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Abstract

Radiation therapy (RT) is a common treatment for lung cancer. Still, it can lead to irreversible loss of pulmonary function and a significant reduc-
tion in quality of life for one-third of patients. Preexisting comorbidities, such as chronic obstructive pulmonary disease (COPD), are frequent in
patients with lung cancer and further increase the risk of complications. Because lung stem cells are crucial for the regeneration of lung tissue
following injury, we hypothesized that airway stem cells from patients with COPD with lung cancer might contribute to increased radiation sen-
sitivity. We used the airliquid interface model, a three-dimensional (3D) culture system, to compare the radiation response of primary human
airway stem cells from healthy and patients with COPD. We found that COPD-derived airway stem cells, compared to healthy airway stem cell
cultures, exhibited disproportionate pathological mucociliary differentiation, aberrant cell cycle checkpoints, residual DNA damage, reduced sur
vival of stem cells and self-renewal, and terminally differentiated cells post-irradiation, which could be reversed by blocking the Notch pathway
using small-molecule y-secretase inhibitors. Our findings shed light on the mechanisms underlying the increased radiation sensitivity of COPD
and suggest that airway stem cells reflect part of the pathological remodeling seen in lung tissue from patients with lung cancer receiving tho-
racic RT.
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Significance statement

Radiation pneumonitis and fibrosis are severe side effects of lung cancer treatment, exacerbated by common preexisting conditions
such as chronic obstructive pulmonary disease (COPD). Existing research mostly focuses on healthy lung tissue or animal models. Using
primary human patient tissue ex vivo, our study uncovers some underlying mechanisms of heightened radiation sensitivity of COPD-
derived patient lung cells. Notably, the Notch stem cell pathway plays a crucial role. These findings offer potential for new interventions to
alleviate cancer treatment side effects and improve the survival of patients with lung cancer.

Introduction

The main limitation of cancer radiotherapy is the irrevers-
ible damage it causes to normal tissues within the radiation
field.! In patients with lung cancer, radiation treatment can
lead to radiation-induced lung injury, a dose-limiting com-
plication resulting in life-threatening loss-of-lung function.
Consequently, normal tissue tolerance often restricts tumor
control. Additionally, radiation therapy (RT) induces DNA
damage and increases the production of reactive oxygen spe-
cies (ROS), leading to cell death, vascular permeability, and
the recruitment of inflammatory mediators that trigger ra-
diation pneumonitis (RP).>* Prolonged inflammation leads
to irreversible remodeling of lung tissue, culminating in
radiation-induced fibrosis and a progressive reduction in
functional lung volume, which can be fatal.* Furthermore,
combined radiotherapy, chemotherapy, immunotherapy, and
targeted agents exacerbate radiation-induced lung toxicity.’”
Chronic obstructive pulmonary disease (COPD) is the third
leading cause of death worldwide, characterized by chronic
airflow obstruction and impaired gas exchange, which pro-
gressively declines lung functioning.® COPD is a comorbidity
in 50%-70% of patients with lung cancer and a risk factor.’
Oxidative stress and chronic inflammation in the lung tissue
are major factors linking COPD and lung cancer.”!® Patients
with COPD receiving RT are more susceptible to dose-limiting
toxicities such as RP and experience worse outcomes.'!?

The upper airway is a pseudostratified epithelium with a
basal layer containing the basal stem cells (BSC) and a lu-
minal layer with the differentiated ciliated and secretory
cells.’® The integrity of the lung epithelium is crucial for
preventing infections by clearing inhaled pathogens. Airway
BSC proliferates upon injury to repair the damage.'®'> A hall-
mark of COPD pathogenesis is a perturbed lung stem cell
homeostasis resulting in goblet cell metaplasia, increased mu-
cous secretion, and decreased mucous clearance.'®!” Detailed
studies on COPD airway stem cells’ self-renewal, differentia-
tion capacity, and injury response are limited.

We, and others, previously showed that irradiation induces
a dose-dependent decrease of BSC with reduced long-term
survival and differentiation.!$2

Modulating the stem cell signaling pathways may be im-
portant for preventing or repairing radiation-induced lung in-
jury.?! For instance, the Notch signaling pathway is a crucial
regulator of BSC self-renewal, inducing and maintaining se-
cretory cell fates in the bronchial epithelium.?>?? Earlier work
showed that blocking Notch signaling can protect against
radiation-induced loss of airway stem cells and epithelial bar-
rier integrity in the human cultured bronchial epithelium.?*
Cigarette smoke and other agents strongly associated with
COPD trigger an enhanced and abnormal inflammatory re-
sponse.” Cigarette smoke activates NOTCH, leading to an
increase in mucous-producing secretory cells. Furthermore, it
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triggers airway epithelial cells to produce pro-inflammatory
mediators and induces the epithelial-to-mesenchymal transi-
tion. By blocking NOTCH, these effects can be reversed.?6-2®
Conversely, ROS produced by inflammatory conditions may
activate Notch.?”” The exact role of the NOTCH pathway on
COPD response to radiation-induced damage, however, re-
mains unclear.

Currently, there are no predictive biomarkers for identifying
patients at risk for developing lung toxicities due to RT. This
study investigates whether aberrant stem cell function and
response to radiation contribute to patients’ with COPD
increased sensitivity to RP. Primary human bronchial epithe-
lial 3D cell models were used to compare radiation sensitivity,
DNA damage response, and differentiation capacity between
healthy and patients with COPD. The results demonstrate
that COPD airway stem cells have defects contributing to ra-
diation sensitivity and histopathological consequences. Our
results show that stem cell therapies could be a potential ther-
apeutic approach to mitigate radiation-induced lung injury in
patients with cancer.

Methods

Primary human bronchial epithelial cells

PBECs were kindly provided by the primary lung culture
(PLUC) facility MUMC+, Maastricht, The Netherlands.
Lung tissue used for the isolation of PBECs was obtained
from the Maastricht Pathology Tissue Collection (MPTC)
and originated from tissue resected during lobectomies
or pneumonectomies (Patient#107, 108, 115, 123, 126,
127, 133, 139, 158, 159, and 161) of patients who under-
went surgery for lung cancer. Collection, storage, and use of
tissue and patient data were performed in agreement with
the “Code for Proper Secondary Use of Human Tissue in
the Netherlands” (http://www.fmwv.nl). The scientific board
of the MPTC approved the use of materials for this study
under MPTC2010-019. In addition, formal permission was
obtained from the local Medical Ethical Committee (METC)
code 2017-0087, and patients have provided written con-
sent to use the material for research. PneumaCult-ex basal
medium supplemented Pneumacult-ex 50x supplement
(#05008 STEMCELL Technologies), 96 ng/mL hydrocor-
tisone (#07925 STEMCELL Technologies), and 1% pen-
icillin/streptomycin (L0022 VWR) were used as culture
media before seeding the cells, the flasks were coated with
10 pg/mL fibronectin (ref 354008 corning), 10 pg/mL bovine
serum albumin (8076.5 Carl Roth), and 30 pg/mL Collagen
(11563550 Thermo Fisher Scientific). After trypsinization, the
cells were centrifuged for 5 minutes at 150 g, collected, and fi-
nally counted using an automatic counter (Beckman Coulter).

Irradiation of cells

PBECs were irradiated with 2 and 4 Gy using the X-ray cab-
inet (Philips 225 kV, 10 mA or PXI, Multirad 225 kV, 17.8
mA). For the stem cell regeneration and differentiation ca-
pacity, the stem cells were irradiated in 2D cultures and, im-
mediately after irradiation, were seeded in air-liquid interface
(ALI). The samples were collected 24 hours, 7, 15, or 21
days after airlift and processed for immunofluorescence (IF).
Additionally, for DNA damage, stem cell, and ciliated cell
assays, fully differentiated 3D ALI cultures were irradiated on
day 21 post-airlift, and the samples were collected 24 hours
after irradiation.
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Air-liquid interface culture

Non-COPD(N) and COPD(C) primary bronchial epithe-
lial cells (PBEC; 6 x 10* to 9 x 10%) cells were seeded in 500
pL of K-SFM plus complement medium on top of 0.4 pm
pore polyester membrane inserts of an ALI transwell system
(Corning). After reaching confluence, approximately 3-5
days post-seeding, the PBECs were subjected to airlift with
medium supplementation only in the bottom well. Once in
the ALI system, the cells were grown in Pneumocult ALI-
basal medium (STEMCELL Technologies) complemented
with Hydrocortisone (STEMCELL Technologies), Heparin
(STEMCELL Technologies), and Pneumacult 100X supple-
ment (STEMCELL Technologies) up to 28 days. The PBECs
were cultured in Pneumocult ALI medium plus complement
at 37 °C in a 5% CO, humidified incubator and replaced
every 2 days until sample collection, essentially as described.?*

Immunostaining and confocal microscopy

PBECs were fixed in 4% paraformaldehyde for 10 minutes.
Cells were permeabilized with PBS with 0.3% Triton-X-100
for 2.5 hours. Samples were blocked with a solution of PBS-
0.1% Triton, 3% bovine serum albumin, and 10% normal
goat serum for 2 hours. The samples were incubated over-
night at 4 °C with the primary antibodies dissolved in
blocking solution (MUCS (1:1000; Cat #ab3649; Abcam),
Ac-TUB  (1:1000; Cat #T7451-200UL; Sigma-Aldrich),
TP63 (1:1000; Cat #ab124762; Abcam), CK5 (1:1000; Lot#
B241498; Biolegend), and 53BP1 (1:750; Lot #612522; BD
Biosciences). The washes were performed with PBS-0.1%
Triton, 10 minutes each, 3 times. The samples were incubated
with secondary fluorescent antibodies goat anti-mouse Alexa
488 (1:500; Thermo Fisher Scientific) and goat anti-rabbit
Alexa Fluor 555 (1:500; Thermo Fisher Scientific) for 1 hour
at room temperature in the dark. The fluorescent protein
4’,6-diamidino-2-fenylindool (DAPI; 1:5000; Thermo Fisher
Scientific) was used for 15 minutes to detect the nuclei. The
samples were then mounted in DAKO fluorescent mounting
medium (Lot #11246755; Dako) and stored in the dark at 4
°C until usage. A confocal microscope (Leica TCS) was used
to obtain stacks of 2 pm of each sample.

RAD51 staining and quantification

Just before fixation, cells were washed with cold PBS,
incubated with ice-cold 0.5% Triton-X-100 extraction buffer
(0.5% Triton-X-100, 20 mM HEPES-KOH (pH 7.9), 50 mM
NaCl, 3 mM MgCl,, 300 mM sucrose) for 1 minute, washed
with cold PBS and fixed with 4% paraformaldehyde (PFA) in
PBS for 15 minutes at room temperature. Cells were washed
twice with 0.1% Triton and subsequently blocked with
PBS + buffer (5 mg Bovine Serum Albumine and 1.5 mg gly-
cine/mL PBS). Cells were incubated overnight at 4 °C with
the primary antibodies dissolved in PBS + buffer (Rad51;
in-house; rabbit; 1:10 000). Cells were permeabilized with
0.1% Triton and washed with PBS + buffer. Cells were
incubated with secondary antibodies dissolved in PBS + buffer
(anti-rabbit Alexa594; Life Technologies) for 1 hour at room
temperature in the dark. Subsequently, the coverslips were
mounted on microscope slides using an Antifade mounting
medium with DAPI (Vectashield). The coverslips were sealed
with nail polish to prevent the samples from drying out. A
Leica STELLARIS 5 confocal microscope was used to visu-
alize immunofluorescence in cells. The following laser lines
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Table 1. Primers sequences used in gene expression studies.
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Target Forward primer Reverse primer

RPL13A CCGGGTTGGCTGGAAGTACC CTTCTCGGCCTGTTTCCGTAG
HPRT TATTGTAATGACCAGTCAACAG GGTCCTTTTCACCAGCAAG
NOTCH1 AGGACCTCATCAACTCACACGC TCTTTGTTAGCCCCGTTCTTCAG
NOTCH2 CCGTGTTGACTTCTGCTCTCTCAC CCTACTACCCTTGGCATCCTTTG
NOTCH3 TC TCAGACTGGTCCGAATCCAC ACACTTGCCTCTTGGGGGTAAC
NOTCH4 ATGCGAGGAAGATACGGAGTGG TCGGAATGTTGGAGGCAGAAC
HES1 AGGCGGACATTCTGGAAATG CGGTACTTCCCCAGCACACTT
HES4 CACCGCAAGTCCTCCAAG TCACCTCCGCCAGACACT

HEY1 GAAACTTGAGTTCGGCTCTAGG GCTTAGCAGACTCTTGCTCCAT
HEY2 GGCGTCGGGATCGGATAAATA AAGTAGCCTTTACCCCCTGTT
JAGGED 1 ATCGTGCTGCCTTTCAGTTT ACTGTCAGGTTGAACGGTGTC
JAGGED 2 GTCGTCATCCCCTTCCAGT CTCCTCATTCGGGGTGGTAT
DLL1 CTACTACGGAGAGGGCTGCT CCAGGGTTGCACACTTTCTC

were used: DAPI (405 laser), Alexa 594 (561 laser). For each
sample, 8 Z-stack images were captured using a 40x objective.
Using these images, Rad51 foci number was analyzed for each
nucleus. This was accomplished using homemade FIJIImage]
scripts. In short, cell nuclei were segmented based on the
DAPI signal employing a sequential process of thresholding,
the watershed Plug-In, and the “analyze particles” function in
FIJI. For the identification of foci within the segmented nu-
clei, individual segmentation masks were created for each nu-
cleus. Segmentation masks of the foci were generated using
thresholds based on the mean fluorescence of the RADS1
signal plus 2 times (for control samples) and 1.3 times (for
24-hour samples) the + factor*standard deviation of the
Rad51 signal.?® The number of the segmented foci per nucleus
were then measured using the ‘analyze particles ‘measurement
function within FIJIImage].

ALI IF quantification

The cells in these 5 fields were then counted to obtain a total
of 500-1000 cells per condition (100-200 cells per image).
Stainings with Ac-TUB and MUCSAC were captured using
a 63x objective. The Z-stack was used as the image in the
paper. Image] was used to count the positive cells and the foci
in the nucleus. Comparable results were obtained in at least 3
independent COPD and healthy donors. TP63 immunofluo-
rescence staining quantification was achieved by determining
the number of positive cell nuclei as a proportion of the total
number of nuclei in 3 representative fields of each sample and
analyzed using Image] win 6.4 (Fiji). Likewise, $3BP1 quanti-
fication was achieved by determining the number of positive
53BP1 foci in TP63-positive cells as a proportion of the total
number of TP63 cells in 5 representative fields of each sample.

Proliferation of BSC

BSC proliferation was monitored using the automated live
cell analysis with the IncuCyte ZOOM (Essen Bioscience).
COPD and non-COPD PBECs were seeded at 2000 cells/
well in a 96-well plate, 6 replicates per donor, and the pro-
liferation was monitored for 10 days until cells reached con-
fluence. Analysis was performed in GraphPad Prism 10.2.1
using nonlin-fit, exponential growth equation to calculate the
doubling time.

Western blotting

Western blotting was performed according to standard pro-
tocol. To extract proteins, RIPA buffer (50 mM Tris-HCI,
0.5% DOC, 0.1% SDS, 1 mM EGTA, 2 mM EDTA, 10%
Glycerol, 1% Triton X-100, 150 mM NaCl, and 1 mM
PMSF) was used. The protein concentrations were determined
with Bradford Protein Assay (Bio-Rad). Proteins (40 pg) were
separated on a 7.5% or 12% SDS-PAGE and transferred to
nitrocellulose membranes. Membranes were blocked with 5%
nonfat dry bovine milk and TBS and subsequently incubated
(O/N, 4 °C) with primary antibodies (1:1000) and visualized
using HRP-linked secondary antibodies (goat anti-mouse
and goat anti-rabbit, 1:2500, Cell-Signaling) and Super ECL
Luminescence.

RNA expression analysis

Total RNA was isolated from PBEC’s using NucleoSpin
RNA (Macherey-Nagel, Diiren, Germany) according to the
manufacturer’s protocol. One microgram RNA was used
as input material to generate cDNA by using iScript cDNA
synthesis kit (Bio-Rad, Hercules, CA, USA) followed by
Reverse transcription quantitative PCR (qRT-PCR) using
SensiMix SYBR high-ROX kit (GC Biotech, Waddinxveen,
the Netherlands). mRNA expression was analyzed with
CFX Connect Real-Time System (Bio-Rad) and HPRT and
RPL13A were used as housekeeping genes. Primers used for
gene expression for qPCR are in Table 1.

Cell cycle analysis

Cell cycle analysis was performed using Click-iT Plus EdU
Pacific Blue Flow Cytometry Assay Kit (Thermo Fisher
Scientific) and propidium iodide (PI) staining. 5-Ethynyl-2-
deoxyuridine (EdU) was incorporated for 4 hours at 37 °C in
cell culture conditions. The Click-iT reaction was performed
for 30 minutes with a Click-it buffer containing Alexa
fluorazide and CuSO, according to the manufacturer’s pro-
tocol (Thermo Fisher Scientific). For PI staining, cells were
incubated with 1 pg/mL of PI, 100 pg/mL of RNaseA, and
0.1% Triton X-100 in PBS for 30 minutes at room tem-
perature. Unstained, Pl-only, EdU-only, and Click-iT-only
samples were used for compensation, background correction,
and autofluorescence. A FACS Canto II cytometer with BD



Stem Cells Translational Medicine, 2024, Vol. 13, No. 9

FACSDiva 6.1.1 software was used for cell cycle analysis.
FlowJo V10.1 was used to exclude doublets and cellular de-
bris and determine cells’ distribution within GO-G1, S, and
G2-M phases.

Apoptosis assay

To measure apoptosis, a Pacific Blue Annexin V/SYTOX
AADvanced Apoptosis Kit for flow cytometry (Thermo
Fisher Scientific) was used according to the manufacturer’s
protocol. PBEC cells were treated with etoposide (10 pM) for
24 hours as a positive control (data not shown). The number
of cells in early and late apoptosis was analyzed using a FACS
Canto II cytometer with BD FACSDiva 6.1.1 software. Using
FLowV10.1, doublets and cellular debris were excluded.

Cell viability

Cell viability was measured using trypan blue (cat.
n0.15250061; Thermo Fisher Scientific) in ratio 1:1 with
trypsinized cells. Cell viability was determined as the per-
centage of living cells 24 hours after 10 uM KU55933 (ATM
inhibitor) using an automatic Coulter counter (TC20; Bio-
Rad). The percentage of living cells was plotted.

Human bronchial organoids

COPD-derived PBEC cells (5 x 10%) were seeded in 100%
Cultrex plug (Trevigen) and pipetted in a 24-well plate.
Organoid culture medium containing 10% RSPO-conditioned
medium, 10% Noggin-conditioned medium, 1x B27 supple-
ment, 1.25 mM N-acetyl-cysteine, 10 mM nicotinamide,
500 nM A83-01, 1 pM SB202190, 25 ng/mL. Human FGF-
7, 100 ng/mL FGF-10, and 5 pM Y-27632 was then applied
over the Cultrex mound and refreshed every other day.’! The
organoids were kept in culture for 21 days.

Alkaline comet assay

DNA damage after RT exposure was assessed by using the
alkaline comet assay. Briefly, COPD and non-COPD BSCs
24 hours after RT treatment were washed with PBS (pH
7.4 wlo Ca++/Mg++), detached by using trypsinization (150
pL/well for 5 minutes), and suspended in PBS (pH 7.4 w/o
Ca++/Mg++). Cells were then centrifuged (300 x g for 5
minutes), the supernatant was discarded, and the pellets were
resuspended in ice-cold PBS to reach 10° cells per condition.
Next, the cells were mixed, embedded in a 3:7 ratio with a
1% low melting point agarose, and kept at 37 °C to avoid so-
lidification. Next, 2 x 70 puL of each sample was placed on the
slides, and a coverslip was put on top. After agarose polym-
erization (4 °C for 10 minutes), the coverslip was removed.
Next, the slides were incubated at 4 °C for 1 hour, protected
from light in lysis solution (2.5 M NaCl, 100 mM Na,EDTA,
10 mM Tris-base pH 10, 10 M of NaOH at pH 10 and 1%
Triton-X-100). Subsequently, the slides were immersed in
electrophoresis buffer (1 mM of Na?EDTA and 300 mM of
NaOH at pH of 12) for 20 minutes at 4 °C in the electro-
phoresis platform for DNA unwinding. Then, the electropho-
resis ran for 20 minutes at a constant ~1 V/cm at 4 °C. At
the end of the electrophoresis, the slides were washed with
PBS (1 x 10 minutes) and deionized H,O (1 x 10 minutes).
Then, the slides were dried overnight and protected from
light at room temperature. Finally, all the slides were stained
with GelRed (Biotium cat. no. 41003; Merck KGaA, cat. no.
SCT123) and analyzed using the Comet III Perceptives image
analysis software. The DNA percentages in the comet tails (%
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tail intensity) were obtained for 100 (2 x 50) cells per exper-
imental condition.

Statistical analysis

GraphPad Prism Software (v7) was used to perform statistical
analysis. For all experiments, means = SE were reported. In all
experiments, a minimum of 3 individual donors were used per
group (non-COPD and COPD). One-way ANOVA test post
hoc Tukey multiple comparisons were used to analyze sta-
tistical differences or Mann-Whitney. P < .05 was considered
statistically significant.

Results

Lung BSCs from patients with COPD have
perturbed mucociliary differentiation

We first sought to investigate if BSCs derived from PBEC from
patients with lung cancer with COPD differ in their differen-
tiation capacity from non-affected patient with lung cancer
donors. Using 3D ALI culture, we compared the composition
and differentiation capacity of non-COPD (N) and COPD
(C) derived BSC following earlier methodology.?* Using IF
staining, we show that COPD-derived BSC cultures that
are induced to differentiate in ALI are composed of 2.4-fold
increased mucous cell numbers (MUCS5A+) and 30% fewer
ciliated cells (Ac-TUB+) compared to PBECs from non-COPD
donors (Figure 1A, B). To investigate whether COPD BSCs
have impaired proliferation compared to non-COPD BSC, we
monitored their growth using live cell imaging. We found that
the doubling time measured over 10 days in culture between
COPD-derived airway stem cells (TP63+) did not differ sig-
nificantly from non-COPD BSCs, albeit there were differences
among individuals (Figure 1C, Supplementary Figure S1A).
We then exposed non-COPD and COPD BSCs to irradiation
(2-4 Gy) and characterized their differentiation capacity in
ALL We found an altered ratio of Ac-TUB and MUCS5AC
expressing cells in both non-COPD and COPD ALIs de-
rived from irradiated BSCs. The impaired differentiation ca-
pacity of BSCs is more pronounced in COPD-derived BSCs
(Supplementary Figure S1B).

COPD BSCs have impaired growth, differentiation,
and self-renewal after radiation and TKI treatment

We previously reported that residual DNA damage 24 hours
post-RT is a robust measure of human upper airway stem
cells’ long-term survival and regenerative capacity.'® To in-
vestigate the radiation sensitivity of COPD-derived airway
stem cells, we irradiated both healthy and COPD BSCs with
2 and 4 Gy, respectively; harvested the cells, seeded them in
ALI, and monitored their ability to generate a stratified and
polarized epithelium using IF for Cytokeratin-5 (CKS5) and
TP63, respectively, for BSCs, MUCSAC for mucous cells
and acetylated tubulin (Ac-TUB) for ciliated cells (Figure 2A).
The ALIs from irradiated BSCs show a defect in mucociliary
differentiation compared to non-irradiated BSC. We observed
36% and 64% fewer mucous cells at 2 and 4 Gy, respectively,
and 22% and 52% fewer ciliated cells, at 2 and 4 Gy, respec-
tively (Figure 2B and C). Next, we measured the number and
replating efficiency of CK5+ and TP63+ BSCs after irradia-
tion. We observed a 15% reduction in survival at 2 Gy and
31% reduction at 4 Gy of COPD BSCs compared to non-
affected BSCs (Figure 2D). We performed a replating assay and
passaged BSCs 3 passages to assess the long-term survival and
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Figure 1. Growth and differentiation of human COPD BSC. (A)
Representative immunofluorescent staining of 3D ALI culture at day 28
from COPD BSC in mucous cells (MUCSAC), ciliated cells (Ac-TUB), and
DAPI nuclear stain. (B) Quantification of Ac-TUB+, MUCBAC + cells from
non-COPD and COPD ALI cultures as a percentage of total cells. (C)
Doubling time of non-COPD and COPD BSC cell cultures with Incucyte
cell imaging. N = 3 independent donors non-COPD and COPD per group
*P < .05; *P<.01; ***P < .001; ****P < .0001. Scale bar = 50 pm.

repopulation of COPD-derived BSCs. We found that COPD
BSCs have a dose-dependent decrease in replating efficiency
of 30% at 2 Gy and 32% at 4 Gy, respectively, compared
to healthy BSCs (Figure 2E). The reduction in differentiation
capacity for irradiated BSCs from COPD PBECs was con-
sistently lower than that of non-COPD in a dose-dependent
manner (Supplementary Figure S1B). Next, we asked if COPD
BSCs are also more sensitive to first-line EGFR-targeted

Stem Cells Translational Medicine, 2024, Vol. 13, No. 9

lung cancer treatment with small-molecule tyrosine kinase
inhibitors (TKI’s). We derived bronchospheres from COPD-
and non-affected donor BSCs and measured their viability
after 48 hours of treatment with first-and third-generation
tyrosine kinase inhibitors (TKI’s); Gefitinib, and Osimertinib.
Both TKI’s acted on-target and reduced the phosphorylation
of EGFR (Y1068) receptor at 1 puM (Supplementary Figure
S2A) and caused a reduction in both viability (fold 1.3 for
Gefitinib and 1.5 for Osimertinib), although this reduction
was significantly stronger in COPD BSCs (Supplementary
Figure S2B). A reduction in long-term survival was also more
pronounced in the COPD-derived bronchospheres (40% re-
duction with 4 Gy; Supplementary Figure S2C).

Irradiated COPD BSCs show cell cycle defects,
reduced DNA repair, and increased cell death

To uncover whether the increased COPD stem cell sensi-
tivity to irradiation is due to an impaired cell cycle arrest,
we performed cell cycle analysis (Edu/PI staining) 24 hours
after irradiation, using FACS (Supplementary Figure S1C).
We observed that irradiated COPD stem cells have a higher
accumulation in the G2/M phase when compared to healthy
stem cells at 2 Gy, but at 4 Gy show a strong increase of
GO0-G1 and a concomitant decrease of G2/M compared to
healthy BSC (Figure 3A). These results correlated with a
decreased viability of TP63-positive BSC in COPD cultures
upon 4 Gy irradiation (Figure 3B). Using Annexin V-7AAD
staining, we observed a 2- to 3-fold increase in apoptosis 24
hours after 4 Gy irradiation in COPD BSCs compared to
non-COPD BSCs (Figure 3C). These results suggest that the
increased sensitivity to irradiation is due to an impaired cell
cycle distribution and a higher susceptibility to cell death. We
analyzed ¢-PARP, TP53, and P21CIP (CDKN2AT1) protein ex-
pression 24 hours post-irradiation to investigate why COPD
stem cells are more susceptible to cell death upon irradia-
tion. COPD BSCs showed increased basal levels of C-PARP,
TP53, and P21 compared to healthy BSC, although irradia-
tion did not change this (Figure 3D). Finally, we performed
an alkaline comet assay to assess whether the increased cell
death in the patient with COPD cells was due to increased
DNA damage and repair upon irradiation. We found that
irradiated COPD BSCs have a 2-fold higher percentage of
unrepaired DNA breaks remaining 24 hours after irradiation
than healthy BSCs (Figure 3E), indicating that COPD BSCs
exhibit increased persistence of unrepaired DNA damage
post-irradiation compared to BSCs from non-COPD donors.

Reduced DNA damage repair and enhanced DNA
damage response in COPD BSCs

To directly address why COPD BSCs retain more DNA
damage post-irradiation, we quantified the DNA damage
response by measuring 53BP1 foci—a marker for dsDNA
break repair (DSB) after irradiation in TP63 + COPD and
non-COPD BSCs 24 hours post-irradiation. COPD stem cells
showed a 1.6-fold increased number of 53BP1 foci upon 4 Gy
irradiation compared to non-irradiated and irradiated non-
COPD BSCs (Figure 4A). We next asked if the accumulation
of the cells in G2-M was also associated with a delayed repair
capacity upon irradiation. To do so, we incubated BSCs with
EdU for 20 minutes before 4 Gy irradiation and performed
a co-staining with 53BP1 and EdU, 6 and 24 hours post-RT,
respectively (Figure 4B). We found that COPD BSCs have
increased 53BP1 foci in the EAU negative (non-replicating)
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Figure 2. Differential sensitivity to COPD- and non-COPD PBEC irradiation in ALI culture. (A) Schematic representation of the treatment plan and
representative examples of immunofluorescent staining of 3D ALI culture at day 21 ALI from COPD for TP63, CK5, MUCBAC, and Ac-TUB. (B)
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N = 3 independent donors non-COPD and COPD per group. *P < .05; **P < .01; ***P < .001.; ****P < .0001. Scale bar = 50 um. Created with Biorender.
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cells 6 and 24 hours after irradiation (Figure 4C). No signif-
icant differences were observed in the number of 53BP1 foci
in the EdU-positive populations (not shown). We observed
that COPD BSCs have a higher basal and radiation-induced
phosphorylation of ATM kinase, indicating an intact but
preactivated and more robust DNA damage response (Figure
4D) and the downstream activation of pCHK2 in 2 out of 3
patients (Supplementary Figure S3A). To address whether rep-
lication stress can explain these differences, we analyzed the
expression of RPA32 24 hours post-irradiation, but no signif-
icant differences were observed (Supplementary Figure S3B).
We next asked if blocking the DNA damage response with the
ATM inhibitor KU55933 could affect their viability upon ir-
radiation. KU55933 efficiently blocked pATM (not shown) in
COPD BSCs. It significantly reduced the percentage of living
cells compared to non-COPD BSCs upon 4 Gy irradiation,
suggesting that ATM signaling protects against radiation-
induced cell death (Figure 4E). We noted that irradiated
COPD BSCs have a higher G2M fraction. Therefore, we
addressed whether the reduced capacity for homologous re-
combination (HR) that occurs in G2/M and S-phase might
explain the increased radiation sensitivity of COPD-derived
BSC. We stained non-COPD (1 = 3) and COPD (n = 3) BSCs
for RADS1; a marker for HR-dependent dsDNA break repair
1 and 24 hours post-irradiation. We observed no differences
between non-COPD and COPD donors, although radiation
(4 Gy), as expected, increased RADS1 foci 24 hours post-RT
in both (Figure 4F, Supplementary Figure S4A, B).

NOTCH inhibition reverts radiation-induced DNA
damage in COPD stem cells and pathological
phenotype

Our previous results showed that NOTCH inhibition
using small-molecule vy-secretase inhibitors (GSI) reduces
the radiation-induced DNA damage in healthy PBEC and
promotes post-IR survival in 3D stratified and polarized cul-
tured primary lung epithelia.'®** We first assessed the expres-
sion of Notch Receptors N1-N4, Notch ligands (DLL1 and
JAGGED 1, 2), and NOTCH targets (HES1, HES4, HEY1,
and HEY2) between non-COPD and COPD-derived BSCs
from PBECs. We observed significantly increased expres-
sion for NOTCHS3 receptors and HES1 and HES4 targets
in COPD BSC. While the absolute expression levels of other
NOTCH receptors, ligands, and targets differed per donor
these changes were not significant as a group (Supplementary
Figure S1D). To assess if NOTCH signaling also affects
radiation-induced DNA damage in COPD stem cells, ALI
cultures were treated with NOTCH/y-secretase inhibitor
DBZ (1 uM) for 48 hours (19 days post-airlift) to block the
NOTCH pathway and irradiated with 2 or 4 Gy, 21 days
post-airlift. We demonstrated that endogenous NOTCH1
cleavage and signaling were active in COPD stem cells, and
NICD1 cleavage was blocked with the Notch/y-secretase
DBZ (Supplementary Figure S3C). First, NOTCH/y-secretase
inhibition increased the percentage of ciliated cells and
reduced the percentage of mucous (MUCS5AC+)/secretory
cells, reverting a typical characteristic of COPD pathology
(Figure 5A). We observed a radiation dose-dependent
increase in 53BP1 foci in COPD TP63 + BSCs. Furthermore,
NOTCH inhibition reduced the number of 53BP1 foci in
TP63 + (Figure 5B) and inhibited the radiation-induced re-
duction in TP63 + cells in BSCs (Figure 5C) whereas Notch
inhibition with GSI, 48 hours before irradiation did not alter
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the number or timing of RADS1 foci in either group upon
irradiation (Figure 4F).

Discussion

In the present study, we used patient-derived primary lung
epithelial cultures to model the mechanism behind the
enhanced radiation sensitivity of human COPD patients
with lung cancer who receive thoracic RT. It has been shown
that ex vivo ALI cultures from healthy donors represent the
transcriptome from in vivo human bronchial epithelial, al-
though the relative proportions of cell types differ.>> We find
that ex vivo human COPD upper airway stem cells recapit-
ulate important histopathological defects of COPD patients,
most notably the aberrant mucociliary differentiation pattern
and sensitivity to irradiation and tyrosine kinase inhibitors
used in first-line treatment of EGFR-mutated lung cancer.
We observed a higher increase in radiation-induced DNA
damage and a reduced cell survival 24 hours post-irradiation
in COPD upper airway BSC. Furthermore, COPD BSCs have
reduced DNA repair capacity, possibly contributing to their
G2/M cell cycle arrest and apoptosis.

Previous studies have indicated that expansion progen-
itor/stem cell pools in tissues can protect against radiation-
induced salivary gland damage.** Cell therapies with salivary
gland stem cells can restore functionality.’* Despite being
a relatively quiescent organ, the lung possesses remarkable
proliferative and repair capabilities following exposure to
DNA-damaging agents, highlighting the presence of a highly
active lung stem cell population.®* Previous work from us and
others showed that radiation exposure can damage airway
stem cells, impairing lung tissue repair, differentiation, and
regeneration ex vivo.'® Here we now show that airway
cells cultured from patients with lung cancer with COPD are
more sensitive to RT than airway stem cells from non-affected
patients and that blocking Notch signaling can mitigate part
of this defect. Importantly, in mice, Tp63/K5 + distal airway
BSCs can repopulate damaged lungs, which is also a Notch-
dependent process.?”>* Similar findings have been reported in
upper airway club cells.?” These findings reinforce that our
ex vivo cultured cell models may reflect the cell-autonomous
roles of airway stem cells in complex diseases such as COPD.
Our findings show that COPD-derived stem cells repair DNA
damage like normal airway stem cells,* but less efficiently.
Blocking Notch with small-molecule inhibitors can reduce
DNA damage 24 hours post-irradiation, reduce cell death,
and increase the survival of airway stem cells. Similarly,
Notch blocking in unirradiated COPD cultures reverses the
goblet metaplasia by blocking secretory differentiation and
restoring ciliated cell numbers. Interestingly, COPD-derived
BSC showed higher expression of NOTCH3, HES1, and
HES4 targets, suggesting that the Notch signaling pathway is
more active than in non-COPD BSC. These findings support
the relative increase in goblet cells, the reduction of ciliated
cells in primary cultures, and the sensitivity to NOTCH in-
hibition by GSI. Our findings are in line with others, where
high NOTCH3 expression is observed in Asthma patients and
NOTCH3-specific silencing in airway epithelial cultures from
Asthma donors reduced MUCSA expression.*!

The exact mechanism behind the differential sensitivity
of COPD vs healthy stem cells to radiation is unknown.
Previously, we have shown that Notch inhibition caused
enhanced basal and radiation-induced activation of the
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Figure 5. NOTCH inhibition reverts the pathological secretory phenotype and reduces radiation-induced DNA damage in COPD BSCs. A) Quantification
of Ac-TUB+, MUCBA + cells in the ALI system shows that COPD cultures have a perturbed differentiation phenotype compared to non-COPD AlLls
with an excess of MUCBA + cells at the expense of ciliated cells, which can be reverted with NOTCH inhibition. (B) Schematic representation of the
treatment plan and quantification of the 53BP1 staining in TP63 + cells, 24 hours after RT in the presence or absence of NOTCH inhibition at day 19 to
21, 48 hours before RT (2-4 Gy). (C) Quantification of TP63, 24 hours after RT in the presence or absence of NOTCH inhibition at day 19 to 21, 48 hours
prior to RT (2-4 Gy). N = 3 independent donors non-COPD and COPD per group *P < .05, **P < .01; **P < .001; ****P < .0001.

DNA damage response.>* Here, we show a higher basal and
radiation-induced pATM level in COPD stem cells compared
to non-affected individuals, which can be further enhanced
by Notch inhibition. Previous studies have demonstrated that
NOTCH gain-of-function (oncogenic) mutations in C-elegans
and human Notch-driven T-ALL* utilize HR to protect
against radiation-induced cell death because silencing of HR
components (eg, Rad51) radiosensitizes. In the bronchial epi-
thelium, we and others have demonstrated important roles for

Notch signaling in epithelial lung development homeostasis
and response to radiation injury.'®** Basal lung stem cells re-
pair radiation-induced DNA damage using the error-prone
non-homologous end-joining pathway.*’ Here, we used 53BP1
as a marker for non-homologous end-joining repair.** We did
not find evidence that NOTCH engages HR but rather NHE]
in response to radiation. Possibly, this reflects differences be-
tween healthy and tumor tissue, the cell type, or the radiation
dose and quality used. A more thorough analysis is needed to
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clarify further the interaction between Notch signaling and
the DNA damage response. It is, however, noteworthy that
Notch inhibition already engages pATM without any induced
DNA damage and that targeting ATM and RADS1 enhances
Notch-dependent tumors’ sensitivity to radiation.*>*

Radiation-induced lung injury is a complex multifactorial
disease.* More than 90% of COPD and lung cancer cases
are smoking-related. Cigarette smoke increases ROS and
DNA damage in lung epithelial cells. Consistently, many
reports show that COPD cells have more oxidative (DNA)
damage than non-COPD cells but reduced expression of the
DNA repair protein KU86 in upper airway cells.*® These
results may explain the cell-autonomous role of lung epi-
thelial cells in the increased radiation sensitivity of patients
with COPD to RP and their predisposition to lung cancer
in the absence of immune cells. It is important to emphasize
that COPD is a complex progressive disease in which lung
epithelial cells, lung parenchyma, and immune cells at dif-
ferent locations within the airways and alveoli interact and
contribute to the disease phenotype in a complex manner.
The increased radiation sensitivity we observe in COPD BSC
is only one part of this complex phenotype. Of note, the
hypermucosecretion observed in patients with COPD may
be mitigated with approaches that temporarily block Notch
signaling and may be of therapeutic interest in improving
COPD defects by contributing to increased regeneration and
repair of damaged lungs before RT and reducing the adverse
normal tissue effects post RT?#

Recent studies show that Notch blockade can restore multi-
ciliated cells in human nasal epithelium and in vivo in mice.*’
We have not addressed the long-term quality of airway stem
cells protected from radiation damage by Notch inhibition
since ALI cultures cannot be maintained for longer than 1-2
months, and few functional studies are limited. This is im-
portant because non-homologous end-joining is the primary
DSB repair mechanism in BSCs*® but an error-prone DNA re-
pair process that may result in genetically unstable stem cells,
which has been proposed to contribute to smoking-related
mutagenesis in basal lung stem cells.** We have previously
shown that Notch inhibition can protect from radiation-
induced cell death of TP63 + cells and improve the integrity
of the luminal surface in 3D ALL* More advanced in vivo
preclinical studies are needed to model COPD and further
test such hypotheses and the therapeutic role of NOTCH
targeting.

The data show that COPD-derived primary upper airway
cultures may be developed as a patient-specific avatar.
This will enable the study of radiation and drug-induced
consequences that may lead to developing actionable targets
to reduce lung damage during cancer treatment. Furthermore,
it can be exploited to promote post-treatment tissue regen-
eration, protect lung function, and improve cancer patients’
long-term quality of life and survival.
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