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Abstract

The rapid expansion of the elderly population has led to the recent epidemic of age-
related diseases, including increased incidence and mortality of chronic lung
diseases, such as Idiopathic Pulmonary Fibrosis (IPF). Cellular senescence is a
major hallmark of aging and has a higher occurrence in IPF. The lung epithelium
represents a major site of tissue injury, cellular senescence and aberrant activity of
developmental pathways such as the WNT/B-catenin pathway in IPF. The potential
impact of WNT/B-catenin signaling on alveolar epithelial senescence in general as
well as in IPF, however, remains elusive. Here, we characterized alveolar epithelial
cells of aged mice and assessed the contribution of chronic WNT/B-catenin signaling
on alveolar epithelial type (AT) Il cell senescence. Whole lungs from old (16-24
months) versus young (3 months) mice had relatively less epithelial (EpCAM™) but
more inflammatory (CD45") cells, as assessed by flow cytometry. Compared to
young ATII cells, old ATII cells showed decreased expression of the ATII cell marker
Surfactant Protein C along with increased expression of the ATI cell marker Hopx,
accompanied by increased WNT/B-catenin activity. Notably, when placed in an
organoid assay, old ATII cells exhibited decreased progenitor cell potential. Chronic
canonical WNT/B-catenin activation for up to 7 days in primary ATII cells as well as
alveolar epithelial cell lines induced a robust cellular senescence, whereas the non-
canonical ligand WNT5A was not able to induce cellular senescence. Moreover,
chronic WNT3A treatment of precision-cut lung slices (PCLS) further confirmed ATII
cell senescence. Simultaneously, chronic but not acute WNT/B-catenin activation
induced a profibrotic state with increased expression of the impaired ATII cell marker
Keratin 8. These results suggest that chronic WNT/B-catenin activity in the IPF lung

contributes to increased ATII cell senescence and reprogramming. In the fibrotic
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environment, WNT/B-catenin signaling thus might lead to further progenitor cell

dysfunction and impaired lung repair.
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1. Introduction

Physiological lung aging contributes to changes in lung function and susceptibility to
a wide range of chronic lung diseases (CLD), such as chronic obstructive pulmonary
diseases (COPD) or idiopathic pulmonary fibrosis (IPF) [1, 2]. Several aging
hallmarks are observed in CLDs, however, our current knowledge of the main
similarities and/or differences between normal lung aging and CLD pathogenesis is
limited and needs to be extended to further identify potential therapeutic options in

CLDs that target aging-associated mechanisms.

The distal lung epithelium consists of different airway and alveolar epithelial cells,
which are essential for homeostasis and proper function of the alveolus. Notably,
alveolar epithelial type (AT) Il cells secrete surfactant proteins such as Surfactant
Protein C (Sftpc/ SP-C) and serve as progenitor cells for ATI cells, which are
indispensable for gas exchange [3, 4]. Injury and loss of distal lung epithelial cells are
major hallmarks of many CLDs, including IPF. IPF is thought to result from aberrant
and continuous activation of injured distal lung epithelial cells leading to alterations in
the cellular phenotype that contributes to a failure in repair and regeneration (also
referred to as “reprogramming”) [4, 5]. More recently, several aging mechanisms
have been implicated in ATIl cell reprogramming [2, 6], however, the underlying
molecular mechanisms contributing to the aging phenotype in IPF, remains largely

unexplored.

Ten hallmarks of the aging lung were described and in particular stem cell exhaustion,
cellular senescence, and extracellular matrix dysregulation have been shown to
contribute to the aging phenotype [2]. Cellular senescence is characterized by
irreversible cell cycle arrest due to augmented levels of cell cycle inhibitors p16INK4a

and p21CIP1 [7, 8], high activity of senescence-associated B-galactosidase (SA-B-
5
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gal) as well as secretion of senescence-associated secretory phenotype (SASP), by
which senescent cells significantly impact the (micro-)environmental niche [9]. While
cellular senescence is a physiological process, required for the regulation of
embryogenesis [10, 11] and prevention of tumor cell proliferation [8], aberrant
accumulation of senescent cells has further been demonstrated to exhibit deleterious
effects on tissue homeostasis [8, 12], for example by contributing to stem/progenitor

cell exhaustion [13].

Increased senescent epithelial cells and their associated SASP have been linked to
IPF [14, 15]. Different stressors can induce cellular senescence [8, 12]. Senescence
is triggered by a persistent DNA damage response that is initiated by extrinsic (UV
damage, chemotherapeutic drugs, y-irradiation) or intrinsic (telomere attrition,
oxidative stress, hyperproliferation) insults. In addition, oncogene-induced
senescence (OIS) is a specific type of premature senescence, which is classically
triggered by hyperactivation of oncogenes such as Ras or BRAF [16] but also

activation of WNT/B-catenin signaling can result in OIS [17, 18].

The WNT signaling pathway regulates a number of cellular process, including cellular
migration, proliferation and differentiation. WNT proteins are secreted, cysteine-rich
glycosylated proteins that can activate the B-catenin-dependent (canonical) WNT
pathway (such as WNT3A) or the B-catenin-independent (non-canonical) WNT (such
as WNT5A) pathway, by binding to various transmembrane receptors (Frizzled 1-10).
In both developing and adult lung, WNT/B-catenin signaling controls progenitor cell
function and regulates tissue homeostasis [19-23]. Importantly, aberrant WNT/[3-
catenin signal activity has been demonstrated in human and experimental lung
fibrosis [19, 24-26] and linked to distal lung epithelial cell dysfunction [27-29].

Moreover, increased WNT/B-catenin activity has been demonstrated to lead to
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accelerated aging [18, 30]. Its role in the aging lung, however, is still under-
investigated [31]. Here, we aimed to elucidate the role of WNT/B-catenin signaling in
the process of normal lung aging and its contribution to cellular senescence and

reprogramming of ATII cells.
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2. Materials and Methods

Animals

Young or old pathogen-free C57BL/6N or J mice were obtained from Charles River or
Jackson Laboratory and housed in rooms with constant humidity and temperature
with 12h light cycles and free access to water and rodent chow. Mice were sacrificed
and lungs were used for collection of whole lung tissue, ATII cells or PCLS. For all
experiments in Fig 3 - 6 C57BL6/N mice were used, for experiments in Fig 1
C57BL6/N or J mice were used as indicated. Specific ages of mice were as follows:
FiglA 16-24 months 6-20 weeks, Fig S1A 16-21 months 6-20 weeks, Fig 1B 16-24
months, 6-12 weeks, Fig 1C 16-24 months, 6-12 weeks, Fig 1D 16-24 months, 6-21
weeks, Fig 1 E/F 14-24 months, 21-24 weeks, Fig 1 H 20-24 months 10-20 weeks,

Fig 2 14-18 months, 8-16 weeks, Fig 3-6: 6-12 weeks.

TCF/Lef:H2B/GFP (TCF-GFP, The Jackson Laboratory, 013752) mice of 56-80
weeks were used for aging analysis. Young adult TCF-GFP mice of 8-16 weeks were
used as control. All animal experiments were performed according to the institutional
and regulatory guidelines of University of Colorado Institutional Animal Care and Use

Committee.

Isolation of primary murine alveolar epithelial cell type Il (pmATII) cells

The pmATIl cells were isolated as previously described [28, 32] with slight
modifications. In brief, lungs were filled with dispase (Corning, New York, NY, USA)
and low gelling temperature agarose (Sigma Aldrich, Saint Louis, MO, USA) before
tissue was minced and the cell suspension was filtered through 100-, 20-, and 10-um
nylon meshes (Sefar, Heiden, Switzerland). Negative selection of fibroblasts was

performed by adherence on non-coated plastic plates. Macrophages and white blood
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cells were depleted with CD45 and endothelial cells were depleted with CD31
specific magnetic beads (Miltenyi Biotec, Bergisch Gladbach, Germany) according to
the manufacturer’s instructions. Cell purity was assessed routinely by analysis of
endothelial (CD31), mesenchymal (a-SMA, CD90), epithelial (EpCAM, panCK and
proSP-C), and hematopoietic cell (CD45) markers by immunofluorescence or flow

cytometry.

For the analysis of WNT-GFP epithelial cells and for the organoid experiments,
isolation was performed as described above. No depletion of fibroblasts was
performed, the CD45 and CD31 depleted single cell suspension was further enriched
for epithelial cells by positive selection using EpCAM (CD326) Microbeads (Miltenyi

Biotec, Bergisch Gladbach, Germany).

Flow cytometry

A single cell suspension was generated by dispase treatment, mincing and serial
filtering as described above. Cells were washed once in FACS buffer, stained with
anti-mouse CD326 (Ep-CAM), APC (Biolegend 118214), anti-mouse CD45, PE
(Biolegend 103106) or respective IgG controls (Biolegend 400512, 400608) for
20mins at 4°C in FACS buffer, washed once and analyzed. FACS-based detection of
SA-B-galactosidase was performed as previously described [14, 33]. Briefly, pmATII
or MLE12 cells were incubated with Bafilomycin A1 (100 nM, Enzo Life Sciences,
Farmingdale, NY; USA) and C1,FDG (33uM, Life technologies, Carlsbad, CA; USA)
for 1 and 2 h, respectively, directly after isolation or at day 2 of culture. Cells were
trypsinized and washed. Stained cells were analyzed with a FACS LSRII (BD
Bioscience, San Jose, CA; USA). Positive populations were quantified by FlowJo

software (Tomy Degital Biology Co., Ltd., Tokyo, Japan)
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Cells from old or young adult WNT-GFP mice were stained by anti-mouse EpCAM
conjugated with APC (Biolegend, 118214) or APC rat IgG2a isotype control for
EpCAM (BioLegend 400511) in dark for 15 min at room temperature, followed by
PBS washing and centrifuge at 300g, 15°C for 5 min. Then the cells were
resuspended in PBS with 1% FBS and 25mM HEPES. DAPI (4',6-Diamidino-2-
Phenylindole, Dihydrochloride, final concentration 2ug/ml) was added to the cell
suspension before analysis or sorting. GFP reporter activity in the EpCAM®
population was assessed based on fluorescence intensity using FACSDiva software
(BD Bioscience). The analysis was performed by FACS Fortessa cell analyzer (BD

Bioscience).
Senescence-associated (SA)-B -galactosidase staining

pmATII cells or precision-cut lung slices (PCLS) were prepared from C57BL6/N
wildtype (WT) mice as previously described [25] (see supplemental information for
additional details) and cultured in multi-well plates. Cytochemical staining for SA-B-
galactosidase was performed using a staining Kit (Cell Signaling Technology,
Danvers, MA), according to the manufacturer’s instructions. Images were acquired
using a Zeiss Axiovert40C microscope. The percentage of senescent cells was
determined by counting of total and SA-B-galactosidase-positive cells in 3 random

microscopic fields per condition (100x magnification).

Preparation of WNT-conditioned medium (CM)

Mouse fibroblasts-like L-cells stably expressing WNT-3A or WNT-5A were used to
obtain WNT-CM according to a standardized protocol [34]. Parental L-cells (control:
ATCC CRL-2648), L-WNT-3A cells (ATCC CRL-2647) L-WNT-5A cells (ATCC CRL-

2814), were cultured in DMEM/F12 medium supplemented with 10% (vol/vol) FCS,
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100 mg/I streptomycin, and 100 U/ml penicillin. WNT CM or control CM was prepared
according to the ATCC guidelines and as previously published [34]. In short,
confluent L-cell cultures were split 1:10 and cultured for 4 d in supplemented
DMEM/F12 medium in 10-cm culture dishes. After 4 d, the medium was collected
and the cells were cultured for another 3 d in fresh DMEM/F12 medium with
supplements. The second batch of medium was collected after 3 d and mixed with
medium of day 4 (ratio 1:1). The combined medium, which is referred to as CM, was

filtered and stored at —20°C till further use.

Cell culture

In experiments using pmATII cells, cells were seeded, cultured for 48h in ATII cell
medium (DMEM (Sigma Aldrich), 2 mM I-glutamine, 100 U/mL penicillin, 100 ug/mL
streptomycin (both Life Technologies, Carlsbad, CA), 3.6 mg/ml glucose (Applichem
GmbH, Darmstadt, Germany) and 10 mM HEPES (PAA Laboratories) containing
10% FCS (PAA Laboratories, Pasching, Austria). Then the ATII cells were treated
with ATII cell medium supplemented with 5% FCS and containing DMSO, 1uM CHIR
99021 (CHIR) or 100ng/ml recombinant mouse WNT3A (RnD Systems, 1324-WN,
Minneapolis, MN, USA dissolved in 0.1% BSA in PBS) or treated with WNT3A
conditioned medium mixed with ATII cell medium (1:1; final FCS concentration 5%).
MLE12 cells were purchased from ATCC (CRL-2110) and maintained in DMEM/F12
(Gibco®, USA) medium containing 10% FBS, 100 U/mL penicillin and 100 pg/mL
streptomycin. Cells were seeded at 25 000 cells per well in a 6-well plate and allowed
to adhere for 24 h. Cells were then treated every 48h with DMSO, 1uM CHIR 99021
(CHIR) and 2 uM CHIR in DMEM/F12 supplemented with 5% FCS or treated with
WNT3A conditioned medium mixed with DMEM/F12 (1:1; final FCS concentration
5%).

11
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Organoid culture

Organoids were cultured as previously described [3, 35]. Briefly, MLg (ATCC CCL-
206) mouse lung fibroblasts were proliferation-inactivated with 10pug/ml mitomycin C
(Merck, Darmstadt, Germany) for 2 hours. 20.000 primary mouse ATII cells were
resuspended in 50 pl media and diluted 1:1 with 20.000 MLg cells in 50ul growth
factor reduced Matrigel (Corning, New York, USA). Cell mixture was seeded into 24-
well plate 0,4 um trans-well inserts (Corning, New York, USA). Cultures were treated
at day 0 and every 2nd or 3rd day in DMEM/F12 containing 100 U/ml
penicillin/streptomycin, 2mM L-alanyl-L-glutamine, Amphotericin B (Gibco), insulin-
transferrin-selenium (Gibco), 0.025ug/ml recombinant human EGF (Sigma Aldrich, St
Louis, USA), 0.1ug/ml Cholera toxin (Sigma Aldrich, St Louis, USA), 30ug/ml bovine
pituitary extract (Sigma Aldrich, St Louis, USA), and 0.01uM freshly added all-trans
retinoic acid (Sigma Aldrich, St Louis, USA). 10 uM Y-27632 (Tocris) was added for
the first 48 hours of culture. Microscopy for organoid quantification at day 14 was
performed using a LSM710 system (Zeiss) containing an inverted AxioObserver.Z1

stand.

Generation and treatment of PCLS

Precision-Cut Lung Slices (PCLS) were generated as previously described [14, 20].
Briefly, lungs were flushed through the heart with sterile sodium chloride solution and
filled with low gelling temperature agarose (2%, A9414; Sigma) in precision-cut lung
slices (PCLS) medium (DMEM/Ham’s F12 supplemented with 100 U/mL penicillin,
100 pg/mL streptomycin and 2.5 ug/mL amphotericin B (Sigma Aldrich)). Next, lobes
were cut with a vibratome (Hyrax V55; Zeiss, Jena, Germany) to a thickness of 300
pm (speed 10-12 pm-s—1, frequency 80 Hz, amplitude of 1 mm). PCLS were treated

with WNT3A or control conditioned medium mixed with PCLS medium (1:1; final FCS
12
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concentration 5%). RNA was isolated and gene expression was measured by qRT-
PCR.

Immunofluorescence staining

PCLS were fixed with 4% paraformaldehyde (PFA) for 20 minutes, then blocked with
5% normal goat serum (Abcam) for 1h. After incubation with primary antibody (p21
1:200 (ab188224, Abcam, Cambridge, UK)); (at 4°C overnight and secondary
antibody at room temperature for 1h, staining was evaluated via confocal microscopy
(LSM 710; Zeiss, Oberkochen, Germany). For immunofluorescence staining
experiments, ATII cells were seeded on poly-Il-lysin treated coverslips. Cells were
stopped at day 2 and fixed with ice-cold acetone-methanol (1:1) for 10 min and
washed 3 times with 0.1% BSA in PBS. Next, cells were permeabilized with 0.1%
Triton X-100 solution in PBS for 20 min, blocked with 5% BSA in PBS for 30 min at
room temperature and incubated with primary antibodies (proSP-C 1:100 (AB3786,
Millipore, Darmstadt, Germany), E-Cadherin 1:200 (610181, BD, Franklin Lakes, NJ,
USA), Cytokeratin 1:500 (Dako, Glostrup, Denmark), followed by secondary
antibodies, 1 h each. DAPI (Roche, Basel, Switzerland) staining for 10 min was used
to visualize cell nuclei. Next, coverslips were fixed with 4% PFA for 10 min, mounted
with fluorescent mounting medium (Dako, Glostrup, Denmark) and visualized with an
Axio Imager microscope (Zeiss, Oberkochen, Germany). Cyto Spins were obtained
by centrifugation of freshly isolated pmATIl cells (10min 300g, 100.000cells/spin).
Cells were fixed with 4% PFA, and blocked with 5% goat Serum (Abcam, ab7481) for
30 min. Cells were subsequently incubated with the respective primary antibody at
RT for 2h in PBS containing 0.1% BSA, (proSP-C (Merck Millipore, AB3786,
Darmstadt, Germany), p21 (Abcam, ab188224) followed by incubation with the

fluorescently labeled secondary antibody (goat anti-rabbit Alexa Fluor 555, Life

13
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Technologies). DAPI staining (Life Technologies, 62248) was used to visualize cell
nuclei and cytospins were analyzed using an Axio Imager microscope (Zeiss,

Oberkochen, Germany).

Cytotoxicity assay

Cytotoxicity of CHIR99021 (4423-Tocris) was evaluated using an LDH-cytotoxicity
detection kit (Roche 11644793001) according to manufacturer’s instructions. MLE12
cells were cultured in 24 plates in 10% DMEM for 7 days and were treated with
CHIR99021 every second day (2uM). After day 6 the medium was changed to DMEM
containing 0.1% FCS containing CHIR and supernatant was collected at day 7 and
incubated with reaction mixture. TritonX-100 was used as a positive control and

DMEM as a negative control. Cytotoxicity was calculated as % of the positive control.

RNA isolation and Reverse Transcription Polymerase Chain Reaction (RT-PCR,

gPCR)

Total RNA was extracted using the PEQLAB Total RNA extraction Kit (PEQLAB,
Erlangen, Germany) according to the manufacturer’s instructions. For PCLS, RNA
was extracted as previously described [14, 20, 36], with minor variations. Briefly, 3
pieces of PCLS each sample were snap frozen in liquid nitrogen and kept at -80 °C
until isolation was done. Frozen PCLS was homogenized using Tissue Lyser Il
(QIAGEN, Hilden, Germany) and then incubated with triazol reagent (Sigma, St Louis,
USA) on ice for 30 min. Cell debris were removed by centrifuging samples at 1000 xg
for 5min and the supernatant were cleaned by PerfectBind RNA Columns (peqGOLD
Total RNA Kit, Erlangen, Germany) and DNase | (Applichem, Darmstadt, Germany).

Cleaned RNA was eluted from column using RNase-free Water and stored at -80 °C.

14



285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

cDNAs were generated by reverse transcription using SuperScriptTM Il (Invitrogen,
Carlsbad, CA, USA). Quantitative (q)RT-PCR was performed using Light Cycler 480
detection system and SYBR Green (Roche Diagnostics, Mannheim, Germany).

Hypoxanthine phosphoribosyltransferase (HPRT) was used as a reference gene.

Relative gene expression is presented as ACt value (ACt =[Ct Hprt]-[Ct gene of
interest]). Relative change in transcript level upon treatment is expressed as AACt

value (AACt= ACt of treated sample-ACt of control).

Primers:

Gene forward primer reverse primer

mCdkn2a |CGGGGACATCAAGACATCGT GCCGGATTTAGCTCTGCTCT

mCdknla |ACATCTCAGGGCCGAAAACG AAGACACACAGAGTGAGGGC

MAXin2 AGCAGAGGGACAGGAACCA CACTTGCCAGTTTCTTTGGCT

mKrt8 ACATCGAGATCACCACCTACC |GGATGAACTCAGTCCTCCTGA

mHprt CCTAAGATGAGCGCAAGTTGAA |CCACAGGACTAGAACACCTGCTAA

mGdfl5 TCGCTTCCAGGACCTGCTGA TGGGACCCCAATCTCACCTCT

Western blotting

Cold RIPA buffer plus protease and phosphatase inhibitor (Roche Diagnostics,
Mannheim, Germany) was added to the cells which were washed twice by PBS. The
plate with cells was kept on ice for 30 minutes, swirled occasionally for uniform
spreading. Then, cells were scraped and the lysate was collected to a
microcentrifuge tube. The tube was centrifuged at ~14,000 g for 15 minutes to pellet
the cell debris. The supernatant was transferred to a new tube and the protein

concentration was quantified using Pierce™ BCA Protein Assay Kit (Pierce, Thermo
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Fisher Scientific). Equal amounts of protein were loaded with 4x Laemmli loading
buffer (150 mM Tris HCI [pH 6.8], 275 mM SDS, 400 nM dithiothreitol, 3.5% (w/v)
glycerol, 0.02% bromophenol blue) and subjected to electrophoresis in 17%
polyacrylamide gels and transferred to PVDF membranes. Membranes were blocked
with 5% non-fat dried milk solution in TRIS-buffered saline containing 0.01% (v/v)
Tween (TBS-T) (Applichem, Darmstadt, Germany) for 1h and incubated with primary
antibodies (anti p21, MAB88058, Merck Millipore (Billerica, MA, USA); anti 3-actin,
A3854) at 4°C overnight. Next, blots were incubated for 1 h at RT with secondary,
HRP-conjugated, antibodies (GE-Healthcare) prior to visualization of the bands using
chemiluminescence reagents (Pierce ECL, Thermo Scientific, Ulm, Germany),
recording with ChemiDocTMXRS+ system and analysis using Image Lab 5.0

software (Biorad, Munich, Germany).

Gene set enrichment analysis (GSEA)

Gene set enrichment analysis (GSEA) was performed using the GSEA software [37,
38] on a previously published single-cell RNA sequencing dataset from IPF and
control human isolated ATIl cells (GSE94555) [39]. A pre-ranked gene list was
generated from normalized data and based on log2 fold change. Enrichment of a
gene set in one distinct phenotype was considered significant with a false discovery
rate (FDR) g-value < 0.05 and a nominal p-value < 0.05. Five different gene set lists
were wused: Wnt target genes (https://web.stanford.edu/group/nusselab/cgi-
bin/wnt/target_genes, The Wnt Homepage — Wnt target genes, last accessed 23
September 2019), Canonical Wnt signaling (gene ontology ID GO: 0060070), Aging

(gene ontology ID GO:0007568), Senescence [40] and SASP [9].

Statistical analysis

16



326

327

328

329

330

331

332

333

All data is presented as mean + s.d. and was generated using GraphPad Prism 8.
The number of biological replicates is indicated in each experiment. Statistical
significance was evaluated with either Wilcoxon signed-rank test, Mann-Whitney U
test or repeated-measures one-way ANOVA followed by Newmann-Keuls multiple
comparison test, with one-sample t-tests in comparison to a hypothetical value of 0 or
100 or two-way ANOVA followed by Sidak’s multiple comparison test where
appropriated. Differences were considered to be statistically significant when P <

0.05.
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3. Results

3.1. Old lung epithelial cells are senescent and exhibit impaired progenitor cell

function

We aimed to investigate lung epithelial cells in lungs of young (3 months) compared
to old (16-24 months) mice. Analysis of a single cell suspension of the whole lung
revealed a relative decrease of the epithelial (EpCAM®) cell population, while the
percentage of CD45" cells was significantly increased in the old mice (Fig S1A),
which is consistent with recent reports demonstrating lung “inflammaging” [6]. We
used well-established protocols to isolate ATIl cells from the single cell suspension
and observed less cell numbers in old animals compared to young ones (Fig 1A).
This finding was irrespective of size and bodyweight of the animals (Suppl. Fig 1B).
Old ATl cells exhibited increased activity of the senescence marker senescence-
associated [(-galactosidase (SA-B-gal) as assessed by flow-cytometry (Fig 1B,
5.691£2.64% senescent cells in young mice; 12.90+£0.94% senescent cells in old mice;
p<0.05) or conventional light microscopy, with SA-B-gal high cells stain in blue (Fig
1C). Furthermore, we observed significantly increased Cdkn2a and Gdfl5 gene
expression levels, indicative of increased cellular senescence in old ATII cells (Fig
1D). In contrast, we observed reduced gene expression of Surfactant Protein C
(Sftpc) and Surfactant Protein A (Sftpa) in old ATII cells compared to young ones (Fig
1D).The transcript level of Hopx, a protein implicated in bipotent ATII/ATI progenitors,
was increased in old ATII cells (Fig 1D). The upregulation of P21 protein expression
as well as the downregulation of proSP-C protein expression was confirmed by
iImmunofluorescence (Fig 1E; F respectively). These data support the idea that ATII
cells are exhausted in old lungs. To further determine the progenitor cell potential of

these cells, we placed primary ATII cells in an organoid assay (Fig 1G) [3, 35, 41].
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Notably, old primary ATII cells formed significantly fewer organoids as compared to
cells isolated from young animals (Fig 1H). Altogether, these data indicate that the
aged lung contains ATIIl cells with increased cellular senescence and reduced

progenitor cell potential.
3.2. Increased WNT/B-catenin activity in old ATIl cells

WNT/B-catenin signaling has been implicated in lung epithelial cell progenitor
function [27-29, 42] and aberrant ATII cell reprogramming in IPF [18, 30, 31]. Thus,
we wondered if WNT/B-catenin signaling contributes to lung aging and potentially
cellular senescence. In order to assess WNT/B-catenin activity in ATIl cells from
young or old mice, we used a reporter mouse line that expresses GFP under the
control of multimerized TCF/Lef DNA binding sites, thus faithfully recapitulating
WNT/B-catenin-signaling activity (WNT-GFP mice) [43]. We observed increased
WNT/B-catenin activity in old ATII cells as compared to the young mice (Fig 2A and B;
10.50+8.30% GFP" cells in young mice versus 26.3+9.23% GFP" cells in old mice;

p<0.01).
3.3. Chronic WNT/B-catenin signaling induces cellular senescence in ATII cells

We next asked whether increased WNT/B-catenin-activity results in ATIIl cell
senescence. To this end, we activated WNT/B-catenin-signaling chronically with
CHIR99021 (CHIR), a GSK3-B inhibitor that leads to direct 3-catenin-accumulation, a
key feature of WNT/B-catenin pathway activation [20]. Prolonged CHIR treatment for
7 days in a murine ATII cell line (MLE12 cells) induced a strong, dose-dependent
induction of WNT/B-catenin signaling, as measured by the gene expression of the
bona fide WNT target gene Axin2 (Fig 3A). No cytotoxicity of CHIR was observed
(Fig S2A). At the same time, chronic WNT/B-catenin activation led to increased SA-B-

gal activity as assessed by flow cytometry as well as conventional light microscopy
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(Fig 3B, C). In addition, we observed increased Cdknla (p21) transcript (Suppl Fig
S2B) as well as P21 protein levels (Fig 3D). Similarly, we treated primary ATII cells,
which expressed high levels of proSP-C, E-cadherin and Cytokeratin (Fig 4A), with
CHIR and found increased Axin2 and Cdkn2a (pl16) expression (Fig 4B). In order to
investigate whether specific WNT ligands exhibit similar effects, we treated primary
mouse ATII cells with WNT3A, a WNT ligand, which is increased in IPF [24, 27]. We
used either conditioned medium from L-cells overexpressing WNT3A [44] (Fig 4C, E,
F) or recombinant WNT3A (Fig 4D). Consistently, WNT3A induced transcript level of
senescence markers Cdkn2a and Cdknla accompanied by Axin2 (Fig 4C, D). Both
WNT3A and CHIR led to increased SA-B-gal activity after 7 days of treatment (Fig 4E,
F). Notably, gene expression of Cdkn2a was induced rapidly after 24h of WNT3A
treatment, whereas Cdknla expression as well as SA-B-gal was induced only by
chronic stimulation after 7 days. Notably, stimulation of ATII cells with conditioned
medium containing a non-canonical WNT ligand, WNT5A, did not induce signs of
cellular senescence (Fig S3B). Co-treatment of cells with both WNT ligands revealed
that the non-canonical ligand WNT5A reduced the ability of WNT3A to induce
senescence. Gene expression of Axin2, Cdkn2a and Cdknla (Fig S3C) as well as
SA-B-gal activity (Fig S3D) was significantly reduced, thus further confirming that
canonical WNT/B-catenin signaling induces ATII cell senescence. Finally, we aimed
to investigate whether WNT3A is able to induce cellular senescence in a 3D lung
environment and subjected precision-cut lung slices (PCLS) from young mice to
chronic WNT stimulation. CHIR or WNT3A treatment led to increased gene
expression of senescence markers Cdkn2a and Cdknla (Fig 5A, B). Importantly,
prolonged WNT3A treatment also resulted in P21 protein expression, primarily in E-

cadherin® epithelial cells, as monitored by immunofluorescence staining (Fig 5C).
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3.4. Chronic WNT/B-catenin stimulation induces a fibrotic phenotype in distal

epithelial lung cells

WNT/B-catenin activity has been linked to a fibrotic epithelial cell phenotype by
several studies [27-29, 42] and our data further indicate that WNT/B-catenin
contributes to cellular senescence. Thus, we next aimed to investigate the potential
overlap of WNT/B-catenin signaling and cellular senescence in the fibrotic epithelium
of IPF. In a published dataset from primary human ATII cells isolated from Donor and
IPF patients (GSE94555 [39]), we found a concomitant and significant gene set
enrichment of both, WNT signaling (gene list from WNT/B-catenin GO: 0060070 and
https://web. stanford. edu/group/nusselab/cgi - bin/wnt / target_genes, Fig 6A) as well
as aging, cellular senescence and senescence associated secretory phenotype
(SASP) (gene lists from: aging (GO:0007568), Senescence [40], or senescence
associated secretory phenotype (SASP) [9]), in fibrotic ATII cells (Fig 6B). In line with
these findings, we found a recently described marker of fibrotic epithelial cells,
Keratin 8 [32, 45], to be induced by chronic, but not acute WNT3A stimulation in

pmATII cells (Fig 6C, D, corresponding senescence and Axin2 expression in Fig 4C).

4. Discussion

Aging is a major risk factor for the development of IPF, however, which aging
mechanisms contribute to IPF development remains under-investigated and how
these are regulated, is largely unknown [2]. Here, we provide evidence of cellular
senescence and ATII progenitor cell exhaustion in the aging mouse lung, which

might predispose to CLD development. There is increasing evidence suggesting that
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senescent cells accumulate in aging tissues and organs, thereby impairing
physiological repair and regenerative processes, thus leading to organismal aging [8,
12]. ATl cell reprogramming, including cellular injury and hyperplasia is a central
phenotype observed in IPF [4, 5, 46]. Aged mice exhibit a higher susceptibility to lung
fibrosis development, which correlated with the burden of senescent cells upon injury
[15, 47]. In accordance, ATII cells have been shown to exhibit cellular senescence
and SASP secretion in IPF and further show signs of telomere attrition and oxidative
stress [14, 46]. It remains unclear, however, which signaling pathways drive the

aging phenotype in (impaired) ATII cells.

In this study we observed that WNT/B-catenin signaling is increased in aged lungs,
which is consistent with findings in other organs [18, 30]. Moreover, we demonstrate
that active WNT/B-catenin signaling contributes to ATIl cell senescence, potentially
leading to progenitor cell exhaustion. Similarly, increased WNT/B-catenin has also
been linked to cellular senescence in other organs and conditions, including normal
embryogenesis [10, 11]. Aberrant activity of WNT/B-catenin is well described in IPF
[19, 24-26] and plays a critical role for ATII progenitor cell function [21, 23]. Notably,
we observed that chronic WNT/B-catenin stimulation robustly induced cellular
senescence, whereas shorter stimulation did not result in the same phenotype.
Cdkn2a (encoding for p16) has been described as a WNT/B-catenin target gene,
consistent with the induction we observed after 24h in primary ATII cells [48], in
contrast to this, Cdknla is not upregulated at 24h but only at a later timepoint.
Induction of Cdkn2a is not sufficient to establish a full senescence phenotype as
shown by the fact that SA-[3-Galactosidase is increased only after 7d but not after
24h of WNT stimulation. These findings underline that timing, concentration and

duration of WNT/B-catenin can lead to different cellular and functional outcomes.
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While WNT/B-catenin signaling increases with aging; in IPF, this is enhanced by
continuous injuries and reprogramming of the lung epithelium, likely further promoting
prolonged and chronic WNT/B-catenin activity. Accordingly, inhibition of (-catenin
signaling attenuates bleomycin-induced lung fibrosis [26, 49]. Whether these

treatments decrease the burden of senescent cells has not been investigated yet.

Notably, only canonical, but not non-canonical WNT signaling was able to
induce cellular senescence. In addition, the co-activation of both WNT pathways
prevented canonical WNT-driven senescence induction, further underlining the
importance of proper crosstalk between these pathways. Dysregulation of both,
canonical and non-canonical WNT signaling likely contributes to cellular senescence
and aging. Studies exploring the expression of WNT ligands in the aging lung are
sparse, however, the non-canonical ligand WNT5A was found increased in the aging
lung in several reports [5, 34, 50, 51]. Whether WNT5A is upregulated as a feedback
mechanism in response to increased senescence or potentially contributes to other

aging mechanisms needs to be further investigated.

Under homeostatic conditions, WNT/B-catenin signaling is essential for stem
cell function, including the progenitor cell potential of ATII cells [35, 41]. We have
recently demonstrated that modulation of WNT/B-catenin signaling alters ATII cell-
based organoid growth and numbers and further pro-fibrotic activation of the
supporting mesenchyme skewed WNT/B-catenin signaling and led to impaired
organoid formation [41, 52]. Here, however, we observed that aged ATII cells were
characterized by increased WNT/B-catenin signaling but displayed a reduced
capacity to form organoids, suggesting a defective progenitor cell function. Similarly,
fibrotic ATII cells or ATII cells with shortened telomeres have a decreased organoid

forming capacity, further suggesting alveolar progenitor cell dysfunction as a
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contributor to IPF [53, 54]. Senescence of progenitor cells can lead to cell exhaustion
and further senescent niche cells might affect neighboring cells in a cell-autonomous
manner by secretion of SASP components that negatively affect progenitor cell
function [13]. Along these lines, recent reports describe senescent cells in a latent,
stem-like condition and highlight WNT/B-catenin as a major signaling factor in the
establishment of this stemness associated senescence (SAS). Altogether, these
findings highlight the intricate and overlapping role of WNT signaling as a

simultaneous stem-cell factor and senescence inducer [55, 56].

Our analysis of a single cell suspension of the whole lung revealed a relative
increase in inflammatory cells accompanied by a relative decrease of epithelial cells,
consistent with a recent report analyzing single cell sequencing from the aged lung
[6]. Analyzing ATII cells by flow cytometry, however, is limited in determining total cell
numbers, resulting often in an underestimation of cells, probably due to cell loss
during tissue processing [57, 58]. The gold standard to determine total cells numbers
in situ remains stereology. Indeed, a recent study found no change in total ATII cell
numbers between young and old mice [59]. As such, it is important to note, that while
we observe reduced relative numbers of ATIIl cells by FACS analysis we can not

exclude that this finding is in part due to a relative increase of inflammatory cells.

The following considerations have to be taken into account given our
experimental setup: Throughout the paper, we used primary ATII cells isolated using
a well-documented and established isolation protocol [35]. These cells are
characterized by high enrichment of EpCAM™ and proSP-C* cells [58]. While it is
well-known that this leads to a high enrichment of ATII cells, we cannot fully exclude
that other rare cell populations are present. Moreover, we used different strains

(C57BL6/J or IN) as well as the broad range of ages, which might lead to increased
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variability, however, in our study we observed consistent changes across different
strains. We further found that the impairment of progenitor cell function is already
apparent in mice aged 16-18 months and not significantly different from even older

animals.

While senescent cells most likely accumulate in everybody's lungs, not
everybody develops a disease, such as IPF. Thus, other environmental as well as
autonomous factors are likely required to develop disease. Notably, telomere attrition
is a driving force in IPF and mutations in telomerase genes have been found in
familial and sporadic cases of IPF [60]. Telomere attrition is well known to induce
cellular senescence [8, 12]. Interestingly, telomere dysfunction in ATII cells, but not
mesenchymal cells, led to increased cellular senescence, stem cell failure and lung
fibrosis [53, 61]. Moreover, other hallmarks of aging such as mitochondrial
dysfunction contribute to IPF [2 , 62] and thus convey increased disease

susceptibility in addition to increased cellular senescence.

Targeting senescence as a potential therapeutic target is of high interest.
Recent advances in the field have led to the development and testing of drugs that
target cellular senescence, including senolytics. Senolytics have been effectively
shown to attenuate disease in mouse models of various diseases, including
pulmonary fibrosis [7, 8, 14, 15] with first in human studies currently being performed
[63]. However, current senolytics are rather broad and concerns with regards to their
suitability have been raised. While the senolytics target predominantly senescent
cells, not every cell type and every type of senescence seems to be affected by
these drugs [63]. In IPF, several cell types have been reported to become senescent,
including fibroblasts [15, 47] and epithelial cells. It is still a matter of ongoing research,

how cell type-specific senescence contributes to IPF pathogenesis. A recent study
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demonstrated ATII cell-specific induction of cellular senescence was able to drive the
development of pulmonary fibrosis in mice [64]. Interestingly, myofibroblast
senescence restricts fibrosis in organs other than the lung [8, 12] and recent studies
suggest a similar mechanism in the lung [61]. It is intriguing to envision the potential
of future therapeutics to address the induction and cell-type specificity of cellular
senescence that determines not only the susceptibility to chronic lung disease but
also the potential that interference with this process could be developed for novel

treatment options for IPF.
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Figure legends

Figure 1. Phenotype of ATII cells in aged mice. (A-H) Lungs from young (6-21
weeks) or old (16-24 months) mice were harvested and ATII cells were isolated. (A)
Total number of isolated ATII cells per mouse, n=10. (B) Freshly isolated ATII cells
were analyzed for SA-R-galactosidase activity by FACS n=4 or (C) by conventional
SA-3-galactosidase staining 2 days after plating, image representative of n=4, arrows
depict positive cells, Size bar represents 50um. (D) Freshly isolated ATII cells were
analyzed for alveolar epithelial cell and senescence markers by qPCR. Values were
normalized to Hprt and corresponding young controls. n=5-10. (E-F) Cytospins of
freshly isolated ATII cells were stained for (E) P21 or (F) proSP-C protein. Image
representative of a n=3, Size bar represents 50um. (G-H) Freshly isolated ATII cells
were combined with Matrigel and CCL206 fibroblasts and used for an organoid assay
as outlined in (G) and representative pictures are shown at day 14 of organoid
differentiation in (H) as well as quantification of humbers of organoids per well, n=5.
Data are presented as mean = s.d. Circles represent C57BL6/J mice, triangles
represent C57BL6/N mice. Significance was assessed with one sample t-test
compared to a hypothetical value of 0 (D) or Mann Whitney-test (A, B, H)

Significance: *P<0.05, **P<0.01.

Figure 2: WNT activity is increased in ATII cells from aged mice. (A-B) Lungs
from young (3 months) or old (18 months) WNT GFP mice were harvested and ATII
cells were isolated and analyzed for WNT activity (GFP") by FACS. Data are
presented as mean = s.d. n=6 old, n=14 young. Significance was assessed with a

two-way Anova followed by Sidak’s multiple comparison test. Significance: **P<0.01.
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Figure 3: Chronic WNT stimulation induces cellular senescence in MLE12 cells.
(A-D) MLE12 lung epithelial cells were treated with 1uM CHIR or 2uM CHIR for 7d (A)
gPCR analysis for WNT target gene Axin2 normalized to Hprt levels were perfomed.
n=4. (B) SA-B-galactosidase activity was measured by conventional staining after 7d,
representative of n=4. Size bar represents 50um. (C) SA-B-galactosidase activity was
measured by FACS-based staining after 7d, n=5. (D) Western Blot for P21 was
performed, B-actin was used as a loading control. Blot is representative of n=4. Data
are presented as mean * s.d. Significance was assessed with a one-way Anova
followed by Tukey’s multiple comparison test. Significance: *P<0.05, **P<0.01,

***P<0.001.

Figure 4: Chronic WNT stimulation induces cellular senescence in pmATII cells.
(A) ATII cells were stained by Immunofluorescence for pro Surfactant Protein-C
(proSP-C), E-Cadherin (Ecad) or Cytokeratin. (B) ATII cells were treated with 1uM
CHIR for 7d, n=6, (C) conditioned medium from WNT3A-overexpressing L-cells
(WNT3A CM; 1:1) for 24h (n=6) or 7 days (n=10) (D) recombinant mMWNT3A for 24h
(n=5) and 7d (n=8). (B-D) gPCR analysis for WNT target gene Axin2 and
senescence markers Cdknla and Cdkn2a normalized to Hprt levels were performed.
(E-F) ATII cells were treated with 1uM CHIR or WNT3A CM and SA-B-galactosidase
activity was measured by (E) conventional staining after 24h and 7d, n=6 or by (F)
FACS-based staining after 7d, n=3. Significance was assessed by Wilcoxon
matched-pair signed rank test (B-D) and Student’s t-test (E-F). Significance: *p<0.05,

**P<0.01.

Fig. 5: Chronic WNT stimulation induces and cellular senescence in epithelial

cells.
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Preciscion cut lung slices (PCLS) were prepared from young mice and treated with
(A) 2uM CHIR (CHIR) for 7 days, n=5, or (B) conditioned medium from WNT3A-
overexpressing L-cells (WNT3A CM; 1:1) for 7 days. n=3. (A-B) qPCR analysis for
WNT target gene Axin2 and senescence markers Cdkn2a and Cdknla was
performed and normalized to Hprt levels. (C) Representative images of
immunofluorescence staining for P21 and CDH1 (E-CAD) in PCLS prepared from
young mice and treated with WNT3A CM for 7 days. Fluorescent images represent a
400x magnification. The scale bar represents 50um. Representative of n=3.
Significance was assessed by paired Student’s t-test (A-B). Significance: *p<0.05,

**P<0.01.

Fig. 6: Chronic WNT stimulation induces Keratin8 and cellular senescence in
epithelial cells.

(A-B) Gene set enrichment analysis was performed on a published RNA sequencing
dataset from hATII cells from Donor/IPF patients GSE94555 (Xu et al, 2016, JCI
Insight). The dataset was tested for the enrichment of (A) WNT/B-catenin (GO:
0060070 and https://web. stanford. edu/group/nusselab/cgi - bin/wnt / target_genes)
or (B) for aging (GO:0007568), senescence (Fridman et al., Oncogene, 2008 [40]) or
senescence associated secretory phenotype (SASP; Coppé, Annu Rev Pathol) [9])
lists. (C-D) pmATII cells were treated with WNT3A CM for 24h (n=5) or 7 days (n=7).
(D) gPCR analysis of the fibrotic epithelial marker Krt8 normalized to Hprt (D) Two
representative western blots of Krt8. Quantification of Krt8 signal over B-actin
normalized to CTRL CM is shown on the right. n=4. Data are presented as mean *
s.d. Significance was assessed by Wilcoxon matched-pair signed rank test (C) and
one sample t-test compared to a hypothetical value of 1 (D). Significance: *p<0.05,

**P<0.01.
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Supplementary Figures

Figure S1:. (A) Lungs from mice were harvested and a single cell suspension was
prepared and analyzed for CD45" and EpCAM" cells by FACS and normalized to
young controls. n=(5). (B) Young (6-21 weeks) or old (16-24 months) mice were
weighed and their bodyweight is depicted in [g]. n=5. Significance was assessed with
one sample t-test compared to a hypothetical value of 100 (A) or Mann Whitney-test

(B) Significance: *P<0.05, **P<0.01.

Figure S2: Chronic WNT stimulation induces cellular senescence.

(A) MLE12 lung epithelial cells were treated with 2uM CHIR for 7d and LDH was
measured. Values are depicted as % of positive control, n=3. No significant increase
in LDH was detected. (B) MLE12 lung epithelial cells were treated with 1uM CHIR or
2UM CHIR for 7d. qPCR analysis for Cdknla and Cdkn2a was performed and
normalized to Hprt levels were perfomed, n=4.(C) ATII cells were treated with 1uM
CHIR (CHIR) for 7d, n=6, gPCR analysis for Sftpc and normalized to Hprt levels were
performed. Data are presented as mean + s.d. Significance was assessed with a
one-way Anova followed by by Wilcoxon matched-pair signed rank test (A,C)

orTukey’s multiple comparison test (B).

Figure S3: Non-canonical WNT stimulation does not induce cellular
senescence in pmATII cells.

(A-B) ATII cells were treated with conditioned medium from WNT5A-overexpressing
L-cells (WNT5A CM; 1:1) for 7 days (n=6) and (A) gPCR analysis for WNT target
gene Axin2 and senescence markers Cdknla and Cdkn2a normalized to Hprt levels

were performed. (B) SA-B-galactosidase activity was measured by conventional
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staining after 7d, quantification and representative image of n=4 is shown. (C) ATII
cells were treated with conditioned medium from WNT3A-overexpressing L-cells
(WNT3A CM; 1:1) combined with medium from WNT5A-overexpressing L-cells
(WNT5A CM; 1:1) for 7 days (n=7). qPCR analysis for WNT target gene Axin2 and
senescence markers Cdknla and Cdkn2a normalized to Hprt levels were performed.
Values were normalized to control conditioned medium. (D) SA-B-galactosidase
activity was measured by conventional staining after 7d, quantification and
representative image of n=4 is shown. The scale bar represents 50um. Significance
was assessed by Wilcoxon matched-pair signed rank test (A,C) and one sample t-
test compared to a hypothetical value of 0 (C). Significance: *P<0.05, **P<0.01. (ctrl

to WNT5A; WNT3A to WNT3A+WNT5A), #p<0.05, ##P<0.01 (ctrl to WNT3A).
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