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COPD basal cells are primed towards secretory to
multiciliated cell imbalance driving increased
resilience to environmental stressors
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ABSTRACT

Introduction Environmental pollutants injure

the mucociliary elevator, thereby provoking disease
progression in chronic obstructive pulmonary

disease (COPD). Epithelial resilience mechanisms to
environmental nanoparticles in health and disease are
poorly characterised.

Methods We delineated the impact of prevalent
pollutants such as carbon and zinc oxide nanoparticles,
on cellular function and progeny in primary human
bronchial epithelial cells (pHBECs) from end-stage
COPD (COPD-IV, n=4), early disease (COPD-II, n=3) and
pulmonary healthy individuals (n=4). After nanoparticle
exposure of pHBECs at air-liquid interface, cell cultures
were characterised by functional assays, transcriptome
and protein analysis, complemented by single-cell
analysis in serial samples of pHBEC cultures focusing on
basal cell differentiation.

Results COPD-IV was characterised by a prosecretory
phenotype (twofold increase in MUC5ACY) at the
expense of the multiciliated epithelium (threefold
reduction in Ac-Tub®), resulting in an increased resilience
towards particle-induced cell damage (fivefold reduction
in transepithelial electrical resistance), as exemplified
by environmentally abundant doses of zinc oxide
nanoparticles. Exposure of COPD-II cultures to cigarette
smoke extract provoked the COPD-IV characteristic,
prosecretory phenotype. Time-resolved single-cell
transcriptomics revealed an underlying COPD-IV unique
basal cell state characterised by a twofold increase in
KRT5* (P=0.018) and LAMB3™ (P=0.050) expression, as
well as a significant activation of Wnt-specific (P=0.014)
and Notch-specific (P=0.021) genes, especially in
precursors of suprabasal and secretory cells.
Conclusion We identified COPD stage-specific

gene alterations in basal cells that affect the cellular
composition of the bronchial elevator and may control
disease-specific epithelial resilience mechanisms in
response to environmental nanoparticles. The identified
phenomena likely inform treatment and prevention
strategies.

' Otmar Schmid,? Rudolf A Hatz," Tobias Stoeger,

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Specific environmental irritants such as fine
particulate matters with a diameter <2.5pum
are known to induce epithelial cell damage,
disruption of barrier integrity, as well as
systemic cytotoxicity in chronic obstructive
pulmonary disease (COPD).

WHAT THIS STUDY ADDS

= The resilience of the secretory cells and
vulnerability of the multiciliated cells towards
environmental pollutants in end-stage COPD
air-liquid interface (ALI) cultures are provoked
by an altered basal cell state characterised by
increased basement membrane (extracellular
matrix) production as well as Wnt and Notch
pathway activities that perturbs the secretory-
multiciliated balance towards reduced
multiciliogenesis.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Our study based on a physiological, long-
term three-dimensional primary human
bronchial epithelial cell culture model at ALI
and validated by functional and structural
compositional assays and multiomics analysis
in vitro, enabled a realistic simulation of the
pathophysiological changes provoked by
environmental nanoparticle exposure in end-
stage COPD, thereby informing prevention and

therapy.

INTRODUCTION

In chronic obstructive pulmonary disease (COPD),
the bronchial epithelium is continuously challenged
by irritants inducing epithelial cell damage, disrup-
tion of barrier integrity and systemic cytotoxicity.
Specifically, fine particulate matters <2.5um
(PMZ'S)1 such as respirable combustion-related
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Environmental exposure

carbon black-like soot nanoparticles (CNPs) and occupation-
ally relevant metal-based materials from industrial and heavily
urbanised sites” such as zinc oxide (ZnO) provoke inflamma-
tory and cytotoxic effects,’ * resulting in lung function decline
and increased morbidity and mortality.’ Counteracting the
heterogeneous environmental challenges through highly special-
ised secretory and multiciliated cells, the mucociliary elevator
defines the protective physical barrier of the bronchial epithe-
lium. Specific regeneration of the damaged epithelium is guar-
anteed through basal stem cells, dictating secretory-multiciliated
cell fate in nanoparticles (NPs) or cigarette smoke induced
injury.® ZnO NPs induce short (Zn fever) and long-term toxicity
(chemical pneumonitis, epithelial cell hyperplasia, pulmonary
fibrosis)” and drive COPD progression® by reducing mucociliary
clearance, and enhancing NP accumulation and translocation.’
Chronic CNP exposure results in long-term effects, such as
chronic airway inflammation and fibrosis. '

Whereas data on increased mortality and morbidity following
short-term and long-term NP exposure are available,® ' path-
omechanistic insight into NP effects that define the survival
of airway lining cells and molecular changes to the basal stem
cell population influencing regenerative capacities is missing in
COPD.

We characterised the specific response of primary human
bronchial epithelial cells (pHBECs) from end-stage COPD
and non-chronic lung disease (non-CLD) proximal airways
to environmentally relevant NP in a physiological long-term
three-dimensional (3D) air-liquid interface (ALI) culture. We
addressed submaximal doses of ZnO and compared the effects
to the proinflammatory environmental irritants CNP and lipo-
polysaccharide (LPS), mimicking prevalent non-infectious and
infectious causes of disease exacerbation. The use of a high-end
aerosol-cell exposure system enabled us to delineate NP-induced
effects on cell composition, function and transcription. We used
single-cell analysis to clarify whether compositional and func-
tional characteristics of COPD pHBEC cultures were driven by
differences in cell frequencies and function.

Significantly adding to previous reports, our study addressed
the healthy and diseased human bronchial epithelium in response
to prevalent NPs in a clinically relevant, standardised fashion.'?
In addition, our study demonstrated increased resilience towards
NP in end-stage COPD derived pHBEC cultures, which coincided
with an increased ratio of secretory to multiciliated cells, and was
successfully recapitulated in vivo. Important pathophysiological
insight was provided by longitudinal single-cell analysis of basal
cell differentiation in the ALI culture model, revealing a highly

distinct COPD-associated state of the airway basal cell. Its char-
acteristic increase in basement membrane (extracellular matrix)
ECM production as well as Wnt and Notch pathway activities
persists into differentiated progeny and perturbs the secretory-
multiciliated balance towards reduced multiciliogenesis.

MATERIALS AND METHODS
For detailed protocols, please refer to online supplemental files
1 and 2.

Patient characteristics

Primary cultures were derived from thoracic surgery in age-
matched and sex-matched COPD-IV (n=6), COPD-II (n=3,
according to COPD classification of Global Initiative for
Chronic Obstructive Lung Disease'®) and patients without
chronic lung disease (non-CLD, n=4) (Thoracic Surgery, LMU
Hospital; Asklepios Medical Center Munich-Gauting; table 1,
online supplemental figure 1).

Isolation and culture of pHBEC

pHBEC isolation: For exposure experiments, liquid nitrogen
frozen pHBEC:s, isolated from proximal bronchial tissue (n=4
COPD-1V, n=3 COPD-II, n=4 non-CLD) with Pronase E (Type
XIV, Sigma, REF:5147) digestion (20hours, PneumaCult™-Ex
Plus Media (STEMCELL Technologies, REF:05041)), were
restored and cultured." ¥ DropSeq single-cell RNAseq anal-
ysis was performed in pHBECs isolated from fresh bronchial
tissue (n=2 non-CLD, n=2 COPD-IV) by enzymatic Dispase
dissociation (Protease from Bacillus polymyxa, SIGMA, D4818,
REF:42613-33-2) (30 min, 37°C). Pronase digestion selects basal
cells, whereas dispase digestion extracts basal, secretory and
multiciliated cells. Both isolation protocols resulted in compa-
rable cell ratios in culture.

pHBEC ALI culture: Isolated pHBECs were cultured in
PneumaCultTM-Ex Plus Media (STEMCELL Technologies,
REF:05041) on CollagenlV-coated transwell inserts until
confluent before air-lift (ALI day O0/ALIdO); basal medium
supplemented PneumaCultTM (100x PneumaCultTM ALI
Media, STEMCELL Technologies, REF:05006).

Ex vivo culture of bronchial punches at ALI: 4 mm punches
were obtained from fresh bronchial tissue (PFM medical,
Kai Europe, REF:48401) and cultured on transwells at ALI
(PneumaCult).

Aerosolisation of NPS and pHBEC exposure
pHBECs (ALId30+2) were exposed to aerosolised CNPs
(Printex 90; dose 10.8 cm?/cm?), ZnO NPs (low dose 0.14 cm?/

Table 1  Clinical characteristics of the COPD' patients included in the study

Pat. no COPD stage Sex Pack-years Smoker status Surgery FEV, (%) (&) Heart disease
P1 \% M 40 Ex DLTX 13.2 Yes No
P2 \% M 30 Ex SLTX 183 Yes No
P3 \% F 40 Ex DLTX 14.8 Yes No
P4 -1v M 15 Ex DLTX 19.3 Yes No
P5 \% M 30 Ex DLTX 48 Yes No
P6 \% M 40 Ex DLTX 18.9 Yes No
P7 Il M 40 Ex LOB 70.6 No Yes
P8 I-Il M n.a. Active LOB 79 No No
P9 Il F 80 Ex PN 59 No No

COPD, chronic obstructive pulmonary disease; CS, corticosteroids; DLTX, double LTX; F, female; FEV,, forced expiratory volume in 1 s; LOB, lobectomy; LTX, lung transplantation; M,

male; n.a., not available; Pat. No., patient number; PN, pneumonectomy; SLTX, single LTX.

Stoleriu MG, et al. Thorax 2024;0:1-14. doi:10.1136/thorax-2022-219958

"1ybuAdos Ag paroarold
Y8Y101|gig[eusz usyodusniy Wnusz zijoyw|sH e $20z ‘8T |Udy uo /wod lwg xeioyy/:dny woij papeojumoq 20z Arenuer 6z U0 8566T2-2202-Xeloyly9eTT 0T Se paysiand isiy :xeloy |


https://dx.doi.org/10.1136/thorax-2022-219958
https://dx.doi.org/10.1136/thorax-2022-219958
https://dx.doi.org/10.1136/thorax-2022-219958
http://thorax.bmj.com/

Environmental exposure

Table 2 Characteristics of the nebulised nanoparticles (NPs)

Median Mass Surface
BET*'  diameter NP conc dose (ug/ area dose

Nebulised NPs (m¥g) (nm) (mg/mL) cm?)* cm?/cm?
Sham (water) - - 0 0 -
LPS (1 mg/mL) - - 1 0.70 -
CNP/Printex90 310 201+48 5 3.50 10.80
Zn0 low dose 12 307+12 1.75 1.22 0.147
Zn0 high dose 12 -t 38.12 26.70 3.20

Median diameter: volume-weighted median diameter (£SD, n=3) of size distribution
of NP agglomerates in nebulised suspension measured by dynamic light scattering
*Cell delivered surface area dose is calculated from the product of the deposited NP
mass per cell-covered area (ug/cm?) measured with a quartz crystal microbalance
and the BET value of the NPs.

tNP concentration is too high for dynamic light scattering measurement.

BET, Brunauer, Emmett and Teller; CNPs, carbon nanoparticles; LPS,
lipopolysaccharide ; ZnO, zinc oxide.

cm?, high dose 3.19 cm?cm?) and compared with an inflam-
matory (LPS, Escherichia coli O55:B5, 1mg/mL; 0.699 png/
cm?) and an unchallenged control (saline solution 0.9%) for 24
hours (NP characteristics table 2). Uniform aerosol deposition of
200 uL suspension was achieved by ALICE CLOUD technology
(VITROCELL CLOUD 12, VITROCELL Systems, Waldkirch,
Germany, figure 1A).'

Cigarette smoke extract (CSE) exposure: CSE was added to
the basal culture medium of COPD-II derived pHBECs (n=3)."?

Functional analysis of pHBEC ALI cultures
Transepithelial electrical resistance (TEER, Ohmx1.12 cm?)
was performed as a measure of barrier cell integrity weekly
(ALId7-28, reference in differentiated pHBECs: 950+250
Ohmxcm?).1* Y

WST-1 tetrazolium salt (WST) assay was performed according
to the manufacturer’s instructions (Roche Diagnostics, cell prolif-
eration reagent WST-1, REF:11644807001, 05015944001) as a
measure of metabolic cell viability on ALId28.

Lactate dehydrogenase (LDH) release was spectrophotometri-
cally quantified at 490nm via LDH Cytotoxicity Detection Kit
(Roche Diagnostics, REF:11644793001)'* on ALId28.

Ciliary velocity

Ciliary beating frequencies (CBF; 19201080 pixels at 50 fps;
3 videos >10s) were recorded in ALI cultures (n=2 COPD-IV,
n=2 COPD-II, n=2 non-CLD) using a computational video-
processing pipeline applying a Discrete Fourier Transform to the
signal intensity of 100 regions per frame (https://github.com/
SchubertLabyciliated_cells_video_analysis).'®

RNA isolation and bulk transcriptome analysis

100ng RNA (RNeasy Plus Mini Kit, Qiagen, Hilden, Germany)
with high quality (Agilent 2100 Bioanalyzer, RNA Integrity >7)
was amplified (WT PLUS Reagent Kit, Thermo Fisher Scientific,
Waltham, USA). cDNA hybridisation (Human Clariom S arrays,
Thermo Fisher Scientific) was followed by staining and scanning
(GeneChip Scanner 3000 7G). Normalised SST-RMA gene-level
data were obtained by Transcriptome Analysis Console (TAC;
V.4.0.0.25; Thermo Fisher Scientific). Array data were submitted
to the GEO database at NCBI (GSE208662).

DropSeq single-cell RNAseq analysis

DropSeq experiments were performed as described'® with adap-
tations for single-cell library preparation® (online supplemental
files 1 and 2). Serial single-cell RNA sequencing was performed
for ALIdO, 3, 5, 7, 14, 21, 28.

Quantitative proteomics: Liquid chromatography-mass
spectrometry/ mass spectrometry of secretome samples

After washing (HBSS Ca**/Mg>*) and filter-aided proteolysis
with LysC and trypsin, proteins were analysed by mass spec-
trometry (QExactive HF, Thermo Fisher Scientific) coupled
with Ultimate 3000 RSLC nano-HPLC (Dionex)*! by Proteome
Discoverer (V.2.4 SP1, Thermo Fisher Scientific; V.2.4.1.15) for
identification and quantification (Sequest HT search engine)
using the SwissProt Human database (Release 2020 02, 20435
sequences).

Immunofluorescence

Immunofluorescence (IF) was performed in ALId28 cultures
(n=3 COPD-IV, n=3 COPD-II, n=3 non-CLD) using primary
antibodies targeting secretory (goblet/ MUSAC™, club/ CC10%),
multiciliated (Ac-Tub™) and basal cells (KRTS*, Laminin beta-3™,
RPLP*, online supplemental files 1 and 2)."* E-Cadherin and
H&E stainings were analysed by optical microscopy in paraffin-
embedded bronchial sections derived from n=2 COPD-IV and
n=2 non-CLD patients.

Statistical analysis
Non-normal distributed data were represented as median and
IQR. Wilcoxon rank test or Kruskal-Wallis test with Bonferroni
post hoc analysis were used for group comparisons (GraphPad
Prism V.8.2, San Diego, California, USA). CBF comparisons
of top 10 regions with highest CBF (>1Hz) per video were
performed by Kolmogorov-Smirnov test after multiple testing
adjustments by Benjamini-Hochberg corrections. Bulk transcrip-
tome data were analysed using the environment R or CarmaWeb
(for paired analyses). Genewise testing for differential expres-
sion used paired limma T-test. Gene sets were filtered using data-
above-background p values<0.05 in at least 50% of the samples
in at least one of the treatment groups per comparison. Sets of
regulated genes were defined by raw p values<0.05 and filtered
for fold change=1.3. P values were adjusted for multiple testing
(Benjamini-Hochberg corrections) where indicated. Pathway
analysis by QIAGEN’s Ingenuity Pathway Analysis (QIAGEN
Redwood City, www.qiagen.com/ingenuity) used Fisher’s exact
test.

Secretome data were calculated by Student’s t-test. P values
were adjusted for multiple testing by Benjamini-Hochberg
correction.

RESULTS

End-stage COPD shows increased resilience of bronchial
airway epithelium towards cytotoxic NPs

We mimicked the exposure of the airway epithelium to cytotoxic
NP by NP aerosolisation in pHBEC cultures from COPD-IV
(n=4), COPD-II (n=3) and non-CLD (n=4) patients using the
VITROCELL CLOUD exposure system (figure 1A). Environmen-
tally abundant, low doses of ZnO (0.14 cm*cm?) provoked cell
damage-associated LDH release in non-CLD pHBECs together
with a significant decrease in cell barrier integrity (figure 1B) in
the presence of unaltered cell viability. In contrast, COPD-IV
cultures exhibited significantly reduced effects of low dose ZnO
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Figure 1 Increased resilience of COPD stage-IV derived pHBEC towards airborne toxin exposure associated with altered secretory to multiciliated
cell balance at ALI. (A) Schematic representation of the experimental design demonstrating exposure of long-term ALl cultured pHBEC to
environmentally relevant aerosolised cytotoxic (ZnO) and proinflammatory (CNP, LPS) nanoparticles (NP). (B) Analysis of membrane (left, lactate
dehydrogenase (LDH) assay) and barrier (middle, transepithelial electrical resistance (TEER)) integrity and metabolic cell viability (right, tetrazolium
salt assay (WST-1)) of pHBECs from non-CLD, COPD-II and COPD-IV patients 24 hours after NP exposure, showing a diminished susceptibility to ZnO
exposure induced cellular damage indicated by reduced LDH release and cell barrier integrity loss as well as a preserved metabolic cell activity in
COPD-IV cultures when compared with non-CLD and COPD-II cultures. Results are derived from n=4 non-CLD, n=3 COPD-II and n=4 COPD-IV pHBECs
cultures and presented as median and IQR. (C, D) Exemplary images (three-dimensional microscopy) and quantification of confocal IF images of NP
exposed pHBEC ALl cultures after antibody staining for secretory (MU5AC* and CC10%) and multiciliated cells (Ac-Tub®), showing an unchanged
number of multiciliated cells in exposed non-CLD pHBECs, in contrast to a decrease in multiciliated cell number in COPD-II cultures and an unchanged
number of secretory cells in both non-CLD and COPD-II pHBECs at ALId28. Results are derived from n=3 non-CLD, n=3 COPD-II and n=3 COPD-IV
pHBEC cultures with IF quantification performed in 3-5 representative fields per transwell per condition (magnification x63). Results are presented
as median and IQR. Data information: Kruskal Wallis test with Bonferroni post hoc analysis was used for group comparisons. Results presented as
median and IQR. Sham controls (saline solution 0.9%), LPS 1 mg/mL, CNP 10.8cm’/cm?, ZnO low dose 0.14 cm?*cm? and ZnO high dose 3.19 cm%/
cm? at ALId30+2 after air-lift. Scale bar: 50 pm. AL, air-liquid interface; CNP, carbon nanoparticle; COPD, chronic obstructive pulmonary disease; LPS,
lipopolysaccharide; pHBEC, primary human bronchial epithelial cell.
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exposure on LDH release and cell barrier integrity together with
preserved metabolic cell activity (figure 1B).

These disease-grade-specific differences were recapitulated
with high-dose exposure to ZnO NPs (3.19 cm?*/cm?®) with an up
to threefold increase in cell damage associated LDH release and
a significant loss in membrane resistance (ATEER) in non-CLD
pHBECs, whereas the effects on LDH release and ATEER were
significantly reduced in COPD-IV pHBECs (figure 1B). Expo-
sure to 3.19cm?cm” ZnO resulted in reduced metabolic cell
activity in all cultures (figure 1B).

Underlying the functional results, IF-based analysis showed
strongest toxin effects in multiciliated cells in non-CLD and
COPD-II cultures (figure 1C,D), whereas COPD-IV derived
secretory cells were largely protected from these effects. Specifi-
cally, COPD-IV characteristic cell composition with the decreased
multiciliated cell number and predominance of MUCSAC™ and
CC10* secretory cells remained unaffected (figure 1C,D).

In contrast to ZnO, exposure to LPS as a mimic of infec-
tious exacerbations resulted in unchanged LDH release, barrier
integrity and cell composition in pHBECs of all disease stages
and non-CLD controls (figure 1B,C,D). Similar results were
recapitulated on CNP exposure as a mimic of non-infectious
exacerbations.

Altered cellular composition in end-stage COPD pHBECs
coincided with disease-stage-specific changes in CBF. Whereas
CNP or ZnO-exposed non-CLD multiciliated colonies conserved
a physiological, biphasic CBF spectrum (7-16 Hz), COPD-IV
pHBECs showed a loss in lower CBF (online supplemental
figure 1).

Bulk transcriptome analysis of NP-exposed cultures
confirmed ‘classical’ effects of ZnO, such as increased signal-
ling in metal ion homoeostasis, mineral absorption and metal
toxicity protecting metallothioneins (MT1H, MT1E MTIM,
CKMT1B, MT1L, MT1P) in COPD-IV and non-CLD cultures
(online supplemental table 2, figure 2A). ZnO exposure in
COPD-IV pHBEC: resulted in the predicted activation of tran-
scription factors driving a prosecretory phenotype (SPDEE
FOXO1, IL-17C, PPRC1, RELA, LAMC1, online supplemental
table 3) in contrast to non-CLD cultures. ZnO exposure further
provoked the pronounced activation of cilium assembly and
movement genes in COPD-IV cultures in contrast to non-CLD
(figure 2A, online supplemental figure 2). Mirroring the tran-
scriptome changes, ZnO exposure resulted in the differential
regulation of proteins involved in cilium biosynthesis, assembly,
transport and movement in COPD-IV pHBECs (online supple-
mental tables 4 and 5, figure 2A). Comparative secretome
analysis revealed regulation of common RNA-based enzymatic
processes, organelle organisation, protein binding and biosyn-
thesis in ZnO-exposed COPD-IV and non-CLD cultures (online
supplemental table 5).

LPS exposure provoked an inflammatory response in non-
CLD and COPD pHBECs (CXCL1/2/3/5/6/8, TNF, VNN3),
orchestrated by IL-17A, associated with mucus hypersecretion
and cilium movement (KEGG: hsa04657) and in line with the
predicted activation of TNF-o and IL-1f8 signalling. Enrich-
ment analysis in non-CLD and COPD-IV cultures indicated
the upregulation of innate defence mechanisms (eg, MHC class
II complex, figure 2B,C). Analysis of non-CLD and COPD-IV
revealed a comparable response with regard to the gene expres-
sion involved in NP clearance (figure 2C). Secretome analysis
demonstrated significant regulation of proteins involved in
cilium organisation and movement in LPS exposed COPD-IV
cultures next to nonspecific protein and organelle biosynthetic
processes (online supplemental table 6).

Prosecretory phenotype determines altered function of the
airway epithelium in end-stage COPD

When investigating functional maturation of pHBEC:s in vitro,
non-CLD and COPD-II cultures reached physiological TEER
levels at ALId28 (740+25and 724+240 OhmXcm?), whereas
COPD-IV cultures showed a 1.6-fold decrease in TEER values,
indicating a substantial defect in barrier integrity (figure 3A),
accompanied by altered ciliary function indicated by CBF anal-
ysis (online supplemental figure 1B).

Whereas non-CLD and COPD-II cultures showed a physi-
ological number of multiciliated (Ac-Tub®, 47%-49%) and
secretory MUCSAC™ and CC10™ (6%-21%) cells at ALId28,*
COPD-IV cultures were characterised by a threefold reduc-
tion in multiciliated and an increase in secretory MUCSAC™
and CC10™" cells (figure 3B). Reduced basal and suprabasal
cell numbers, deducted through subtraction of secretory and
multiciliated from total cells, suggest a differentiation defect
in COPD-IV cultures (basal/suprabasal cells: 26% (non-
CLD), 32% (COPD-II), 41% (COPD-1V)). We validated our
culture conditions and confirmed the distribution of cell types
observed in vitro in ex vivo bronchial punches, showing a
homogeneous, ubiquitous distribution of multiciliated cells
covered by a thin mucus film and a balanced distribution of
secretory cells in non-CLD (online supplemental figure 3). In
line with the in vitro results, IF in proximal bronchus sections
for COPD-IV patients demonstrated misalignment of the bron-
chial epithelial layer in the presence of enlarged secretory cells
(CC10™ cells), abundant mucus production and the inhomo-
geneous distribution of multiciliated cells lacking a continuous
cilia layer (figure 3C,D). These changes are closely matched
by COPD-characteristic structural abnormalities including
a thickened and irregular basement membrane, an increased
number of secretory cells and reduced number of multiciliated
cells (figure 3E) together with an altered CBF (figure 3F) in
comparison to non-CLD airways.

Changes in COPD-IV cultures were partially mirrored in
COPD-II pHBECs demonstrating lower multiciliated cell
numbers at ALId28 when compared with non-CLD (figure 3A,B).
Exposure of COPD-II pHBECs to CSE provoked phenotype
progression showing a 1.4-1.6 fold reduction of multiciliated
cells and a reduction in barrier integrity as compared with
untreated COPD-II and non-CLD ALId28 cultures (figure 3A,B),
whereas secretory cell numbers remained unchanged.

Bulk transcriptomics demonstrated an over-representation
of carbohydrate/glycosaminoglycan metabolism in unexposed
COPD-IV pHBECs together with a regulation of primary
ciliogenesis and centrosome duplication genes (eg, Sirtuin,
PTEN pathways, actin signalling, online supplemental figure 4,
online supplemental table 7). Concomitant with the decrease in
membrane integrity, we observed a significant activation of trans-
membrane carbohydrate and lipid metabolic processes, as well
as genes engaged in cellular (de)differentiation, epithelial-to-
mesenchymal transition (EMT) and ECM production (TGF-f1,
XBP1, HIF-1A, FOXC1, FN1) in unexposed COPD-IV cultures,
confirmed by upstream regulator analysis (online supplemental
table 8).

Secretome analysis of unexposed COPD-IV cultures revealed
ubiquitous organelle organisation as well as common protein
metabolic processes, together with regulation of proteins
engaged in stem cell maintenance and differentiation, tight junc-
tion assembly as well as cilium assembly and Notch signalling
in COPD-IV pHBEC:, reflecting on secretory-multiciliated-cell
differentiation (online supplemental table 9).
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Figure 2 Healthy and diseased ALI cultures reveal shared gene expression and pathway regulation on LPS and ZnO exposure. (A) Pathway
enrichment analysis from bulk transcriptome of non-CLD controls and COPD-IV ALI cultures, showing the presence of cilium regulation mechanisms

in COPD-IV cultures on low-dose ZnO exposure. (B) Upregulation of innate defence mechanisms in both healthy and diseased ALI cultures in response
to LPS exposure. (C) The heatmap illustrates the top 25 significantly upregulated genes from bulk transcriptome analysis of the LPS-exposed non-CLD
and COPD-IV ALI cultures. Gene expression indicates a comparable response with regard to nanoparticle clearance. Genes with adjusted p values<0.1
are marked with an asterisk. Data information: Regulated genes were filtered by using raw p values<0.05and FC (fold change) =1.3. log,FC are
shown. Bulk transcriptome analysis was derived from n=3 non-CLD and n=3 COPD-IV pHBEC cultures. ALI, air-liquid interface; CLD, chronic lung
disease; COPD, chronic obstructive pulmonary disease; LPS, lipopolysaccharide; pHBEC, primary human bronchial epithelial cell.

Longitudinal single-cell RNA-seq analysis revealed novel
basal cell states in COPD giving rise to altered progeny of the
airway epithelium

In order to understand the molecular underpinnings of the
observed multiciliated to secretory cell imbalance and possible
differentiation defect in COPD-IV cultures, we performed
longitudinal single-cell RNA-seq analysis at 7 ALI culture time
points (n=2 non-CLD, n=2 COPD-IV) (figure 4A). Single-cell
clusters showed distinct gene expression profiles with culture

time point, disease state and cell type identity as explanatory
variables (figure 4B,C). We annotated cell type identities based
on published canonical marker genes and identified two types of
basal stem cells (KRTS*/TRP63™), suprabasal cells (SERPINB4 ™),
secretory cells (SCGB3A1™) and multiciliated cells (FOXJ1%).
We also observed a prominent transitional cell state that was
characterised by coexpression of secretory and multiciliated cell
marker genes, indicating differentiation from secretory towards
multiciliated cell identity, in line with the current model of
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Figure 3  Altered cell differentiation in COPD stage-IV derived pHBEC at ALl resulted from basal cells imbalance. (A) Analysis of epithelial barrier
integrity via transepithelial electrical resistance (TEER) of pHBEC isolated from non-CLD, COPD-II (native and+CSE) and COPD-IV patients, showing
slightly reduced TEER values in COPD-II CSE when compared with the untreated COPD-II cultures. Results are derived from n=4 non-CLD, n=3
COPD-II, n=3 COPD-II CSE and n=4 COPD-IV pHBEC cultures. (B) Quantification of confocal three-dimensional IF microscopy of non-CLD, COPD-I,
COPD-II CSE and COPD-IV derived pHBECs at ALId28 demonstrating a decrease in the number of multiciliated (Ac-Tub*) of COPD-Il treated cultures
vs untreated COPD-Il and non-CLD cultures at ALId28. Secretory cell number remained almost unchanged on CSE exposure. The remaining cells
from the total number of cells at ALId28 reflect the number of basal and suprabasal cells on the end-differentiated ALI cultures. Results are derived
from n=3 non-CLD, n=3 COPD-II, n=3 COPD-II CSE and n=3 COPD-IV pHBEC cultures with IF quantification performed in 3-5 representative fields
per condition. (C) IF microscopy of confocal IF images in sections of native bronchial tissue samples from n=2 COPD-IV and n=2 non-CLD patients
(magnification x20). (D) Quantification of confocal IF images in sections of native bronchial tissue samples from COPD-IV and non-CLD patients
demonstrating the reduced presence of multiciliated (Ac-Tub™) cells and the dominant presence of MUSAC* and CC10* epithelial cells in COPD-IV
cultures. Results are derived from n=2 non-CLD and n=2 COPD-IV pHBEC cultures with IF quantification performed in 3-5 representative fields per
condition. (E) Optical microscopy of paraffin-embedded bronchial sections derived from n=2 COPD-IV and n=2 non-CLD patients stained with H&E as
well as E-cadherin, showing an irregular and thicker basement membrane, more secretory cells and less multiciliated cells in COPD-IV in comparison
to the non-CLD samples (magnification x20). (F) Ciliary beating frequency (CBF, Hz) in non-CLD, COPD-II and COPD-IV derived pHBEC cultures at
ALId28+1, at baseline level, demonstrating an altered, biphasic CBF pattern in COPD-IV with (aberrantly) slow and fast beating multiciliated cells
and a physiological CBF between 7 and 16 Hz in non-CLD and COPD-II cultures. Results are derived from n=2 non-CLD, n=2 COPD-Il and n=2 COPD-
IV cultures at baseline level. Data information: Results presented as median and IQR. Comparative analysis for IF quantification of native bronchial
tissue samples was performed by Wilcoxon test; and for CBF by Kolmogorov-Smirnov test adjusted by Benjamini-Hochberg test for multiple testing
correction. Scale bar: 10 pm/20 pm. AL, air-liquid interface; CLD, chronic lung disease; COPD, chronic obstructive pulmonary disease; CSE, cigarette
smoke extract; pHBEC, primary human bronchial epithelial cell.
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Figure 4 Longitudinal single-cell RNA-seq reveals altered differentiation dynamics in COPD-IV derived ALI cultures (n=2) in comparison to the non-
CLD ALI cultures (n=2). (A) Schematic representation of the experimental design: ALI culture of pHBECs derived from n=2 non-CLD and n=2 COPD-IV
patients followed by serial sampling and single-cell RNA-seq (Drop-seq) analysis on ALIdO, 3, 5, 7, 14, 21, 28. (B, C) The indicated colour codes on
UMAP and diffusion map (DC) embeddings show time points of sampling and cell type annotations for non-CLD control pHBEC B) and COPD-IV

() cultures. (D, E) The matchScore coefficients indicate the transcriptional similarity of cell type annotations in the pHBEC cultures to a in vivo single-
cell RNA-seq reference dataset obtained from healthy individuals.?® (F) The stacked bar graph shows changes in relative proportions of cell types
generated in the pHBEC cultures at the indicated time points. (G) The bar graphs show the percentage of proliferating cells (MKI67*/TOP2A*) in the
indicated experimental conditions and cell types. Data information: Results are derived from n=2 non-CLD and n=2 COPD-IV immediately processed
pHBEC cultures following dispase dissociation protocol. Wilcoxon rank-sum test, Bonferroni corrected. ALl, air-liquid interface; CLD, chronic lung
disease; COPD, chronic obstructive pulmonary disease; pHBEC, primary human bronchial epithelial cell.
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human airway lineage hierarchy.”> ** The transition state was
positioned between secretory and multiciliated cell populations
in UMAP embedding and diffusion maps of gene expression
space, appearing mainly from ALId14 onwards (figure 4B,C).

In systematic comparisons, cell populations in single-cell
data showed high matching scores with the single-cell atlas of
healthy human airways® and a comprehensive description of the
tracheal epithelium in never smokers and active smokers.”® The
correlation of marker genes of the in vitro model and in vivo
cell type identities was highest with the matched cell type labels,
indicating correct generation of in vivo like cell type identities in
non-CLD and COPD-IV pHBEC:s (figure 4D,E, online supple-
mental figure 5).

Interestingly, basal stem cell states in control and COPD-IV
pHBECs were highly distinct with a mixture of two cell states,
further referred to basal 1 and basal 2 at ALId0. The basal_1 cell
state was predominantly present in COPD-IV samples, whereas
the basal 2 state mostly appeared in non-CLD pHBECs with
this difference persisting until ALId28. Suprabasal and secre-
tory phenotypes occurred early (ALId3-7), followed by the
appearance of multiciliated cell identities from ALId14 onwards
(figure 4F). Notably, the difference in basal stem cell identity
did not result in significant changes to proliferation capacity
or differentiated progeny (figure 4G), but the accumulation of
transitional cell states resulted in reduced proportions of multi-
ciliated cell identities in COPD-IV cultures, indicating defective
terminal differentiation into multiciliated cells (figure 4F).

Disease-associated alterations in basal stem cells are
propagated into differentiated progeny

Conserved gene expression differences between basal 1 and
basal 2 were identified by differential gene expression analysis
for basal cells (ALIdO, ALId28) (figure 5A,B), complementing
genes that significantly distinguished the two basal cell states at
the time points (figure 5C,D). During early time points, gene
set enrichment analysis demonstrated basal 1 cells (dominant
in COPD-IV) feature higher levels of basement membrane
ECM components, as well as genes involved in Wnt and Notch
signalling (figure SE), in line with the bulk transcriptome data
(online supplemental tables 10 and 11). Basal 2 cells (dominant
in non-CLD) were characterised by increased expression levels
for ribonucleoprotein complex, mitochondrial respiratory chain
complex and tricarboxylic acid cycle (figure SE,I).

In accordance with single-cell data, the number of KRTS"/
LAMB3™ high basal_1 cells was significantly increased in native
bronchi from the same COPD-IV patients when compared with
non-CLD, whereas cells with the ribosomal protein RPLP1", a
marker for basal_2 cells, decreased in COPD-IV when compared
with non-CLD (online supplemental figure 6).

Differences between the basal_1 and basal 2 cell states suggest
epigenetic differences in COPD-IV and non-CLD derived
pHBECs as the variant histone H3 (H3F3A), representing an
epigenetic imprint of transcriptionally active chromatin,”” was
predominantly expressed in non-CLD-derived basal cells and
their differentiated progeny, that is, secretory and multiciliated
cells (figure 5C,D). Systematic differential gene expression anal-
ysis for each cell type identified 11 upregulated and 177 down-
regulated genes that were passed on from basal stem cells to
their differentiated progeny (higher in COPD-1V; figure SE,G),
next to genes that were conserved in all cell types (figure SH).
The conserved changes were reflected by gene set and pathway
enrichment analysis demonstrating decreased expression of
the cytosolic ribosomal machinery in COPD-IV basal cells

(basal_1) to be conserved in all cell types during differentiation
(figure ST). Conversely, increased gene expression of the Notch
pathway in COPD-IV, most notably Jagged-2 (JAG2), was prop-
agated from basal 1 to secretory cells (figure 5C,]), through its
impact on silencing the multiciliated gene programme®® poten-
tially explaining the observed defect in terminal differentiation
in COPD-IV pHBEGC:s (figure 4). In line with these findings, an
increased activation of Notch signalling in COPD-IV cultures
was found on bulk transcriptome analysis (online supplemental
tables 10 and 11).

Further, Wnt signalling was significantly enriched in COPD-
IV-associated basal 1 cells and their secretory cell progeny
(figure 5K), in accordance with the ingenuity enrichment anal-
ysis derived from bulk transcriptome in untreated COPD-IV
cultures (ie, SOX4, SOXS8, TLE1, WNT10B, WNTS5A, WNT7B,
WNT9B; —log,,(p value)=1.82). ** ZnO exposure further
induced engagement of Wnt signalling (ie, AKT3, ALPL, BAD,
BMP2, BMPR1A, CSF1, FZD10, LEF1, NAIP, SFRP4, TNFRSF1B,
TNFSF11, WIF1, WNTSA, WNTSB; —log, (p value)=2.46,
online supplemental table 11), contributing to dysregulated
secretory-multiciliated cell differentiation in line with previous
studies.’' This included pathways in close relation to Wnt signal-
ling (TGF-83, TGF-R2, IL1F10, IL1RAPL2, IL1RN, IL36G,
SMAD?9).

Notch pathway-associated imbalance of multiciliated and
secretory cell programmes in COPD

We quantified disease-associated changes in the secretory and
multiciliated cell populations using marker gene expression
profiles of airway epithelial cells in the healthy airway single-
cell atlas.”® The in vivo multiciliated gene signature scored
highest in the pHBEC multiciliated cell population. COPD-IV
pHBEC:s scored significantly lower for the in vivo multiciliated
signature, particularly at earlier time points (figure 6A), whereas
the in vivo secretory cell signature scored higher in COPD-IV
pHBEC: (figure 6B). The imbalanced multiciliated and secretory
cell programme was also evident when quantifying individual
marker genes such TUBAIA (multiciliated cells), SCGB1A1
(secretory club cells) and MUCSB (secretory mucous cells) at
the different time points (figure 6C). While disease-associated
differences in basal stem cells (eg, LGALS7, LAMB3) persisted
over time, we observed a gradual increase in secretory and
multiciliated cell marker gene expression in non-CLD pHBECs
(figure 6C). These results are in line with relative cell frequency
reported in non-CLD ALI cultures showing a steady, threefold
increase in the number of multiciliated cells over time (ALId14:
17.9%=5.1%, ALIDd28: 52.9%+1.2%), whereas secretory cell
number peaked at ALId14 (MUCSAC" 10.2%=+0.2%, CC10*
17.3%=0.7%), followed by decreased (MUCSAC™, 5.4%=+1%)
or unchanged (CC107", 15%=5.3%) secretory cell frequencies
until ALId28 (online supplemental figure 7). The secretory and
multiciliated cell marker gene expression observed in non-CLD
pHBECs was inversely regulated in COPD-IV samples and
accompanied by a strong increase in Notch pathway activity, in
particular from ALId14 onwards (figure 6D,E).

DISCUSSION

The continuous challenge of the proximal bronchial epithelium
by environmental pollutants largely impacts on lung health,
especially when epithelial regeneration capacity is exhausted
such as in end-stage COPD.** Although contribution of PM, ; to
COPD progression has been demonstrated,® underlying molec-
ular mechanisms remain elusive in contrast to studies focusing
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Figure 5 An altered basal cell state in ALI COPD-IV pHBECs propagates into its differentiated progeny. (A, B) UMAP embedding overlaid with
sample identifier and cell type annotation for starting cells at ALId0 A) and endpoint of the differentiation at ALId28 B) for patients from both

health conditions. (C) Feature plots of common marker genes of airway epithelial populations to confirm cell type labels at ALId28. Selected genes
distinguishing the two basal populations (basal_1 for COPD-IV or basal_2 for non-CLD cultures). (D) Top 30 upregulated genes in either basal_1

or basal_2 population derived from differential tests between basal_1 and basal_2 cells. Genes that were significantly regulated on both ALIdO

and 28 cells are shown. (E) Significantly enriched terms in the basal_1 and basal_2 signature (false discovery rate/FDR<0.05). (F, G) Venn-diagrams
summarising the number of overlapping genes that were upregulated (F) or downregulated (G) at ALId28 COPD-IV cultures per cell type compared
with non-CLD cultures. (H) Heatmap reflecting top 30 consistently upregulated and downregulated genes in COPD-IV in all cell populations at ALId28.
Results are based on differential tests between COPD-IV and non-CLD for each cell type separately. (I-K) Boxplots showing the enrichment of gene
signatures for the GO Terms ‘cytosolic ribosome’ (1), ‘Notch binding’ (J) and the UniProt keyword ‘Wnt signalling pathway’ (K) split by health status.
Data information: Results are derived from n=2 non-CLD and n=2 COPD-IV immediately processed pHBEC cultures following dispase dissociation
protocol. Wilcoxon rank-sum test, Bonferroni corrected. AL, air-liquid interface; CLD, chronic lung disease; COPD, chronic obstructive pulmonary
disease; pHBEC, primary human bronchial epithelial cell.
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Figure 6 Altered secretory to multiciliated cell balance in COPD-IV-derived pHBECs is associated with increased Notch pathway activity. (A,

B) Boxplots showing the enrichment of the multiciliated (A) and secretory (B) cell type signature? split by health status. Time points are pooled for all
cell types, and progression of score over time is highlighted in relevant cell populations as indicated. (C) Gene kinetics of cell type markers for basal
cells, multiciliated cells and secretory cells over the course of the experiment revealing disease-induced shifts propagated over time. (D, E) Boxplots
summarising enrichment scoring results based on genes associated with the GO term ‘Notch binding" over time, shown for only multiciliated (D) and
secretory cells (E) separately. Data information: Results are derived from n=2 non-CLD and n=2 COPD-IV immediately processed pHBEC cultures
following dispase dissociation protocol. Wilcoxon rank-sum test, Bonferroni corrected. CLD, chronic lung disease; COPD, chronic obstructive pulmonary
disease; pHBEC, primary human bronchial epithelial cell.

on cigarette smoke induced basal cell damage and impaired cell importance of detailed knowledge about prevalent pollutants
differentiation." mimicking daily life exposure.

Increasing pathophysiological insight, we described the effects Our findings were in line with previous reports showing
of prevalent environmental pollutants in 3D biomimetic end- altered multiciliated cells differentiation,®® depression of CBF**
stage COPD and non-CLD derived pHBEC ALI cultures (online and impairment of mucociliary clearance®® in COPD airways.
supplemental figure 8) and delineated NP effects on cellular Whereas the prosecretory phenotype of the human bron-
composition and function. In response to prevalent airborne chial epithelium had been demonstrated in asthma® or cystic
irritants, we discovered the predominant survival of secretory fibrosis,*® the phenomenon remained poorly studied in COPD.
cells in pHBEC cultures together with significant functional The prosecretory phenotype in end-stage COPD is likely further
changes, that is, loss of barrier integrity. The prosecretory COPD promoted by exposure to cigarette smoke and corticosteroids,**
phenotype was associated with the predominant reduction in and may demonstrate adaptive strategies of the airway epithelium
multiciliated cells, disabling the elevator function of the bron- that responds to injury with epithelial inflammation,®” goblet
chial epithelium as reflected by altered CBF. The induction of cell expansion, multiciliated cell impairment and EMT." *® The
detrimental changes by submaximal ZnO doses highlights the subsequent decrease in barrier function promotes transmigration
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of non-infectious (eg, NPs) or infectious (eg, bacteria, fungi)
agents."”

The use of a state-of-the-art aerosol-cell exposure system
(VITROCELL CLOUD) allowed for the standardised exposure
to occupationally relevant, cytotoxic and proinflammatory NPs.
Proving the relevance of our exposure setting, the applied ZnO
concentrations induced strain on cellular zinc homoeostasis with
an intracellular accamulation of Zn** complexes resulting in
direct intracellular effects. Interestingly, the increased vulner-
ability of the multiciliated cells to NP exposure was most
pronounced in mild disease (COPD-II) and CSE exposure effec-
tively advanced COPD-II derived pHBECs into an end-stage,
prosecretory phenotype on CSE.

The 12-fold higher surface-specific inflammogenicity of ZnO
particles in animal models as compared with Printex 90 CNPs
exposure’ could explain the lack of changes in cell viability,
membrane integrity and cellular composition in the CNP-
exposed airway epithelium despite a fourfold higher surface
dose. These findings are in accordance with previous studies on
Calu-3-based ALI cultures*® and could partially be explained by
enhanced mucus penetration of ZnO, similar to diesel exhaust
particles.” Longer-term, intracellular CNP accumulation likely
conveys metaplasia and induction of cancerous lesions. Our
study revealed the activation of transcription factors associated
with a prosecretory phenotype (online supplemental table 3),
consistent with our observation that secretory cells were less
affected by ZnO-NPs. However, the decreased susceptibility
towards short-term NP exposure in patients with COPD cannot
only be explained by airway-protective effects of mucus produc-
tion and goblet cell expansion.*!

Embryologically, the most important cells in the differentia-
tion process of the bronchial epithelium are the primary bron-
chial epithelial cells with a multifaceted role in infectious** and
non-infectious environmental challenges.*’ The predominance
of secretory cells at the expense of multiciliated cell number
in end-stage COPD likely reflects the impaired differentiation
capacity and exhausted regeneration potential of progenitor
cells in the diseased airway epithelium,** previously suggested by
studies in PM, ; exposed human nasal mucosa'” and longer-term
CSE exposures of COPD-II and COPD-IV pHBEC cultures."

By the use of single-cell analysis, we successfully delineated
basal cell fate in serial samples from COPD-IV and non-CLD
derived pHBECs and revealed an altered differentiation trajec-
tory of the airway basal cell in patients with COPD underlying
the observed prosecretory phenotype. Two previously unidenti-
fied subsets of basal cells characterise COPD-IV and non-CLD
cultures with an increasingly divergent prevalence over time.
Following the hypothesis that secretory cells derive from basal
cells but function as progenitor cells for multiciliated cells at
the same time, we analysed gene kinetics of the secretory cell
population. Indeed, in accordance with the data obtained by IF,
MUCSACY gene expression steadily increased between ALIAO-
14. At this time point, corresponding to secretory-to-multiciliary
cell differentiation,” we detected an increase in basal cell abun-
dance, secretory and transitional cells in COPD-IV pHBECs,
confirming previous data.* Cell frequencies and specific trajec-
tories were validated by systematic comparison with two distinct
single-cell datasets of healthy human airways,” ** demonstrating
high matchScore coefficients, indicating correct generation of in
vivo like cell identities in non-CLD and COPD-IV pHBECs.

Enrichment of Wnt and Notch signalling characterises
COPD-IV derived basal 1 cells and their secretory cell progeny
in line with the bulk transcriptome data obtained in COPD-IV
cultures and previous studies.”” Exposure to ZnO induced

additional enrichment of Wnt-pathway components, thus
contributing to the imbalanced secretory-multiciliated cell differ-
entiation in accordance with the previously identified activation
of Wnt and TGF-8 signalling through ZnO NP exposure.’! 4
Our findings suggest that NPs trigger gene programmes of basal
cell renewal and repair, driving secretory cell survival.”’ Induc-
tion of reactive oxygen species and ECM remodelling, enhanced
by the interaction of Notch and TGF-§ signalling, likely high-
lights additional survival strategies in secretory cells,”® further
promoted by the activation of these pathways in basal 1 cells.

Accumulation of transitional cells in the COPD-derived
epithelium is reflected by the activation of the ciliary machinery
observed in bulk transcriptome data of COPD-IV pHBECs,
contrasted by the failed presence of end-differentiated multicili-
ated cells in these cultures. The predicted activation of transcrip-
tion factors that trigger prosecretory phenotype cell fate (SPDEE,
FOXO1, IL17C, PPRC1, RELA, LAMC1, IRF3, NRF1, SMAD2/4,
SMARCA4) is in conjunction with a reduction of multiciliated
cells and an aberrant expression of genes involved in cilia organ-
isation and movement.*! *® At the transcriptome level, secretory
cell differentiation was reflected by NF-«xB-dependent IL17/IL1
pathway activation in ZnO-exposed COPD-IV pHBEGC:s, in line
with previous studies addressing the IL17/IL1/-mediated inflam-
masome activation.*

In summary, we used a physiological, long-term 3D pHBEC
culture model of healthy and diseased bronchial epithelial cells
at the ALI to obtain a realistic simulation of the pathophysiolog-
ical changes provoked by environmental NP exposure. We care-
fully validated our state-of-the-art in vitro model that confirmed
benchmark results* *° by in situ (tissue sections) and ex vivo
(bronchial punches) data. Certain limitations could be addressed
in future studies including the effect of long-term application of
systemic glucocorticoids, which might impair cell differentiation
to a yet undefined extent. Further, transitional cell states need to
be addressed in cell culture systems by antibody staining with the
potential to explain the observed differences in total cell number
between the two isolation protocols, while characteristic cell
ratios remained.

The secretory cells’ resilience towards airborne irritant-
induced injury likely promotes their positive selection culmi-
nating in the clinical symptoms of end-stage COPD patients,
aggravated by the predominant loss of multiciliated cells on
toxin exposure. Moreover, the presence of an altered basal
cell state drives the pathological shift in secretory-multiciliary
differentiation, thereby closing the self-perpetuating circle of
secretory cell progeny and survival and potentially adding to the
non-reversibility of COPD airway pathology. Future therapeutic
approaches could aim at modifying secretory cell resilience and
basal cell differentiation potential, whereas preventive strategies
need to combat disease progression in COPD and the increased
risk for cancerous lesions through persistence of pro-oxidative
substances such as CNP in the injured airway epithelium.
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