sftpc was

highly expressed in all three populations. The Wntlow population was

found to be highly enriched in mRNA for the club cell marker CC10

and secretory cell markers Muc5b and Muc5ac, which are known to be

expressed by club cells in mouse lungs, suggesting an enrichment of

club cells in the Wntlow population (Figure 2A). Furthermore, the cili-

ated cell marker Foxj1 was enriched in Wnthigh cells. Itgβ4 and Sca1

label putative progenitor cells in adult mouse lung.4,33 We found that

the Itgβ4 was enriched in Wnthigh cells, while no significant differ-

ences in the expression of Sca-1 were found when comparing all three

populations. The mRNA expression levels of basal cell markers Krt5

and Trp63 were very low in all populations, indicating that basal cells

are not a dominant cell type in the three populations of mouse distal

lung. These results are further confirmed by quantitative (q)RT-PCR

using sorted Wntneg/low/high cells (Figure S2A).

We next used a flow cytometry-based strategy to further charac-

terize the cell types in EpCAM+Wntneg, Wntlow and Wnthigh according

to their CD24 and Sca-1 levels. CD24 and Sca-1 have been used pre-

viously to define subsets of mouse lung epithelial populations: ATII

cells are CD24negSca-1neg, ciliated cells are CD24hi and Sca-1+,

whereas the CD24low fraction is mostly comprised of CC10+ club

cells.34 Gating of EpCAM+Wntneg, Wntlow and Wnthigh cells to the

bivariate CD24 vs Sca-1 dot plot, respectively, further confirmed that

the majority of Wntneg cells were ATII cells (95 ± 0.3% CD24negSca-

1neg), whereas Wnthigh cells were comprised primarily of ciliated cells

(69.8 ± 2.1% CD24hi and Sca-1+). The Wntlow cells entailed a more

heterogeneous cell population including ATII cells, club cells and cili-

ated cells (Figure S2A). In accordance with the microarray and flow

cytometric data, immunofluorescence staining (IF) and quantification

of cytospins of FACS sorted EpCAM+ Wntneg/low/high cells from TCF:

GFP lungs revealed that the CC10+ club cells are enriched in the

Wntlow population (Figure 2B and C). The Wntneg cells are mainly

SFTPC+ ATII cells, while the Wnthigh cells are mainly ciliated cells

expressing acetylated α-Tubulin (ACT) (Figure 2B and C).

Next, we aimed to localize Wnt active/Wntpos lung cells in situ by

IF of whole lung sections. In line with our findings above, Wntpos cells

were abundant in airway epithelium (Figure 2D) and were also

observed throughout alveolar tissue in situ (Figure 2D and E). How-

ever, only a few SFTPC+ ATII cells were Wntpos. Of note, Wntneg ATII

cells were often situated adjacent to alveolar Wntpos cells, which may

include non-epithelial Wntpos cell types observed in the flow

cytometric data (Figure 1A and Figure 2E). CC10+ cells in the airway

epithelium frequently co-expressed GFP (Figure 2F). Notably, co-

staining with GFP indicates that these cells exhibit lower GFP expres-

sion compared to non-CC10+ cells with bright GFP expression

(Figure 2F). Altogether, these data demonstrate that sub-populations

of known lung epithelial progenitor cells, namely club cells and ATII

cells, exhibit baseline Wnt/β-catenin activity in vivo and ex vivo. Thus,

these cells might contribute to (impaired) repair in the

emphysematous lung.

3.3 | The organoid forming progenitors are
enriched in the Wntlow epithelial population

To investigate whether Wnt/β-catenin activity contributes to the

capability of the lung epithelial cell progenitors to form organoids in

vitro,35 EpCAM+ Wntneg/low/high cells were separately co-cultured with

Mlg fibroblasts in Matrigel (Figure 3A). Organoids developed over a

time period of 14 days and formation of a lumen enclosed by E-

Cadherin+ epithelial cells expressing apical ZO-1 was widely observed

(Figure S3A), indicating apical-basal polarization. Notably, organoid-

forming ability was only contained in Wntpos cells and specifically the

Wntlow fraction (2.49 ± 0.74%), with a significantly lower level of

organoid formation in the Wnthigh fraction (0.62 ± 0.27%). In contrast,

organoids were virtually absent in the Wntneg fraction (0.13 ± 0.08%)

(Figure 3B). These data support the notion that Wnt/TCF activity is

required for adult distal lung epithelial progenitors to form organoids,

and that the most potent organoid-forming cells are found in the

Wntlow population. We next analyzed the subtypes of lung epithelial

organoids that have been formed by the Wntlow cells: these are com-

monly seperated into alveolar (SFTPC+), bronchiolar (ACT+) and bro-

nchioalveolar (SFTPC+ACT+).31,36 Notably, the Wntlow cells gave rise

to all three types of organoids: bronchiolar organoids (ACT+, 58.12%

± 9.33%), alveolar (SFTPC+, 23.98% ± 6.86%), as well as bro-

nchioalveolar (SFTPC+ACT+, 17.89% ± 3.99%) organoids, as labeled

by IF (Figure 3C-D). These findings further confirm enrichment of

both alveolar and airway epithelial progenitor cells in the Wntlow cell

population. In line with this, by performing gene ontology pathway

enrichment analysis using 1024 genes that are significantly up-

regulated in the Wntlow cells (FDR <0.05) compared to both Wnthigh

and Wntneg cells, we found 33 pathways related to epithelial progeni-

tor development (Figure 3E), stem cell function (Figure 3F) and cell

cycle (Figure S3C) enriched in the Wntlow population. More than 10%

of genes of these pathways were significantly upregulated in the

Wntlow cells (FDR < 0.05, Figure S3D-F).
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3.4 | Wnt/β-catenin signaling is required for initial
formation of alveolar organoids by Wntlow cells but
not for their subsequent proliferation

We next investigated the role of Wnt/β-catenin signal activity in pro-

genitor function and organoid formation. Using organoids generated

from sorted EpCAM+ Wntneg, Wntlow and Wnthigh cells, we either

inhibited endogenous Wnt/β-catenin signaling by adding the antago-

nist iCRT14, or augmented Wnt/β-catenin signaling by applying the

agonist CHIR99021, to organoid cultures immediately after seeding.

The Wnt/β-catenin antagonist iCRT14 significantly reduced organoid

forming efficiency selectively in the Wntlow population (80% reduc-

tion compared to DMSO control, P < 0.001). By contrast, the Wnt/β-

catenin agonist CHIR99201 increased organoid forming efficiency of

the Wntlow fraction (185% compared to DMSO control, P < 0.0001).

Importantly, neither Wnt/β-catenin modulator significantly affected

the organoid forming efficiency of Wntneg or Wnthigh cells (Figure 4A-

B), demonstrating that mainly organoids formed by lung epithelial pro-

genitor cells within the Wntlow population selectively responded to

Wnt/β-catenin modulation.

We next determined whether Wnt/β-catenin modulation alters

the formation of different subtypes of Wntlow cell derived organoids

(Figure 4C and D). The inhibition of endogenous Wnt/β-catenin signal-

ing led to reduced number of all organoid subtypes (Figure 4D), indicat-

ing that endogenous Wnt/β-catenin signaling is required for the

formation of all types of organoids.Notably, we observed that ectopic

Wnt/β-catenin activation by CHIR99021 led to a significantly higher

number of alveolar organoids, but did not change the number of bron-

chiolar organoids (Figure 4D), suggesting that additionalWnt/β-catenin

stimulation is critical for alveolar differentiation in organoids.

We next investigated the role of Wnt/β-catenin signaling in cell

proliferation during organoid formation. IF staining for both GFP and

the proliferation maker Ki67 in organoids at day 3 revealed that early

in culture, cells with active Wnt/β-catenin signaling, as labeled by GFP

expression (Figure S4A) were not proliferating (Figure 4E). Moreover,

proliferating cells did not show active Wnt/β-catenin signaling, as sig-

nificantly fewer GFP+ cells were proliferating compared to GFP− cells

in the organoids at day 3 (Figure S4B-D). The non-overlapping pattern

of Ki67 and GFP was maintained at day 5, the earliest stage to exhibit

expression of ATII marker SFTPC in organoids. (Figure 4F). These

results support the notion that cell proliferation following initial onset

of alveolar organoid formation does not require Wnt/β-catenin activa-

tion. In line with this, the sizes of remaining alveolar organoids were

not affected by treatment with iCRT14 (Figure 4G). Interesting,

CHIR99021 slighty reduced the size of alveolar organoids (Figure 4G).

3.5 | Wnt/β-catenin signaling attenuates the
impaired organoid forming capacity of distal lung
epithelial progenitors in emphysema

Wnt/β-catenin activity has been shown to be reduced in emphy-

sema9,13-17 and our data indicate that Wnt/β-catenin activity is

required for distal lung epithelial progenitors to form organoids. Thus,

we aim to further investigate the function of distal lung epithelial pro-

genitors in emphysema. We compared the gene expression profiles of

Wntlow cells from the TCF:GFP mice with microarray data obtained

from lung samples of emphysema patients (published microarray

dataset GSE4746037) and found that a significant number of tran-

scripts enriched in normal Wntlow cells compared with Wntneg and

Wnthigh (q ≤ 0.05) were down-regulated in the whole lung tissue from

human emphysematous lungs (Supplemental Table 1). Among these

genes, CLDN10, CHAD and HP are expressed by club cells,38,39 which

represent the major population in the Wntlow cells (Figure 2). Pathway

analysis on these genes further identified pathways involving

proteasome activity (Figure 5A), which has previously been shown to

be impaired in COPD.40,41 Moreover, we identified genes encoding

receptors in the Wnt/β-catenin pathway, and Wnt/β- catenin target

genes which were up-regulated in Wntlow cells, but down-regulated in

human emphysema (Figure S5A), further confirming previous findings

of Wnt/β-catenin signal reduction in emphysema.9 Altogether, these

results indicate a potential impairment of Wntlow progenitor cells in

emphysema.

To further test this hypothesis, we used TCF:GFP mice subjected

to a single dose (40 U/kg) of porcine pancreatic elastase (PPE) or

saline through oropharyngeal injection. After 21 days, the lungs devel-

oped emphysema as assessed by lung function parameters

(Figure S5B), and airspace enlargement as shown by histology

(Figure 5B). We dissociated cells from the lungs of emphysematous

and control TCF:GFP mice and analysed them by flow cytometry

(Figure S5E). Interestingly, while the percentage of the Wntneg/low/high

cells isolated from emphysematous lungs were similar to those iso-

lated from saline treated lungs (Figure S5F), IF analysis of the

cytospins of the Wntneg/low/high cells revealed changes in the cellular

composition of the subpopulations isolated from the emphysematous

lung (Figure S5G).

We next compared the lung epithelial progenitor cell potential in

the organoid assay. The unsorted distal lung epithelial cells from

emphysematous lungs exhibited a significant reduced organoid for-

ming efficiency with ~50% less than those from control lungs

(Figure 5C and D). In cells isolated from control (non-emphasemouts)

lungs, Wnt/β-catenin activation by CHIR99021 immediately after

seeding increased organoid forming efficiency compared to DMSO

control (Figure 5C). Critically, in cells isolated from emphysametous

lungs, Wnt/β-catenin activation in culture also significantly increased

organoid forming efficiency compared to DMSO control (Figure 5C

and D).

Analysis of organoid size revealed that epithelial cells isolated

from emphysematous lung primarily formed larger organoids (diame-

ter of 100-150 μm) and fewer small organoids (diameter of

50-100 μm) compared to cells isolated from control lungs (Figure S5C

and D). Based on size and morphology, these organoids likely repre-

sent airway and alveolar organoids, respectively.31,36 Importantly, in

cells isolated from both control and emphysematous lungs,

CHIR99021 treatment increased the percentage of small, alveolar-like

organoids compared to DMSO treatment (Figure S5C and D). In line
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with this, IF for SFTPC and ACT (Figure 5E) further confirmed that the

numbers of alveolar organoids (SFTPC+/ACT−) formed by the cells

from both healthy and emphysematous mouse lungs mice were signif-

icantly increased by the CHIR99021 treatment (Figure 5F).

4 | DISCUSSION

Loss of functional distal lung tissue is a hallmark of numerous chronic

lung diseases including emphysema, however, the regenerative capa-

bilities of adult distal lung epithelial progenitor cells in chronic lung

diseases are poorly understood. Using a well-established organoid

assay,3,29-31,42 we identified a murine distal lung epithelial progenitor

population that requires Wnt/β-catenin signaling to form organoids.

These data expand our knowledge on previous observations,

reporting reduced Wnt/β-catenin signaling in the alveolar epithelium

in murine and human emphysema.9,13-17 While it has been shown that

Wnt/β-catenin activation in emphysema led to reversal of airspace

enlargement and improved lung function,9,18 the underlying mecha-

nisms and cells involved have not been studied. Here, we demonstrate

for the first time an impaired organoid forming capacity of the distal

lung epithelial progenitor cells isolated from a murine mouse model of

emphysema.

We used a well-known Wnt/β-catenin reporter (TCF:GFP) mouse

to identify three distinct lung epithelial populations. Our qRT-PCR

analysis of freshly sorted Wntneg/low/high cells revealed expression of

the EGFP gene consistent with GFP fluorescence as determined by

flow cytometry, demonstrating different levels of

TCF/Lef1-dependent gene transcription, and thus confirming Wnt/β-

catenin activity.

Surprisingly, the highest organoid forming efficiency was found in

Wntlow cells. Further analyses revealed that this Wnt/β-catenin active

population was heterogenous with an enrichment of club cells. Wntlow

cells formed three types of lung organoids: alveolar, bronchiolar, and

broncho-alveolar. Importantly, ectopic activation of Wnt/β-catenin

signaling promoted the formation of alveolar but not bronchiolar

organoids. One explanation is that Wnt/β-catenin signaling directs the

differentiation of uncommitted progenitor cells towards an alveolar

fate. This is in line with a previous study reporting both airway and

alveolar differentiation of club cells driven by niche-derived cues

in vitro, and that high Wnt levels favor the alveolar differentiation of

club cells.36 Thus, a sub-population of Wnt/β-catenin-active club cells

might account for alveolar organoids in our study.

Another possibility is that ectopic Wnt/β-catenin activation selec-

tively activates alveolar-committed progenitors cells in the organoid

assay. Accordingly, we identified a small population of SFTPC+ ATII

cells in the Wntlow cell population. This idea is consistent with previ-

ous reports of a rare subpopulation of ATII cells labelled by the

Wnt/β-catenin target gene Axin2 that are Wnt-responsive, form alve-

olar organoids in vitro and can regenerative alveoli in vivo.43,44 Nota-

bly, we observed that the majority of ATII cells belonged to the

Wntneg population which did not exhibit organoid forming capacity.

Consistent with this, previous studies using Axin2 reporter mice

showed that the majority of ATII cells are not labelled by the reporter

and do not exhibit progenitor function at homeostasis.43-45 Moreover,

we found that Wntneg cells did not respond to ectopic Wnt/β-catenin

activation to form organoids in our culture setting in vitro. Whether

these cells could be activated to form organoids in alternative culture

conditions in vitro or regenerate alveolar tissue in vivo requires further

investigation.

With regards to other niche cells, it is important to consider the

possibility that within the organoid assay, both epithelial cells and

fibroblasts might respond to Wnt/β-catenin activation. However, in a

recent study, we demonstrated that pre-treatment of fibroblasts with

the Wnt/β-catenin activator CHIR99021 prior to organoid co-culture

with lung epithelial cells did not affect subsequent organoid forma-

tion.42 Thus, the increase in alveolar organoids is likely due to direct

Wnt/β-catenin activation of epithelial progenitors.

We observed that after organoid formation had initiated, GFPpos

cells did not proliferate during early stages of organoid formation.

Moreover, addition of Wnt/β-catenin inhibitor to the culture did not

affect the size of remaining alveolar organoids. These results provide

evidence that proliferation after alveolar organoid onset is Wnt/β-

catenin-independent. In a previous study using the same reporter

mouse to investigate proximal lung progenitor cells in the trachea,

Lynch et al. reported that Wnt/β-catenin signaling was activated in

proliferating submucosal gland progenitor cells and surface airway epi-

thelial stem cells in response to naphthalene-induced injury.46 These

differences may reflect diverse functions of Wnt/β-catenin signaling

in different stem cell populations in the proximal vs distal lung and/or

in response to different types of injuries.

Interestingly, we did not find enrichment of classical Wnt/β-

catenin target genes, such as Axin2 and Lgr5 in the Wntpos

populations in our microarray (data not shown), which could be

explained by distinct target genes of Wnt/β-catenin signaling depen-

dent on different cell types and functions. Moreover, transient target

gene expression in response to early Wnt activation in vivo may

explain their absence as well. While active Wnt/β-catenin-driven

EGFP transcript expression corresponds with GFP level as determined

by flow cytometric analysis, we cannot fully exclude potential GFP

label retention in some GFP+ cells due to H2B-GFP stability.47 This

needs to be further considered in particular for the Wnthigh population

mainly consists of ciliated cells, which are terminally differentiated

and do not exhibit progenitor potential in vivo 48. As EGFP mRNA

expression was enriched in the Wnthigh population, it is possible that

ciliated cells exhibit high active Wnt/β-catenin signaling at baseline,

although its role might be different from that in other cell populations.

Another possibility is that cell types other than ciliated cells that are

also present within the Wnthigh population account for the high levels

of EGFP expression in this population. In general, future investigations

using single cell analysis will be critical to further dissect the cellular

heterogeneity of the different Wntneg/low/high cell populations and

thus allow further functional studies. Moreover, additional mouse

models will be required to perform lineage tracing studies of the pro-

genitor cells to confirm their role in vitro and in vivo.
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Importantly, we report for the first the time impaired organoid

formation of distal lung epithelial progenitor cells isolated from a

murine model of elastase-induced emphysema. Upon pharmacological

activation of Wnt/β-catenin signaling, organoid forming capacity of

distal lung epithelial cells was largely restored. Notably, Wnt/β-

catenin activation increased the number of alveolar organoids of cells

isolated from both control and emphysematous lungs. Given the distal

alveolar injury in this model, it is likely that more “alveolar-primed”

instead of ‘airway-primed” progenitor cells are activated by the

Wnt/β-catenin activation signaling upon emphysematous lung post

injury.

Finally, our data demonstrate a potential beneficial role of Wnt/β-

catenin activation for progenitor cell function and thus further adds to

a growing amount of literature highlighting Wnt/β-catenin activation

as a potential regenerative approach in chronic lung diseases.9,18,43,44

In this context, it is important to note that the temporal and spatial

regulation and level of Wnt/β-catenin signaling is critical.14,49 Along

these lines, we have recently reported that chronic prolonged Wnt/β-

catenin signaling can lead to an increase in cellular senescense and

fibrotic activation in cultured primary ATII cells,50 representing a novel

mechanism that might be involved in aberrant repair in pulmonary

fibrosis.51 Thus it will be important to further study and define the

cell- and environment-specific effects of Wnt/β-catenin signaling to

develop fine-tuned approaches for proper tissue repair.

In summary, we identified a Wnt/β-catenin-active and responsive

distal lung epithelial progenitor population. In these cells, Wnt/β-

catenin signal activation increased alveolar organoid formation, but

was not required for subsequent proliferation of their progeny. Impor-

tantly, the organoid forming potential of the distal lung epithelial pro-

genitors was impaired in a mouse model of emphysema, which could

be partly rescued by Wnt/β-catenin activation.s Understanding how

Wnt/β-catenin signaling co-ordinates with other instructive cues to

initiate lung progenitor cell activation will help elucidate how failure

of lung repair contributes to lung diseases and how endogenous pro-

genitor cells in the lung could be utilized for the development of novel

treatment options for chronic lung disease.
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F i gu re 1 The activity of Wnt/β-catenin signaling defines distal lung epithelial populations with distinct transcriptome. A) Experimental
design and gating strategy for FACS sorting EpCAM+Wntneg/low/high fractions from TCF:GFP mouse lungs. The proportion of the total
EpCAM+population represented by each fraction is shown. Mean ± SEM (N = 14). B) Expression of EGFP mRNA in the freshly sorted
EpCAM+Wnthigh, Wntlow and Wntneg cells from the TCF:GFP mouse lung. Mean ± SEM (n = 6). Statistics were performed on ΔCT values
(ΔCT = CTHPRT- CTtarget). * P < 0.05, ** P < 0.01, *** P < 0.001, Student T test. C) Heatmap of the expression of 19 112 mouse genes showing
distinct transcriptome of the sorted Wntneg/low/high cells. D) Principle Component Analysis using the top 500 differentially expressed genes in the
Wntneg, low and high cells (N = 6)
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F i gu re 2 Airway and alveolar epithelial progenitors are enriched in the Wntneg and Wntlow populations. A) Expression of lung epithelial cell
markers in the Wntneg/low/high cells. Data presented is mean ± SEM of the expression Log2 value. N = 6. * P < 0.05 compared to other two groups.
Student T test. B) IF for CC10 (White), SFTPC (Red, top panels), and ACT (Red, bottom panels) on cytospins of FACS sorted Wntneg/low/high cells
from adult TCF:GFP mouse lung. Scale bar, 50 μm. Nuclei stained with DAPI (blue). C) Quantification of CC10+, SFTPC+ and ACT+ cells in B). Data
shown is mean ± SEM. N = 4 individual animals. D-E) Immunofluorescence co-staining of TCF:GFP lung sections for GFP (green) and lung cell
markers (red). D) SFTPC (red, top) and ECAD (white, bottom). White arrowheads show GFP enriched in airway epithelium. E) An alveolar region,
ECAD (white), SFTPC (red, top). Empty arrowheads show SFTPC+GFP− cells adjacent to GFP+ (white arrows), probably non-epithelial cells. F)
CC10 (red, top). White arrowheads: CC10+GFPlow cells, starts: CC10−GFPhigh cells. Scale bar, 50 μm
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F i gu re 3 Organoid forming progenitor cells are enriched in the Wntlow epithelial population. A) Schematic of organoid assay experimental
setup. B) Organoid forming efficiency (Organoid count/ Number of seeded cells x100, %) of sorted Wntneg/low/high fractions in the organoid assay.
Data is shown as Mean ± SEM (N = 20). Statistics were performed using the mean of triplicate or quadruplicate wells. ** P < 0.01, one-way
ANOVA with Bonferroni post-test. C) Representative immunofluorescence images of alveolar (white arrows), bronchiolar (red arrow) and
bronchioalveolar (pink arrow) organoids derived from the Wntlow cells labeled by IF for SFTPC (white), ACT (red), GFP (green) and DAPI (blue).
Scale bars, 50 μm. D) Quantification of each type of orgaonids formed by Wntlow cells. Data is shown as Mean ± SEM (N = 3). E-F) Pathways
enriched in the Wntlowcells related to epithelial progenitor (E) and stem cell functions (F). Plotted values are the -Log10FDR values. Data shown
on the right end of each bar: the numbers of significantly changed genes (both Wntlow vs Wntneg and Wntlow vs Wnthigh) / total number of genes
in each pathway
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F i gu re 4 Wnt/β-catenin signaling is required for initial formation of alveolar organoids by Wntlow cells but not for their subsequent
proliferation. A-B) The effects of treatments with DMSO control, Wnt/β-catenin inhibitor iCRT14 (10 μM) (N = 4) (A) and GSK3 inhibitor
CHIR99021 (2 μM) (N = 4) (B) added from day 0 on the organoid forming efficiencyof Wntlow cells. Data presented as mean ± SEM. ***P < 0.001,
****P < 0.0001, one-way ANOVA with Bonferroni post-test. C) Representative immunofluorescence images of day14 organoids treated with
DMSO, CHIR99021 and iCRT14, respectively. Scale bar = 1000 μm. D) Quantification of alveolar, bronchiolar and bronchioalveolar organoids
with DMSO/CHIR99021/iCRT14 treatments (N = 3). Mean ± SEM. *P < 0.05, **P < 0.01, student’s t-test. E-F) Representative whole-mount
immunofluorescence images showing GFP+cells do not express proliferation marker Ki67 in organoid at day 3 (E) and alveolar organoids
expressing SFTPC (white) at day 5 (F). Scale bars: 10 μm (E) and 20 μm (F). G) Effect of DMSO, iCRT14 or CHIR99021 on organoid diameter
measured at day 14 (n > 120 organoids, N = 3). Mean ± SEM. ns = non-significant, *P < 0.05 compared to corresponding DMSO control, one-way
ANOVA with Bonferroni post-test
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F i gu re 5 Wnt/β-catenin signaling attenuates the impaired organoid forming capacity of distal lung epithelial progenitors in emphysema. A)
Pathway enrichment analysis of genes enriched in the Wntlow cells but down-regulated in COPD. Plotted values are -Log10FDR. Data shown on
the right ends of bars are numbers of genes that are enriched in Wntlow cells but down-regulated in COPD/ total number of genes in each
pathway. B) H&E staining of lung tissue sections shows enlargement of airspace in the PPE treated lungs compared to those of saline treated
mice after 21 days. Scale bar, 100 μm. C) Representative image of organoids at day14 from PPE and saline treated lungs treated with DMSO and
CHIR99021. Yellow arrows show organoids. Scale bar, 400 μm. D) Organoid forming efficiency of whole epithelial population from PPE and saline
treated TCF:GFP mice at day14 and effects of DMSO and CHIR99021 treatments added to the organoid culture at day0. N = 6 individual animals
per treatment. Data presented as mean ± SEM. ***P < 0.001, *P < 0.05, one-way ANOVA with Holm-Sidak post-test. E) Representative
fluorescence images of small alveolar organoids (SFTPC+/ACT−, left, arrows) and large bronchiolar organoids (ACT+/SFTCP−, right). Scale bar,
100 μm. Nuclei stained with DAPI (blue). F) Number of alveolar (SFTPC+/ACT−) and bronchiolar (SFTPC−/ACT+) organoids formed from 10 000
cells of each from PPE and saline treated TCF:GFP mice at day14 and the effects of DMSO and CHIR99021 treatments added to the organoid
culture from day 0. N = 4. Data presented as mean ± SEM. **P < 0.01, *P < 0.05, one-way ANOVA with Holm-Sidak post-test
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Wnt/β-catenin signaling supports alveolar, bronchiolar and bronchioalveolar organoids formation from distal lung epithelial progenitors of healthy

lungs. In emphysema, a chronic lung disease characterized by distal tissue destruction and reduction of Wnt/β-catenin activity, distal lung epithe-

lial progenitors are impaired and form fewer alveolar organoids. Activation of Wnt/β-catenin signaling rescues alveolar organoid formation, thus

revealing a novel mechanism of lung epithelial progenitor cell activation in emphysema.
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