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Summary

Background: Air pollution is a major risk factor for patients suffering from chronic res-
piratory conditions including chronic obstructive pulmonary disease (COPD), as it drives
episodes of exacerbation and subsequently disease progression.

Analysis of the differentiation process of the primary human bronchial epithelial cells
(pPHBECSs) from non-chronic lung disease (non-CLD) and CLD/ COPD-diseased tissue
samples is of critical importance to understand the underlying pathophysiological mech-
anisms that characterize the disease specific response to air pollutant exposure at the first
line of defense, i.e. the human bronchial epithelium. In addition, pHBECs culture con-
tributes to potential identification of preventive and therapeutic strategies in CLD.

Materials and Methods: We established 3D air-liquid interface (ALI) cultures in
pHBECs isolated from large airway resections of diseased (n=3 COPD-Il and n=6 COPD-
IV) and healthy (non-CLD, n=4) patients. To mimic air pollution, pHBECs were exposed
to relevant aerosolized nanoparticles (NPs, i.e. carbon black soot surrogate NP (CNP) and
Zinc oxide (Zn0)) using the pre-clinical, highly standardized VITROCELL® CLOUD 12
nebulization system (Waldkirch, Germany). ALI cultures, validated for their disease spe-
cific, biomimetic cellular composition using trans-mural bronchial punches (BP), were
analyzed for functional consequences of NP exposure via transepithelial electrical re-
sistance (TEER), WST-1, LDH, 3D confocal immunofluorescence (IF), transcriptome,
secretome as well as ciliary beating frequencies (CBF) of multi-ciliated cells (MCC). To
highlight the cell differentiation trajectory that explains the outlined cell composition and
functional changes postexposure, single cell RNA-seq drop-seq analysis and immunoflu-
orescence (IF) stainings of native bronchial tissue samples were performed.

Results: ZnO exposure induced effects on the amount of MCC and function exceeded
the effects observed by CNP or LPS exposure. Exposure to moderate ZnO doses induced
a decrease in the number of MCC in COPD-II (20.35+14.07%) and COPD-IV pHBECs
(18.51+11.86%) when compared to non-CLD cells (47.01+2.80%), as well as an elevated
number of MUC5AC™ cells in COPD-IV cultures (12.75£2.90%) when compared to non-
CLD cultures (5.17+2.43%). These findings were accompanied by a concentration de-
pendent reduction in epithelial barrier integrity (TEER), metabolic cell viability (WST-
1) and membrane integrity (LDH release) in non-CLD and COPD-II pHBECs when com-
pared to COPD-1V pHBECs. Following ZnO and CNP exposure, COPD-1V cultures were
characterized by transcriptional regulation of genes involved in secretory cells (SC)-MCC
differentiation axis (cilium assembly and organization), TLR-mediated innate immunity
and regulation of extracellular matrix remodeling (ECM). Also at baseline level, tran-
scriptome analysis revealed an overrepresentation of ECM gene clusters in COPD-IV
cultures.

Cellular composition of pHBECs ALI cultures resembled the ex vivo picture achieved by
culturing BPs at ALI. These findings highlight an oligo-ciliated hypersecretory phenotype
in COPD-IV cultures, with a skewed basal cells (BC)-induced cell trajectory towards SC
at the expense of the more vulnerable MCC. Terminal differentiation into MCC resulted
from progenitor SC (MUC5AC*, CC10%).
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The outlined phenotype was in line with an aberrant expression of MCC genes together
with a pathologic CBF spectrum in COPD-1V cultures.

Drop-seq single cell RNA-seq analysis in both non-CLD and COPD-IV cultures on ALI
day 0 and ALI day 28 revealed two distinct BC populations (basal_1, basal_2) as progen-
itor cells for the SC-MCC differentiation axis. BC present a strong shift between non-
CLD and COPD-IV patients on both ALI day 0 and day 28. Specifically, basal_1 cells
characterized the COPD-IV cultures, being predominantly detected on ALI day 0 and
exclusively on ALI day 28 in COPD-1V derived pHBECs. Conversely, basal_2 cells char-
acterized the non-CLD derived pHBECs on both ALI day 0 and 28. These signatures were
validated by IF stainings of native bronchial tissue samples.

Conclusion. In summary, our results identify the predominance of SC in the large airways
of patients suffering from COPD-IV resulting in a greater functional resilience of the
pHBECS to environmental small particle exposure underlined by the unsuccessful drive
to induce trans-differentiation of the SC cells into MCC.



Zusammenfassung:

Hintergrund: Luftverschmutzung ist der wichtigste Risikofaktor fiir Patienten mit chro-
nischen obstruktiven Lungenerkrankung (COPD). Die chronische Nanopartikel (NP) Ex-
position fuhrt zur wiederholten Exazerbationen und zu einem unvermeidbaren Fortschrei-
ten der COPD Erkrankung.

Die Analyse des Differenzierungsprozesses der primaren humanen Bronchialepithelzel-
len (pHBECSs) von Patienten ohne chronische Lungenerkrankungen (non-chronic lung
disease/ non-CLD) und mit chronischen Lungenerkrankungen (CLD/ e.g. COPD) ist von
entscheidender Bedeutung, die pathophysiologischen Mechanismen des Bronchial-
epithels nach Luftverschmutzung zu charakterisieren sowie praventive und therapeuti-
sche Strategien fur CLD zu etablieren.

Materialen und Methoden: Wir haben eine 3D Zellkultur an der Luft-Flussigkeit-
Grenzschicht (air liquid interface/ ALI) mit pHBECS aus den proximalen Hauptbronchien
von COPD (n =3 COPD-Il und n =6 COPD-1V) und gesunden (n = 4 non-CLD) Patien-
ten etabliert. Um die Umweltverschmutzung in vitro zu simulieren, wurde eine Exposi-
tion der pHBECSs mit relevanten aerosolierten NP (z.B. Carbon soot surrogate NP (CNP)
und Zinkoxid (ZnO)) mit Hilfe eines standardisierten Expositionssystems (VIT-
ROCELL® CLOUD 12, Waldkirch, Germany) durchgefiinrt. Die Validierung von ALI-
Zellkulturen und deren krankheitsspezifischen und biomimetischen Zellzusammenset-
zung erfolgte mit Hilfe eines neuen 3D Kulturmodells unter Verwendung von frischen
nativen humanen Bronchialwand-Praparaten (bronchial punches/ BPs), die die intakte
Struktur der gesamten Bronchialwand aufrechterhalten. Fur die Validierung der 3D ALI
pHBECs Kulturen erfolgte die Analyse des transepithelialen elektrischen Widerstands
(TEER), der Zellviabilitat (WST-1) und der Membranintegritat (LDH), sowie die 3D kon-
fokale Immunfluoreszenz (IF), Transkriptom- , Sekretomanalyse, und die Analyse der
Zilienschlagfrequenz (ciliary beating frequency/ CBF). Um die Anderungen der Zellzu-
sammensetzung und der Epithelfunktion nach NP Exposition genauer zu analysieren,
wurden eine single cell RNA-seq drop-seq Analyse und IF von nativen Bronchusgewe-
beproben erganzend durchgefihrt.

Ergebnisse:

Die ZnO-induzierte Effekte auf die Zilien-tragenden Zellen (multi-ciliated cells/ MCC)
ubertrafen die bei CNP- oder LPS-Exposition beobachteten Effekte. Die Exposition mit
moderaten ZnO NP Dosierungen fiihrte zu einer leichten Zahlabnahme der MCC in
COPD-II (20,35 + 14,07%) und COPD-1V pHBECs (18,51 + 11,86%) im Vergleich zu
non-CLD Zellen (47,01 + 2,80%), sowie zu einer erhdhten Zahl von MUC5AC* Zellen
in COPD-IV Kulturen (12,75 + 2,90%) im Vergleich zu non-CLD Zellen (5,17 £ 2,43%).
Diese Befunde korrelieren mit einem konzentrationsabhangigen Verlust des transepithe-
lialen elektrischen Widerstands (TEER), der Zellviabilitat (WST-1) und der Membranin-
tegritat (LDH-Freisetzung) in non-CLD und COPD-II im Vergleich zu COPD-IV
pHBECs.

Die ZnO und CNP Exposition filhrte zu einer aberranten Uberexpression von Zilien spe-
zifischen Genen in den COPD-IV Kulturen. Die Transkriptomanalyse der COPD-1V Kul-
turen nach ZnO und CNP Exposition zeigte eine Aktivierung der Mukuszellen-MCC
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Differenzierungsachse, der TLR-Immunitat und der extrazelluldren Matrix Biosyntese
(extracellular matrix remodeling/ ECM). Des Weiteren bestdtigen die unbehandelten
COPD-IV Kulturen eine signifikante ECM Genexpression.

Daruber hinaus éhnelte die Zellzusammensetzung der pHBEC-ALI-Kulturen dem ex vivo
Bild der BPs. Diese Ergebnisse demonstrieren einen ,,0ligo-ciliated* hypersekretorischen
Phénotyp der COPD-IV ALI Kulturen im Rahmen einer verzerrten, Basalzellen-induzier-
ten Zelldifferenzierung in Richtung sekretorischen Zellen, auf Kosten der anfalligen
MCC. Die sekretorischen Zellen (MUC5AC™, CC10™) sind Vorlauferzellen fir MCC.
Dieser Phénotyp stimmte mit einer aberranten MCC Genexpression sowie einem patho-
logischen CBF Spektrum in COPD-1V Kulturen Gberein.

Die drop-seq single cell Analyse bei non-CLD und COPD-IV Patienten zeigt zwei unter-
schiedliche Basalzellpopulationen (basal_1, basal_2) am ALI Tag 0 und 28. Die basal_1
Zellen sind Uberwiegend am Tag 0 und ausschlieBlich am Tag 28 in COPD-1V Kulturen
identifizierbar. Die basal 2 Zellen charakterisieren die non-CLD-Kulturen sowohl am
Tag 0 als auch am Tag 28. Die single cell Signaturen wurden durch IF Farbungen vali-
diert.

Schlussfolgerung: Der hypersekretorische Phénotyp der COPD-IV ALI Kulturen fuhrt
zu einer groReren funktionellen Widerstandsfahigkeit des Bronchialepithels nach NP Ex-
position und resultiert aus einer erfolglosen Transdifferenzierung der sekretorischen Zel-
len in MCC.
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Figure 25: Top 10 significant P-values for Gene ontology (GO) terms derived from the upregulated genes
(n=237) of the bulk transcriptome 24 hours after CNP (10.8 cm?/cm?) exposure in non-CLD cultures, re-
flecting the activation of cell proliferation and abnormal cell repair mechanisms (e.g. extracellular matrix
remodeling) upon CNP exposure. For each pathway the GO term derived from the GO biological Process
2021 specified in the online Enrichr database was attached. GO terms were sorted by P-value ranking...82
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Figure 28: Comparative analysis of barrier integrity in non-CLD, COPD-Il and COPD-1V derived cultures
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at baseline level during the whole timecourse of cell differentiation (ALId7-28) by transpithelial electrical
resistance (TEER), reflecting a physiological barrier resistance in non-CLD and COPD-II cultures and a
disease specific, decreased barrier integrity in COPD-IV cultures. 766154 Ohm x cm? (marked gray
dashed line) were considered physiological values for fully differentiated pHBECs at ALI according to
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from one non-CLD patient during the whole timecourse of cell differentiation (ALId7-28), revealing a
gradual, weekly increase in the number of multi-ciliated cells (Ac.-Tub*) until ALI1d28 and a stable amount
of secretory cells (MUC5AC* and CC10*) between ALId14 and ALId28. Three images were quantified for
each timepoint. Results were presented as mean + SEM with P-values < 5% considered as statistically
SIONIT AN, L 87
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human bronchial punches (BPs). Upon lung transplantation, immediate dissection of bronchial wall pieces
is followed by section of 4 mm BPs. Direct ALI culture on special filter membranes allows the contact of
the cartilaginous part of BPs with the basal media and of the mucosa with the air. The ALI culture is main-
tained up to 4 days and used for the validation of terminal pHBECs differentiation in vitro............ 87
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tubulin expression in multi-ciliated cells (Ac-Tub*) and a thin mucus film (MUC5AC™) on the top of the
multi-ciliated cells. Submucosal autofluorescent elastin fibers in the lamina propria as well as mucous
glands and DAPI* nuclei are stained in bIUe...... ... 88
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amount of multi-ciliated cells (Ac.-Tub*) and an increased amount of secretory (MUC5AC* and CC10*
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cretory and multi-ciliated cells in COPD-IV when compared to non-CLD cultures (A). A significantly in-
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multi-ciliated (Ac-Tub™) cells in both non-CLD and COPD-IV cultures defined the hypersecretory pheno-
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Figure 34: Quantification of confocal immunofluorescence (IF) images of the unexposed end-differenti-
ated COPD-II (n=3) and COPD-IV cultures (n=4) in comparison to cigarette smoke exposed COPD-II cul-
tures (COPD-II CSE, n=3) on ALId28. IF quantification reflects the hypersecretory and oligo-ciliated phe-
notype of COPD-1V cultures, as well as the CSE-induced disease progression from COPD-II to COPD-IV.
Three images were quantified for each timepoint. Results were presented as mean + SEM with P-values <
5% considered as statistically significant..................oii i 89
Figure 35: Analysis of barrier integrity in unexposed COPD-II and COPD-IV derived cultures in compar-
ison to cigarette smoke exposed COPD-II cultures (COPD-11 CSE) during the whole timecourse of cell
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Figure 36: Top 10 significant P-values for Gene ontology (GO) terms derived from the upregulated genes
(n=1201) of the bulk transcriptome in unexposed COPD-IV cultures when compared to the unexposed non-
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gration and ECM remodeling processes. For each pathway the GO term derived from the GO biological
Process 2021 specified in the online Enrichr database was attached. GO terms were sorted by P-value rank-

Figure 37: Analysis of distribution of ciliary beating frequencies (CBF, Hz) in non-CLD (n=2), COPD-II
(n=2) and COPD-1V (n=2) cultures at baseline level (sham) on ALI1d28, revealing significantly different
disease specific changes with a similar (monophasic) CBF spectrum in non-CLD and COPD-II cultures and
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a pathologic biphasic CBF spectrum in COPD-1V cultures. CBF spectrum of COPD-II cultures is signifi-
cantly lower in comparison to the non-CLD CBF. The biphasic CBF spectrum of COPD-IV cultures reveals
the presence of discoordinated low beating and high beating multi-ciliated cells colonies. CBF was deter-
mined by using a modified ciliaFA protocol® upon calculation of average intensity in time and extraction
of the highest signal frequencies by using a discrete fourier transform. For each condition, 3 videos (>10 s
each) of the top 10 highest CBF were recorded. Comparative analysis of CBF was performed by Kolmo-
gorov—Smirnov Test with P-values adjusted by Benjamini-Hochberg multiple testing correc-

Figure 38: Experimental approach and timecourse of longitudinal single cell RNA-seq drop-seq analysis:
native bronchial tissue samples derived from n=2 non-CLD and n=2 COPD-IV patients were immediately
processed upon lung transplantation. Primary human bronchial epithelial cells (pHBECS) isolated upon
enzymatic digestion are cultured under submerged conditions and seeded on transwell inserts in order to
establish the air liquid interface. Upon airlift, pHBECs cell suspensions are sampled on 7 different
timepoints at ALI (dO, 3, 5, 7, 14, 21 and 28) and prepared for single cell RNA-seq drop-seq analysis
according to a modified protocol by Angelidis et al.5................cooiiiiiii 96
Figure 39: Longitudinal single cell RNA-seq analysis with focus on the (A, B) Uniform Manifold Approx-
imation and Projection (UMAP) and diffusion map (DC) embeddings for different timepoints of sampling
and cell type subpopulations in both non-CLD (A) and COPD-1V cultures (B). For both cultures the cell
trajectory between ALIAO and d28 was presented. Accordingly basal cells are progenitors for suprabasal
and secretory cells (ALId0-7). Mature secretory cells (AL1d14) give rise to transitional cells (intermediate
pre-ciliated cells, ALId14-21), which give rise to end-differentiated multi-ciliated cells (ALId21-28).
COPD-IV cultures are characterized by an elevated number of secretory and transitional pre-ciliated cells
(lower branch of cell trajectory/ DC1), that induce an impaired terminal differentiation into multi-ciliated

Figure 40: Longitudinal single cell RNA-seq analysis with focus on the altered cell differentiation in
COPD-IV cultures in comparison to the non-CLD cultures. For all sampling timepoints, longitudinal single
cell RNA-seq drop-seq analysis was correlated with previous gene datasets that characterize the pHBECs
subpopulations 2.(A, B) The matchScore coefficients for non-CLD and COPD-IV derived cultures indicate
the transcriptional similarity for all pHBECs cell subpopulations based on the previous reference dataset
2,(C, D) Relative frequency of the pHBECs subpopulations during the whole time of differentiation in non-
CLD (C) and COPD-IV (D) cultures, showing a higher amount of transitional pre-ciliated cells and a low
amount of multi-ciliated cells in COPD-1V cultures, in the context of an impaired terminal cell differentia-

Figure 41: Longitudinal single cell RNA-seq analysis with focus on the quantification of the proliferating
cells (MKI167*, TOP2A*) reported for the particular cell subpopulations during the whole time of differen-
tiation (ALIdO, 3, 5, 7, 14, 21 and 28) in both non-CLD and COPD-IV cultures: COPD-IV cultures revealed
an increased amount of proliferating basal and suprabasal cells with a peak on ALId21, as well as a lower
amount of proliferating multi-ciliated cells (A) when compared to non-CLD cultures (B). Non-CLD cul-
tures were characterized by an increased amount of proliferating transitional cells, explaining the higher
amount of multi-ciliated cells when compared to COPD-IV CUltures..............cooooiiiiiiiiiiiiiiiin.n. 99
Figure 42: Longitudinal single cell RNA-seq analysis with focus on the comparative Uniform Manifold
Approximation and Projection (UMAP) representations for pHBECs on ALId0 (A) and ALId28 (B) derived
from both non-CLD and COPD-1V cultures. On ALIdO two independent basal cell populations (basal_1 in
COPD-1V and basal_2 in non-CLD) were identified. On ALId28 end-differentiated cultures were domi-
nated by secretory, transitional and multi-ciliated cells. (C) Feature plots illustrating the UMAP represen-
tations for specific marker genes that define the two basal cell populations on ALId28 (basal_1 — KRT5",
LAMB3*and basal _2- RPLP™) ... ..o 100
Figure 43: Immunofluorescence stainings (A) and quantification (B) of non-CLD and COPD-1V native
bronchi, revealing a misaligned bronchial epithelium with disorganized basal cells in COPD-1V when com-
pared to non-CLD cultures (A). Whereas basal cells_1 were predominately present in COPD-IV (increased
average intensity for KRT* and LAMB3*), basal cells_2 were the main cell population of the non-CLD
cultures (increased average intensity for RPLPL®) (B)....ccoovivininiiiiiiiiee e, 101
Figure 44: Longitudinal single cell RNA-seq analysis with focus on the top 30 significantly (A) up-regu-
lated and (B) down-regulated differentially expressed genes (DEG) that define the basal_1 and basal_2
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populations on ALIdO and ALId28 in both non-CLD and COPD-IV cultures. Upregulated DEG in COPD-
IV cultures are associated with a secretory differentiation, ECM remodeling processes and pro-survival
F 00 eTod 8 E: 0 ) 0 101
Figure 45: Longitudinal single cell RNA-seq analysis with focus on (A) the significantly enriched GO
terms for basal_1 and basal_2 cells (FDR < 5%) and (B) the top 25 up- or downregulated genes for all cell
types from both non-CLD and COPD-1V cultures on ALId28. Enrichment analysis of basal_1 cells revealed
an overrepresentation of pathways involved in extracellular matrix (ECM) remodeling, as well as cell re-
generation and repair mechanisms in COPD-1V (e.g. Notch and Wnt). Upregulated differentially expressed
genes in COPD-1V are associated with a secretory differentiation, ECM remodeling and prosurvival mech-
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Figure 46: Longitudinal single cell RNA-seq analysis with focus on the gene signatures that define the GO
term “cytosolic ribosome® in both non-CLD and COPD-IV cultures on ALId28, indicating an increased
expression level of the ribonucleoprotein involved in the tricarboxylic acid cycle in non-CLD specific ba-
sal_2 cells. These findings were preserved for all cell types and at all timepoints during the cell differenti-
ation process. For each GO term, datasets of regulated genes were defined by adjusted P-value < 0.05.
Comparisons between groups were performed by using Wilcoxon rank-sum test and Bonferroni multiple
testing correction (* adjusted P-value < 0.05, ** adjusted P-value < 0.005).............ccoviiiiiniinnnnn 105
Figure 47: Longitudinal single cell RNA-seq analysis with focus on the gene signatures that define the GO
term “Notch binding” in both non-CLD and COPD-IV cultures on ALId28, indicating an increased expres-
sion level of the Notch signaling pathway involved in cell differentiation, regeneration and repair mecha-
nisms in COPD-1V specific basal_1 cells. These findings were preserved for all cell types and at all
timepoints during the cell differentiation process in COPD-IV cultures. For each GO term, datasets of reg-
ulated genes were defined by adjusted P-value < 0.05. Comparisons between groups were performed by
using Wilcoxon rank-sum test and Bonferroni multiple testing correction (* adjusted P-value < 0.05, **
adjusted P-value < 0.005). .. ... ou ittt e e 105
Figure 48: Longitudinal single cell RNA-seq analysis with focus on the gene signatures that define the GO
term “Wnt signaling pathway”” in both non-CLD and COPD-IV cultures on AL1d28, indicating an increased
expression level of the Wnt signaling pathway involved in cell differentiation and regeneration in COPD-
IV specific basal_1 cells. These findings were preserved for all cell types and at all timepoints during the
cell differentiation process in COPD-1V cultures. For each GO term, datasets of regulated genes were de-
fined by adjusted P-value < 0.05. Comparisons between groups were performed by using Wilcoxon rank-
sum test and Bonferroni multiple testing correction (* adjusted P-value < 0.05, ** adjusted P-value <

Figure 49: Results summary of the study with focus on the particular pHBECs differentiation trajectories
and survival mechanisms against environmental NP injury. COPD-1V derived cultures originate from basal
cell_1 that give rise to suprabasal cells, an increased amount of secretory and transitional cells, as well as
a decreased amount of multi-ciliated cells. Potential survival mechanisms upon injury in COPD-IV cultures
account ECM, EMT processes, Notch, Wnt and IL-17 mediated secretory cell proliferation, as well as
strong antioxidative mechanisms of secretory cells. In contrast, non-CLD derived cultures are characterized
by the presence of basal cells_2 cells as precursors for suprabasal, secretory and transitional cells that ulti-
mately give rise to an increased amount of multi-ciliated cells. Non-CLD cultures are characterized by an
intact cytosolic ribosome machinery as well as a strong repair and proliferation potential of basal cells into
terminal competent multi-ciliated cells, that ultimately facilitate an efficient muco-ciliary clearance. ECM
- Extracellular matrix remodeling, EMT - Epithelial-to-mesenchymal transition.....................ccc...oe. 113
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cesses are partially regulated by Wnt signaling pathway. For each regulated pathways the statistical signif-
icance (-log(P-value)) and the representative genes were summarized. Datasets of regulated genes were
defined by raw P-values < 5% and -log(P-value) > 1.3 by using a fold change (FC) gene expression filter
D U5 O URP 103
Table 34: Ingenuity Pathway Analysis® derived from bulk transcriptome analysis of ZnO (0.14 cm?/cm?)
exposed COPD-1V vs non-CLD cultures on AL1d28 showing the overrepresentation of pathways involved
in extracellular matrix remodeling (ECM) and epithelial-to-mesenchymal transition (EMT) in ZnO chal-
lenged COPD-IV cultures when compared to non-CLD cultures. These processes are partially regulated by
Notch signaling pathway. For each regulated pathway statistical significance (-log(P-value)) and repre-
sentative genes were summarized. Datasets of regulated genes were defined by raw P-values < 5% and -
log(P-value) > 1.3 by using a fold change (FC) gene expression filter > 1.3..............cocoiiiiiiinnnnn 104
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1. Introduction

1.1  Air pollution

1.1.1 Impact of air pollution on the environment and human health

Air pollution is one of the most important environmental risk factors that contributes to
the development and progression of various respiratory and cardiovascular diseases, thus
causing a major medical burden 813, Epidemiological studies demonstrated air pollution
to be responsible for increased morbidity and for up to 7 million premature deaths world-
wide!*. Environmental pollutants play a crucial role in the development of various malig-
nancies including lung cancer, pleural mesothelioma, breast cancer, bladder cancer, leu-
kemia and malignant melanoma **6,

Because of high industrialization and urbanization processes, the air pollution-associated
multimorbidity and subsequent premature mortality are expected to increase in the next
decades. According to the Global Health Observatory (GHO) data (2015), provided by
the World health organization (WHO), environmental toxin exposure was associated with
26% deaths after respiratory infections, 25% of deaths related to chronic obstructive pul-
monary disease (COPD), 17% cardiovascular and neurologic deaths and 16% deaths in
lung cancer patients. Reduction of environmental toxin exposure could prevent approxi-
mately 125 000 deaths/ year in European cities 7.

The Health Effects Institute classified the global deaths in accordance with the trigger
(environmental particulate matter/ PM with a diameter between 0.1-2.5 um or household
pollution), as shown in Table 1.

Disease Global Mortality
Particulate matter Household
PMz2s Air Pollution

Ischemic heart disease 17% 8%
Lung cancer 16% 9%
Chronic obstructive pulmonary 27% 20%
disease (COPD)

Cerebrovascular disease (stroke) 14% 9%
Lower respiratory infections 28% 26%

Table 1: Classification of air pollutants-related global mortality according to the Health Effects Institute
with focus on the top 5 air pollutants-related diseases (https://www.stateofglobalair.org/sites/de-
fault/files/soga-2018-report.pdf). PMy s particulate matter with a diameter between 0.1-2.5 um.
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Because of its large surface contact area, the respiratory tract is affected by environmental
pollution. Several diseases including acute and chronic respiratory infections, COPD, in-
terstitial lung diseases (e.g. idiopathic pulmonary fibrosis) and lung cancer are shown to
be directly triggered by air pollutants *31°, In particular, air pollution contributes not only
to the development, but also to the acute exacerbation of COPD (AECOPD). Basically,
AECOPD episodes are caused in 88% of all cases by viral (Rhinoviruses, Influenza) or
bacterial (Gram-positive: Haemophilus influenzae, Streptococcus pneumonie and Gram-
negative Enterobacter, Pseudomonas aeruginosa) pathogens 2°. Of critical importance in
the pathogenesis of AECOPD is the active and repetitive exposure to cigarette smoke
(CS) or environmental air pollutants. Interestingly, it has been demonstrated that exposure
to air pollutants not only increases the number of the AECOPD episodes, but also gradu-
ally decreases the lung function parameters (forced expiratory volume in one second/
FEV1) by ca 40 ml each year?':22,

In order to better understand the pathomechanisms of air pollution-induced AECOPD and
to avoid the onset of new exacerbations that contribute to a gradual decline of lung func-
tion, it is mandatory to characterize the pathogenic effect upon environmental toxins ex-
posure on bronchial epithelium. Accordingly, air pollutants are classified by composition,
size, mechanism of action, bioavailability and permeability.

1.1.2 Classification and characterization of air pollutants

Air pollutants are classified according to their size in small/ coarse particles (particulate
matter/ PM) with diameters between 2.5-10 um (PMao), fine nanoparticles (NPs) with
diameters between 0.1-2.5 um (PMz25) and ultrafine NPs with a diameter under 0.1 um
(PMo.1).

Sources of particulate matter are summarized in Table 2.

Features PMuio PM2s PMo.1
Nomenclature Small, inhalable, Fine NPs Ultrafine NPs
coarse NPs
Particle size 2.5-10 um 0.1-2.5 um <0.1pum
Consistency solid or liquid solid or liquid solid or liquid
Sources
Organic -Coal dust -Settling dust -Suspended
compounds -Coal fly ash -Coal fly ash atmospheric dust
-Dirt from facto- -Oil smoke -Smog, soot
ries, farming and -Smog _Metal fumes
roads
-Seasalt nuclei
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-Crushing and
grinding rocks and
soil

-Toxic organic
compounds

-Heavy metal

-Tobacco smoke
-Diesel exhaust

-Manufactured na-

-Fire/ metal pro- noparticles
cessing products
Allergens -Pollen -House dust mite
-House dust mite -Animal allergens
-Animal allergens
Infectious -Bacteria -Bacteria -Viruses
compounds -Mold spores

Examples of ambi-

Iron, Calcium, Sili-

Sulphate, nitrate,

ent PM con, Sodium, Ammonium, Cad-
Chrlorine, Alumin- | mium, organic Car-
ium bon, Gases: Sul-

phur/ Nitrogen di-
oxide, volatile or-
ganic compounds

Table 2: Characterization of atmospheric particulate matter (PM) by size (PM1o, PM25, PMo 1), consistency
and environmental distribution

As presented in Table 2, PM1o, PM25 and PMo.1 are organic, allergenic or infectious com-
pounds, which originate in coal, petrol, diesel or chemical power stations as a result of
hyper-industrialization and uncontrolled combustion processes in heavily urbanized cit-
ies.

Since our work aimed to analyze the cell composition and epithelial function of the NP

exposed human bronchial epithelium, it is important to understand the source of air pol-
lution and the main processes that cause PM production.

According to the Canadian working group (https://www.canada.ca/en/health-canada/ser-
vices/environmental-workplace-health.html), the main sources of PM are industrial
(chemicals- or dyes- manufacture, coal gasification, distillation, incineration, fuel pro-
duction, tobacco industry, surface coatings, pesticides and fertilizer application) or non-
industrial (transportation, welding fume and cigarette smoke).

Due to their detrimental short- and long-term effects for human health, PM are classified
by The International Agency for Research on Cancer (IARC) as Group 1 human carcino-
genic substances. Based on a PM exposure threshold of 10 ng/m?® used by the European
Study of Cohorts for Air Pollution Effects (ESCAPE), PM2s and PM1o were associated
with a relative risk of 1.09 and 1.07 for developing lung cancer, respectively 2.
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1.1.3 Classification of nanoparticles (NP) mimicking air pollution

In order to mimic air pollution and to analyze the effects on the respiratory system, many
studies focused on natural or manufactured PM (PM1o, PM2.5, PMo.1) and their application
in different in vitro or ex vivo culture models.

For the study of PMzyo, airborne pollutants have to be sampled via high-volume particle
collectors from different commercial or industrial areas in highly industrialized and ur-
banized cities. Representative examples for PM1o are endotoxins, carbon-based or heavy
metal-based (Arsenic/ As, Cadmium/ Cd, Chromium/ Cr, Copper/ Cu, Manganese /Mn,
Nickel/Ni, Lead/ Pb and Zinc/ Zn) particles.

After collection and filter deposition, PM1o can be nebulized on lung epithelium?*2 for
the study of inflammatory and cytotoxic effects on human bronchial epithelial cells. Com-
parable effects at air liquid interface (ALI) cell cultures were also reported upon exposure
to agricultural organic PM1o from dairy parlor dust %7

Representative PM. s are carbon-based (carbon soot surrogate NPs/ CNP/ Printex90) or
metal-based (Aluminum/ Al, Calcium/ Ca, Sodium/ Na, Iron/ Fe, Copper/ Cu, Titanium/
Ti, Zinc/ Zn, Manganese/ Mn, Vanadium/ Vn, Table 3).

PM size | PM composition | Representative examples of PM used in vitro

PM1o Carbon-based SWCNT, MWCNT

Heavy metals As, Cd, Cr, Cu, Mn, Ni, Pb, Zn

Endotoxins LPS

PM2s Carbon-based Carbon NPs (CNP)/ Printex90, SWCNT, MWCNT

Heavy metals Al, Ca, Na, Fe, Cu, Ti, Zn, Mn, Vn

Endotoxins LPS

Table 3: Classification of the particulate matter (PM) used in vitro, based on the PM size (> 2.5 um or <
2.5 um), source and composition. NP - nanoparticle, CNP - carbon nanoparticles, NT - nanotubes, SWCNT
- single-walled carbon nanotubes, MWCNT - multi-walled carbon nanotubes

Similar to PMyg, PM2s exposure models were used for the study of cytotoxic, proinflam-
matory and oxidative stress (OS) responses provoked at the level of human bronchial
epithelium 282°,

1.1.4 Mechanisms of action of particulate matter (PM) on the respiratory tract

The size, distribution and solubility of PM are determinant factors for the progression of
respiratory diseases including COPD and AECOPD.

Accordingly, the PM size dictates particular defense mechanisms at the level of human
bronchial epithelium:
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i)

PMo:

PMyo enter the nasal cavity, deposit at the level of the upper respiratory tract
(larynx, trachea and main bronchi), accumulate temporarily into the thick mu-
cus film and are eliminated via the muco-ciliary escalator.

PM2s

PM2 s cannot be removed via muco-ciliary escalator. PM2s, are transported to
the terminal bronchioles and alveolar epithelium, interact with the surfactant
proteins (SP-A and D) and are presented to the resident cells of the alveolar
epithelium (alveolar type 1/ AT1, alveolar type 2/ AT2 cells, alveolar macro-
phages/ AM and alveolar dendritic cells/ DC). At these levels, PM2s induce
inflammatory (Tumor necrosis factor-o/ TNF-a, IL-1B) and OS (glutathione
peroxidase/ GPX3, Metallothionein/ MT2A, haem oxgenase/ HMOX, super-
oxide dismutase/ SOD) responses. While PM2 s are partially cleared via AM
and DC by phagocytosis, residual PM2 s reach the bloodstream by paracellular
translocation through AT1- or endothelial cells-induced transcytosis .

PMo.

PMo. easily enter the conductive bronchi, accumulate in the respiratory bron-
chioles and alveoli, and translocate into the bloodstream, leading to local as
well as systemic inflammatory and OS responses.

Mechanistically, both PM2sand PMo.1 are immersed in the mucus film and can only be
partially removed from the bronchi via the muco-ciliary escalator. The remaining PM are
enclaved in the mucus film and subsequently attracted in the cytosol via hydrophobic and
electrostatic interactions guided by the vesicles secreted by the goblet cells 3. Simultane-
ously, the tight junctions facilitate PM absorption due to their immunologic intercellular
barrier and selective bidirectional permeability for vesicles and ions 3132,

The PM-triggered mechanisms on the respiratory tract are presented in Figure 1.

Clearance
(muco-ciliary
elevator)

Particulate matter Figure 1: Particulate

(PM,, PM, 5, PM ) matter  (PM)-triggered

‘ PM,, PM, . ‘ PM, | ‘ mechanisms at the Ie\{el
S of the human bronchial

Bronchial Alveolar cells Alveolar Alveolar epithelium: i) small PM
secretory cells (‘\'l‘l‘i\:ljl? III:IL‘I'()phﬂgL‘S dr“'rlf]'_jﬁ( cells (PMy) are partially
. Mo cleared via muco-ciliar

Mucus proteins Surfactant proteins y
(MUC5AC/ B) (SP-A/ D) escalator or translocated

into the bloodstream, ii)

Tight junctions

Hydrophobic Paracellular Phagocytosis fine PM (p|\/|25) are par-
interactions ranslocati : '
interac |_o| s tr lf]s!flL |t1::{1 tially cleared by muco-

. — _—

ciliary escalator, or pre-

Bloodstream ;
sented to the antigen pre-
—_— senting cells following
Inflammation Oxidative stress .
(locall systemic) phagocytosis or hema-

— togenous translocation,
COPD _, AECOPD iii) ultrafine PM (PMo.)
reach the distal airway

epithelium where they are presented and ingested by the antigen presenting cells. PM induce local effects
by facilitating an acute COPD exacerbation (AECOPD) or systemic effects with consecutive extrapulmonal
manifestations upon hematogenous translocation.
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1.1.5 Classification of diseases triggered by environmental pollutants

Air pollutants are considered major environmental risk factors that play a crucial role in
development, progression and exacerbation of many diseases, thus increasing morbidity,
and premature mortality, leading to important medical and socio-economic conse-
quences'’*, Therefore, the impact of air pollutants on human health is of crucial im-
portance.

Of note, a healthy respiratory system promptly counteracts effects upon toxin inhalation
when an efficient removal of environmental pollutants by intact barriers (e.g. bronchial
epithelium, skin) is warranted. However, repeated long-term or even short-term toxin ex-
posure can affect many organs and produce severe diseases®*>’.

The most frequent diseases triggered by outdoor and indoor pollutants classified by the
WHO are illustrated in Table 4.

Disease Source of air pollution
Outdoor Indoor
air pollution air pollution
Ischemic heart disease 40% 26%
Lung cancer 6% 6%
Chronic obstructive pulmonary disease (COPD) 11% 22%
Cerebrovascular disease (stroke) 40% 34%
Lower respiratory infections in children 3% 12%

Table 4: WHO classification of air pollutants-related major diseases. Percentages illustrate the disease
incidence classified by indoor or outdoor air pollution source (https://en.wikipedia.org/wiki/List_of pollu-
tion-related_diseases).

The mechanisms of disease development upon PM inhalation include both local (e.g. in-
flammation, mucus hypersecretion and fibrotic remodeling), as well as systemic effects
upon activation of proinflammatory cytokines (e.g. IL-6, IL-1pB, INF-y, TNF-a) or acute
phase proteins (e.g. CRP, SAA)®,

While the intact respiratory system partially counteracts PM absorption and translocation,
the altered respiratory system might further contribute to the development of severe dis-
eases due to an inefficient muco-ciliary escalator, secretory cell hyperplasia or epithelial
cell metaplasia 33,

Specifically, PM accumulation secondary to an inefficient clearance might facilitate a
hematogenous translocation into different organs, leading to a PM-induced multiorgan
dysfunction that could affect all systems of the body (e.g. respiratory®*%®, cardiovascu-
lar®®, cerebral®’, gastro-intestinal*®, urogenital®!, osteo-articular*? and blood*).
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1.2 Chronic Obstructive Pulmonary Disease (COPD)

Air pollution is one of the major risk factors that facilitates disease development and pro-
gression in patients suffering from chronic lung diseases (CLD), a disease family includ-
ing COPD, asthma bronchiale, interstitial lung diseases, pulmonary hypertension, cystic
fibrosis, chronic pneumonias and lung cancer *4-%®. These conditions are characterized by
progressive and irreversible loss of pulmonary parenchyma with subsequent reduction of
lung function, clinically translated in dyspnea, chronic cough and predisposition to pul-
monary infections.

In particular in COPD, environmental pollutants trigger episodes of acute exacerbation
(AECOPD) and subsequently lead to disease progression 448, Unfortunately, COPD is a
progressive, and only partially reversible disease that cannot be causally treated. Lung
transplantation, the gold standard in the treatment of end-stage lung diseases, prolongs
the survival of these patients with 5.8 years in median “.

Based on these considerations, it is of crucial importance to understand the pathophysiol-
ogy of the affected tissue (i.e. primary human bronchial epithelium), as well as the under-
lying mechanisms that characterize the disease specific response to air pollutant exposure.
This insight can inform the development of novel preventive and therapeutic strategies.

1.2.1 Epidemiology of COPD

COPD represents the fourth cause of mortality worldwide, with 3.2 million deaths repre-
senting 5% of all deaths globally (WHO report 2015). Due to its alarmingly increasing
prevalence, it was estimated that COPD-related deaths will also continuously increase
(ca. 4.6 million predicted deaths in 2030). Thus, it was estimated that COPD will become
in 2030 the third leading cause of death worldwide after ischemic cardiovascular and
cerebrovascular diseases.

Interestingly, more than 90% of the COPD-related deaths worldwide are reported in low
and middle-income countries as a result of long-term exposure to environmental pollution
or cigarette smoke.

Epidemiological studies in Germany reported 6.8 million COPD diseased people in 2010.
According to WHO estimates, COPD prevalence is expected to continuously increase in
Germany until 2030, by 7.9 million patients. According to the BOLD Study, COPD af-
fects 13% of the people older than 40 years in Germany *°.

Of note, in 90% of the cases, COPD is caused by cigarette smoke followed by environ-
mental indoor or outdoor toxin exposure. WHO reported in 2012 ca 3.7 million deaths
and 2 million premature deaths worldwide as being related to the environmental air pol-
lution *°. Among all air pollutants, PM,s, PM1o, carbon monoxide, nitrogen dioxide, sul-
fur dioxide and ozone were causally related to COPD progression °Z.

Given the direct causality between air pollution and COPD progression and the increasing
pollution-related COPD mortality worldwide, a better understanding of the role of the
environmental toxins at the level of bronchial epithelium is required.
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1.2.2 Diagnosis of COPD

The diagnosis of COPD is based on medical history and clinical investigations.

Medical history reveals progressive and repetitive episodes of chronic productive cough,
dyspnea, wheezing and chest tightness, especially during physical activities. More than
50% of the patients older than 40 years, presenting these symptoms are diagnosed with
COPD. Of note, smoking history is positive in ca. 90% of COPD patients.

The clinical investigations include lung function tests (spirometry), blood gas analysis,
laboratory tests, microbiological culture of the sputum, chest X-ray, CT scan and bron-
choscopy (Table 5).

Diagnostic test Parameters Findings
Lung function Forced expiratory volume 1s (FEV1) | FEV1 <80%
Forced vital capacity (FVC) FVC <80%
Blood gas analysis | pO2 pO2, <60 mmHg
pCO2 pCO2 >40 mmHg
Laboratory tests a-1 antitrypsin (o-1 AT) a-1 AT < 80 mg/dl
IgA IgA <7 mg/dl
Sputum culture Bacterial culture e.g. Haemophyilus in-

fluenzae (40%), Strep-
tococcus  pneumonie
(15%), Moraxella
catharrhalis (15%)

Chest X-ray/ Broncho-alveolar tree -Overinflation

CT scan Ribs/ diaphragm orientation -Flattened intercostal
spaces and hemidia-
phragms

Bronchoscopy Histopathological examination -Chronic inflammation

-7 mucus production
-Goblet cell hyperplasia

-Peribronchial fibrosis

Table 5: Description of clinical investigations used in COPD diagnosis with specification of main findings
for each diagnostic test
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1.2.3 Classification of COPD

The parameters assessed for COPD classification are clinical severity, number of yearly
exacerbations and FEV1 decrease. The actual COPD classification proposed by the Global
Initiative for chronic obstructive lung disease (GOLD) is mainly based on clinical severity
(Table 6) *2.

Patient GOLD Severity of the dyspnea Risk No. exacerbations/
group stage profile year

A GOLD 1-2 | extreme physical activity | Low risk <l

B GOLD 1-2 | moderate physical activity | Low risk <l

C GOLD 3-4 | extreme physical activity | High risk >2

D GOLD 3-4 | moderate physical activity | High risk >2

Table 6: COPD classification elaborated by Global Initiative for chronic obstructive lung disease (GOLD)
based on clinical severity (dyspnea upon physical activity and number of exacerbations/ year)

The clinical severity is directly linked to the histological changes of the bronchial epithe-
lium (severity of bronchial obstruction) as well as the proportional decrease in FEV1 (Ta-
ble 7) 5%,

GOLD stage Severity of the airway obstruction Predicted FEV1
GOLD 1 Mild > 80%
GOLD 2 Moderate 50-79%
GOLD 3 Severe 50-30%
GOLD 4 Very severe <30%

Table 7: COPD classification elaborated by Global Initiative for chronic obstructive lung disease (GOLD)
based on severity of the obstruction and percentual decrease in lung function. FEV1- forced expiratory lung
volume in 1 second.

1.2.4 Therapy guidelines in COPD

Since COPD is a progressive and irreversible CLD, the treatment strategies are focused
on amelioration of COPD symptoms, decrease of yearly exacerbations, reduction of air-
way obstruction and optimization of lung function. In all COPD stages prevention and
medication are necessary °*. Preventive strategies (e.g. avoiding air pollution and cigarette
smoke cessation) play a beneficial role in amelioration of the symptoms and counteract
disease progression *>°’. The medical treatment is stage-dependent and aims the reduc-
tion of the bronchial obstruction and inflammation by bronchodilators, sympathomimetic
and anti-inflammatory agents.
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According to the clinical severity and histopathological changes at the level of the human
bronchial epithelium, COPD treatment is based on one or more inhalative bronchodilators
(stage A—D), together with inhalative (stage A—D) or systemic corticosteroids (stage
D) and long-term oxygen therapy (stage D). Inhalative drugs have reduced off-target ef-
fects (when compared to the systemic therapy) because of their efficient deposition and
increased bioavailability at the level of the airways >4, In particular in lung emphysema,
endoscopic or surgical lung volume reduction might be considered as treatment option in
selected cases. In end-stage COPD, lung transplantation represents the gold standard.

1.2.5 COPD pathogenesis

There are two distinct forms of COPD: chronic bronchitis and lung emphysema. Accord-
ingly, the pathogenesis of these diseases is associated to:

) a chronic toxin exposure (air pollutants, cigarette smoke) inducing airway ob-
struction and tissue remodeling in chronic bronchitis

i) a genetic deficiency (a-1 antitrypsin) as cause for the airway destruction in
lung emphysema

In both forms, disease progression might be triggered by active or passive cigarette smoke
exposure as well as environmental indoor or outdoor air pollution.

Chronic bronchitis is characterized by bronchial wall thickening, peribronchial fibrosis
and mucus hypersecretion, clinically reflected in chronic productive cough, dyspnea and
progressive decline of lung function. Pathomechanistically, inhaled toxins induce a
chronic airway inflammation with subsequent accumulation of inflammatory cells at the
level of central and peripheral lung airways. Because of the mucus hypersecretion and
inefficient muco-ciliary clearance, accumulated toxins are only partially cleared by resi-
dent macrophages and lymphocytes (B, NK). Particles that cannot be efficiently cleared,
translocate in the bloodstream and induce local and systemic inflammatory responses 8-
83, The chronic local inflammation involves the resident cells of the bronchial epithelium
(e.g. bronchial epithelial cells, fibroblasts, eosinophils, lymphocytes, neutrophils and
macrophages, Table 8) that enhance host defense mechanisms by secreting proinflam-
matory and profibrotic cytokines and facilitate oxidative stress responses.

Cell types Marker genes Effects

Bronchial epithelial cells | TGF-B, TGF-B1, FGF, IL-8, | -Bronchial wall thickening
ROS, TNF-a -Peribronchial fibrosis

Fibroblasts TGF-B, FGF -Epithelial-to-mesenchy-

Eosinophils IgE mal transition (EMT)

-Alveolar wall destruction

Th17/ Tcl7 cells IL-22, IL-17A -Alveolar wall destruction
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Th1l, Tcl cells INF-vy, perforin, granzyme B
B lymphocytes 19G, IgE
NK-cells Perforin, granzyme B

Dendritic cells/ naive | IL23, IL1B, IL6, CXCL9/ | -Cell apoptosis

Neutrophils CXCLS8, G-CSF, proteases | -Alveolar wall destruction

-Mucus hypersecretion

Table 8: Characterization of cell subpopulations involved in COPD pathogenesis with focus on the proin-
flammatory and profibrotic cytokines and histopathological effects at the level of bronchial epithelium
(source modified after https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_in-
line.html?title=Click on image to zoom&p=PMC3&id=6831915 jtd-11-S17-S2129-f2.jpg).

The pathomechanisms of chronic bronchitis are illustrated in Figure 2.

Environmental insults
(cigarette smoke,
pollutants, infections)

1 free oxidative stress T metalloproteinase
radicals activity, antiprotease
in the lung inactivation

| lung ability te prevent
lung injury

1 lung inflammation,
oxidative stress

Repeated injury to the
bronchial epithelium

1 infiltration of Goblet cell proliferation, T multi-ciliated cells
inflammatory cells mucus hypersecretion, dysfunction and
intra/ peribronchial squamous metaplasia apoptosis
T dynamic T mucus trapping 1 peribronchial
bronchoconstriction in distal airways fibrosis

— T

Chronic bronchitis
Chronic obstructive
pulmonary disease

(COPD)

Figure 2: Pathogenesis of chronic bronchitis: upon environmental injury, increased oxidative stress-, pro-
tease-antiprotease imbalance and inflammatory responses lead to intrabronchial accumulation of inflam-
matory cells, goblet cell hyperplasia and multi-ciliated cells dysfunction. These changes facilitate progres-
sive bronchoconstriction, intrabronchial mucus accumulation and peribronchial fibrosis as main findings
for chronic bronchitis.
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Lung emphysema is characterized by alveolar destruction and impaired alveolar disten-
sibility, clinically reflected in chronic cough and dyspnea. These changes appear as result
of an imbalance between proteases and anti-proteases activity (e.g. a-1 antitrypsin defi-
ciency) that alters the physiological composition of the connective tissue of the lung air-
ways. Subsequently, the inhaled air containing environmental pollutants accumulates in
the damaged alveolar sacks and cannot be efficiently exhaled.

The pathomechanisms of lung emphysema are illustrated in Figure 3.

Genetic susceptibility
(al-antitripsin
deficiency)

| lung ability to prevent
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| elasticity | structural support, Permanent enlargement
(recoil ability) 1 impaired gas diffusion of alveoli
1 air trapping within 1 airway narrowing and| | dynamic hyperinﬂationl
distal airways collapse and bullae formation

—

Lung emphysema
Chronic obstructive
pulmonary disease
(COPD)

Figure 3: Pathogenesis of lung emphysema: genetic al-antitrypsin deficiency leads to an imbalance be-
tween proteases and antiproteases activity with consecutive inflammation, oxidative stress and progressive
destruction of alveolar walls. These changes facilitate a permanent enlargement of distal airways (bullae)
and an increased air trapping with consecutive impaired gas diffusion.

Taken together, environmental toxins lead not only to mucus hypersecretion, bronchial
obstruction, peribronchial fibrosis and tissue remodeling (changes observed in chronic
bronchitis), but also to pathological enlargement and destruction of functional airways
(changes observed in lung emphysema).

These morpho-functional changes lead ultimately to increased vulnerability to infections,
impaired gas exchange and progressive decline of lung function (ca. 40 ml FEV1 loss/
year)?t22,
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Since bronchial epithelium continuously adapts to the chronic toxin exposure, early and
late changes could be observed during COPD disease progression (Table 9).

Disease

Timeframe

Histopathological changes

Chronic
bronchitis

Early
changes

-Submucosal gland hypertrophy in distal trachea
-Mucus hypersecretion

-Minimal or absent inflammatory infiltrates

Late changes

-Hyperplasia of basal cells and secretory cells

-Increased amount of secretory cells and submucosal
glands

-Loss of multi-ciliated cells, reduction in cilia length

-Cellular dysplasia and squamous metaplasia (transfor-
mation of bronchial cells intro squamous cells)

-Obstruction of bronchi

-Increased inflammatory infiltrates based on CD8" lym-
phocytes, neutrophils and macrophages

Lung

emphysema

Early
changes

-Enlargement of the respiratory bronchioles and alveoli
-Thickness reduction of the bronchiolar wall

-Inflammatory infiltrates with consecutive obliteration
of bronchioles

Late changes

-Apoptosis of the resident broncho-alveolar cells, AT1,
AT2 and endothelial cells

-Enlargement and destruction of respiratory bronchioles

-Reduction of the elasticity of the bronchiolar wall due
to the imbalance between proteases and anti-proteases

-Accumulation of mucus and inflammatory infiltrates
with consecutive intraluminal obstruction

Table 9: Description of early and late histopathological changes of the bronchial epithelium in chronic
bronchitis and lung emphysema

The main cells affected by toxin exposure (Table 8) are the human primary bronchial
epithelial cells (pHBECs). Under physiological conditions pHBECs give rise to secretory
and multi-ciliated cells that build up the muco-ciliary escalator - the main barrier against
environmental pollutants. Preliminary studies argued that chronic toxin exposure leads to
an altered regeneration potential of the pHBECS, in comparison to the healthy unexposed
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pHBECs 5. Our study aims to analyze the differentiation potential of the healthy and
diseased pHBECs upon NP exposure. To address this knowledge gap, we performed a
comprehensive multi-omics analysis of human bronchial epithelium upon NP exposure,
aiming for a better understanding of the factors that trigger disease progression and a
potential identification of new therapeutic targets.

1.3 Human Bronchial Epithelium

1.3.1 Characterization of the cell subtypes of the main bronchi

The respiratory system continuously allows the entrance of environmental pollutants at
the level of proximal bronchial epithelium. Only small particles can be partially cleared
in the upper respiratory system, whereas fine or ultrafine NP are transported in the lower
respiratory system, where they accumulate and translocate into the bloodstream.

The architecture of the airway epithelium varies at different levels in order to face chronic
environmental challenges. Distal trachea and main bronchi present a pseudostratified ep-
ithelium, terminal bronchioles a columnar epithelium, bronchoalveolar regions a cuboidal
epithelium and alveolar sacks a squamous epithelium.

The cell composition of the human bronchial epithelium is illustrated in Figure 4.

Distal trachea Distal bronchi

Main bronchi Bronchoalveolar regions
Alveolar regions

Pseudostratified Columnar Cuboidal
epithelium epithelium epithelium
‘ b 18

Basal cells  Secretory cells Goblet cells Multi-ciliated cells

Figure 4: Schematic representation of the compositional differences at different levels of the human bron-
chial epithelium. Distal trachea and main bronchi present a pseudostratified epithelium, terminal bronchi-
oles a columnar epithelium and bronchoalveolar regions a cuboidal epithelium.

Accordingly, airway epithelium is specialized for muco-ciliary clearance in the conduc-
tive airways (distal trachea, proximal bronchi) and gas exchange in the distal respiratory
airways (respiratory bronchioles, alveoli).
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Histologically, there are three major cell types at the level of the human bronchial epithe-
lium: basal cells, secretory cells and multi-ciliated cells.

The developmental trajectory of these cell types, based on the human lung cell hierarchy
atlas 12 is illustrated in Figure 5.

Proliferation Polarization  Specification
Goblet cells
MUCSAC*
MUCSB*
. . R
Cycling Basal Suprabasal Secretory SCGBAL ulti-ciliated
— — — ; FOXQ1 1
basal cells cells cells cells FOXI1Y / cells
TP63* TP&3* TP63" SCB1A1* FOXI1*
KRT5* KRT5* KRT5* MUCSAC™ Deuterosomal DNAHS*
MKI67* MEKIST- KRT13* MUCSB* 1 FOXN4
KRT4* KRT4* cells (TUBB4E")
KRT8A™ KERT16™ FOXT1+
KRT14* KRT23* DEUPI*
PDPN* PLE4*
NGFR™ CCNO*
[TGAG™ CEP78"
ITGB4* CENPF*
LAMA3™ CENPU”
LAMB3* ENPW™
PTTGI®
CKS1B*
CK&2~
shortCDC20B”

Figure 5: Schematic representation of cell differentiation axis of the primary human bronchial epithelial
cells 12, The cycling basal cells give rise to basal cells and suprabasal cells in the early phase of cell differ-
entiation process. Suprabasal cells are progenitor cells for secretory cells (polarization phase), which in turn
differentiate into end-differentiated multi-ciliated cells (specification phase). Specific marker genes that
characterize the individual cell populations are labeled in red.

Basal cells (BC)

The main roles of BC are cell proliferation and renewal of the bronchial epithelium 5566,
Next to their progenitor function, BC play crucial roles in cell-cell adhesion processes ©°,
epithelial barrier integrity ®°8 and intercellular homeostasis. BC control innate immunity
processes %% and confer an immune bronchial microenvironment. Their progenitor func-
tion is important for both self-renewal "* and regeneration of neighboring epithelial cells
2 in different pathologic situations including epithelial-to-mesenchymal transition
(EMT) "> and malignant proliferation "7

The percentage of BC decreases proportionally with airways size (30-31% in the con-
ducting airways with a diameter > 4 mm and 6% in the smallest airways with a diameter
<0.5mm) .
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The specific functions of BC and suprabasal cells (sBC) are illustrated in Table 10.

Cell Cell Function Marker expression
population | subpopulation
Basal cells | Cycling basal -Cell proliferation BC:
(BC) ) . .
Cell differentiation TP63*, KRTS*, KRT6A",
-Progenitor function (small subtype coexpress-
: + +
_Barrier integrity ing KRT14" or KRT4" or
KRT8"), PDPN', NGFR",
-Cell-cell ITGA6", ITGB4",
homeostasis LAMA3", LAMB3".
-Innate immunity Cycling BC: MKI67"
Non-cycling -Quiescent cells TP63", KRT5*, MKI167
basal cells -Reduced  migratory
(BC type 1) activity
Non-cycling -End-differentiated, TP63*, KRT5*, FNI",
basal cells quiescent cells VIM*, SPARC", TAGLN"
(BC type 2) -Migratory activity
Suprabasal | Suprabasal cells | -Intermediate state be- | TP63", KRT5", KRTI13",
cell sBC) |typel,2,3 tween BC and secre- | KRT4"
(sBC type 1, 2, 3) tory cells

Table 10: Classification and functional characterization of basal cells (BC) and suprabasal cells (sBC) of
the proximal human bronchial epithelium. For each individual cell subtype gene expression signature and
main cell functions are separately highlighted.

Multi-ciliated cells (MCCQC)

MCC are the most frequent cells at the level of the healthy bronchial epithelium. The
amount of MCC is inversely correlated to airway size, accounting for 47% in the distal
trachea, 53% in the proximal and 73% in the distal bronchi ®7°.

The apical pole of the MCC cells contains 100-300 cilia incorporated into the muco-cili-
ary escalator with a ciliary beating frequency (CBF) of 11.0+1.3 beats/ second & or 7 -16
Hz 8.

The cilia present microtubules containing alpha and beta acetylated tubulin proteins reg-
ulated by Forkhead/ winked helix transcription factor (FOXJ1) 808283,
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The ciliogenesis comprises 3 steps:

) formation and attachment of the basal bodies on the apical side of the cells
that exhibit a ciliated phenotype
ii) formation and alignment of the cilia membrane

iy  extension of axonemal microtubules for cilia assembly and disassembly 8485

Cilia enhance the clearance of accumulated toxin at the level of bronchial epithelium
88687 MCC play crucial roles in cell signaling (sonic hedgehog and Wnt signaling),
membrane homeostasis %, cell renewal, repair of the bronchial tissue and squamous trans-
differentiation (squamous metaplasia) 8,

The specific functions and markers of MCC are illustrated in Table 11.

Cell Cell Function Marker expression
population subpopulation
Multi-cili- | Immature =~ MCC | -Intermediate state PLK4", MYBY,
5 + +
ated cells | (pre-ciliated MCC) (secretory <> MCC) CDC20B", CEP41
(MCC)
FOXJ1" type 1 -Muco-ciliary clearance | FOXJ1*, DNAH5"
-Cell signaling
-Terminal differentiation
-Trans-differentiation
FOXJ1™" type 2 -Muco-ciliary clearance | FOXJ1™, DEUPI1",
+ +
(deuterosomal -Cilia biosynthesis, as- PLRA, CCNO',
+ +
cells) sembly, maturation CEP78", CENPFY,
CENPU", ENPW",
-Regulation of mito- . o
PTTG1", CKS1B"/2",
chondrial activity .
shortCDC20B
FOXN4" cells -Intermediate state of cil- | FOXN4", LYZ"
iary differentiation

Table 11: Classification and functional characterization of multi-ciliated cells (MCC) of the human prox-
imal bronchial epithelium. For each individual cell subtype gene expression signature and main cell func-
tions are separately highlighted.
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Secretory cells (SC)

SC are classified in club cells/ CC (CC10*, 11%) and goblet cells/ GC (MUC5AC,
MUC5B", 25%).

i) CC10" cells
CC10" cells play crucial roles in mucus secretion, muco-ciliary clearance,
mineral homeostasis, innate immunity and cell differentiation processes. In
particular, CC10" cells produce the club cell specific protein 10 (CC10), a 10
kD protein with anti-inflammatory and immunomodulatory roles upon envi-
ronmental nanoparticle exposure %92, In addition, the presence of CC10 pro-
tein and surfactant protein A (Sp-A) in the broncho-alveolar lavage of the ter-
minal bronchioles, indicates a possible role of the CC10" cells in surfactant
production >*%3%_ Besides secretory function, CC10* cells act as progenitor
cells, being able to transdifferentiate in TFF1* (trefoil factor family) MCC and
GC. This process was observed when bronchial epithelium was exposed to
different allergens . In addition, experimental studies showed that CC10*
may regulate cell proliferation, whereas loss of CC10* may lead to aberrant
cell proliferation and carcinogenesis .
i) MUC5AC*and MUC5B* GC

GC have muco-regulatory properties being responsible for secretion of mucins
(MUCSAC™ and B*) on the apical side of the bronchial epithelium °’. These
large proteins (MUCS5AC 641 kDa and MUC5B 600 kDa) are the main com-
ponents of the lining fluid of the muco-ciliary escalator. Mucins increase the
viscosity of the lining fluid and enhance due to their hydrophobicity the uptake
of the inhaled environmental particles at the level of the bronchial epithelium.
Together with MCC, GC facilitate the clearance of the environmental pollu-
tants via muco-ciliary escalator 8. GC play a crucial role in barrier mainte-
nance, mineral absorption and lung homeostasis *%°. In addition, it has been
reported that GC are crucial front-line defenders involved in autocrine and
paracrine mediated innate immune responses %%°1%  Similar to the CC10*
cells, GC act as progenitor cells, giving rise to MCC.

The interplay between SC and MCC is of utmost importance in the cell homeostasis of
the bronchial epithelium.
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The specific functions and gene markers for SC are illustrated in Table 12.

Cell

population

Cell

subpopulation

Function

Marker expression

Goblet cells
(GC)

Goblet cells

(GC type 1, 2, 3)

-Muco-regulatory properties
-Muco-ciliary clearance
-Barrier integrity

-Mineral absorption
-Autocrine innate immunity
-Paracrine innate immunity

-Progenitor role

MUC5AC,
MUC5B*, FOXQ1*

tory
MCC)

state

Goblet cell transi-

(GC-

-Intermediate state between

secretory and MCC

MUC5AC",
FOXJ1*, SCGBAI1"

Club
(CO)

cells

CC10* cells

-Mucus secretion
-Muco-ciliary clearance
-Minerals homeostasis
-Anti-inflammatory effects
-Immunomodulatory effects
-Progenitor role

-Cell differentiation

-Cell trans-differentiation

CC10%,
SCGBI1Al",
NFIA*, KRTI3",
KRT15"

Secretory
(SC) type 1, 2,3

cells

-Immune cell migration
-Chemotaxis

-Secretion of proinflamma-

tory cytokines
-Neuroinflammation

-Dendritic cell maturation

SCBI1A1"

Table 12: Classification and functional characterization of secretory cells (SC) of the human proximal
bronchial epithelium. For each individual cell subtype gene expression signature and main cell functions

are separately highlighted.
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The specific functions and gene markers of the remaining cell types excluding BC, sBC,
SC and MCC are illustrated in Table 13.

Cell Cell Function Marker expression

population | subpopulation

-Chemosensory function

Other cells | Primary neuroen- chromogranin-A

types docrine cells | -Pulmonary blood flow (CgA"), GRP7,

(PNEC) -Bronchial tonus CGRP", 5-HT", cal-
-Immunomodulation citonin®, substance
~Tissue remodeling P*,  somatostatin,

i SYP

-Neurosecretion

Tuft/ Brush cells | “Clemosensory function TRPM5', ChAT",

(type 1,2, 3) -Immunomodulatory effects | Gg-gustducin®
-Epithelial remodeling ACT", CCSP
-Lung homeostasis

Pulmonary -Regulation of CI/K" and FOXI1*, CFTR",

ionocytes Na'/H" channels GFP", ASCL3",

-Regulation of CFTR (cystic | TFCP211*, SLC9*
fibrosis transmembrane con-

ductance regulator) activity

SLC16A7  cells | -Antigen presentation SLCI6A7*, AIRE*

AIRE cells -Mitochondrial regulation

Table 13: Classification and functional characterization of remaining cells excluding basal cells (BC), su-
prabasal cells (sBC), secretory and multi-ciliated cells (MCC) of the human proximal bronchial epithelium.
For each individual cell subtype gene expression signature and main cell functions are separately high-
lighted.

The differentiation process and the continuous interplay between the outlined cell sub-
types at the level of the bronchial epithelium, was comprehensively described using single
cell and transcriptome analysis 1%, In summary, the single cell hierarchy atlas * showed
that BC (TP63*, KRT5") have progenitor function for sBC (TP63", KRT5", KRT13",
KRT4"), which give raise to SC including CC (CC10*, SCGB1A1*, NFIA*, KRT13",
KRT15%) and GC (MUC5AC", MUC5B", FOXJ1'/ SCGBAT1"). SC further differentiate
into GC (MUCS5AC', MUC5B", FOXJ1"/ SCGBA1") and deuterosomal cells (FOXJ1™,
DEUPI", PLK4", CCNO"), which give raise to end-differentiated MCC (FOXJ1",
FOXN4", TUBB4B").
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The schematic of pHBECs differentiation is summarized in Figure 6.

.

“© J;:J Goblet cells -
Basal Suprabasal Secretory < Multi-ciliated
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Figure 6: Schematic of cell differentiation axis of the primary human bronchial epithelial cells based on
the human lung cell hierarchy atlas published by Ruiz Garcia et al. and Deprez et al. *2. Accordingly,
primary basal cells give rise to suprabasal cells which are precursors for secretory cells. Secretory cells
further differentiate into goblet cells or transdifferentiate into transitional cells. This intermediate cell state
gives rise to terminally differentiated multi-ciliated cells.

Interestingly, these physiological processes take place as outlined above when the bron-
chial epithelium has intact cell composition and functions.

Despite extensive research, however, the epithelial cell differentiation process in end-
stage COPD patients remains to date an insufficiently characterized topic.

1.4  Invitro and ex vivo culture models of the human bronchial epithelium

Since air pollution is one of the major risk factors in COPD development and progression,
many studies are focused on the complex responses of the respiratory mucosa upon PM2s
exposure. These studies proposed culture models under submerged conditions or at air
liquid interface (ALI) under more physiologic short-term 2’ or long-term culture condi-
tions 27192, These ALI models were based on cultures of a single cell line including im-
mortalized bronchial epithelial cells (e.g. BEA-2B)!®, adenocarcinoma cell lines
(A549)104 105196 o1 primary human bronchial epithelial cells (pHBECs)'.

In order to realistically simulate the physiological cell-cell interactions upon pollutant
exposure, more sophisticated ALI co-culture models based on human bronchial epithelial
cells (Calu-3, 16HBE140- (16HBE), H292, and BEAS-2B) and AM have been estab-
lished08:109,

Besides the classical submerged 2D airway culture models, as well as the lung organoids
and lung-on-a-chip models, development of novel 3D biomimetic cell culture models are
crucial for the analysis of pHBECs differentiation and characterization of post-exposure
effects.
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The most frequent in vitro and ex vivo lung culture models are described in Table 14.

Culture type

Advantages

Disadvantages

2D in vitro sub-
merged

-Cheap
-Easy-to-use, fast culture

-Toxicology and drug screen-
ing research

-Short-term culture (2-3 weeks)
-Not physiologic/ no ALI

-Lack of the native 3D in vivo-
like architecture of the airways

3D in vitro Air
Liquid Interface
(ALI)

-Easy-to-use and reproducible

-Maintenance of disease spe-
cific characteristics

-Toxicological research, drug
screening and toxin exposure

-Lower costs than lung-on-a-
chip or organoids

-Complex long-term culture

-Risks for contamination or cell
dedifferentiation.

-Lack of the native 3D in vivo-
like architecture, and of the
morphological features of the
native tracheo-bronchial system

3D ex vivo culture
of bronchial
punches (BPs)

-Preservation of the intact 3D
native lung tissue architecture

-Analysis of all cell population
of the bronchial epithelium

-Limited culture lifetime

-High risk for contamination.

3D lung organoids

-High reproducibility

-Long-term preservation of dis-
ease specific cell features

-Toxicological drug screening

-Expensive
-Complex maintenance
-Risks for contamination

-Lack of the native 3D in vivo-
like architecture of the airways

3D human lung-
on-a-chip

-Physiological ALI lung-vessel
microenvironment

-Study of functional cells pro-
ducing mucus/ surfactant, and
of inflammatory and oxidative
stress responses

-Toxicological research

-Very expensive
-Difficult to manufacture

-High-throughput drug screen-
ing not possible

-Lung architecture and its phys-
iological functions cannot be
accurately recapitulated.

Table 14: Characterization of 2D and 3D in vitro and ex vivo lung culture models, modified after Paolicelli
et al. 8. For each culture model main advantages and disadvantages are specified. The culture models used
in our study are highlighted in gray.
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The 3D in vitro ALI models are preferred over the unphysiological submerged cultures
or the more sophisticated and expensive lung organoids or lung-on-a-chip models. Our
project uses physiological long-term ALI cultures exposed to environmental NP.

Six steps are necessary to establish this culture (Figure 7):

i) Immediate isolation of pHBECs derived from native bronchial tissue pieces
sampled upon lung transplantation

i) Submerged culture on Petri dishes for 7-14 days

i) Cell transfer on transwells inserts that permit the contact of the pHBECs with
the medium on the basolateral side and with the air on the apical side

Iv) Submerged culture on transwell inserts (2-7 days for healthy pHBECs and up
to 21 days for COPD-IV diseased pHBECS)

V) Airlift by suction of the apical medium of the transwells (ALId0)

vi) Long-term ALI culture (up to 28 days, ALId0-28)

This culture facilitates a physiological cell differentiation in contact with the air on the
apical side and with the growth factors (basal media) on the basolateral side. It can be
maintained weeks or months, thus allowing the study of disease progression . In addi-
tion, ALI culture can be performed for toxin and drug exposures, using standardized NP
exposure devices (e.g. VITROCELL® CLOUD 12, VITROCELL Systems, Germany) °.

74
RN

Surgical Enzymatic Submerged culture ALI culture
resection digestion 5+3 days 30=£2 days
(Pronase 20h) " f:\/fv:\/f
= = A

Multi-ciliated cells
Secretory cells

Secretory cells -

Basal cells Basal cells .« Basal cells
l | ] | |
ALT | | 1 1 1
Day 0 7 14 21 30+2
Proliferation Polarization Specification
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Figure 7: Schematic representation of the long-term air liquid interface (ALI) in vitro culture model based
on primary human bronchial epithelial cells (b HBECs). Immediate isolation of pHBECs from proximal
human bronchi derived from lung explants is followed by enzymatic digestion of the dissected bronchial
mucosa and the submerged culture of the pHBECs. Cells are seeded on transwells upon achieving 70-90%
confluency and air-lifted (ALId0) by suction of the apical media. The resulted ALI culture is maintained
up to 28 days (ALId0-28) in order to facilitate terminal pHBECs differentiation into secretory and multi-
ciliated cells.
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The long-term ALI culture is based on three phases illustrated in Figures 8.
) Pre-expansion phase:

-submerged culture of pure pHBECSs on Petri dish (7-14 days) until achieving

70-90% confluency and transfer of the pHBECs on ALI transwells
i) Proliferation phase:

-Expansion of pure pHBECs under submerged conditions on ALI transwells
followed by airlift by 95% cell confluency and preliminary ALI culture
(ALIdO-12)

-Polarization/ differentiation of pHBECs into suprabasal, secretory and multi-
ciliated cells (AL1d12-21)

iii) Specification phase:

-Terminal differentiation of pHBECs into secretory and multi-ciliated cells

(AL1d21-28) according to the human lung cell hierarchy atlas 1

Pre-expansion Proliferation Specification
Culture phase
phase phase phase
Culture type submerged submerged Air liquid interface (ALI)
Culture time (7-14 days) (2-21 days) (21-28 days)
Culture dish Petri dish Transwells Transwells
Culture cells Primary human Primary human pHBECsS,
bronchial epithelial bronchial epithelial secretory cells,
cells (pHBECs) cells (pHBECs) multi-ciliated cells
s - aa-W-
Basal cells Basal cells Secretory cells Goblet cells

N ! 7
Multi-ciliated cells

Figure 8: Characterization of the culture phases of the long-term air liquid interface (ALI) in vitro culture
model based on primary human bronchial epithelial cells (p0HBECs). Cell differentiation process comprises
three phases: pre-expansion, proliferation and specification phase. While pre-expansion phase is exclu-
sively based on submerged pHBECSs until achieving 70-90% confluency, proliferation phase is based on
pHBECs until achieving 95% confluency on transwells, followed by the culture of basal, secretory and
multi-ciliated cells until ALId21. Specification phase coincides with the terminal differentiation of the
pHBECs, with an end-differentiated epithelium containing basal, secretory and multi-ciliated cells.
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1.5 Objectives of the PhD Thesis

To date, insight into the cell differentiation potential of the chronically challenged bron-
chial epithelium is missing. A better understanding of the mechanisms that trigger cell
regeneration, repair and resilience of the diseased bronchial epithelium is of crucial im-
portance to inform novel preventive and therapeutic strategies. In the light of the high
impact of the continuous toxin exposure on human health and, in particular, in the devel-
opment of untreatable irreversible respiratory diseases, our study aimed to:

1. Investigate the effects of air pollutant exposure on cell composition and epithelial
function of the primary airway epithelium derived from healthy (non-CLD) and dis-
eased (COPD-1V) patients

Airway cells from end-stage COPD patients are exposed to selected air pollutants (CNP,
ZnO and endotoxin/ LPS) in order to analyze cell composition and functional changes at
the level of the bronchial epithelium. In particular, survival mechanisms underlying reg-
ulatory signaling pathways and transcription factor profiling are investigated and com-
pared between diseased (COPD-1V) and healthy controls (non-CLD).

2. Characterize the differentiation process of pHBECs from healthy (non-CLD) and
diseased patients (COPD-1V) with a focus on differences in basal cell populations
and their secretory-multi-ciliated differentiation axis.

Cell differentiation process is analyzed in vitro in a physiological, long-term ALI culture
model by stimulating the growth pattern of the different cell subtypes as well as the phys-
iological muco-secretory and ciliogenic pattern. The temporo-spatial dynamics of the dif-
ferentiation process is analyzed at 7 different timepoints during differentiation via single
cell RNA sequencing and 3D confocal IF. Specific cell populations identified in non-
CLD cultures during differentiation are analyzed with those cultures derived from pa-
tients with COPD-1l and COPD-IV. Signaling pathways that trigger terminal cell differ-
entiation and ciliogenesis (i.e. Notch, Wnt and TGF-B3) are comparatively analyzed at
transcriptome and single cell level.

To address the outlined objectives, we:
i) established and validated a physiological long-term 3D biomimetic ALI culture
system using pHBECSs derived from diseased patients (COPD-II and -1V) in reference
to non-CLD derived cells

ii) exposed pHBECs at ALI to relevant environmental pollutants by using the pre-
clinical, highly standardized VITROCELL® CLOUD 12 cell exposure system

iii) described for the first time particular cell trajectories of the non-CLD and COPD-
IV bronchial epithelium with focus on distinct BC subpopulations regulating the SC-
MCC differentiation axis.
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2. Material and Methods

21 Patient characteristics

Lung bronchial tissue samples were obtained from n=9 patients suffering from COPD
(n=3 COPD-II and n=6 COPD-I1V) and n=4 non-chronic lung disease (non-CLD)/ healthy
patients. The study was approved by the local ethics committee of the Ludwig-Maximil-
ians-University, Munich, Germany (CPC-M bioArchive, #333-10 and #454-12). Written
informed consent was obtained from all patients undergoing lung transplantation at the
Thoracic Surgery Department of the Ludwig-Maximilians-University Hospital or lung
tumor resection at the Asklepios Pulmonary Hospital Munich-Gauting, Germany. Col-
lected tissue samples upon lung transplantation were included in the COPD group. Col-
lected tissue samples (healthy peritumoral tissue) from patients with lung tumors were
included in the healthy (non-CLD) group. Medical records included lung function param-
eters, microbiological and histopathological analysis as well as smoker status and comor-
bidities. CMV infection status was recorded for all patients undergoing lung transplanta-
tion.

2.2 Isolation of primary human bronchial epithelial cells (pHBECS)

Isolation of pHBECS from fresh native bronchial tissue was performed in accordance with
the previously described protocol 1%, 3D biomimetic cultures at ALI derived from n=4
non-CLD, n=3 COPD-II and n=4 COPD-IV patients were established upon pHBECS iso-
lation.

For the two parts (objectives, page 48) of the study two digestion protocols were used.
Accordingly, the enzymatic digestion was performed by using two proteases:

) Pronase E® (protease from Streptomyces griseus, Type XIV >3.5 units/ mg
solid, Sigma, REF: 5147) for 20 hours for both non-CLD and COPD-IV cul-
tures (Pronase protocol)

i) Dispase® (protease from Bacillus polymyxa, SIGMA, D4818, REF: 42613-
33-2) and 25 pl RNase-free DNA-ase for 20 minutes for COPD-1V tissue sam-
ples and 30 minutes for non-CLD tissue samples (Dispase protocol)

The standard ALI cultures were processed according to the Pronase protocol. Here,
freshly isolated bronchial mucosa pieces from n=4 non-CLD patients, n=3 COPD-II and
n=3 COPD-IV patients were enzymatically digested with Pronase E®, followed by sub-
merged cultures with PneumaCult™ - Ex Plus Media (STEMCELL Technologies, REF:
05041) until achieving 70-90% confluency.

The cultures required for the preparation of single cell suspensions and drop-seq single
cell RNA-seq analysis were processed according to the Dispase protocol. In summary,
fresh native bronchial tissue samples derived from n=2 non-CLD and n=2 COPD-IV


https://www.sigmaaldrich.com/catalog/product/sigma/p5147?lang=de&region=DE
https://www.sigmaaldrich.com/catalog/product/sigma/p5147?lang=de&region=DE
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patients were enzymatically digested with Dispase® and RNase-free DNA-ase. This
short-term digestion allowed the preservation of all cell populations of the bronchial epi-
thelium. The enzymatic activity was inhibited with 5 ml of phosphate buffered saline
(PBS) containing 10% FCS. Cells were filtered through a 70 um strainer and centrifuged
at 300xg for 5 minutes at 4°C. To remove the remaining cells and potential contaminants,
the pellet was resuspended in 3 ml of red blood cell lysis buffer and incubated at room
temperature for 2 minutes. In the next step, 10 ml of PBS containing 10% FCS was added
to the suspension. The mix was resuspended and centrifuged for 5 minutes at 300xg and
4°C. The supernatant was discarded and the cells resuspended in 1 ml of PBS containing
10% FCS. Cell number was counted by using a Neubauer chamber and the cells were
critically checked for single cell separation. The resulted dead cells were removed. A
maximal amount of 15% is allowed to continue with 85% viable cells for the drop-seq
analysis. 250.000 cells were aliquoted in 2.5 ml of PBS enriched with 0.04% of bovine
serum albumin (BSA) to produce a final concentration of 100 cells/ ul that can be loaded
for further drop-seq analysis.

2.3 Invitro cell culture at Air-Liquid-Interface (ALI)

Culture of pHBECs at ALI was performed according to our standardized protocol, in de-
tail described by Schamberger et al. 17,

A schematic representation of long-term ALI culture is illustrated in Figure 9.

Multi-ciliated cell

Secretory cells
Basal cells
| | | | |
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Day 0 7 14 21 30+2
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Figure 9: Schematic representation of the ALI culture phases of pHBECs culture model in vitro. Upon
airlift (AL1d0), differentiation process of pHBECs comprises three phases (proliferation, polarization and
specification). Accordingly, basal cells (proliferation phase) give rise to secretory cells with a maximum
amount on ALI1d14 (polarization phase) that initiate the differentiation into multi-ciliated cells. The speci-
fication phase coincides with the terminal differentiation of pHBECSs culture containing basal, secretory
and multi-ciliated cells with a maximum amount on ALId28.
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Freshly isolated pHBECSs seeded on Collagen IV-coated transwell inserts were cultured
in PneumaCult™ - Ex Plus Media (STEMCELL Technologies, REF: 05041) until 95%
cell confluency. The apical media is aspirated (Airlift) and the ALI culture initiated.
pHBECSs at ALI have direct contact to the air on the apical side and to the basal media on
the basolateral side. ALI Basal Media (PneumaCult™ — ALI Basal Media, enriched with
100x PneumaCult™ - ALI Maintenance Supplement, STEMCELL Technologies, REF:
05006) was changed every other day. pHBECs differentiation into SC (ALId7 onwards)
IS suggested by the presence of the apical mucus. The mucus was washed every 7 days
with HBSS Ca?*/ Mg?* (Gibco Life Technologies, REF: 14065-049). ALI culture was
validated by TEER, WST-1, LDH, IF and drop-seq single cell RNA-seq analysis.

2.4 Ex vivo culture of the native bronchial tissue at ALI

To validate the cellular distribution and composition of fully differentiated pHBECs cul-
ture a novel ALI model based on ex vivo culture of human bronchial tissue samples was
developed in our laboratory. Human native bronchial tissue pieces were immediately pro-
cessed after lung transplantation or tumor resections. Peribronchial fat was removed and
bronchial pieces were washed 3 times in ice-cold PBS to remove mucus and reduce con-
tamination risk. Bronchial rings were dissected in small tissue pieces (2 cm?) and washed
3 times in ice-cold DMEM/ F12 Media (Gibco Life Technologies, REF: 11330-032) sup-
plemented with 10000 U/ml Penicillin, 10000 pug/ml Streptomycin, 250ug/ml Amphoter-
icin B (Gibco Life Technologies, REF: 15290-026), 15 mM HEPES and 29.2 mg/ml L-
Glutamine (Gibco Life Technologies, REF: 10378016, 100x). Each bronchial piece was
sectioned in bronchial punches (BPs) by a 4 mm tissue puncher (PFM medical, Kai Eu-
rope GmbH, REF: 48401). BPs were seeded on inserts that allow contact with the media
on the basolateral side and with the air on the apical side (Figure 10).

ALI culture Culture validation Ege‘;;zt_l:r; Sfcrhee”;?:i:’_(;e%
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= plantation, an immediate
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and maintained up to 4
days at ALI. BPs are bron-
chial wall samples entirely
| j  Ppreserving the native ar-
| I chitecture of the human
bronchi, containing a carti-
laginous part (basal side)
and submucosa/ mucosa
(apical side). Only the cartilaginous part of the BPs has contact with the media, whereas the mucosa has
contact with the environmental air. BPs were cultured up to 4 days at ALI, carefully avoiding the mucosa
submersion. The culture validation was done by immunofluorescence.
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2.5 Nebulization of NP via VITROCELL® CLOUD 12 cell exposure system
Fully differentiated pHBECs were exposed to relevant aerosolized NPs in a dose- and
time- dependent manner using the ALICE CLOUD technology (VITROCELL® CLOUD
12, VITROCELL Systems, Waldkirch, Germany) (Figure 11), according to the previ-
ously described protocol ',

Experimental approach VITROCELL® CLOUD 12 exposure  Nanoparticle exposure
, ; .,
\@ ( = g Lrs
N 7 e, — W g
cloud | homogenous gravitational
emission mixing settling

Figure 11: Experimental approach of Nanoparticle (NP) exposure by using the highly standardized, pre-
clinical VITROCELL® CLOUD 12 cell exposure system: up to 8 ALI transwells containing fully differen-
tiated pHBECs on ALI1d28 are transferred in the exposure system. The exposure comprises 3 steps: cloud
emission, homogenous mixing of the aerosolized droplets and gravitational settling aiming at an uniform
NP deposition on the apical surface of the cells in 3-5 min. LPS, Carbon soot surrogate NP (CNP) and Zinc
Oxide were selected for NP exposure.

The NPs used in our experiments are present in the environmental air of the highly indus-
trialized cities as result of uncontrolled combustion processes: carbon soot surrogate na-
noparticles (CNPs, Printex 90, primary particle size: 14 nm, Degussa, Germany) and Zinc
oxide nanoparticles (ZnO, JRC reference material NM110, primary particle size: 158
nm). Briefly, 200 ul of sample (test-solution or NP suspension) is pipetted into a clinically
relevant vibrating mesh nebulizer (Aeroneb Pro, Serial number 186056-036, Aerogen
Inc., Galway, Ireland). The sample is nebulized into the exposure chamber loaded with
up to eight transwell inserts. The VITROCELL® CLOUD 12 system provides a realistic
NP deposition on the apical side of the cells in three steps: cloud emission, homogenous
mixing and gravitational settling. An uniform particle deposition is achieved in 3-5 min
111 The doses that reach the apical surface of the cells are measured by an integrated
quartz crystal microbalance (QCM), which is placed in the right upper corner of the de-
vice. To mimic physiological exposure conditions, a constant system temperature (37°C)
was maintained during whole time of exposure. After exposure, the cells were immedi-
ately transferred back into the incubator for 24 hours. In order to obtain an optimal NP
size, NP agglomerates were treated with a probe sonicator (Bachofer GmbH, Reutlingen,
Germany) at 30% output energy for 30 seconds for CNP (37 J/mL sonication energy) and
160 seconds for ZnO (195 J/mL). The median volumetric diameter of the dispersed NP
(160 nm for CNP and 260 nm for ZnO NP) was determined by DLS (Dynamic Light
Scattering; Zetasizer, Malvern Instruments, GBR). Untreated (sham) controls in which
the cells were only exposed to saline solution 0.9% (the same used for NP suspensions)
were included. The proinflammatory and OS responses after NP exposure were compared
to saline solution (sham control), LPS (positive control, inflammation reference, Img/ ml
aerosolized particles, lipopolysaccharides from Escherichia coli O55:B5, L2880, Sigma-
Aldrich) and 0.2 % TritonX-100 (used as cytotoxicity high control, (C2H40)nC14H220,
9002-93-1, Sigma-Aldrich).
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The characteristics of the nebulized NP are summarized in Table 15.

Nebulized BET | Median diameter | NP conc | Mass dose | Surface area
Nanoparticles (m?/g) (nm) (mg/ml) | (ng/em?* | dose cm?/cm?
Sham (water) - - 0 0 -

LPS (1 mg/ml) - - 1 0.70 -

CNP/ Printex90 310 201+48 5 3.50 10.8
ZnO low dose 12 307+12 1.75 1.22 0.147
ZnO high dose 12 Skx 38.12 267 3.20

Table 15: Characteristics of the nebulized nanoparticles (NPs). Endotoxin (LPS), Carbon soot surrogate
NP (CNP) and Zinc Oxide (ZnO, two doses) were selected for NP exposure. Upon NP exposure, following
parameters were analyzed: BET (mass-specific surface area of NPs according to Brunauer et. al’, m?/g),
median volume-weighted diameter (£SD, n=3, nm) of size distribution of NPs agglomerates in nebulized
suspension measured by dynamic light scattering, nanoparticle concentration (NP conc, mg/ml), cell deliv-
ered mass dose (*, pug/cm?) and surface area dose (cm?/cm?) calculated from the deposited NP mass per
cell-covered area (ug/ cm?) measured with a quartz crystal microbalance and the BET value of the NPs. **
DLS measurement not possible due to the high NP concentration.

2.6  Cigarette smoke extract (CSE) treatment of pHBECs

In order to characterize the differentiation process of the diseased pHBECSs and to demon-
strate the toxin-induced disease progression, COPD-II derived pHBECs (n=3) were
treated on the basolateral side with cigarette smoke extract (CSE) during whole time of
differentiation (ALId0-28) as previously reported 2,

The CSE resulted from the smoke of six Research Cigarettes (Tobacco laboratory re-
search, University of Kentucky, Tobacco research and development center, TP-7-VA,
V347X61B5, CODE 3R4F 12/2006). The CSE was filtered through a 0.22 um filter and
diluted in 100 ml basal media (PneumaCult™ STEMCELL Technologies, REF: 05006)
to obtain a 5% extract solution. CSE medium was applied on the basolateral side of the
cells every second day.

The membrane resistance and integrity of the exposed cells were analyzed weekly (on
ALId7, 14, 21 and 28) by TEER and LDH. The compositional changes upon chronic CSE
exposure were assessed by 3D confocal IF.

2.7  Functional and compositional analysis of NP challenged and unchallenged
pHBEC:S in vitro

To describe the effects of the toxin exposure on the human bronchial epithelium, follow-
ing assays were performed in the pHBECs cultures with and without NP exposure:

-functional assays: WST-1 (cell viability), lactate dehydrogenase (LDH) release (mem-
brane integrity), transepithelial electrical resistance (TEER, barrier integrity), ciliary beat-
ing frequency (CBF)
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-compositional assays: 3D confocal Immunofluorescence (IF) of pHBECs cultures and
native bronchi, RNA isolation, transcriptome and secretome analysis

2.7.1 WST-1 assay

WST-1 assay is a functional assay usually performed to asses cell viability and prolifera-
tion. Reduction of WST-1 tetrazolium salt to a formazan dye product takes place at the
cell surface of the viable cells in a NAPDH-dependent manner. This process can be spec-
trophotometrically measured at an optical density of 450 nm by an optical spectrometer
(e.g. Magellan microplate reader device) according to the described manufacturer’s in-
structions. Cell viability was measured for fully differentiated pHBECs at baseline level
and 24 hours after NPs challenge. Accordingly, 500 pl WST-1 cell proliferation reagent
(Roche Diagnostics GmbH, CAT: 11644807001) was added on the top of the cultured
pHBECs and incubated for 25 minutes at 37°. After collection, WST-1 reagent was cen-
trifuged for 5 minutes at 1000xg and analyzed spectrophotometrically. Following incu-
bation, color of WST-1 reagent remains pinkish in viable cells and changes to yellow in
dead cells.

2.7.2 Lactate dehydrogenase (LDH) assay

LDH assay is a functional cytotoxicity assay that analyses the integrity of the cell mem-
brane. The extracellular release of LDH upon cell membrane injury reversibly catalyzes
the conversion of lactate to pyruvate and NAD to NADH that can be quantified spectro-
photometrically at an optical density of 450-490 nm. The LDH release assay kit (LDH
Cytotoxicity Detection Kit, Roche Diagnostics GmbH, REF: 11644793001) provides a
mixture of 2 reagents (1:45) that are added on the top of the cultured cells and incubated
for 30 minutes at room temperature, according to the previously described protocol 2.
Following incubation, color of apical media remains pinkish in viable cells and changes
to dark red in dead cells. Untreated cells were used as low control and 0.2% TritonX-100
treated cells were considered cytotoxic high controls.

2.7.3 Transepithelial Electrical Resistance (TEER)

TEER is a functional assay that assesses the barrier function and membrane integrity of
the cells. TEER values are measured in Ohm (Q) and adjusted to the surface area of the
transwells inserts (x 1.12 cm?), in accordance with the company instructions 2. Physio-
logic TEER values for an intact cell membrane in pHBECs ALI culture are considered
766+154 Ohm x cm? according to Srinivasan et al.*. TEER measurement was used to
validate the differentiation process of pHBECs at ALI (day 7-28) and to analyze the cell
barrier integrity 24 hours after NPs exposure.

2.7.4 3D confocal Immunofluorescence microscopy (IF)

These analyses were performed in collaboration with M. Gerckens and Dr. G. Burgstaller
(IF protocol of bronchial punches), Dr. M. Heydarian and PD Dr. A. Hilgendorff (IF
protocol of native bronchi embedded in paraffine) (Institute for Lung Health and Immun-
ity and Comprehensive Pneumology Center with the CPC-M bioArchive; Helmholtz
Zentrum Munich, Germany).
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pHBECs and BPs were washed with HBSS (Ca?* and Mg?*), fixed apical and basolateral
with 4% paraformaldehyde, permeabilized with 0.2% Triton X-100/ HBSS for 15 minutes
at room temperature and blocked with 5% BSA/ 0.2% Tween/ HBSS for one hour. The
ALI membranes and BPs were stained with appropriate dilutions of primary antibody
overnight at 4°C and secondary antibody for one hour in the dark. The used primary and
secondary antibodies are summarized in Table 16.

Biological | Molecu- Ig Dilution Company
source lar mass | class

Primary antibody

Acetylated a-Tubu- mouse 52 kDa |1gG2b | 1:500 | Abcam

H +
lin (Ac. Tub®) REF: 179484

MUCS5AC protein mouse 63 kDa | IgGl 1:250 | Abcam
REF: 3649

Club cells secretory mouse 10 kDa | 1gG1 1:300 | Santa cruz
protein (CC10%)

REF: 25554
Cytokeratin 5 rabbit 58 kDa IgG 1:100 | Thermo Fisher
(Krt5™) REF: MA5-16372
Laminin B-3 rabbit 125 kDa | 1gG 1:100 | Thermo Fisher
(LAMB3’) REF: PA5-21514
FOXJ1* mouse 50 kDa | IgG1l 1:100 | Bioscience™
REF: 14-9965-82
RPLP1* rabbit 29 kDa IgG 1:100 | Novus
REF: 81293
Secondary antibody
Alexa Fluor™ 488 | goat anti- IgG 1:400 | Thermo Fisher
mouse H+L REF: A11004
Alexa Fluor™ 568 | goat anti- IgG 1:400 | Thermo Fisher
rabbit H+L REF: A11008

Table 16: Key features of the primary and secondary antibodies used for immunofluorescence protocol
according to the manufacturer’ specifications. For each antibody biological source, molecular mass (kDa),
Ig class, used dilution and company name were specified.
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Representative 3D images were taken by using a confocal laser scanning microscope
(LSM) from 6 independent differentiations (n=3 non-CLD and n=3 COPD-IV cultures)
with 3 different pictures for each treatment condition. Taking the colocalization of the
MUCSAC* cells and CC10* cells reported by Schamberger et al. into account 2 | we
deduced the percentage of single positive MUC5AC™ and CC10* cells by substracting the
reported colocalization fractions (2/3 and 8/17 from the absolute number of MUC5AC*
and CC10™ cells, respectively). The 3D images of the IF stainings were analyzed by using
the IMARIS Software and plotted as mean £ SEM via GraphPad prism 8.2 Software.

2.7.5 RNA isolation and transcriptome analysis

These analyses were performed in collaboration with Dr. M. Irmler and Prof. Dr. J. Beck-
ers (miroarray, Ingenuity Pathway Analysis®) (Institute of Experimental Genetics, Lud-
wig-Maximilians-University of Munich (LMU), 81377 Munich, Germany)

RNA isolation from the lysed pHBECs at ALI was performed by using the RNeasy Plus
Mini Kit (Qiagen, Hilden, Germany). Control of RNA quality was assessed using the
Agilent 2100 Bioanalyzer. Only samples with a RNA integrity number >7 were used for
further microarray analysis. Amplification of total RNA was performed via WT PLUS
Reagent Kit (Thermo Fisher Scientific Inc., Waltham, USA) and hybridization of the
cDNA was performed via Human Clariom S arrays (Thermo Fisher Scientific). Staining
and scanning were performed with a Gene Chip Scanner (3000 7G) according to the pre-
vious protocol reported by the manufacturer. Normalized signal space transformation
(SST-RMA) of gene-level data were performed via the Transcriptome Analysis Console
(TAC; version 4.0.0.25; Thermo Fisher Scientific).

2.7.6  Single cell RNA-seq drop-seq analysis

These analyses were performed in collaboration with Dr. M. Strunz (single cell suspen-
sions, drop-seq analysis), M. Ansari and Dr. H. Schiller (Ingenuity Pathway Analysis®,
enrichments, datasets analysis) (Institute for Lung Health and Immunity and Comprehen-
sive Pneumology Center with the CPC-M bioArchive; Helmholtz Zentrum Munich, Ger-
many)

Drop-seq experiments were performed in accordance with the previously described pro-
tocol 11314 The protocol was adapted for an optimized preparation of the single cell li-
brary by Angelidis et al. °.

One hundred/ ul single cell suspensions encapsulted with oligo-barcoded beads (120/ pul,
ChemGenes Corporation, Wilmington, rates of 4000 ul/ hour) were incorporated in the
droplet emulsions. The oligo-barcoded beads were produced by using a microfluidic Pol-
ydimethylsiloxane device (Nanoshift LLC, 1401 Marina Way South Suite 310, Rich-
mond, CA 94804). Each droplet emulsion was collected for 10-20 minutes and broken
for isolation of the oligo-barcoded beads carrying hybridized mRNA transcripts (Maxima
RT, Thermo Fisher). For reverse-transcription and pre-amplification (12 cycles) a 100
uM PCR primer (AAGCAGTGGTATCAACGCAGAGT) was used according to the pre-
viously described protocol 3.

PCR products were cleaned up after collection using Solid Phase Reversible Immobilisa-
tion (SPRI) beads (CleanNA, Coenecoop 75, 2741 PH Waddinxveen) and prepared for
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tagmentation. The unfragmented DNA was tagged with a P5 primer (Integrated DNA
Technologies) using the Nextera XT Kit (Illumina, Inc, 5200 Illumina Way, San Diego,
CA 92122 USA). Single cell libraries were sequenced via lllumina HiSeq4000 system in
a 100 bp paired-end run (0.2 nM denatured sample, 5% PhiX spike-in). The microfluidic
devices produced a polydimethylsiloxane (PDMS) master mold by using photolithogra-
phy for the drop-seq device design (CAD file: http://mccarrolllab.org/dropseq/). The mas-
ter mold fabricated from a SU-8 photoresist (MicroChem, USA) was spin-coated on a 3”
silicon wafer for generation of 125 pm-thick uniform layers.

The master mold, filled with a 10:1 mixture (base, curing agent of the PDMS kit Sylgard
184 Dow Corning, USA) was incubated at 60°C for 4 hours to facilitate PDMS crosslink-
ing. The resulted PDMS replica were extracted from the master mold via an 1 mm
puncher, treated with O2 plasma, sealed with a 2” x 3 microscopic slide and treated with
Aquapel (Pittsburgh Glass Works, USA) to increase the inner surface roughness (super-
hydrophobicity).

The cell signatures and trajectories published by Deprez et al.?> were used to score the
established cell types.

2.7.7 Secretome analysis - quantitative proteomics

These analyses were performed by Dr. SM Hauck (protein isolation, percolator algo-
rithm, protein quantification) (Metabolomics and Proteomics Core, Helmholtz Center
Munich, German Research Center for Environmental Health GmbH, 80939, Munich,
Germany)

Apical wash of ALI cultures were lysed with LysC and trypsin according to the previously
described FASP (filtered aided sample preparation) protocol 1*>11¢, Eluted peptides were
analyzed by using a mass spectrometer (Thermo Fisher Scientific) combined with a Ulti-
mate 3000 RSLC nano-HPLC (nano-high performance liquid chromatography, Dionex).
Resulted samples were introduced onto the C18 trap cartridge, eluted and separated on
the C18 analytical column (Acquity UPLC M-Class HSS T3 Column, 1.8 pm, 75 um x
250 mm; Waters) by a 90 minutes non-linear acetonitrile gradient at a flow rate of 250 nl/
min. Spectra were analyzed at a resolution of 60000 with a maximum injection time of
30 ms from 300 to 1500 m/z. The 10 most abundant peptide ions were selected for frag-
mentation via HCD (higher energy collisional dissociation) with a normalized collision
energy of 27, an isolation window of 1.6 m/ z, and a dynamic exclusion of 30 s. Tandem
mass spectrometry (MS/ MS spectra) was recorded at a resolution of 15000 with a maxi-
mum injection time of 50 ms. Acquired raw data was analyzed by using the Proteome
Discoverer 2.4 SP1 software (Thermo Fisher Scientific; version 2.4.1.15). For peptide
and protein identification the database Sequest HT against the SwissProt Human database
(Release 2020 02, 20435 sequences; 11490581 residues) were used. The Percolator al-
gorithm described by Kall et al. was used for validating the peptide spectrum matches 7.
Quantification of proteins, after precursor recalibration, was based on intensity values for
all unique peptides per protein.
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2.7.8 Ciliary beating frequency (CBF) analysis

These analyses were performed in collaboration with A. Castelblanco (script develop-
ment, CBF quantification) (Institute for Lung Health and Immunity and Comprehensive
Pneumology Center with the CPC-M bioArchive; Helmholtz Zentrum Munich, Germany)
CBF was calculated in accordance with the previously reported protocol (ciliaFA) by us-
ing some adaptations given the coexistence of different beating cilia (coordinated, fast-,
slow-, or non-beating cilia) on the same culture 3. A full HD camera was used to record
videos (resolution 1920 x 1080 pixels, 50 fps). In order to calculate the CBF, a Phyton
script was developed. Accordingly, each image was divided into 100 independent subre-
gions by using a 10 x10 grid. The average intensity in time was calculated for each sub-
region and the highest frequency components of the signal were extracted by using a
discrete fourier transform. For each video, the top 10 subregions with highest CBF meas-
ured in Hz were used for further analysis. For each culture condition, three videos (>10 s
each) were recorded and the distributions of the CBF were comparatively analyzed.

2.8  Statistical analysis

These analyses were performed in collaboration with Dr. SM Hauck and Dr. B. Schubert

(secretome data), M. Ansari and Dr. H. Schiller (single cell data), A. Castelblanco (CBF),

Dr. M. Irmler (microarray data) (Institute for Lung Health and Immunity and Compre-

hensive Pneumology Center; Helmholtz Zentrum Munich, Germany)

Clinical characteristics of patients:
Results were presented as median [quartiles].

TEER, WST-1, LDH, IF:
Specific NPs- and disease-related effects were analyzed via two-way ANOVA with
Dunett’ post-hoc testing. Representative 3D IF images were analyzed by applying the
T-Test or two-way ANOVA, if applicable. Results were presented as mean + SEM,
with P-values < 5% considered as statistically significant.

CBF:
Comparisons were performed by using Kolmogorov-Smirnov Test with P-values ad-
justed by Benjamini—Hochberg Test for multiple testing correction.

Transcriptome data:
Data were statistically analyzed by using the statistical programming environment R
(R Development Core Team), CarmaWeb for paired analyses according to the previ-
ously described methods or GraphPrism 8.2 118, Testing of differential gene expres-
sion were done by (paired) Limma T-Test with Benjamini-Hochberg Test for multiple
testing correction. The gene datasets with a false discovery rate (FDR) < 10% was
considered significant. Background of gene datasets (dabg) was detected and reduced
using P-values < 5% in at least 50% of the samples in at least one of the treatment
groups. Datasets of regulated genes were defined by raw P-values < 5%, a fold change
gene expression > 1.3 and z-score transformation > 2 (activation) or < -2 (inactiva-
tion). Pathway analyses were generated by QIAGEN’s Ingenuity Pathway Analysis®
(IPA®, QIAGEN Redwood City, www.giagen.com/ingenuity) using Fisher's Exact
Test. Gene enrichment datasets were analyzed by Perseus platform. GO terms from
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the GO biological Process 2021 platform derived from the Enrichr database was at-
tached. GO terms were sorted by P-value.

Proteome data:
Protein ratios were calculated using pairwise ratio-based approach, with a back-
ground-based Student’s T-Test as hypothesis test 1°, resulting in ratios and corre-
sponding significance values for the individual proteins. Peptide abundance values
were normalized on total peptide amount. Only top-scoring identifications for each
spectrum were included into the final database, by using a FDR < 1%. The final list
of proteins satisfied a FDR < 5%.

Single cell data:
The generation of count matrices was performed by using the Drop-seq tools compu-
tational pipeline (v2.0, STAR v2.5.3a). The reads were aligned to the hg19 human
reference genome. Downstream transcriptomic analysis was performed using the
Scanpy package (v1.8.0). Statistical significance was calculated with the Wilcoxon
rank-sum Test using the Python package scipy, and the P-values were adjusted with
the Benjamini-Hochberg Test for multiple testing correction. The number of the GO
Terms and the corresponding gene lists were retrieved from http://geneontology.org/.
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3. Results

3.1 Clinical characteristics of patients included in the study

pHBECSs cultures derived from n=6 COPD-IV patients undergoing lung transplantation
and n=3 COPD-II patients with lung tumors undergoing major lung resections. The me-
dian age of the patients admitted with COPD-IV was 62.5 [56-64.5] years and with
COPD-I1 70 [64-70] years.

Five out of six patients with COPD-IV underwent double lung transplantation. Five pa-
tients presented at last clinical examination prior to lung transplantation a severely de-
creased lung function (predicted FEV1 < 20%, median 18.6 [14.4-26.5] %). All patients
with end-stage lung disease denied a history of pulmonary hypertension or heart disease.

All patients undergoing lung transplantation were ex-smokers with a median smoking
history of 35 [26.3-40] Pack Years. Median follow-up of patients undergoing lung trans-
plantation was 12 months.

Clinical characteristics of the COPD patients included in the study are summarized in
Table 17.

Pat. | Age | COPD | Pack | Smoker Surgery FEV: | PAH | Heart | CMV | Fol-
No. stage | years status (%) ;jai;-e ILO,I\[IJV

(mo.)
P1 62 v 40 Ex Double LTX 13.15 No No - 12
P2 | 66 v 30 EX Single LTX 18.33 No No - 12
P3 | 63 v 40 EX Double LTX 14.79 No No + 12
P4 50 Hi-1v 15 Ex Double LTX 19.28 No No - 12
P5 | 58 v 30 Ex Double LTX 48 No No - 6
P6 | 64 v 40 EX Double LTX 18.88 No No - 0
P7 | 70 1 40 Ex Lobectomy 70.6 No Yes n.a. >12
P8 | 64 I-11 n.a. Active Lobectomy 79 No No n.a. 4
P9 | 70 1 80 Ex Pneumonec- 59 No No n.a. 24

tomy

Table 17: Clinical characteristics of the COPD patients included in the study. Following parameters were
assessed: age, COPD-stage, smoker status, surgery type, forced expiratory volume in 1 second (FEV1, %
predicted value), pulmonary artery hypertension (PAH), history of heart disease, cytomegalovirus infection
status of the recipient (CMV) and follow-up (months).

3.2 Analysis of the response of the bronchial epithelium upon NP exposure

The main goal of the project was to analyze the functional and compositional changes of
the healthy and diseased bronchial epithelium upon environmental NP exposure.
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The experimental approach is illustrated in Figure 12.

Experimental approach VITROCELL® CLOUD 12 exposure

cloud homogenous gravitational
emission mixing settling

Functional analysis (ALId28) 24 h post exposure.

WST-1, LDH release, TEER
IF

Transcriptome

Secretome

Ciliary beating frequency
Single cell RNA-seq drop-seq analysis

Figure 12: Experimental approach illustrating the long-term ALI pHBECSs culture, consecutively chal-
lenged to environmental Nanoparticles (NPs) via the highly standardized preclinical VITROCELL®
CLOUD 12 cell exposure system. LPS, Carbon soot surrogate NP (CNP) and Zinc Oxide were selected for
NP exposure. Analysis post-exposure comprised functional assays (WST-1, LDH release, Transepithelial
electrical resistance (TEER), Immunoflorescence (IF), ciliary beating frequencies of the multi-ciliated cells
colonies) as well as transcriptome, secretome and single cell RNA-seq drop-seq analysis.

In summary, different aerosolized NP were realistically nebulized via VITROCELL®
CLOUD 12 exposure system on the surface of the human bronchial epithelium at ALI.
The chosen NPs (carbon soot surrogate nanoparticle/ CNP and ZnO) were selected as
important components of the welding fume 2120123 present in high concentrations in in-
dustrial and heavily urbanized cities as a result of uncontrolled combustion processes. To
highlight a potential dose-dependent response, two ZnO doses (ZnO low 0.14 cm?/cm?
and ZnO high 3.2 cm?/cm?) have been nebulized. For CNP, a repetitive nebulization (2x)
has been used, since a single dose was not able to provoke significant cell compositional
and functional changes. The analysis of cell composition and epithelial function post-
exposure includes following steps:

) The toxin-induced effects on cell composition and function were compara-
tively analyzed via WST-1, LDH, TEER and IF.

i) The post-exposure changes were investigated at transcriptome and secretome
level.

i) The SC-MCC differentiation axis was analyzed at single cell level.

Iv) The terminally end-differentiated MCC were functionally characterized by
CBF analysis.

V) Single cell analysis in freshly isolated and end-differentiated pHBECs at ALI
was performed to highlight potential associations between the skewed cellular
composition and the response upon NP exposure.
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3.2.1 pHBECs ALI culture exposure to ZnO

3.2.1.1 Cytotoxicity, barrier integrity and viability (LDH release, TEER and WST-
1)

The exposure to ubiquitously relevant, moderate ZnO doses (0.14 cm?/cm? ZnO) was
illustrated in Figure 13.
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Figure 13: Analysis of membrane integrity (A), barrier integrity loss (B) and metabolic cell viability (C)
of the pHBEC:s cultures derived from non-CLD, COPD-II and COPD-IV patients 24 hours after NP expo-
sure using lactate dehydrogenase (LDH release) assay, transepithelial electrical resistance (TEER) and te-
trazolium salt (WST-1) assay. Results were presented as mean £ SEM with P-values < 5% considered as
statistically significant. Specific NPs- and disease-related effects were analyzed via two-way ANOVA with
Dunett’ post-hoc testing. * Significances within same NP exposure group, #significances within different
disease states.

Exposure to moderate ZnO was characterized by pronounced disease-stage specific ef-
fects in non-CLD and COPD-II derived pHBECs: next to a 4-fold increase of LDH release
(ALDH 28.45 (ZnO, non-CLD); 28.49 (ZnO, COPD-II); 8.60 (LPS, non-CLD)), and a
significant loss of cell barrier integrity, (i.c. membrane resistance (ATEER loss 278 (ZnO,
non-CLD); 212 (ZnO, COPD-II) Ohm x cm?)) we observed a pronounced reduction in
metabolic cell activity (AWST-1 82.6 (ZnO, non-CLD); 86.5 (ZnO, COPD-II)), all to-
gether matching the clinical picture of ZnO-induced airway injury (Figure 13 A-C). In
comparison to the non-CLD and COPD-II cultures, the COPD-1V bronchial epithelium
revealed an increased resilience towards ZnO exposure mirrored in a reduced LDH re-
lease (ALDH 7.28, (COPD-1V), 28.49 (COPD-II), 28.44 (non-CLD)) and barrier integrity
loss (ATEER loss 3.2 Ohm x cm? (COPD-1V), 212 Ohm x cm? (COPD-II), 277 Ohm x
cm? (non-CLD), Figure 13 B) with a concomitant preserved metabolic cell viability
(AWST-1 101.4% (ZnO, COPD-1V), 86.5% (COPD-II), 82.6% (non-CLD)). In particu-
lar, exposure to ZnO revealed a dose-dependent response with a significantly increased
LDH release upon high ZnO exposure in non-CLD and COPD-I1 pHBECs (ALDH 78.5
(non-CLD); 88.9 (COPD-II)) when compared to COPD-IV pHBECs (ALDH 66.6
(COPD-IV)). This response was accompanied by a significant loss of cell barrier integrity
(ATEER loss 609.8 (non-CLD); 474.5 (COPD-II) Ohm x cm?, Figure 13 B). Exposure
to high ZnO doses induced a decrease in cell viability independent of disease stage
(AWST 42.5% (non-CLD); 41.6% (COPD-II); 45.8% (COPD-IV)).
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Altogether, exposure to maximal ZnO doses induced a reduced LDH release (ALDH 66.6
(COPD-1V)) and loss of cell barrier integrity (ATEER loss 299.7 (COPD-I1V) Ohm x cm?)
and an almost similar reduction in metabolic cell activity (AWST-1 45.8% (ZnO, COPD-
IV)) when compared to non-CLD and COPD-II cultures.

3.2.1.2 Immunofluorescence

Exposure to moderate dose of ZnO NPs revealed a stable number of MCC in exposed
non-CLD pHBECs (Ac.-Tub™ 47.01+2.80% (ZnO, non-CLD)), when compared to the
decreased number of MCC in COPD-II cultures (20.35+14.07% (ZnO, COPD-Il)). The
number of SC remains almost unchanged in non-CLD and COPD-II cultures (MUC5AC*
5.17+2.43 (ZnO, non-CLD); 6.04+2.18 (ZnO, COPD-II)) and CC10* cells (CC10*
16.58+3.32% (ZnO, non-CLD); 18.49+5.53% (ZnO, COPD-II)) on ALId28 (Figure 14).
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Figure 14: (A-C) Representative 3D IF and (D-F) quantification of confocal IF images of the NP exposed
ALLI cultures, reflecting an increased resilience of COPD-IV pHBECs associated with a hypersecretory
oligo-ciliated cell phenotype (increased amount of secretory cells, decreased amount of multi-ciliated cells).
Three images were quantified for each culture condition. Results were presented as mean £ SEM with P-
values < 5% considered as statistically significant. Specific NPs- and disease-related effects were analyzed
via two-way ANOVA with Dunett’ post-hoc testing. #Significances within different disease states

Moreover, the reduced number of MCC (oligo-ciliated phenotype) in COPD-IV cultures
(Ac.-Tub™ 18.5£11.9% (ZnO, COPD-IV)) was accompanied by an increased number of

secretory (MUC5AC™ 12.8+2.9% (ZnO, COPD-IV) and CC10" (CC10" 25.5+7.4% (ZnO,
COPD-1V)) cells when compared to non-CLD and COPD-II cultures (Figure 14 D-F).

Given the overall lower number of cells in COPD-1V cultures, the compositional changes
were more reduced in COPD-1V in comparison to non-CLD and COPD-II cultures, with
a relevant cell reduction of MCC.
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3.2.1.3Transcriptome and secretome analysis

Transcriptome analysis upon moderate ZnO exposure revealed an increased gene signal-
ing involved in metal ion homeostasis in COPD-IV cultures (MT1IH, MT1IF, MT1IM,
CKMT1IB, MT1L, MT1IP) together with increased mineral absorption processes at the
level of the cell membrane (KEGG: hsa04978).

The increased expression of the toxicity protecting metallothioneins illustrates the effi-
ciency of the absorption mechanisms at the level of COPD-IV bronchial epithelium.

The expression of genes encoding metallothioneins is comparatively summarized in Ta-
ble 18.

DEG COPD-IV non-CLD
P-value FC P-value FC

MT1H 2.25E-03 2.65

MT1F 2.90E-03 2.24

MT1M 1.97E-03 2.05

CKMT1B 5.77E-03 1.53

MT1L 2.86E-02 1.53

CKMT1A 1.58E-02 1.34 1.87E-02 1.63

MT1HL1 4.71E-02 1.32 4.24E-02 2.04

MT1IP 2.45E-02 1.32

Table 18: Differential expression of metal toxicity protecting metallothioneins (MT1-) derived from bulk
transcriptome analysis 24 hours after moderate ZnO exposure (0.14 cm?/cm?) of COPD-1V and non-CLD
cultures. Datasets of regulated genes were defined by raw P-values < 5% by using a fold change (FC) gene
expression filter > 1.3. DEG - differentially expressed genes.

Enrichment analysis upon moderate ZnO exposure revealed a panel of upstream regula-

tors involved in cell differentiation axis towards a hypersecretory phenotype (SPDEF,
FOXO1, IL-17C, PPRC1, RELA, LAMC1, IRF3).

The secretory fate of ZnO-challenged pHBECs in COPD-IV cultures is complemented
by an aberrant expression of genes involved in cilium organization and movement (GO:
0003341, GO: 0001539, GO: 0044782, GO: 0007018, Table 19).
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Upstream Regulator FC z-score transformation P-value
SPDEF** 1.2 3.04 1.81E-05
IL-17C*$ -1.3 2.61 2.20E-04
LAMC1 -1.1 221 3.50E-04
PPRC1 -11 241 2.70E-02
RELA 1.2 2.3 3.00E-02
FOXO1**® 11 3.23 3.40E-02
SMAD2 -1.1 -2.46 1.70E-04
RLIM -1.1 -2 8.80E-04
SMAD4 11 -2.19 1.30E-03
SMARCAA4 1.2 -2.83 3.10E-03
NRF1*# -1.1 -2.01 5.60E-03
TGFB3*# 1.2 -2.87 8.60E-03
TGFB1** 11 -2.85 3.80E-02

Table 19: Bulk transcriptome in ZnO (0.14 cm?/cm?) challenged COPD-1V vs non-CLD derived cultures
with focus on significantly expressed upstream regulators derived from Ingenuity Pathway Analysis®.
Marked upstream regulators indicates *cell proliferation/ differentiation, immune response, and $primary
secretory fate. Datasets of regulated genes were defined by raw P-values < 5% by using a fold change (FC)
gene expression filter > 1.3 and a z-score transformation > 2 or < -2 (z-score > 2 = activation; z-score < -2
= inactivation). DEG - differentially expressed genes.

The exposure of non-CLD pHBECSs to moderate ZnO doses reveals a gene cluster in-
volved in epithelial differentiation as well as cilium movement. The top 30 upregulated
differentially expressed genes in ZnO-exposed non-CLD cultures define a central cluster
involved in epithelial cell differentiation axis and keratinization ([DSP, SPRRZ2E,
SPRR2F, SPRR3, GRHL3, OVOL1, POU2F3, KLK7, KRT9, SCEL, STS, SPRR2A,
SPRR2B, SPRR1A, SPRR1B, ZNF750, SPRR2D], Table 20) as reflected in the Gene
Ontology terms (Figure 15).

Non-CLD ZnO vs non-CLD sham Non-CLD ZnO vs non-CLD sham
Top 30 upregulated genes Top 30 downregulated genes
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Gene

symbol P-value
SPRR3 0.00005
SPRR2A  0.00102
KLK7 0.02682
Cl50rf48  0.00570
A2ML1 0.01710
MUC21 0.00615
SPRR2D 0.00225
SERPINB7 0.00487
IFIT1 0.01715
ALPL 0.00306
IF144L 0.02027
SPRR2B 0.00944
MX2 0.00380
KRT24 0.01988
IFIT2 0.01148
SPRR2E 0.00765
IFIT3 0.02776
CRYAB 0.00004
CEACAMT7 0.04327
OAS1 0.00059
SCEL 0.00150
CLIC3 0.02465
MX1 0.01545
SERPINB2 0.00257
ELOVL6  0.01178
NCCRP1  0.01072
CD68 0.00150
SPRR2F 0.01686
SAAl 0.00154

PGLYRP3 0.00066

BH

0.49645
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.49645
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910

FC>13,
p<0.05,
dabg

32.74
16.90
16.54
9.18
9.07
8.60
6.81
6.53
6.38
6.16
6.08
5.84
5.78
5.45
5.07
5.01
4.64
4.53
4.50
4.45
4.30
4.25
4.22
4.15
3.88
3.84
3.84
3.81
3.47
3.39

Gene
symbol

CNGA4
CFAP157
CCDC65
CYP2F1
FAM166B
TMEM212
AGBL2
DNAAF1
MROH9
SLC23A1
DNAH5
SCGB3A1
Clorf194
CCDC181
C20rf73
PROS1
ST3GALS6
TSNAXIP1
TCTE1
RP1
CDHR4
IQCG
VWAS3A
PIH1D2
DYDC2
DNAJB13
ANPEP
NME9
SPATA18
KLHL6

P-value
0.04511
0.03717
0.04881
0.00014
0.04115
0.04629
0.04694
0.02845
0.04937
0.00096
0.04442
0.00475
0.03803
0.01908
0.03273
0.00032
0.00486
0.02467
0.02498
0.01462
0.04091
0.04570
0.00991
0.04288
0.03810
0.02564
0.02505
0.02143
0.03778
0.02467

BH

0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910
0.79910

FC>1.3,
p<0.05,
dabg

-8.13
-7.76
-6.91
-6.51
-6.44
-6.40
-6.27
-5.64
-5.53
-5.15
-5.02
-4.92
-4.90
-4.78
-4.70
-4.60
-4.56
-4.52
-4.49
-4.41
-4.27
-4.23
-4.21
-4.18
-4.16
-4.15
-4.12
-4.10
-4.06
-4.03

Table 20: Top 30 upregulated (marked in red) and downregulated (marked in blue) genes derived from
bulk transcriptome analysis 24 hours after ZnO (0.14 cm?/cm?) exposure of non-CLD cultures. Testing of
differential gene expression was done by (paired) Limma T-Test with Benjamini-Hochberg Test (BH Test)
for multiple testing correction. Background of the gene datasets (dabg) was detected and reduced using P-
values < 5%. Datasets of regulated genes were defined by raw P-values < 5% by using a fold change (FC)

gene expression filter > 1.3.
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Figure 15: Top 10 significant P-values for Gene ontology (GO) terms derived from the upregulated genes
(n=630) of the bulk transcriptome 24 hours after ZnO (0.14 cm?/cm?) exposure, reflecting a significant
signaling of epithelial differentiation pathways in ZnO exposed non-CLD cultures. For each pathway the
GO term derived from the GO biological Process 2021 specified in the online Enrichr database was at-
tached. GO terms were sorted by P-value ranking.

Analogously, the exposure of COPD-1V pHBECs to moderate ZnO NPs reveals a gene
cluster involved in epithelial differentiation ([TGM1, SPRR2E, SPRR2F, SPRR3,
OVOL1, GRHL1, FABP5, KRT14, SPRR2A, SPRR2B, SPRR1A, SPRR1B, ZNF750,
SPRR2D], G0:0009913, GO:0008544, G0O:0030216) as well as regulation of cilium
movement ([DNAI2, CFAP100, RSPH4A, CABYR, DNAAF1, TTC29, CFAP53,
DNAI1], GO:0003341, GO:0003352). The gene enrichment score derived from the Inge-
nuity Pathway Analysis® in COPD-1V pHBECs exposed to ZnO is illustrated in Figure

16.
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COPD-IV ZnO vs COPD-1V sham
Top 30 upregulated genes

Gene symbol
SPRR3
SPRR2A
CRYAB
MT1H
IFI144L
C10o0rf107
PIFO
SPRR2D
SPRR1A
MUC13
TPPP3
C9orf24
LDLRAD1
MT1F
SPRR1B
OMG
ILIRN
CCL20
DTHD1
HIST1H2BM
UCHL1
S100A8
CCDC65
MT1M
C9orf116
Hsacirc004157
C200rf85
P13
KCNE1
IQUB

P-value
0.00235
0.00029
0.02931
0.00225
0.00783
0.02288
0.01900
0.00199
0.00011
0.02597
0.02387
0.01163
0.03906
0.00290
0.00003
0.00415
0.01166
0.03275
0.03782
0.00068
0.01871
0.02611
0.00711
0.00197
0.02053
0.00009
0.01406
0.00958
0.03993
0.02855

BH

0.72945
0.72945
0.72945
0.72945
0.72945
0.72945
0.72945
0.72945
0.61377
0.72945
0.72945
0.72945
0.72945
0.72945
0.61377
0.72945
0.72945
0.72945
0.72945
0.72945
0.72945
0.72945
0.72945
0.72945
0.72945
0.61377
0.72945
0,72945
0.72945
0.72945

FC>1.3
p<0.05
dabg

5.09
3.65
3.39
2.65
2.48
2.46
2.44
231
2.30
2.26
2.25
2.25
2.24
2.24
2.20
2.16
2.12
2.11
2.10
2.10
2.09
2.09
2.06
2.05
2.02
2.01
2.01
1.99
1.99
1.99

COPD-1V ZnO vs COPD-1V sham

Top 30 downregulated genes

Gene symbol
MASI1L
HCST
MEP1B
CST6
PIEZO1
FAM101B
TRDN

hsa_circ0001338

DIRC1
AP4S1
CYLC2
SCUBE1
SLC29A2
LINC00482
ROS1

PLAT
TSPAN2
GTSFIL
ABCC9
QSOX2
MARVELD2.j
PVRL3
IGFBP5
RP11-35G9.5
EPHA7
APOE
SEMA3G

hsa_circ0003150

CD5
NETO1

P-value
0.00138
0.01452
0.00549
0.01704
0.00458
0.00935
0.00166
0.03407
0.03098
0.00299
0.01381
0.03151
0.00119
0.00102
0.01038
0.03916
0.00143
0.00542
0.00164
0.00128
0.00445
0.00152
0.01110
0.01062
0.01056
0.01942
0.00334
0.01126
0.00130
0.00973

BH

0.72945
0.72945
0.72945
0.72945
0.72945
0.72945
0.72945
0.72945
0.72945
0.72945
0.72945
0.72945
0.72945
0.72945
0.72945
0.72945
0.72945
0.72945
0.72945
0.72945
0.72945
0.72945
0.72945
0.72945
0.72945
0.72945
0.72945
0.72945
0.72945
0.72945

FC>1.3
p<0.05
dabg

-1.78
-1.75
-1.75
-1.74
-1.74
-1.73
-1.72
-1.72
-1.72
-1.72
-1.72
-1.71
-1.71
-1.71
-1.70
-1.70
-1.70
-1.70
-1.69
-1.69
-1.69
-1.68
-1.68
-1.67
-1.67
-1.67
-1.67
-1.66
-1.66
-1.65

Table 21: Top 30 upregulated (marked in red) and downregulated (marked in blue) genes derived from
bulk transcriptome analysis 24 hours after ZnO (0.14 cm?/cm?) exposure of COPD-IV cultures. Testing of
differential gene expression was done by (paired) Limma T-Test with Benjamini-Hochberg Test (BH Test)
for multiple testing correction. Background of the gene datasets (dabg) was detected and reduced using P-
values < 5%. Datasets of regulated genes were defined by raw P-values < 5% by using a fold change (FC)
gene expression filter > 1.3.
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Figure 17: Top 10 significant P-values for Gene ontology (GO) terms derived from the upregulated genes
(n=567) of the bulk transcriptome 24 hours after ZnO (0.14 cm?/cm?) exposure, reflecting a significant
signaling of epithelial cell differentiation pathways and regulation of cilium movement in ZnO challenged
COPD-1V cultures. For each pathway the GO term derived from the GO biological Process 2021 specified
in the online Enrichr database was attached. GO terms were sorted by P-value ranking.

Secretome analysis

In accordance with the transcriptome data, secretome analysis revealed a downregulation
of proteins involved in ciliary transport, assembly and movement in COPD-IV derived
pHBECs upon exposure to moderate ZnO doses (Table 22).

In contrast, ZnO exposed non-CLD cultures were characterized by common RNA-based
enzymatic processes (GO:0006396, GO:0000993, GO:0006397, GO:0003723), organelle
organization- (GO:0006996), protein binding- (GO:0005515) and cellular component bi-
ogenesis processes (G0:0044085, GO:0071840).

No. | GO term Secretome pathway enrichment analysis P-value
COPD-1V ZnO vs COPD-1V sham

0 G0:0006996 organelle organization 2.80E-13
1 G0:0044085 cellular component biogenesis 1.74E-11
2 GO0:0071840 cellular component organization or biogenesis 5.19E-11
3 G0:0022607 cellular component assembly 7.32E-09
4 G0:0016043 cellular component organization 1.34E-08
5 G0:0051641 cellular localization 2.86E-08
6 G0:0042073 intraciliary transport* 8.23E-08
7 G0:0033036 macromolecule localization 3.07E-07
8 G0:0031503 protein-containing complex localization 3.15E-07
9 G0:0003723 RNA binding 1.12E-06
10 | GO:0070925 organelle assembly 2.13E-06
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11 | GO:0046907 intracellular transport 2.52E-06
12 | GO:0030705 cytoskeleton-dependent intracellular transport 2.53E-06
13 | GO:0007017 microtubule-based process* 6.71E-06
14 | GO:0032543 mitochondrial translation 8.86E-06
15 | GO:0016071 mMRNA metabolic process 1.04E-05
16 | GO:0010970 transport along microtubule* 1.25E-05
17 | GO:0060271 cilium assembly* 2.40E-05
18 | GO:0035735 intraciliary transport involved in cilium assembly* | 2.55E-05
19 | GO:0099111 microtubule-based transport* 3.13E-05
20 | GO:0044782 cilium organization* 3.49E-05

Table 22: Pathway enrichments analysis derived from secretome data of COPD-IV cultures exposed 24
hours to moderate ZnO NPs (0.14 cm?/cm?), revealing significantly abundant proteins involved in cilium
biosynthesis, organization and movement (highlighted in bold). * Pathways observed only in COPD-IV
cultures exposed to ZnO and absent in non-CLD exposed cultures. GO terms were sorted by P-value rank-
ing. Raw P-values < 5% were considered significant.

3.2.1.4 Ciliary beating frequency analysis
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Figure 18: Analysis of distribution of ciliary beating frequencies (CBF, Hz) in non-CLD (n=2), COPD-II
(n=2) and COPD-IV (n=2) cultures at baseline level (sham, A) and upon moderate ZnO (0.14 cm?/cm?)
exposure (B), revealing significant disease-specific changes with a pathologic (biphasic) CBF spectrum at
baseline level and a monophasic spectrum with increased CBF upon ZnO exposure in COPD-1V cultures.
CBF was determined by using a modified ciliaFA protocol® upon calculation of average intensity in time
and extraction of the highest signal frequencies by using a discrete fourier transform. For each condition, 3
videos (>10 s each) and the top 10 highest CBF were recorded. Comparative analysis of CBF was performed
by Kolmogorov—Smirnov Test with P-values adjusted by Benjamini—-Hochberg multiple testing correction.
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Basically, the spectrum of CBF varies in healthy bronchial cultures between 7 and 16 Hz
81, Accordingly, our non-CLD cultures present a physiologic distribution of CBF between
5 and 17 Hz. Analogously, unexposed COPD-II cultures presented a similar CBF distri-
bution as non-CLD cultures, however the CBF spectrum was lower.

Unexposed COPD-IV cultures presented a pathologic biphasic CBF spectrum due to the
presence of low-beating and high-beating MCC colonies. The distribution of CBF in un-
exposed COPD-1V cultures was significantly different in comparison to the physiologic
pattern observed in unexposed non-CLD and COPD-II cultures.

Exposure to moderate ZnO NPs leads to a biphasic CBF distribution in non-CLD and
COPD-II cultures due to the presence of hypermotile cilia with high frequencies (between
12 and 20 Hz), as illustrated in Figure 18. COPD-IV exposed cultures are characterized
by a pathologic spectrum of beating frequencies with predominantly higher frequencies
between 15 and 20 Hz, suggesting an aberrant NP-induced activation of MCC, which was
also reflected in the transcriptome and secretome data of ZnO exposed COPD-IV cultures
presented above.

3.2.2 pHBECs ALI culture exposure to LPS

3.2.2.1 Cytotoxicity, barrier integrity and viability (LDH release, TEER and WST-
1)

Exposure to Img/ml LPS led to an unchanged LDH release, membrane integrity and vi-
ability in healthy, COPD-Il und COPD-IV cultures. In addition, no significant changes in
comparison to moderate ZnO exposure were observed. These findings suggest that LPS
as inflammagenic pollutant does not affect pHBECSs viability and barrier function at se-
lected dose (Figure 13).
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Figure 13: Analysis of membrane integrity (A), barrier integrity loss (B) and metabolic cell viability (C)
of the pHBEC:s cultures derived from non-CLD, COPD-II and COPD-IV patients 24 hours after NP expo-
sure using lactate dehydrogenase (LDH release) assay, transepithelial electrical resistance (TEER) and te-
trazolium salt (WST-1) assay. Results were presented as mean = SEM with P-values < 5% considered as
statistically significant. Specific NPs- and disease-related effects were analyzed via two-way ANOVA with
Dunett’ post-hoc testing. * Significances within same NP exposure group, #significances within different
disease states.
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3.2.2.2 Immunoflorescence

Confocal IF stainings in healthy and COPD-II cultures revealed that relative frequency
of MCC and SC was almost similar when comparing LPS exposed with unexposed
pHBECs cultures (Figure 14). Moreover, LPS exposed COPD-II pHBECs were charac-
terized by a similar expression of MUC5AC™ cells (6.6+1.5%) and MCC (37.6+3.8%)
when compared to the exposed healthy cultures (MUC5AC™ cells 5.4+2.0%, MCC
37.6£7.3%), whereas COPD-IV cultures presented a decreased number of MCC
(20.6+12.1%) and increased number of SC (MUC5AC™ 13.1+£2.2%, CC10* 21.5+3.3%).
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Figure 14: (A-C) Representative 3D IF and (D-F) quantification of confocal IF images of the NP exposed
ALLI cultures, reflecting an increased resilience of COPD-IV pHBECSs associated with a hypersecretory
oligo-ciliated cell phenotype (increased amount of secretory cells, decreased amount of multi-ciliated cells).
Three images were quantified for each culture condition. Results were presented as mean £ SEM with P-
values < 5% considered as statistically significant. Specific NPs- and disease-related effects were analyzed
via two-way ANOVA with Dunett’ post-hoc testing. *Significances within different disease states

3.2.2.3Transcriptome and secretome analysis

Despite a reduced overall cell amount in COPD-IV cultures, common mechanisms upon
LPS-exposure have been observed in both non-CLD and COPD-IV derived pHBECsS.
This aspect is mirrored in the upregulation of common inflammatory pathways (e.g. IL-
17A) involved in cell differentiation towards a hypersecretory phenotype together with
an aberrant regulation of cilium movement (hsa04657).

The main proinflammatory pathways upregulated upon LPS exposure in non-CLD ex-
posed cultures derived from n=462 upregulated genes are illustrated in Figure 19.
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Figure 19: Top 10 significant P-values for Gene ontology (GO) terms derived from the upregulated genes
(n=462) of the bulk transcriptome 24 hours after LPS (1 mg/ml) exposure of non-CLD cultures, reflecting
a significant signaling of proinflammatory pathways. For each pathway the GO term derived from the GO
biological Process 2021 specified in the online Enrichr database was attached. GO terms were sorted by P-

value ranking.

The top 30 upregulated and downregulated genes in the transcriptome analysis of the LPS
exposed non-CLD cultures reflecting the above-mentioned pathways are illustrated in

Table 23.

Non-CLD LPS vs non-CLD sham

Top 30 upregulated genes

Gene symbol
SAAl
SAA2
SLC26A4
P13

CCL20
UBD
FCGBP
LCN2
TNFAIP2
VNN2
SERPINA3
FCGBP
PDZK1IP1
CXCL6
ZG16B
CFB

ALPL

P-value
5.9E-11
1.0E-10
2.6E-08
2.9E-10
1.2E-07
4.5E-07
2.0E-08
3.2E-07
6.6E-08
6.4E-08
0.00001
1.5E-07
6.9E-07
2.0E-06
1.3E-06
3.2E-06
0.00001

BH

1.1E-06
1.1E-06
0.00011
2.1E-06
0.00031
0.00089
0.00010
0.00068
0.00020
0.00020
0.00757
0.00036
0.00123
0.00308
0.00220
0.00461
0.00726

FC>1.3,
p<0.05,
dabg

12.13
11.80
10.22
9.33
6.47
5.74
5.40
5.21
4.68
4.66
441
4.39
3.52
3.35
3.31
3.11
3.01

Non-CLD LPS vs non-CLD sham

Top 30 downregulated genes

Gene symbol
SLC23A1
MEIOB
DPP4
ANPEP
GCOM1
KBTBD3
OTUD3
ZNF91
ADAM?29
TNFSF4
LMO3
ATP6V1B1
SLC10A5
CCDC93
EFCABG6
ERICH5
ARHGAP11B

P-value
0.0000
0.0002
0.0004
0.0004
0.0039
0.0004
0.0011
0.0008
0.0006
0.0069
0.0007
0.0018
0.0012
0.0010
0.0011
0.0012
0.0160

BH

0.0126
0.1674
0.2142
0.2081
0.5639
0.2081
0.3607
0.3045
0.2686
0.6670
0.2810
0.4403
0.3607
0.3510
0.3607
0.3607
0.8109

FC>1,
p<0.05,
dabg

-2.82
-2.16
-2.14
-2.09
-2.05
-2.05
-2.00
-2.00
-1.97
-1.96
-1.96
-1.92
-1.92
-1.92
-1.91
-1.89
-1.88
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SOD2 0.00001 0.01316 2.80 hsa_circ0002308 0.0046 0.5941  -1.87
DUOX2 0.00057 0.26860 2.79 DCLK1 0.0014 0.4136  -1.87
KYNU 0.00006 0.06274 2.78 FAM180A 0.0016 0.4287 -1.83
CXCL8 0.00004 0.04277 2.60 Clorf158eAug10 0.0022 0.5037  -1.82
CSF3 0.00010 0.08643 2.53 IFNA13 0.0074 0.6864 -1.81
SPRR2E 0.00013 0.10334 2.50 SETD7 0.0017 0.4329 -1.81
IRAK3 0.00004 0.04121 2.45 RP11-351M8.2 0.0023 0.5048 -1.80
BCL2A1 0.00028 0.17911 2.43 ABI3BP 0.0026 0.5306  -1.79
LTF 0,00015 0.11128 241 BEST1 0.0036 0.5586  -1.79
SPRR2A 0,00060 0.26860 2.40 FAM131B 0.0028 0.5406  -1.79
SPRR2D 0.00017 0.12903 2.33 IL17RD 0.0023 0.5037 -1.78
CRACR2 0.00008 0.07024 2.32 SUMO4 0.0022 0.5037 -1.78
DOC2B 0.00011 0.09491 2.28 FGF11 0.0029 0.5467 -1.78

Table 23: Top 30 upregulated (marked in red) and downregulated (marked in blue) genes derived from
bulk transcriptome analysis 24 hours after LPS (1 mg/ml) exposure of non-CLD cultures. Testing of differ-
ential gene expression was done by (paired) Limma T-Test with Benjamini-Hochberg Test (BH Test) for
multiple testing correction. Background of the gene datasets (dabg) was detected and reduced using P-
values < 5%. Datasets of regulated genes were defined by raw P-values < 5% by using a fold change (FC)
gene expression filter > 1.3.

Analogously, the most frequently regulated pathways reported in COPD-IV cultures ex-
posed to LPS, were linked to classical proinflammatory mechanisms involved in antimi-
crobial defense (Figure 20).

bial peptide (GO:0061844)

0333)

06954)

interferon-gamma (GO:0034341)

Figure 20: Top 10 significant P-values for Gene ontology (GO) terms derived from the upregulated genes
(n=461) of the bulk transcriptome 24 hours after LPS (1 mg/ml) exposure of COPD-IV cultures, reflecting
a significant signaling of classical proinflammatory pathways. For each pathway the GO term derived from
the GO biological Process 2021 specified in the online Enrichr database was attached. GO terms were
sorted by P-value ranking.

These findings were in line with the enrichment analysis of LPS-exposed COPD-IV cul-
tures that revealed classical defense mechanisms triggered by proinflammatory pollutants
(e.g. MHC class Il complex, proteasome core complex, Figure 21).
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COPD-1V LPS vs COPD-1V sham COPD-1V LPS vs COPD-1V sham
Top 30 upregulated genes Top 30 downregulated genes
FC>1.3, FC>1.3
p<0.05, p<0.05,
Gene symbol  P-value BH dabg Gene symbol P-value BH dabg
LC26A4 0.01628 0.68748 1056  KRT7 0.00213 0.67814 -1.56
FCGBP 0.00811 0.68748  7.54 GPR176 0.01275 0.68748 -1.55
PI3 0.00321 0.67814  7.50 PDGFA 0.04199 0.74422 -1.55
SAAL 0.00022 0.48676  7.36 RASSF2 0.00198 0.67814 -1.55
CCL20 0.00489 0.68748  5.35 KRT28 0.00359 0.67814 -1.55
SAA2 0.00039 0.54374  5.06 hsa_circ_0001338  0.01618 0.68748 -1.54
FCGBP 0.01682 0.68748  5.06 ANLN.sAug10-u  0.02400 0.69745 -1.54
CXCL6 0.00272 0.67814  5.03 THOC6 0.00106 0.67442 -1.54
UBD 0.00019 0.48676  5.00 FANCM 0.01355 0.68748 -1.54
ALPL 0.00552 0.68748  4.91 LHCGR 0.00198 0.67814 -1.53
CXCL5 0.01710 0.68748  4.00 CLCN1 0.00324 0.67814 -1.53
SERPINA3 0.00529 0.68748  3.89 HCRTR1 0.00816 0.68748 -1.53
LTF 0.00261 0.67814  3.89 UNC13D 0.00166 0.67814 -1.53
DEFB4A 0.01470 0.68748  3.74 ADARB1 0.01188 0.68748 -1.52
PDZK1IP1 0.00224 0.67814  3.65 SCARA3 0.00576 0.68748 -1.52
FLYWCH1.0-
S100A8 0.01655 0.68748  3.47 Aug10 0.01326 0.68748 -1.52

SOD2 0.00473 0.68748 3.36 ZNF780A 0.00877 0.68748 -1.52
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SPRR2A 0.00378 0.67814 3.32 UNC13C 0.02391 0.69745 -1.52
DEFB4B 0.00376 0.67814 3.32 CILP 0.01166 0.68748 -1.52
MTNR1A 0.00433 0.68748 3.04 SLC2A14 0.00611 0.68748 -1.52
TNFSF15 0.00001 0.31224 2.94 NEMP2 0.01939 0.68748 -1.51
VNN2 0.00280 0.67814 2.89 hsa_circ0001204 0.00768 0.68748 -1.51
CEACAMY 0.02281 0.69745 2.86 ORA4F6 0.01960 0.68748 -1.51
TNFAIP2 0.00040 0.54374 2.84 TRO 0.01403 0.68748 -1.51
TNIP3 0.00105 0.67442 2.79 LELP1 0.00341 0.67814 -1.51
SLC5A1 0.02965 0.72027 2.77 RP11-35G9.5 0.01102 0.68748 -1.51
ABCA13 0.01887 0.68748 2.77 PHYHD1 0.00490 0.68748 -1.50
IDO1 0.02387 0.69745 2.72 SULF1 0.00258 0.67814 -1.50
VNN3 0.00369 0.67814 2.60 Clorf100 0.00776 0.68748 -1.50
BIRC3 0.00179 0.67814 2.55 GTSF1L 0.01447 0.68748 -1.50

Table 24: Top 30 upregulated (marked in red) and downregulated (marked in blue) genes derived from
bulk transcriptome analysis 24 hours after LPS (1 mg/ml) exposure of COPD-1V cultures. Testing of dif-
ferential gene expression was done by (paired) Limma T-Test with Benjamini-Hochberg Test (BH Test)
for multiple testing correction. Background of the gene datasets (dabg) was detected and reduced using P-
values < 5%. Datasets of regulated genes were defined by raw P-values < 5% by using a fold change (FC)
gene expression filter > 1.3.

The abovementioned pathways and upstream regulators suggest that LPS challenge ag-
gravated inflammatory responses in both non-CLD and COPD-1V cultures. These find-
ings were mirrored in the upregulation of proinflammatory genes (e.g. chemokine family
CXCL1/2/3/5/6/8, TNF and VNN3) as well as common protective genes (e.g. SLC26A4,
FCGBP, SAAL/2, LTF, PI3SAA1, S100A8) involved in defense mechanisms against
LPS-induced acute lung injury (Figure 22).

LPS exposure Figure 22: Heatmap illustrating the top 30 fold changes
common proinflammatory genes (FC) of the common, significantly upregulated genes de-
SLC26A4 rived from bulk transcriptome analysis of non-CLD and

COPD-1V cultures 24 hours after LPS (1mg/ml) exposure.
Significantly upregulated genes involved in nanoparticle
10 clearance and protection against acute lung injury (FCGBP,
SAAL, SAA2, LTF, PI3) are highlighted. Datasets of regu-
lated genes were defined by raw P-values < 5% by using a

SERPINA3 fold change (FC) gene expression filter > 1.3.
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Besides the common proinflammatory pathways
illustrated above, LPS-exposed COPD-IV cul-
tures were characterized by activation of upstream
regulators involved in epithelial apoptosis
(G0O:1904036, [1L10, IL13, NUPR1]), endothelial
apoptosis (GO:0072577, [IL10, HIPK1]), hema-
topoiesis (G0O:0030097, [IL10, CSF1R, CEBPE,
HIPK1]) and macrophage  proliferation
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(GO:0120040, [CSF1R, IL33]). These pathways reflect potentially protective mecha-
nisms of the diseased cultures upon LPS exposure and the interrelation between epithelial
cell differentiation and hematopoiesis upon NP challenge (Figure 23).
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Figure 23: Top 10 significant P-values for Gene ontology (GO) terms derived from the upregulated genes
(n=435) of the bulk transcriptome 24 hours after LPS (1 mg/ml) exposure in COPD-IV vs non-CLD cul-
tures, reflecting potentially protective mechanisms of the diseased cultures upon LPS exposure. For each
pathway the GO term derived from the GO biological Process 2021 specified in the online Enrichr database
was attached. GO terms were sorted by P-value ranking.

Secretome analysis

Analogously to ZnO, LPS exposed cultures triggered common organelle organization-
(GO:0006996), protein localization- (GO:0051641), cellular component organization-
(GO:0071840, GO:0016043) as well as mitochondrial translation processes
(GO:0032543).

An additional regulation of specific pathways for cilium organization (GO:0044782), as-
sembly (GO:0060271) and movement (GO:0007018, GO:0099111, GO:0035735) was
observed in LPS exposed COPD-IV cultures. This aspect reflects an aberrant MCC gene
expression in accordance with the transcriptome analysis of ZnO exposed COPD-1V cul-
tures (Figure 16, 17).

Thus, the aberrant inflammagenic expression of proteins involved in ciliary processes
reflects an altered muco-ciliary machinery in LPS exposed COPD-IV cultures (Table 25).

No. | GO term Secretome pathway enrichment analysis P-value
COPD-IV LPS vs COPD-IV sham

0 | GO:0006996 | organelle organization 2.03E-24

1| GO:0071840 | cellular component organization or biogenesis 2.29E-17

2 | GO:0016043 | cellular component organization 5.23E-16

3 | GO:0070925 | organelle assembly 3.16E-14

4 | GO:0042073 | intraciliary transport* 1.54E-13
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5 | GO:0007017 | microtubule-based process* 3.91E-13
6 | GO:0044782 | cilium organization* 3.98E-13
7 | GO:0060271 | cilium assembly* 4.19E-13
8 | GO:0007018 | microtubule-based movement* 4.23E-13
9 | GO:0035735 | intraciliary transport involved in cilium assembly* 5.14E-13
10 | GO:0051641 | cellular localization 8.16E-13
11 | GO:0046907 | intracellular transport 2.00E-12
12 | GO:0099111 | microtubule-based transport* 2.69E-12
13 | GO:0031503 | protein-containing complex localization 1.23E-10
14 | GO:0051649 | establishment of localization in cell 2.67E-10
15 | GO:0008104 | protein localization 4.02E-10
16 | GO:0032543 | mitochondrial translation 5.99E-10
17 | GO:0033036 | macromolecule localization 1.23E-09
18 | GO:0120031 | plasma membrane bounded cell projection assembly 7.02E-09
19 | GO:0044085 | cellular component biogenesis 7.16E-09
20 | GO:0140053 | mitochondrial gene expression 7.48E-09

Table 25: Pathway enrichments analysis derived from secretome data of COPD-1V cultures exposed 24
hours to LPS (1 mg/ml), revealing significantly abundant proteins involved in cilium organization and
movement (highlighted in bold). * Pathways observed only in COPD-IV cultures exposed to LPS and not
found in the non-CLD exposed cultures. GO terms were sorted by P-value ranking. Raw P-values < 5%
were considered significant.

3.2.2.4 Ciliary beating frequency analysis

While non-CLD and COPD-II cultures present a physiologic CBF distribution with fre-
quencies between 5 and 17 Hz, COPD-1V cultures present a biphasic CBF spectrum based
on low-beating and high-beating MCC colonies. This pattern was significantly different
in comparison to the physiologic pattern observed in the unexposed non-CLD and COPD-
Il cultures.

Exposure to LPS provoked an identical CBF spectrum in non-CLD cultures, a slightly
increased CBF spectrum in COPD-II and a pathologic biphasic CBF spectrum in COPD-
IV cultures dominated by MCC colonies with low CBF.

The changes observed in the exposed COPD-IV cultures were significantly different in
comparison to the exposed COPD-II cultures, reflecting an aberrant regulation of muco-
ciliary machinery (e.g. cilium organization and movement, Figure 24).
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Figure 24: Analysis of distribution of ciliary beating frequencies (CBF, Hz) in non-CLD (n=2), COPD-II
(n=2) and COPD-1V (n=2) cultures at baseline level (sham, A) and upon LPS (1mg/ml) exposure (B),
revealing disease specific changes with a similar (monophasic) CBF spectrum in non-CLD and COPD-II
at baseline level and a pathologic biphasic CBF spectrum upon exposure to LPS in COPD-1V cultures. CBF
was determined by using a modified ciliaFA protocol® upon calculation of average intensity in time and
extraction of the highest signal frequencies by using a discrete fourier transform. For each condition, 3
videos (>10 s each) of the top 10 highest CBF were recorded. Comparative analysis of CBF was performed
by Kolmogorov—Smirnov Test with P-values adjusted by Benjamini—-Hochberg multiple testing correction.

3.2.3 pHBECs ALI culture exposure to CNP

3.2.3.1 Cytotoxicity, barrier integrity and viability (LDH release, TEER and WST-
1)

Exposure to CNP (10.84 cm?/cm?) in healthy cultures, COPD-11 und COPD-1V did not
affect the LDH release (ALDH 1.2 (non-CLD); 2.7 (COPD-II); 0.1 (COPD-1V)), cell
membrane integrity (ATEER loss 27 (non-CLD); 8.5 (COPD-II); 12.4 (COPD-IV) Ohm
x cm?) or cell viability (AWST-1 109 (non-CLD); 97 (COPD-I1); 98 (COPD-1V)).

These changes were not significantly different when compared to the ZnO exposure. Tak-
ing the outlined findings upon LPS exposure into account, we conclude that the selected
inflammagenic pollutans (LPS, CNP) did not affect the barrier function and viability of
the exposed cells at selected doses (Figure 13).
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Figure 13: Analysis of membrane integrity (A), barrier integrity loss (B) and metabolic cell viability (C)
of the pHBEC:s cultures derived from non-CLD, COPD-II and COPD-IV patients 24 hours after NP expo-
sure using lactate dehydrogenase (LDH release) assay, transepithelial electrical resistance (TEER) and te-
trazolium salt (WST-1) assay. Results were presented as mean = SEM with P-values < 5% considered as
statistically significant. Specific NPs- and disease-related effects were analyzed via two-way ANOVA with
Dunett’ post-hoc testing. * Significances within same NP exposure group, *significances within different
disease states.

3.2.3.2 Immunoflorescence

3D IF in CNP exposed COPD-II cultures revealed that relative frequency of MCC (Ac.-
Tub*40.6%) as well as SC (MUC5AC" 6.4%, CC10" 13.1%) was almost similar with
those reported in unexposed non-CLD cultures (Ac.-Tub* 50.7%, MUC5AC*6.04 %,
CC10* 17.1%, Figure 14).
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Figure 14: (A-C) Representative 3D IF and (D-F) quantification of confocal IF images of the NP exposed
AL cultures, reflecting an increased resilience of COPD-1V pHBECs associated with a hypersecretory
oligo-ciliated cell phenotype (increased amount of secretory cells, decreased amount of multi-ciliated cells).
Three images were quantified for each culture condition. Results were presented as mean + SEM with P-
values < 5% considered as statistically significant. Specific NPs- and disease-related effects were analyzed
via two-way ANOVA with Dunett’ post-hoc testing. *Significances within different disease states.



81

3.2.3.3 Transcriptome and secretome analysis

Transcriptome analysis of CNP exposed non-CLD cultures revealed an upregulated gene
cluster involved in cell proliferation and ECM biosynthesis. These mechanisms are neg-
atively regulated by significantly expressed upstream regulators (e.g. AURKB, E2F7,
E2F8) that orchestrate cell division and cytokinesis.

In addition, CNP exposed non-CLD cultures were characterized by activation of genes
involved in G2/M transition of mitotic cell cycle (GO:0000086, [PLK4, MELK, CENPJ,
CDK1, CEP250, NEK2, CCNO, CEP78]), ECM biosynthesis (G0:0015012, [UGDH,
XYLT2, HS2ST1]), as well as MCC differentiation (GO:1903251, [PLK4, CCNOQO]).

These findings suggest that non-CLD cultures are capable of cell proliferation and abnor-
mal cell repair upon CNP exposure.

The top 30 upregulated and downregulated genes in the transcriptome analysis of the CNP
exposed non-CLD cultures, involved in the above-mentioned processes are illustrated in
Table 26.

Non-CLD CNP vs non-CLD sham
Top 30 upregulated genes

Non-CLD CNP vs non-CLD sham
Top 30 downregulated genes

FC>1.3 FC>1.3
adjusted  p<0.05 adjusted  p<0.05
Gene symbol P-value P-value dabg Gene symbol P-value P-value  dabg
ANPEP 0.04827 0.98263 3.38 SERPINB7 0.04686 0.98263 -5.02
CDK1 0.00371 0.98263 2.70 SLC7A5 0.02527 0.98263 -4.47
hsa_circ0001100  0.00178  0.98263 2.66 ASNS 0.02242 0.98263  -4.39
MELK 0.04042 0.98263 2.54 CYP24A1 0.00470 0.98263 -4.09
CPXM2 0.03858  0.98263 2.51 TMPRSS11A 0.04903 0.98263  -3.67
OLFM4 0.03716  0.98263 2.48 S100A7 0.00069 0.98263 -3.19
CDC20B 0.04391  0.98263 2.34 HAS3 0.04751 0.98263 -3.14
TF 0.01735  0.98263 2.32 hsa_circ0000352  0.04645 0.98263 -2.76
VMO1 0.02495 0.98263 2.23 NRP2 0.04277 0.98263 -2.47
CYR61 0.00379 0.98263 2.20 TNFAIP6 0.02256 0.98263 -2.42
SHCBP1 0.00098 0.98263 2.18 SPRR3 0.00322 0.98263 -2.41
ZNF608 0.01870 0.98263 2.17 MMP13 0.00572 0.98263 -2.27
TNS3 0.01784 0.98263 2.16 MFSD2A 0.03099 0.98263 -2.26
TGFBI 0.02117 0.98263 2.16 ARHGAP26 0.00987 0.98263 -2.25
SLC6A8 0.03925  0.98263 2.08 SPRR2D 0.01552 0.98263 -2.17
C4BPA 0.02997 0.98263 2.01 ST5.weAugl10- 0.00274 0.98263 -2.08
TYMS 0.04546  0.98263 2.00 DUOX2 0.04523 0.98263  -2.06
TLR6 0.04391  0.98263 2.00 PSAT1 0.02623 0.98263 -2.05
TFCP2L1 0.02963  0.98263 1.99 hsa_circ0076913  0.01099 0.98263 -2.03
VNN2 0.00287 0.98263 1.97 PLK3 0.04150 0.98263 -2.02
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CCDC171 0.00392  0.98263 1.96 PSMB10 0.04979 0.98263 -2.01
GPC6.eAugl0-u  0.00775  0.98263 1.92 RASGEF1B 0.04048 0.98263 -2.01
TDRKH 0.00459  0.98263 1.91 ABCA12 0.03616 0.98263  -1.99
Cl4orf28 0.02604  0.98263 1.90 NCCRP1 0.01624 0.98263  -1.99
NEK2 0.00402  0.98263 1.90 DESI1 0.01290 0.98263  -1.99
SGCE 0.01894  0.98263 1.89 IGSF10 0.02356 0.98263  -1.98
PLK4 0.00453  0.98263 1.88 ID2 0.01696 0.98263  -1.96
RGMA 0.02942  0.98263 1.88 PDE4B 0.04953 0.98263 -1.96
CCNO 0.02677  0.98263 1.88 GLYATL2 0.01364 0.98263 -1.93
TMEMG63C 0.04678  0.98263 1.88 RORA 0.01286 0.98263 -1.93

Table 26: Top 30 upregulated (marked in red) and downregulated (marked in blue) genes derived from
bulk transcriptome analysis 24 hours after CNP (10.8 cm?/cm?) exposure of non-CLD cultures. Testing of
differential gene expression was done by (paired) Limma T-Test with Benjamini-Hochberg Test (BH Test)
for multiple testing correction. Background of the gene datasets (dabg) was detected and reduced using P-
values < 5%. Datasets of regulated genes were defined by raw P-values < 5% by using a fold change (FC)
gene expression filter > 1.3.

The main pathways derived from the upregulated genes (n=237) in non-CLD cultures
exposed to CNP are illustrated in Figure 25.

0:0030201)

:0046601)
le phase transition (GO:0044772)
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Figure 25: Top 10 significant P-values for Gene ontology (GO) terms derived from the upregulated genes
(n=237) of the bulk transcriptome 24 hours after CNP (10.8 cm?/cm?) exposure in non-CLD cultures, re-
flecting the activation of cell proliferation and abnormal cell repair mechanisms (e.g. extracellular matrix
remodeling) upon CNP exposure. For each pathway the GO term derived from the GO biological Process
2021 specified in the online Enrichr database was attached. GO terms were sorted by P-value ranking.

Analogously, CNP exposed COPD-IV cultures determine an aberrant activation of cilium
assembly (GO:0060271, [TTC26, CFAP74, RSPH4A, DNAI2, DNAAF1, CCDC113,
CCP110, FOXJ1, EHD3, RP1, RSPH1, NPHP1, DZIP1L, CCDC65, B9D2, BBOF1,
CNGA4, ZMYND10]), organization (GO:0044782, [TTC26, DNAI2, TSGAI0IP,
DNAAF1, CCDC113, CCP110, FOXJ1, TTC29, CFAP126, 1QCG, EHD3, CATIP,
DZIP1L, RTTN, CCDC65, B9D2, CNGAA4]) and movement (GO:0003351, [SPAG17,
DNAAF1, NEK10, SPA17, CFAP53]).
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These mechanisms are positively regulated by significantly expressed upstream regula-
tors ([RFX3, FOXJ1]) that orchestrate the epithelial cell differentiation towards MCC
(GO:0030858). The top 30 upregulated and downregulated genes in the transcriptome
analysis of the CNP exposed COPD-IV cultures, involved in the above-mentioned pro-

cesses are illustrated in Table 27.

COPD-IV CNP vs COPD-IV sham
Top 30 upregulated genes

Gene symbol
DLGAPS5
PIFO
CCDC65
FRMD4A
FAM111B
AGBL?2
TMEM232
LDLRAD1
NUSAP1
PUS7
C9orf24
SERPINB11
CFAP99
DNAI2
HIST1H3G
CYP2F1
ZMYND12
SLC7A2
C200rf85
VWA3B
IQUB
RSPH1
CAPS
CYP2B6
ANLN
CENPF
RSPH4A
FOXM1
HLA-DQB1
IQCG

P-value
0.00037
0.01422
0.00095
0.00180
0.00048
0.00177
0.00903
0.01245
0.00278
0.00044
0.01357
0.01290
0.00107
0.00109
0.01209
0.01279
0.01098
0.01477
0.00315
0.00162
0.00310
0.01085
0.01316
0.00558
0.01504
0.00054
0.01394
0.00224
0.00148
0.00668

BH

0.79188
0.79188
0.79188
0.79188
0.79188
0.79188
0.79188
0.79188
0.79188
0.79188
0.79188
0.79188
0.79188
0.79188
0.79188
0.79188
0.79188
0.79188
0.79188
0.79188
0.79188
0.79188
0.79188
0.79188
0.79188
0.79188
0.79188
0.79188
0.79188
0.79188

FC>1.3,
p<0.05,
dabg

2.23
1.95
1.90
1.86
1.83
1.83
1.81
1.78
1.76
1.74
1.72
1.72
1.72
1.71
1.69
1.67
1.67
1.67
1.66
1.63
1.63
1.63
1.62
1.62
1.62
1.61
1.60
1.60
1.59
1.59

COPD-IV CNP vs COPD-IV sham
Top 30 downregulated genes

Gene symbol
MT1L
CXorf57
AC208162.1
ACBD5
NUDT8
INHA
ZGLP1
GRAMD?2
KCNQ5
SAMD13
ZNF197
TBC1D26
hsa_circ_0000454
FGF19
SLC15A3
TMEM27
ALG11
ASB10
SENP5.mAug10-
TMEM9
NDUFA10
PORCN
FSHB
LYZL1
GFOD2
FOXRED1
KRTAP9-9
KCNAS5
F2R
KRTAP19-7

P-value
0.02602
0.03745
0.02007
0.02582
0.02212
0.02509
0.02694
0.01607
0.02628
0.04854
0.02636
0.04610
0.02612
0.03800
0.01449
0.04472
0.01429
0.02231
0.04088
0.01779
0.02144
0.03624
0.04336
0.01815
0.03877
0.03234
0.01936
0.01857
0.03911
0.04979

BH

0.81578
0.82536
0.81578
0.81578
0.81578
0.81578
0.81578
0.79713
0.81578
0.83556
0.81578
0.83556
0.81578
0.82536
0.79188
0.83440
0.79188
0.81578
0.82656
0.80642
0.81578
0.82536
0.83235
0.80642
0.82536
0.82536
0.80642
0.80642
0.82536
0.83556

FC>1.3,
p<0.05,
dabg

-1.31
-1.31
-1.31
-1.31
-1.31
-1.31
-1.31
-1.31
-1.31
-1.31
-1.31
-1.31
-1.31
-1.31
-1.31
-1.31
-1.31
-1.31
-1.31
-1.31
-1.30
-1.30
-1.30
-1.30
-1.30
-1.30
-1.30
-1.30
-1.30
-1.30
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Table 27: Top 30 upregulated (marked in red) and downregulated (marked in blue) genes derived from
bulk transcriptome analysis 24 hours after CNP (10.8 cm?/cm?) exposure of COPD-IV cultures. Testing of
differential gene expression was done by (paired) Limma T-Test with Benjamini-Hochberg Test (BH Test)
for multiple testing correction. Background of the gene datasets (dabg) was detected and reduced using P-
values < 5%. Datasets of regulated genes were defined by raw P-values < 5% by using a fold change (FC)
gene expression filter > 1.3.

The most significantly expressed GO terms derived from the upregulated differentially
expressed genes (n=403) in CNP exposed COPD-IV cultures revealed the activation of
ciliary biosynthesis and kinetic processes as shown in Figure 26.
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Figure 26: Top 10 significant P-values for Gene ontology (GO) terms derived from the upregulated genes
(n=403) of the bulk transcriptome 24 hours after CNP (10.8 cm?/cm?) exposure in COPD-1V cultures, re-
flecting an aberrant activation of ciliary processes upon CNP exposure. For each pathway the GO term
derived from the GO biological Process 2021 specified in the online Enrichr database was attached. GO
terms were sorted by P-value ranking.

Secretome analysis

Exposure of COPD-IV cultures to CNP led to common organelle organization-
(GO:0006996), protein localization- (GO:0008104), as well as mitochondrial translation
(G0:0032543) processes. These unspecific and ubiquitously present intracellular mecha-
nisms reflect the unchanged viability and barrier integrity of pHBECs in CNP exposed
and unexposed COPD-1V cultures (Table 28).

No. | GO term Secretome pathway enrichment analysis P-value
COPD-1V CNP vs COPD-1V sham
0 | GO:0003723 | RNA binding 8.81E-11
1 | GO:0006996 | organelle organization 1.49E-10
2 | GO:0071840 | cellular component organization or biogenesis 4.61E-10
3 | GO:0051641 | cellular localization 7.17E-10
4 | GO:0006396 | RNA processing 5.11E-09
5 | GO:0006397 | mRNA processing 8.07E-09
6 | GO:0016043 | cellular component organization 1.63E-08
7 | GO:0033036 | macromolecule localization 5.25E-08
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8 | GO:0008380 | RNA splicing 7.43E-08

9 | G0O:0032543 | mitochondrial translation 8.87E-08
10 | GO:0016071 | mRNA metabolic process 2.25E-07

RNA splicing, via transesterification reactions with bulged adeno-

11 | GO:0000377 | sine as nucleophile 7.56E-07
12 | GO:0000398 | mRNA splicing, via spliceosome 7.56E-07
13 | GO:0008104 | protein localization 7.95E-07
14 | GO:0006412 | translation 8.02E-07
15 | GO:0043604 | amide biosynthetic process 9.41E-07
16 | GO:0051649 | establishment of localization in cell 9.62E-07
17 | GO:0000375 | RNA splicing, via transesterification reactions 9.84E-07
18 | G0:0140053 | mitochondrial gene expression 2.04E-06
19 | GO:0043043 | peptide biosynthetic process 3.97E-06
20 | GO:0005515 | protein binding 5.56E-06

Table 28: Pathway enrichments analysis derived from secretome data of COPD-1V cultures exposed 24
hours to CNP (10.8 cm?/cm?), revealing significantly abundant proteins involved in classical RNA binding
and organelle organization mechanisms. GO terms were sorted by P-value ranking. Raw P-values < 5%
were considered significant.

3.2.3.4 Ciliary beating frequency analysis

Reflecting the mechanisms that orchestrate the terminal cell differentiation towards MCC
(G0O:0030858) and the aberrant regulation of muco-ciliary machinery, a pronounced bi-
phasic spectrum of CBF in COPD-IV cultures was observed (Figure 27). The pattern
reflected a discoordinated ciliary activity in CNP exposed COPD-1V cultures, indirectly
mirrored in the aberrant activation of ciliary processes observed at transcriptome level.
These functional changes, however, were only present in end-stage COPD cultures,
whereas COPD-II cultures did not suffer significant ciliary changes upon CNP exposure.
The almost similar CBF patterns observed in the unexposed and exposed COPD-II cul-
tures were in line with the unchanged cell composition, viability and barrier function upon
CNP exposure.
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Figure 27: Analysis of distribution of ciliary beating frequencies (CBF, Hz) in non-CLD (n=2), COPD-II
(n=2) and COPD-IV (n=2) cultures at baseline level (sham, A) and upon CNP (10.8 cm?%cm?) exposure
(B), revealing disease specific changes with a similar (monophasic) CBF spectrum in non-CLD and COPD-
Il at baseline level and a pathologic biphasic CBF spectrum upon exposure to CNP in COPD-IV cultures.
CBF was determined by using a modified ciliaFA protocol® upon calculation of average intensity in time
and extraction of the highest signal frequencies by using a discrete fourier transform. For each condition, 3
videos (>10 s each) of the top 10 highest CBF were recorded. Comparative analysis of CBF was performed
by Kolmogorov—Smirnov Test with P-values adjusted by Benjamini—Hochberg multiple testing correction.

3.2.4 Analysis of pHBECs AL culture at baseline level

In order to investigate the effects of pollutant exposure on the proximal bronchial epithe-
lium and address the resilience of COPD-IV derived cultures upon NP exposure, cell
compositional and functional changes were weekly analyzed (ALI1d7, ALI1d14, ALId21,
AL1d28) via Transepithelial electrical resistance (TEER) and 3D confocal immunofluo-
rescence (IF). The results were comparatively analyzed in non-CLD, COPD-II and
COPD-IV cultures.

3.2.4.1 Cytotoxicity, barrier integrity and viability (LDH release, TEER and WST-
1)

Non-CLD derived cultures were characterized by a continuously increasing epithelial bar-
rier resistance until ALId28 (ATEER increase: 83.8 Ohm x cm?/ week). On ALI1d28, non-
CLD cultures achieved physiologic TEER values (808+259 Ohm x cm?; Figure 28), in
line with previously reported results for human tracheal/ bronchial epithelia (700-1200
Ohm x cm?) or normal human bronchial epithelial cells (NHBE, 766+154 Ohm x cm?)
4124 On ALId28, pHBECs cultures revealed a disease specific alteration of barrier re-
sistance with slightly reduced TEER values (724+240 Ohm x cm?) in COPD-II and low
TEER values (472+125 Ohm x cm?) in COPD-1V derived cultures, when compared to the
non-CLD derived cultures (Figure 28).

TEER TEER TEER
(non-CLD) (COPD-II) (COPD-IV)
8 & 1000
‘é : 800 @ non-CLD (n=4)
B = 600 N (n=
2 £ 400 @ COPD-lI (n=4)
xl

200 @ COPD-IV (n=4)

d7
d14
d21
d28

d7
d14
d21
d28

Figure 28: Comparative analysis of barrier integrity in non-CLD, COPD-11 and COPD-1V derived cultures
at baseline level during the whole timecourse of cell differentiation (ALId7-28) by transepithelial electrical
resistance (TEER), reflecting a physiological barrier resistance in non-CLD and COPD-II cultures and a
disease specific, decreased barrier integrity in COPD-IV cultures. 766+154 Ohm x cm? (marked gray
dashed line) were considered physiological values for fully differentiated pHBECs at ALI according to
Srinivasan et al.%.
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3.2.4.2 Immunofluorescence

The non-CLD derived pHBECs cultures were dominated by a physiologic number of
MCC (Ac.-Tub™: 52.9+1.2%) as well as SC (MUC5AC": 5.4+1% and CC10": 15+5.3%)
on ALId28 (Figure 29). The cellular composition was in line with previously reported
results for MCC (Ac.-Tub*: 47-49%) ®"® and SC (MUC5AC": 6-21%) %1%, During
pHBECs differentiation, non-CLD cultures showed a 3-fold increase in total cell counts
due to the tripling of MCC (Ac.-Tub*ALId14: 17.8945.1%, ALId28: 52.9+1.2%, Figure
29). MUCBAC" SC increased 2.5 times (ALId14) and reached maximum counts together
with CC10" cells on ALId14 (MUC5AC™:10.2+0.16%; CC10%:17.3£0.7%), followed by
a slight decrease until ALId28 (MUC5AC": 5.4+0.92%; CC10": 15.04£5.3%).

Cell subtypes Figure 29: Quantification of confocal immu-

d7-28 nofluorescence images of the unexposed ALI

(non-CLD) cultures derived from one non-CLD patient

+E during the whole timecourse of cell differenti-
< 100 MUCS5AGC* ation (ALId7-28), revealing a gradual, weekly
o 751 - increase in the number of multi-ciliated cells
2 50 (Ac.-Tub*) until ALId28 and a stable amount
o 25 of secretory cells (MUC5AC* and CC10%) be-
:‘, 0 r‘1.—|1|—| ﬁﬂﬂ m [l .7|l| tween ALId14 and ALId28. Three images were
e ~ < - 0 quantified for each timepoint. Results were
© A % % presented as mean + SEM with P-values < 5%

considered as statistically significant.

To mimic compositional similarities between pHBECs ALI cultures and human bronchial
mucosa, a novel ex vivo ALI culture model based on native bronchial wall samples (Bron-
chial punches/ BP) was developed in our laboratory (Figure 30). BP present the native
3D tissue architecture of the proximal bronchi with all resident cell populations. BP can
be cultured up to 4 days at ALI.

Surgical Bronchial Punches ALI culture Culture validation
resection 24h-96h
Q Q
3 Jo jo
/ - -~ k-
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Lung transplant Basal cells
| ] | | Il
| | | | I
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Figure 30: Schematic representation of the air liquid interface (ALI) ex vivo culture model based on native
human bronchial punches (BPs). Upon lung transplantation, immediate dissection of bronchial wall pieces
is followed by section of 4 mm BPs. Direct ALI culture on special filter membranes allows the contact of
the cartilaginous part of BPs with the basal media and of the mucosa with the air. The ALI culture is main-
tained up to 4 days and used for the validation of terminal pHBECs differentiation in vitro.
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Of note, end-differentiated non-CLD pHBECs ALI cultures presented striking similari-
ties with the ex vivo cultured BPs characterized by multiple mucosa folds covered by
homogenously distributed MCC and mucus producing SC (Figure 31).

IF MUCS5AC*

non-CLD COPD-IV non-CLD COPD-IV

Figure 31: Comparative analysis of 3D confocal microscopy images of in vitro pHBECs cultures on
ALId28 (upper 6 panels) and ex vivo cultured native bronchial wall tissue punches (BPs) on ALId4 after
lung transplantation (lower 5 panels). Representative image of a 4 mm bronchial punch (left lower panel)
derived from a non-CLD patient illustrating a bronchial pseudostratified epithelium with apical acetylated
tubulin expression in multi-ciliated cells (Ac-Tub*) and a thin mucus film (MUC5AC) on the top of the
multi-ciliated cells. Submucosal autofluorescent elastin fibers in the lamina propria as well as mucous
glands and DAPI* nuclei are stained in blue.

Cell composition of COPD-IV cultures revealed a 3-fold reduced amount of MCC (Ac.-
Tub™: 17.24£9.1%), as well as an increased amount of SC (MUC5AC": 14.5+5.1% and
CC10*: 26.9+10%), when compared to non-CLD cultures on ALId28 (Figure 32). In
contrast to non-CLD cultures on ALId28, COPD-II cultures were characterized by a 1.2-
fold decrease in MCC (Ac.-Tub*: 42.7+3.4%) and an increase in SC (MUC5AC":
7.3+£0.2% and CC10": 18.23+3.22%, Figure 32).

Cell subtypes Figure 32: Quantification of confocal immunofiu-
d28 orescence (IF) images of the unexposed end-dif-
ferentiated non-CLD (n=4), COPD-II (n=3) and

. COPD-IV cultures (n=4) on ALId28, revealing a
& 100 MUC5AC*+ 3-fold reduced amount of multi-ciliated cells (Ac.-
(m] 751 | T Tub*) and an increased amount of secretory
9o 50 (MUCSAC* and CC10* cells) in COPD-IV when
T.; 25 compared to non-CLD cultures. Three images
= were quantified for each timepoint. Results were
X 0 presented as mean + SEM with P-values < 5%

considered as statistically significant.

COPD-1V pHBECS cultures were charac-
terized by an oligo-ciliated and hyperse-
cretory phenotype that was validated by IF of native proximal human bronchus sections.
This culture showed abundant colonies of enlarged SC (MUC5AC*, CC10") producing a
thick mucus film and low-numbered, misaligned MCC (Figure 33). Native human bron-
chus sections presented a significant increase in MUC5AC™ cells in COPD-IV samples
(average intensity related to DAPI* 50% (COPD-1V), 20% (non-CLD)) and an unchanged
amount of CC10" SC (average intensity related to DAPI* 50% (COPD-1V), 47% (non-
CLD)).

non-CLD
COPD-II
COPD-IV
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The amount of MCC was not significantly different in both cultures (average intensity
related to DAPI™ 10% (COPD-1V), 6% (non-CLD), Figure 33).
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Figure 33: Comparative immunofluorescence stainings (A) and quantification (B) of hon-CLD and COPD-
IV native bronchi, revealing a misaligned bronchial epithelium with disorganized distribution of basal, se-
cretory and multi-ciliated cells in COPD-1V when compared to non-CLD cultures (A). A significantly in-
creased amount of secretory (MUCS5AC™) cells in COPD-IV cultures and an almost unchanged amount of
multi-ciliated (Ac-Tub™) cells in both non-CLD and COPD-IV cultures defined the hypersecretory pheno-
type of COPD-IV cultures (B).

COPD disease progression could be simulated upon chronic exposure of COPD-II cul-
tures to cigarette smoke extract (CSE) at ALI. Accordingly, the amount of MCC de-
creased 1.4 and 1.6-fold upon CSE exposure, in comparison to the unexposed COPD-11
and non-CLD derived cultures on AL1d28 (Ac.-Tub™: 50.7+3.0% (non-CLD), 42.7+3.4%
(COPD-II unexposed), 31.5+1.5% (COPD-I11 CSE)). The amount of SC was not signifi-
cantly affected upon CSE exposure (MUC5AC*: 7.3+0.2% (COPD-II unexposed),
6.5+£0.4% (COPD-1I CSE), 14.5+5.1% (COPD-1V) and CC10*: 18.2+3.2% (COPD-II un-
exposed), 11.6+1.7% (COPD-II CSE), 26.9+9.9% (COPD-1V), Figure 34).

Cell subtypes

Figure 34: Quantification of confocal immunoflu-

d28 orescence (IF) images of the unexposed end-differ-

entiated COPD-Il (n=3) and COPD-IV cultures

, (n=4) in comparison to cigarette smoke exposed

MUCS5AC COPD-II cultures (COPD-II CSE, n=3) on

ALI1d28. IF quantification reflects the hypersecre-

tory and oligo-ciliated phenotype of COPD-1V cul-

tures, as well as the CSE-induced disease progres-

sion from COPD-Il to COPD-IV. Three images

were quantified for each timepoint. Results were

presented as mean = SEM with P-values < 5% con-
sidered as statistically significant.
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These compositional changes were mirrored in a reduced barrier integrity in COPD-II
CSE cultures (457+4 Ohm x cm?) when compared to unexposed COPD-II cultures
(724240 Ohm x cm?).

In addition, COPD-II CSE cultures showed almost similar TEER values with COPD-IV
cultures (458+132 Ohm x cm?, Figure 35) on ALId28, thus mimicking phenotype pro-
gression from COPD-I1 to COPD-IV.
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Figure 35: Analysis of barrier integrity in unexposed COPD-I1 and COPD-IV derived cultures in compar-
ison to cigarette smoke exposed COPD-II cultures (COPD-1I CSE) during the whole timecourse of cell
differentiation (ALId7-28) by transepithelial electrical resistance (TEER), reflecting the CSE-induced phe-
notype progression from COPD-II to COPD-IV. 766+154 Ohm x cm? (marked gray dashed line) were
considered physiological values for fully differentiated pHBECs at ALI according to Srinivasan et al.*.

3.2.4.3Transcriptome and secretome analysis

Transcriptome analysis revealed a characteristic pattern underlying the observed cellular
differentiation: at baseline level, COPD-1V cultures were characterized by overrepresen-
tation of pathways that indicate the hypersecretory oligo-ciliated phenotype.
Accordingly, carbohydrate/ glycosaminoglycan metabolism (hsa-1630316, hsa-71387)
and cellular secretion processes (GO:1901505, GO:0019200, GO:0030246;
G0:1901135, GO:0032940, hsa00534, hsa1430728) were overrepresented in COPD-IV
derived cultures. Moreover, genes involved in primary ciliogenesis and centrosome du-
plication (CNTROB, Clorfl58, TUBE1, CCP110) were significantly down-regulated,
reflecting the prosecretory cell fate and the impaired terminal differentiation into MCC.
The aberrant SC-MCC axis differentiation is further explained by the down-regulation of
PTEN signaling.

In addition, an overrepresentation of transmembrane carbohydrate (GO: 0045913, GO:
0010676, GO: 0043255) and lipid metabolic processes (GO: 0072367, GO: 0050995, GO:
0010888) at transcriptome level could explain the decreased membrane integrity observed
in COPD-1V derived cultures.

Due to continuous environmental pollutants exposure, COPD-IV cultures are character-
ized by an increased pro-inflammatory pattern at baseline level, indicated by the activa-
tion of IL-17C, IL-1B, IFN-y, IRF3, IL-1RN, NRF1 and TGF-f3.

These findings were in line with overrepresented innate immunity (GO:0045055,
G0:0043312, GO:0002283), cell migration (GO:0030334, GO:0030335), as well as cell
differentiation and remodeling processes.
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The top 10 significant GO biological processes derived from the differentially upregu-
lated genes in unexposed COPD-IV cultures are summarized in Figure 36.

:0006493)

an metabolic process (GO:0030203)

development (GO:0003174)

Figure 36: Top 10 significant P-values for Gene ontology (GO) terms derived from the upregulated genes
(n=1201) of the bulk transcriptome in unexposed COPD-IV cultures when compared to the unexposed non-
CLD cultures on ALId28, indicating the involvement of COPD—IV cultures in innate immunity, cell mi-
gration and ECM remodeling processes. For each pathway the GO term derived from the GO biological
Process 2021 specified in the online Enrichr database was attached. GO terms were sorted by P-value rank-

ng.

The top 30 differentially upregulated genes involved in the outlined pathways are sum-
marized in Table 29.

COPD-1V sham vs non-CLD sham COPD-1V sham vs non-CLD sham
Top 30 upregulated genes Top 30 downregulated genes
FC>1.3 FC>1.3

adjusted p<0.05 adjusted p<0.05
Gene symbol  P-value P-value dabg Gene symbol P-value P-value dabg
MMP10 0.001246 0.249730 17.70 TMPRSS11A 0.000960 0.232902 -10.18
GPNMB 0.010931 0.349183 1484 FAM111B 0.047117 0.511162 -6.16
MMP2 0.005735 0.308557 11.62 ABHD12B 0.000490 0.218723 -5.12
TAGLN 0.036665 0.484525 11.20 SERPINB10 0.006881 0.316721 -4.87
MSMB 0.046829 0.510031 10.80 Clorf194 0.022018 0.420149 -4.29
THBS1 0.015690 0.375572 10.53 TMPRSS11D 0.004583 0.305937 -3.97
GLIPR1 0.000728 0.228289 9.31 SPRR3 0.044273 0.503825 -3.90
MYL9 0.009484 0.338240 9.20 DNAJB13 0.015973 0.375572 -3.85
CAPN13 0.003081  0.286985 8.88  ANKK1 0.015115  0.371346  -3.85
COMP 0.028532  0.450889 7.99 C2orf40 0.020555  0.408978  -3.42
SERPINE1 0.003678 0.299613 7.88 OMG 0.038286 0.490823 -3.24
NID1 0.015885  0.375572 7.80 PCDH19 0.046543  0.508398  -3.09
CAMK2N 0.002266  0.278380 756  SERPINB1 0.001786  0.273109  -3.07
ITGB3 0.027316  0.445713 7.24 CWH43 0.048409  0.513418  -2.95
PMEPA1 0.031718  0.464349 6.79 GPD2 0.049690  0.516352  -2.90

SPARC 0.048559  0.513418 6.65 hsa_circ0003009 0.008816  0.338240  -2.88
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PTHLH 0.048190
SLC38AS5 0.026014
LIPG 0.045849
KCNJ15 0.005557
SUSD2 0.031369
PNLIPRP3 0.018917
TGM2 0.004479
AKAP12 0.009903
GALNT14 0.038334
CCNJL 0.006028
ALDH1A3 0.002550
FYB 0.042711
ENC1 0.001169

0.513363 6.02
0.439682 5.70
0.506896 5.67
0.308557 5.61
0.461141 5.48
0.396216 5.17
0.305937 5.05
0.340955 5.01
0.490852 4.88
0.308557 4.88
0.278669 4.56
0.499283 4.56
0.241732 4.52

NDUFA12 0.002981
SLC13A2 0.000981
COX7B 0.001497
SPRR1A 0.004304
hsa_circ0000321  0.034458
SPRR1B 0.024587
DAPL1 0.026008
ECT2L 0.041034
CSTA 0.015189
PSMB10 0.002889
LSM8 0.026518
hsa_circ0000797  0.029007
NOP16 0.024776

0.286985  -2.87
0.233902  -2.80
0.265267  -2.78
0.302050  -2.77
0.475239  -2.67
0.434374  -2.66
0.439682  -2.64
0.496109  -2.63
0.371455  -2.48
0.286985  -2.46
0.443305  -2.38
0.451154  -2.28
0.434529  -2.27

Table 29: Top 30 upregulated (marked in red) and downregulated (marked in blue) genes derived from
bulk transcriptome analysis of unexposed COPD-IV cultures in comparison to the unexposed non-CLD
cultures on ALId28. Testing of differential gene expression was done by (paired) Limma T-Test with Ben-
jamini-Hochberg Test (BH Test) for multiple testing correction. Background of the gene datasets (dabg)
was detected and reduced using P-values < 5%. Datasets of regulated genes were defined by raw P-values
< 5% by using a fold change (FC) gene expression filter > 1.3.

COPD-1V disease specific remodeling upon chronic pollutant exposure is reflected in the
significant activation of profibrotic upstream regulators (e.g. FN1, TGFB1/2/3, ITGBS6,
HIF1, SMAD, EFN4, PTEN, XBP1 and FOXC1) known to drive extracellular matrix
(ECM) production and EMT. The main upstream regulators responsible for these pro-
cesses are summarized in Table 30.

Upstream Regulator FC z-score transformation P-value
FN1 73.26 2.07 2.74E-03
EDN1 7.86 3.56 2.99E-02
TGFB2 4.34 2.23 1.29E-02
ITGB6 2.8 1.95 8.91E-03
TGFB3 2.26 3.34 9.64E-06
TIMP3 2.23 -2.12 4.82E-02
APOE 2.07 -3.03 1.42E-02
GLIS2 1.7 -2.22 1.15E-02
TEAD?2 1.68 3 4.79E-03
PIK3R1 1.68 1.94 1.18E-03
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NEDD9 1.64 1.89 3.31E-02
HIF1A 1.59 3.82 2.50E-03
SYVN1 1.58 4.24 4.79E-04
SP1 1.56 4.24 4.60E-02
HTT 1.56 3.49 5.42E-04
CAB39L 1.55 -3.74 6.42E-07
AGT 1.52 3.64 1.99E-02
PTPN3 1.52 2.2 2.72E-02
SMAD7 151 -3.27 2.06E-03
FOXC1 1.49 2.37 9.95E-03
PTEN 1.48 1.88 3.79E-03
EFNA4 1.46 -2.65 4.72E-02
TGFB1 1.45 5.88 1.04E-07
XBP1 1.44 4.59 1.72E-04
CLDNY 1.41 -1.92 9.01E-03

Table 30: Bulk transcriptome analysis in unexposed COPD-1V vs hon-CLD cultures on AL1d28 with focus
on significantly expressed upstream regulators derived from Ingenuity Pathway Analysis®, revealing a sig-
nificant activation of extracellular matrix remodeling (ECM) and epithelial-to-mesenchymal transition
(EMT) processes in COPD-1V cultures. Datasets of regulated genes were defined by raw P-values < 5% by
using a fold change (FC) gene expression filter > 1.3 and a z-score transformation > 2 or < -2 (z-score > 2
= activation; z-score < -2 = inactivation).

ECM remodeling implies an early and late biosynthesis of ECM components (e.g. chon-
droitin-, dermatan- or heparan sulfate). A summary of the ECM processes depicted by
Ingenuity Pathway Analysis® is summarized in Table 31.

Ingenuity Pathway Analysis® -log z-score transformation
(baseline COPD-1V vs non-CLD) (P-value)

EIF2 Signaling*# 12.3 -4.12

Oxidative Phosphorylation 6.14 -5.00

Chondroitin Sulfate Biosynthesis** 2.98 3.46
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Dermatan Sulfate Biosynthesis** 2.77 3.46
Chondroitin Sulfate Biosynthesis (Late Stages) ** 248 3.16
Triacylglycerol Biosynthesis 2.44 2.33
Dermatan Sulfate Biosynthesis (Late Stages) *# 2.09 3.00
Heparan Sulfate Biosynthesis** 1.94 3.05
Regulation of Actin-based Motility by Rho 1.87 2.89
Sirtuin Signaling Pathway 1.71 2.89
Superpathway of Inositol Phosphate 1.70 2.04
Actin Cytoskeleton Signaling** 1.69 2.99
Choline Biosynthesis 11l 1.61 2.00
Heparan Sulfate Biosynthesis (Late Stages) ** 1.49 2.71
Leukocyte Extravasation Signaling 1.46 2.18
PTEN Signaling** 1.46 -2.00

Table 31: Ingenuity Pathway Analysis® of bulk transcriptome in unexposed COPD-IV vs non-CLD cul-
tures showing an overactivation of ECM and EMT processes in COPD-IV cultures. * Extracellular matrix
remodeling (ECM), # Epithelial-to-mesenchymal transition (EMT). Datasets of regulated genes were de-
fined by raw P-values < 5% and -log(P-value) > 1.3 by using a fold change (FC) gene expression filter >
1.3 and a z-score transformation > 2 or < -2 (z-score > 2 = activation; z-score < -2 = inactivation).

Secretome analysis

The activation of ECM processes at transcriptome level in unexposed COPD-1V cultures
was also reported at secretome level (GO:0030198, GO:0043062). In addition, unspecific
intracellular processes in COPD-1V cultures included ubiquitous organelle organization
(GO: 0006996), protein synthesis (GO:0043043), as well as transport (GO:0006810, GO:
0015031), targeting (G0O:0006605), binding (GO:0006807) and proteolysis processes
(GO: 0006508). The binding processes involved different components of cell membrane:
proteins (GO:0005515), enzymes (G0O:0019899) and integrins (GO:0005178).
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The top 20 GO terms that define the unexposed COPD-1V culture at secretome level are
summarized in Table 32.

No. |GO term Secretome pathway enrichment analysis P-value
Baseline COPD-1V vs non-CLD
0 |GO0:0071840 |cellular component organization or biogenesis 6,06E+07
1 |GO0:0006996 |organelle organization 2,60E+08
2 |G0:0051641 |cellular localization 3,43E+08
3 |G0:0032543 | mitochondrial translation 7,90E+08
4 [G0:0016043 |cellular component organization 8,69E+08
5 |G0:0033036 |macromolecule localization 1,75E+09
6 |G0:0006396 |RNA processing 2,54E+10
7 1GO0:0140053 | mitochondrial gene expression 3,21E+09
8 |G0:1901566 |organonitrogen compound biosynthetic process 3,71E+10
9 |G0:0043604 |amide biosynthetic process 1,22E+11
10 |GO:0006414 |translational elongation 1,40E+11
11 | G0:0006397 | mRNA processing 7,40E+09
12 | G0:0008380 |RNA splicing 9,55E+10
13 | GO0:0008104 |protein localization 0.0001
14 | GO:0070125 |mitochondrial translational elongation 0.0002
15 |GO0:0070126 |mitochondrial translational termination 0.0002
16 | G0:0044267 |cellular protein metabolic process 0.0004
17 |G0:1901564 |organonitrogen compound metabolic process 0.0004
18 | GO:0043603 |cellular amide metabolic process 0.0005
19 | GO0:0019538 |protein metabolic process 0.0006
20 |G0:0003723 |RNA binding 0.0008

Table 32: Pathway enrichments analysis derived from secretome data of unexposed COPD-IV vs non-CLD
cultures at baseline level, revealing significantly abundant proteins involved in classical RNA binding and
organelle organization processes. GO terms were sorted by P-value ranking. Raw P-values < 5% were
considered significant.

3.2.4.4 Ciliary beating frequency analysis

The unexposed non-CLD cultures present a physiologic CBF distribution between 5 and
17 Hz, in accordance with previous studies (CBF 7-16 Hz) 8. Unexposed COPD-II cul-
tures presented a similar CBF distribution as non-CLD cultures, with a significantly lower
CBF spectrum. In contrast, unexposed COPD-1V cultures were characterized by a patho-
logic biphasic CBF spectrum due to the presence of discoordinated low beating and high

beating MCC colonies.
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The CBF distribution in unexposed COPD-IV cultures was significantly different in com-
parison to the physiologic pattern observed in unexposed non-CLD and COPD-II cultures
(Figure 37).

Ciliary beating frequency (Hz)
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Figure 37: Analysis of distribution of ciliary beat-
ing frequencies (CBF, Hz) in non-CLD (n=2),
COPD-II (n=2) and COPD-1V (n=2) cultures at
baseline level (sham) on AL1d28, revealing signifi-
cantly different disease specific changes with a sim-
ilar (monophasic) CBF spectrum in non-CLD and
COPD-II cultures and a pathologic biphasic CBF
spectrum in COPD-1V cultures. CBF spectrum of
COPD-II cultures is significantly lower in compari-
son to the non-CLD CBF. The biphasic CBF spec-
trum of COPD-IV cultures reveals the presence of
discoordinated low beating and high beating multi-
ciliated cells colonies. CBF was determined by us-
ing a modified ciliaFA protocol® upon calculation of
average intensity in time and extraction of the high-
est signal frequencies by using a discrete fourier
transform. For each condition, 3 videos (>10 s each)

of the top 10 highest CBF were recorded. Comparative analysis of CBF was performed by Kolmogorov—
Smirnov Test with P-values adjusted by Benjamini—Hochberg multiple testing correction.

3.2.4.5 Single cell RNA-seq drop-seq analysis

To comprehensively analyze the dynamics of the pHBECSs differentiation, longitudinal
single cell RNA-seq analysis was performed during the whole timecourse of pHBECs
differentiation. Briefly, pHBECs cell suspensions from 7 different timepoints (ALIdO, 3,
5,7, 14, 21 and 28) from n=2 non-CLD and n=2 COPD-IV patients were collected (Fig-

ure 38).
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Two-dimensional representation of the single cell transcriptional clusters was designed
by using the Uniform Manifold Approximation and Projection (UMAP) method in order
to provide data related to cell subtypes and disease state (Figure 39). Based on previously
published specific cell canonical markers, particular clusters for BC (KRT5*/ TRP63"),
sBC (SERPINB4Y), secretory GC (SCGB3A1") and MCC (FOXJ1") on airlift day
(ALIdO) have been identified.
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Figure 39: Longitudinal single cell RNA-seq analysis with focus on the (A, B) Uniform Manifold Approx-
imation and Projection (UMAP) and diffusion map (DC) embeddings for different timepoints of sampling
and cell type subpopulations in both non-CLD (A) and COPD-1V cultures (B). For both cultures the cell
trajectory between ALIAO and d28 was presented. Accordingly basal cells are progenitors for suprabasal
and secretory cells (ALIdO-7). Mature secretory cells (ALId14) give rise to transitional cells (intermediate
pre-ciliated cells, ALId14-21), which give rise to end-differentiated multi-ciliated cells (AL1d21-28).
COPD-IV cultures are characterized by an elevated number of secretory and transitional pre-ciliated cells
(lower branch of cell trajectory/ DC1), that induce an impaired terminal differentiation into multi-ciliated
cells.
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In addition, an intermediate cell state characterized by co-expression of secretory and
MCC marker genes has been observed during the whole time of cell differentiation. This
transitional cell state indicates that SC give rise to MCC during differentiation process,
in accordance with the current model of human airway lineage hierarchy 2. Accordingly,
the transitional cells were localized on UMAP diffusion map between secretory and MCC
populations (Figure 39). Specific gene clusters of the independent cell populations of the
bronchial epithelium were systematically compared with those previously published in
the single cell atlas of the healthy human airways?. These clusters were correlated with
the reported marker genes of the in vivo cultures via matchScore method. By using this
approach, our pHBECs culture accurately defined in vivo-like cell subtypes in both non-
CLD and COPD-IV derived cultures (Figure 40).
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Figure 40: Longitudinal single cell RNA-seq analysis with focus on the altered cell differentiation in
COPD-1V cultures in comparison to the non-CLD cultures. For all sampling timepoints, longitudinal single
cell RNA-seq drop-seq analysis was correlated with previous gene datasets that characterize the pHBECs
subpopulations 2. (A, B) The matchScore coefficients for non-CLD and COPD-IV derived cultures indicate
the transcriptional similarity for all pHBECs cell subpopulations based on the previous reference dataset 2.
(C, D) Relative frequency of the pHBECSs subpopulations during the whole time of differentiation in non-
CLD (C) and COPD-IV (D) cultures, showing a higher amount of transitional pre-ciliated cells and a low
amount of multi-ciliated cells in COPD-IV cultures, in the context of an impaired terminal cell differentia-
tion.
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Interestingly, two independent BC subtypes were identified (basal_1, basal_ 2) with a
good overlap within health status and a strong shift between non-CLD and COPD-IV
cultures at ALI (Figure 40). We observed a mixture of these states on ALIdO, with ba-
sal_1 state predominantly observed in COPD-1V cultures and basal_2 state in non-CLD
controls. This mixture was present during whole time of ALI culture until ALId28. The
pHBECs differentiation axis was characterized by the appearance of sBC and SC in the
early phase of cell differentiation on ALId3-7, followed by the differentiation of SC into
MCC from ALId14 onwards (Figure 40). Interestingly, the outlined cell differentiation
axis was respected in both non-CLD and COPD-IV cultures. In particular, COPD-1V cul-
tures were characterized by an accumulation of transitional cells and reduced amount of
end-differentiated MCC, suggesting an altered terminal cell differentiation potential in
diseased cultures (Figure 40).

To analyze the cell proliferation process, single cell RNA analysis for specific cell sub-
populations using proliferation markers (e.g. MKI167*, TOP2A") was performed. Accord-
ingly, COPD-IV cultures were characterized by an increased amount of proliferating BC
and sBC with a peak on ALId21 (Figure 41). The amount of proliferating MCC in COPD-
IV cultures was lower in comparison to the non-CLD cultures.
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Figure 41: Longitudinal single cell RNA-seq analysis with focus on the quantification of the proliferating
cells (MKI167*, TOP2A*) reported for the particular cell subpopulations during the whole time of differen-
tiation (ALIdO, 3,5, 7, 14, 21 and 28) in both non-CLD and COPD-IV cultures: COPD-1V cultures revealed
an increased amount of proliferating basal and suprabasal cells with a peak on ALId21, as well as a lower
amount of proliferating multi-ciliated cells (A) when compared to non-CLD cultures (B). Non-CLD cul-
tures were characterized by an increased amount of proliferating transitional cells, explaining the higher
amount of multi-ciliated cells when compared to COPD-1V cultures.
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In the next step, a comprehensive analysis of differential gene markers for BC on ALI1dO
and for all cell subpopulations on ALId28 was performed (Figure 42).
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Figure 42: Longitudinal single cell RNA-seq analysis with focus on the comparative Uniform Manifold
Approximation and Projection (UMAP) representations for pHBECs on ALId0 (A) and ALId28 (B) derived
from both non-CLD and COPD-1V cultures. On ALIdO two independent basal cell populations (basal_1 in
COPD-1V and basal_2 in non-CLD) were identified. On ALId28 end-differentiated cultures were domi-
nated by secretory, transitional and multi-ciliated cells. (C) Feature plots illustrating the UMAP represen-

tations for specific marker genes that define the two basal cell populations on ALId28 (basal_1 — KRT5",
LAMB3* and basal _2- RPLP™).
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The presence of BC populations was validated via IF stainings of native bronchi in both
healthy and diseased patients. The average intensity of basal 1 cells (KRT" and
LAMB3") was significantly higher in COPD-IV bronchi. In contrast, the average inten-
sity of basal_2 cells (RPLP1") was significantly higher in non-CLD bronchi (Figure 43).
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Figure 43: Immunofluorescence stainings (A) and quantification (B) of non-CLD and COPD-1V native
bronchi, revealing a misaligned bronchial epithelium with disorganized basal cells in COPD-1V when com-
pared to non-CLD cultures (A). Whereas basal cells_1 were predominately present in COPD-IV (increased
average intensity for KRT* and LAMB3*), basal cells_2 were the main cell population of the non-CLD
cultures (increased average intensity for RPLP1%) (B).

Differentially expressed genes for basal_1 and basal_2 cell subtypes were analyzed on
both ALIdO and ALId28. A heatmap illustrating the differentially expressed genes that
characterize the BC on ALIdO and ALId28 is presented in Figure 44. These gene clusters
were involved in survival mechanisms towards injury in COPD-IV cultures.
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Figure 44: Longitudinal single cell RNA-seq analysis with focus on the top 30 significantly (A) up-regu-
lated and (B) down-regulated differentially expressed genes (DEG) that define the basal_1 and basal_2
populations on ALIdO and ALId28 in both non-CLD and COPD-IV cultures. Upregulated DEG in COPD-
IV cultures are associated with a secretory differentiation, ECM remodeling processes and pro-survival
mechanisms.
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Enrichment analysis revealed that COPD-1V specific basal_1 cells were characterized by
increased levels of ECM components, together with overrepresented Wnt and Notch sig-
naling pathways as resulted from the Gene ontology processes (Figure 45).
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Figure 45: Longitudinal single cell RNA-seq analysis with focus on (A) the significantly enriched GO
terms for basal_1 and basal_2 cells (FDR < 5%) and (B) the top 25 up- or downregulated genes for all cell
types from both non-CLD and COPD-1V cultures on ALId28. Enrichment analysis of basal_1 cells revealed
an overrepresentation of pathways involved in extracellular matrix (ECM) remodeling, as well as cell re-
generation and repair mechanisms in COPD-1V (e.g. Notch and Wnt). Upregulated differentially expressed
genes in COPD-IV are associated with a secretory differentiation, ECM remodeling and prosurvival mech-
anisms.

These findings were in line with transcriptome data, that confirmed the transcription of
ECM components in COPD-IV pHBECSs (i.e. dermatan/ chondroitin/ and heparan sul-
fate), when compared to non-CLD cultures. Airway remodeling processes in COPD-IV
pHBECSs were activated by Wnt pathway. The main canonical pathways derived from the
Ingenuity Pathway Analysis® of bulk transcriptome in diseased and healthy cultures are
summarized in Table 33.
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Ingenuity Pathway Analysis® -log Molecules
(baseline COPD-1V vs non-CLD) (P-value)
EIF2 Signaling 12.3 AGO1, BCL2, CCND1,
EIF2AK3, EIF2AK4, NKX6-2
mTOR Signaling 5.25 ATG13, EIF3F, GPLD1,
HMOX1, MAPKAP1, PDGFC
Regulation of elF4 and p70S6K Signaling 3.34 AGO1, EIF3F, ITGAS,
MAPK14, PIK3CA, PPP2R2C
Chondroitin Sulfate Biosynthesis 2.98 B3GAT3, CHPF, CHSTI12,
CHST15, CHST5, HS2ST1
Dermatan Sulfate Biosynthesis 2.77 B3GAT3, CHPF, CHSTI12,
CHST15, CHST5, HS2ST1
Chondroitin Sulfate Biosynthesis (Late | 2.48 CHPF, CHST12, CHST15,
Stages) CHST5, HS2ST1, HS3ST1
Triacylglycerol Biosynthesis 2.44 AGPAT3, DGAT1, ELOVLI],
GPAT2, GPAT4, MBOAT7
RAN Signaling 2.1 CSE1L, KPNA4, KPNAG, RAN,
RANBP1
Dermatan Sulfate Biosynthesis (Late Sta- | 2.09 CHST12, CHST15, CHSTS5,
ges) HS2ST1, HS3ST1, HS3ST3Al
Tight Junction Signaling 1.96 CLDN1, CLDN10, CLDN12,
CLDN4, CLDN7, CPSF1
Heparan Sulfate Biosynthesis 1.94 B3GAT3, CHST12, CHSTI15,
EXT2, HS2ST1, HS3ST1
Regulation of Actin-based Motility by Rho 1.87 ARPC1B, GSN, ITGA3, LIMK1,
RHOBTB2, RHOJ
What/B-catenin Signaling 1.82 SOX4, TGFB3, WNTI10B,
WNT5A, WNT7B, WNT9B
CDP-diacylglycerol Biosynthesis | 1.79 AGPAT3, GPAT2, GPAT4,
MBOAT7, TAZ
Sirtuin Signaling Pathway 1.71 ABCA1l, ADAM10, ATG101,
ATG13, ATG16L1
Actin Cytoskeleton Signaling 1.69 ACTN1, ARHGEF4, ARPCI1B,
CD14, F2R, ITGA3
Inhibition of Matrix Metalloproteases 1.54 ADAM10, ADAM12, MMP10,
MMP14, MMP15, MMP2
Heparan Sulfate Biosynthesis (Late Stages) | 1.49 CHST12, CHST15, CHSTS5,
HS2ST1, HS3ST1, HS3ST3Al
Human Embryonic Stem Cell Pluripotency | 1.49 ACVR1, BMP1l, TGFBR2,
(Wnt) WNT10B, WNT5A, WNT7B
PTEN Signaling 1.46 BCL2, CCND1, IGFI1R, ITGA3,

RAP2A, TGFBR2

Table 33: Ingenuity Pathway Analysis® derived from bulk transcriptome analysis of unexposed COPD-1V
vs non-CLD cultures on AL1d28 showing the overrepresentation of pathways involved in extracellular ma-
trix remodeling (ECM) and epithelial-to-mesenchymal transition (EMT) that reflect airway remodeling
processes in COPD-IV derived cultures when compared to non-CLD cultures. At baseline level these pro-
cesses are partially regulated by Wnt signaling pathway. For each regulated pathways the statistical signif-
icance (-log(P-value)) and the representative genes were summarized. Datasets of regulated genes were
defined by raw P-values < 5% and -log(P-value) > 1.3 by using a fold change (FC) gene expression filter

>1.3.
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Analogously, exposure to ZnO NPs activated ECM remodeling and Notch signaling in
COPD-IV cultures. The main canonical pathways derived from the Ingenuity Pathway
Analysis® in ZnO exposed cultures are summarized in Table 34.

Ingenuity Pathway Analysis® |  -log Molecules

(ZnO exposed COPD-IV vs non-CLD ) (P-value)

Cell Cycle Regulation by BTG 2.16 CCNEL, E2F8, PPP2R3A

Notch Signaling 2.13 APH1A, DTX1, NOTCH3

Th1 Pathway 2.03 APH1A, HLA-DQB1, ICAM1,
NOTCH3, TNFSF11

Cyclins and Cell Cycle Regulation 1.98 CCNE1, CDKN2C, E2FS8,
PPP2R3A

Dermatan Sulfate Biosynthesis (Late Sta- | 1.9 HS3ST6, SULT1AL, SULT1A2

ges)

Chondroitin Sulfate Biosynthesis (Late | 1.85 HS3ST6, SULT1A1, SULT1A2

Stages)

Chondroitin Sulfate Biosynthesis 1.68 HS3ST6, SULT1A1, SULT1A2

Dermatan Sulfate Biosynthesis 1.62 HS3ST6, SULT1A1, SULT1A2

Tumoricidal Function of liver NK Cells 1.58 ICAM1, SRGN

CDKS5 Signaling 1.56 ADCY6, CACNA1A, MAPK?7,
PPP2R3A

Estrogen-mediated S-phase Entry 1.52 CCNEL1, E2F8

S-adenosyl-L-methionine Biosynthesis 1.51 MAT2A

Cell Cycle: G1/S Checkpoint Regulation 1.47 CCNEL1, CDKN2C, E2F8

Th1 and Th2 Activation Pathway 1.45 APH1A, HLA-DQBI1, ICAMI,
NOTCH3, TNFSF11

Dopamine Degradation 14 SULT1AL, SULT1A2

ERKS5 Signaling 1.39 BAD, MAPK7, NTRK1

Heparan Sulfate Biosynthesis (Late Stages) | 1.34 HS3ST6, SULT1A1, SULT1A2

p70S6K Signaling 1.32 BAD, F2R, PDPK1, PPP2R3A

Dopamine Receptor Signaling 1.32 ADCY6, PPP2R3A, SLC18A2

Th2 Pathway 1.25 APH1A, HLA-DQB1, ICAM1,
NOTCH3

Table 34: Ingenuity Pathway Analysis® derived from bulk transcriptome analysis of ZnO (0.14 cm?/cm?)
exposed COPD-IV vs non-CLD cultures on AL1d28 showing the overrepresentation of pathways involved
in extracellular matrix remodeling (ECM) and epithelial-to-mesenchymal transition (EMT) in ZnO chal-
lenged COPD-IV cultures when compared to non-CLD cultures. These processes are partially regulated by
Notch signaling pathway. For each regulated pathway statistical significance (-log(P-value)) and repre-
sentative genes were summarized. Datasets of regulated genes were defined by raw P-values < 5% and -
log(P-value) > 1.3 by using a fold change (FC) gene expression filter > 1.3.

In strong contrast, basal_2 cells, predominately observed in non-CLD cultures, presented
an increased expression level of ribonucleoprotein and mitochondrial respiratory com-
plexes involved in the tricarboxylic acid cycle (Figure 46). In addition, gene expression
profiles of basal_1 and basal_2 cells suggested potential epigenetic differences in COPD-
IV vs non-CLD cultures. Specifically, the presence of variant histone H3 (H3F3A) as
epigenetic imprint of transcriptionally active chromatin was almost exclusively observed
in non-CLD cultures in basal_2 cells as well as secretory and MCC2,
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In the next step, differential gene expression was systematically performed in both non-
CLD and COPD-IV cultures in order to point out the particular gene clusters that charac-
terize the studied cell subtypes. These changes were present on gene set level and pathway
enrichment analysis.

Specifically, the expression of the cytosolic ribosomal machinery found in non-CLD cul-
tures was preserved in all cell types and all timepoints during the cell differentiation (Fig-
ure 46).
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Specifically, Notch pathway was involved in the SC-MCC axis differentiation by down-
regulating the MCC genes and thus facilitating a hypersecretory phenotype!?’. The in-
volvement of Notch pathway in the differentiation axis of COPD-IV cultures starting with
ALId14 onwards was in line with the reported transcriptome data.

The gene expression level involved in the Notch pathway was further analyzed upon
moderate ZnO (0.14 cm?/cm?) exposure in both COPD-IV and non-CLD cultures. Ac-
cordingly, Notch signaling pathway was predominantly observed in ZnO exposed COPD-
IV cultures, indicating that ZnO activates genes involved in pHBECs renewal and repair
thus facilitating secretory cell survival‘?,

In addition, the interaction between Notch and TGF beta signaling indicates another sur-
vival strategy of the SC upon NP exposure®?’.

Of note, Wnt pathway was significantly activated in both basal_1 cells and SC of the
COPD-1V cultures (Figure 48), in line with the outlined transcriptome data.

Figure 48: Longitudinal single
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Briefly, gene markers involved in Wnt pathway signaling (i.e. SOX4, SOX8, TGFB3,
TGFBR2, TLEL1, WNT10B/ 5A/ 7B / 9B) were significantly enriched in COPD-IV cul-
tures at baseline level*?%1%,

Exposure to moderate ZnO NP activated Wnt and TGFB pathway components (i.e.
AKT3, ALPL, IL1F10, ILIRAPL2, IL1IRN, IL36G, LEF1, NAIP, SFRP4, SMAD9,
TNFRSF1B, TNFSF11, WIF1, WNT5A, WNT5B) that silence the terminal differentia-
tion of transitional cells into MCC, as previously reported 131132,
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3.3 Results summary

Given the transcriptional similarity between the single cell RNA-seq analysis and the air-
way single cell atlas?, as well as between the pHBECs ALLI cultures and the native bron-
chial tissue samples, following considerations could be stated:

i)

i)

MCC was the dominant cell subtype in the non-CLD cultures being signifi-
cantly lower represented in COPD-IV cultures (lowest amount in the early
phases of cell differentiation, ALId0-14).

SC signature was higher in COPD-1V cultures, reflecting the oligo-ciliated
and hypersecretory phenotype of COPD-IV cultures that was validated by
transcriptome and IF analysis. This phenotype was also reported for particular
gene markers for MCC (TUBA1A"), secretory CC (SCGB1A1") or secretory
GC (MUC5B) at different timepoints during cell differentiation.

The two particular BC gene signatures (basal_1, basal_2) persisted during the
course of cell differentiation in both non-CLD and COPD-1V cultures. The
presence of BC populations was validated via IF of native bronchi from
healthy and diseased patients. The average intensity of basal 1 cells (KRT,
LAMB3™) was significantly higher in COPD-IV bronchi and of basal_2 cells
(RPLP1Y) in non-CLD bronchi.

Non-CLD cultures were characterized by a gradual increase in the secretory
and MCC gene signatures until AL1d28, in accordance with IF quantification
of non-CLD cultures. These gene signatures were inversely regulated in
COPD-IV cultures and were validated by IF stainings of the native human
bronchi in both healthy and diseased cultures. Accordingly, a significant in-
crease in MUC5AC™ SC, together with an unchanged amount of CC10" SC
and MCC in COPD-1V cultures were observed.

With regards to the NP exposure following considerations could be stated:

i)

Inflammagenic pollutants (LPS and CNP) did not affect the barrier integrity,
electrical membrane resistance, viability and relative frequency of pHBECS at
AL at selected doses, 24 hours upon exposure.

Zn0O induced a concentration-dependent and disease-specific response with an
preserved barrier integrity, electrical membrane resistance and cell viability in
NP exposed COPD-1V derived cultures. ZnO did not significantly affect the
relative cell frequency of COPD-1V derived cultures.

In conclusion, the particular BC signature in COPD-IV cultures led to an impaired termi-
nal differentiation of secretory GC into MCC. The greater functional resilience of COPD-
IV cultures towards environmental NP might be explained by the unsuccessful drive to
induce trans-differentiation of the SC into MCC and the hypersecretory oligo-ciliated
phenotype characterized by a high amount of resilient SC and a small amount of vulner-

able MCC.
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4. Discussion

4.1  Study design and experimental approach

The respiratory epithelium is continuously challenged to a variety of toxic environmental
pollutants that largely impacts on lung health. Although the causality between COPD and
air pollution has been extensively described #>133134 the resulted injury at the level of
bronchial epithelium remains a still insufficiently characterized topic. Given the lack of
mechanistic toxicologic studies, our study aimed to analyze compositional and functional
changes of the human bronchial epithelium upon NP exposure.

To address this topic, we:

i) established a physiological long-term 3D ALI culture using pHBECs from diseased
(COPD-II and -1V) and healthy patients

i) exposed the enddifferentiated ALI cultures to relevant environmental pollutants by
using the pre-clinical, highly standardized VITROCELL® CLOUD 12 exposure system
in order to highlight particular post-exposure changes and repair mechanisms

iii) described for the first time particular features in non-CLD and COPD-IV bronchial
epithelium with focus on the distinct BC populations regulating the SC-MCC differenti-
ation axis and muco-ciliary machinery of the bronchial epithelium.

By the use of this unique setting, our project realistically mimicked the effects of envi-
ronmental pollution on the proximal airways in both healthy and diseased patients.
Preliminary findings on the impaired SC-MCC differentiation axis were reported in
asthma 135136 and cystic fibrosis 3713 but remained insufficiently characterized in end-
stage COPD. Thus, our study adds valuable data regarding the altered SC-MCC axis dif-
ferentiation of the human bronchial epithelium at baseline level and upon environmental
NP exposure, facilitating a better understanding of COPD disease pathomechanisms with
potential preventive and therapeutic implications.

4.2  Exposure setting

Environmental exposure effects at the level of human airways were previously addressed
by using cigarette smoke extract or different NP families. Cigarette smoke exposure!3®140
and NP exposure!#114-143 of human airway epithelium were previously performed under
submerged or ALI conditions. ALI exposure systems are preferred over the unphysiolog-
ical submerged cultures, due to the more realistic simulation of the air liquid interface and
physiological NP application route. Besides different ALl exposure systems, the VITRO-
CELL®CLOUD technology (VITROCELL® CLOUD 12, VITROCELL Systems, Wald-
kirch, Germany) used in our study enabled a homogenous distribution of the NP on the
whole surface of the ALI transwells!43144,

By the use of these unique exposure settings, our study combined for the first time a
realistic, long-term biomimetic 3D pHBECs culture model at ALI with a preclinical,
highly standardized NP cell exposure system. This experimental approach was compara-
tively applied in healthy and end-stage lung disease patients to assess the pathophysio-
logic changes that take place at the level of human bronchial epithelium upon environ-
mental toxin exposure. The pathophysiologic changes post-exposure observed in COPD-
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IV cultures were outlined in functional (TEER, WST-1, LDH release, transcriptome and
secretome) and compositional (IF, single cell) analyses.

Our study made use of two inflammagenic pollutants (LPS, CNP) and two different doses
of a cytotoxic environmental pollutant (ZnO). Even though LPS and CNP were used as
ubiquitous particles present in the environmental air of highly industrialized cities, their
accumulation on respiratory system might provoke a dose dependent infectious (LPS,
Pseudomonas aeruginosa’#46) or non-infectious (carbon NP**) acute airway injury.

4.2.1 ZnO exposure

Upon moderate ZnO exposure, cell composition in COPD-IV was stable, with an un-
changed amount of viable SC in the presence of a very low amount of apoptotic cells, as
resulted via LDH release assay. These findings indicate a decreased secretory cell vulner-
ability at baseline level and upon NP exposure. Interestingly, ZnO NP were able to pen-
etrate the thicker mucus film of the muco-ciliary escalator in COPD-IV, translocate into
the cells, and provoke cell toxicity. Intracellular translocation of ZnO NP previously de-
scribed by Xia et al. **® was demonstrated in our study by the upregulation of metallothi-
oneins involved in mineral ion homeostasis. These effects were stronger in COPD-1V due
to the impaired ciliary beating of MCC and inefficient muco-ciliary clearance. Further-
more, moderate ZnO exposure provokes lysosomal damage, autophagy, excessive OS as
well as cell death in accordance with previous studies'*®. These findings are accompa-
nied by an overrepresentation of OS pathways (e.g. Notch-signaling) in ZnO-exposed
COPD-1V cultures in comparison to the non-CLD cultures.

ZnO exposure induced a dose-dependent reduction of barrier function, cell membrane
integrity and viability in both non-CLD and COPD-1V patients. Comparable results were
reported upon titanium dioxide (TiO2) exposure %152 One potential explanation might
be the particular exposure vulnerability for different cell populations of the bronchial ep-
ithelium. Leibrock et al. addressed this aspect by comparing immortalized squamous
type-I1 cells (A549 cells) with human primary airway epithelial cells (huAEC). Accord-
ingly, the squamous epithelium was found to be more resilient in comparison to the
huAEC. In strong contrast, huAEC were found to be more susceptible for cytotoxic ef-
fects upon NP exposure 14,

Of note, the susceptibility of MCC towards cell injury was observed upon viral infection.
Specifically, MCC have been identified as main targets for pathogenic viruses like SARS-
CoV-2, Influenza or Rhinovirust®>*, Our results could suggest an increased NP-related
vulnerability of MCC (when compared to the SC) accompanied by a pathologic CBF
spectrum and aberrant muco-ciliary machinery.

4.2.2 CNP and LPS exposure

Even though CNP dose was 4-fold higher in comparison to ZnO dose, CNP NPs did not
affect the barrier integrity and viability of the pHBECs cultures. These findings were in
line with previous reports on Calu-3 ALI cultures in animal models 15>!% being explained
by the higher surface-specific inflammogenicity of ZnO NPs when compared to the CNP
NPs 157158 A second explanation is the more effective mucus penetration of ZnO NPs
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when compared to CNP NPs, reflected in the overexpression of metallothioneines upon
Zn0O exposure.

Interestingly, a repetitive CNP exposure did not additionally affect the cell barrier integ-
rity and viability in comparison to a single CNP exposure. These results were contradicted
by previous studies based on repetitive exposures with diesel exhaust particles, that af-
fected cell composition and epithelial function in a dose dependent manner %9160,
Similarly, nebulized LPS particles are capable to induce inflammatory effects at the level
of bronchial epithelium, with comparable responses in both non-CLD and COPD cul-
tures. However, LPS is capable to induce concentration-dependent effects (e.g. inflam-
mation, oxidative stress'®! and apoptosis®?) not addressed in our study. Interestingly, both
non-CLD and COPD cultures were characterized by transcriptional activation of similar
proinflammatory gene clusters (e.g. FCGBP, PI3, SAA1, CXCL3/5/6, S100A8). These
findings suggest that LPS exposed COPD-IV pHBECS are capable to activate proinflam-
matory defense responses without affecting cell viability, integrity and barrier resistance,
thus reflecting the epithelial resilience of the diseased bronchial epithelium.

4.3  COPD-IV phenotype in the context of chronic toxin exposure

Bronchial epithelium continuously suffers adaptive changes upon environmental toxin
exposure. Accordingly, a gradual decrease of cell barrier resistance, viability and mem-
brane integrity was observed at baseline level and upon NP exposure in both non-CLD
and COPD cultures.

Interestingly, the present study showed that chronic toxin exposure (e.g. CSE) facilitates
COPD disease progression. COPD-Il1 CSE pHBECSs showed decreased cell barrier integ-
rity values, that were comparable to those seen in COPD-IV cultures. Accordingly, con-
focal IF stainings revealed an almost similar cell composition pattern in COPD-11 CSE
cultures when compared to COPD-1V cultures. Specifically, CSE exposure led to a pre-
dominant presence of SC, in accordance with the hypersecretory and oligo-ciliated phe-
notype seen in COPD-1V cultures. These findings were in line with previous studies that
characterize compositional changes upon CSE in COPD cultures 107:163-166  AJtogether,
our study simulated COPD disease progression at ALI and highlighted cell compositional
similarities in COPD-1V and COPD-II derived cultures treated with CSE, in line with
previous studies on COPD development and progression 107:112.167.168

COPD-IV bronchial epithelium was characterized in the present study by GC expansion
and a low amount of MCC, together defining the oligo-ciliated hypersecretory phenotype.
Consecutively, GC proliferation and apical mucus accumulation could explain the in-
creased resilience of COPD-IV pHBECSs against environmental pollutants. These com-
positional changes post-exposure were in line with data on bronchial epithelial cells upon
viral infection %17°, Our findings complement the previous data on COPD patients ex-
posed to fine environmental pollutants * with cell compositional analysis and single cell
trajectories. The cellular composition of our non-CLD cultures was in line with previous
results for MCC (47-49%) "7° and SC (6-21%) "*?. Since MCC are the main cell pop-
ulation of the healthy human bronchial epithelium %7112  the oligo-ciliated pattern re-
ported in COPD-1V was correlated with an altered differentiation of MCC'2, an aberrant
muco-ciliary machinery’2, a pathologic CBF spectrum’3174 175176 3 reduced cell barrier
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integrity!’” and an impaired muco-ciliary clearance 817213513178 In addition, the low
number of MCC in COPD bronchi'”™ could be the result of an altered SC-MCC differen-
tiation upon chronic use of inhalative and systemic corticosteroids. Moreover, COPD
phenotype correlates with a deficient muco-ciliary escalator 1’°, and thus with abnormal
defense responses against environmental pollutants *’2. In particular, an altered muco-
ciliary escalator facilitates the accumulation of environmental pro-oxidative toxins (i.e.
CNP), with an increased risk of secondary malignant transformation 179180,

Based on these considerations, we hypothesized that the hypersecretory oligo-ciliated
phenotype originates in a skewed SC-MCC differentiation axis characterized by an ex-
hausted pHBECs regeneration, altered trajectory towards SC and impaired differentiation
into functional MCC 181182,

To realistically characterize the compositional changes of the diseased bronchial epithe-
lium at ALI, a novel ex vivo culture model based on native bronchial wall tissue samples
was developed in our laboratory. This model was based on the previous protocol de-
scribed by Scott et al., who cultured murine tracheal explants by preserving cell integrity,
barrier resistance and tissue architecture!®, In addition, our model allowed a physiologic
ALLI culture with preserved native 3D tissue architecture of the airways up to 4 days (vs.
only 1 day according to Scott et al.). This model can be used for 3D ALI culture validation
and as starting point for further toxicological studies. Our data revealed striking similari-
ties in the cell distribution and morphology between the ex vivo cultured BPs and the
pHBECS in vitro ALI cultures. However, the disadvantages of this model remain the lim-
ited culture lifetime and the high risk for culture contamination.

Of note, COPD tissue resilience might be also explained by the squamous cell metaplasia
and cell dysplasia, which are common histological features reported in both end-stage
COPD and lung cancer 8218 Many studies considered end-stage COPD as precancerous
state that enhances field carcinogenesis 818 Moreover, lung cancer is considered an
“epigenetic continuum” resulted from sustained DNA methylation processes in
COPD"188 _Since cancer tissue is associated with high resilience and survival, we spec-
ulate that functional and compositional alterations observed in COPD-IV could be asso-
ciated with increased cell survival and resilience upon environmental challenges.

The compositional changes outlined above were further reflected in the transcriptome
analysis of the studied cultures. Accordingly, 4 potential explanations for the increased
tissue resilience towards environmental NP can be discussed at transcriptome level:
First, pro-survival strategies upon NP exposure found in COPD-IV but not in healthy ALI
cultures were mirrored in the differential transcriptional regulation of SPDEF, FOXO1,
IL-17C, PPRC1, RELA, LAMC1, IRF3, NRF1, SMAD2/4 and SMARCAA4. These genes
facilitate cell differentiation towards a hypersecretory phenotype and a deficient terminal
differentiation into MCC¢%18, The hypersecretory phenotype in COPD-IV cultures was
activated by NF-xB pathway and regulated by IL-1 and IL-17, in accordance with previ-
ous studies **°, indicating the role of IL-17 pathway in the secretory fate of bronchial cell
differentiation. Thus, these pathways could explain the increased post-expositional sur-
vival of SC in comparison to the more vulnerable MCC.

Second, NP exposure provokes a strong proinflammatory cell response. Specifically, IL-
17 and IL-1B-mediated inflammasome facilitates an expansion of the secretory GC that
enhance mucus hypersecretion 18191192 a5 protective mechanism against NP exposure.
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Third, NP exposure affects the oxidative-antioxidative balance of the cells!®31%4, Protec-
tive antioxidative mechanisms reported in the unexposed COPD-IV cultures are reflected
in the differential upregulation of OS genes on both transcriptome analysis (HMOX1,
EPHX3, TIMP3) and single cell analysis (EPHX1, GSS). The antioxidative effects are
also present during phago-, endo- and efferocytosis processes regulated by THBS1,
ITGB3, MFGES8, SCARB1, CD36, AXL and FCN2 genes. These processes were previ-
ously found to affect cellular resilience and cell survival %1%,

Forth, transcriptome analysis revealed an overrepresentation of genes involved in ECM
and EMT in unexposed COPD-IV cultures when compared to the non-CLD cultures.
While ECM facilitates an altered BC differentiation’® with consecutive goblet cell hyper-
plasial® 1% EMT induces squamous cell metaplasia as precancerous disease state 2%,
The involvement of ECM und EMT processes in COPD-IV cell differentiation, previ-
ously reported by Hedstrém et al. and He et al. 2°22%2 indirectly suggests the presence of
a distinct cell differentiation pattern at the level of diseased human bronchial epithelium.

4.4  Basal cell trajectories

In order to identify compositional differences of the studied ALI cultures, single cell
RNA-seq analysis was performed on 7 different timepoints during cell differentiation. It
is known that proximal bronchial epithelium originates in the primary bronchial epithelial
cells. Besides their role in cell-cell interactions, metabolism and host defense against in-
fectious 2°3-2% or non-infectious environmental stimuli 2°"2%°, pHBECs dictate the pro-
liferation and regeneration mechanisms at the level of bronchial epithelium. The present
study revealed for the first time two distinct basal cells populations (basal_1, basal_2) for
COPD-1V and non-CLD cultures, respectively. Of note, basal_1 cells represents the main
cell population of COPD-IV cultures and were present only in a small amount in non-
CLD cultures. Conversely, basal_2 cells represented the main cell population of non-CLD
cultures being a minority in COPD-1V cultures. Interestingly, distribution of basal_1 and
basal_2 cells revealed a strong shift between COPD-1V and non-CLD cultures that per-
sisted during differentiation and increased until AL1d28. On AL1d28, COPD-IV cultures
showed only basal_1 cells, whereas non-CLD cultures only basal_2 cells. These novel
findings reflect a particular cell differentiation pattern in COPD-IV in comparison to non-
CLD cultures.

Basically, BC differentiate into SBC, which dictate the cell fate of the SC-MCC differen-
tiation axis. Thus, altered BC could affect the SC-MCC differentiation towards hyperse-
cretory phenotype at the expense of the more vulnerable MCC. Our results are in line
with previous reports on lung cell atlas'-? with SC being considered precursors for MCC.
Based on this finding, we correlated the quantification of IF stainings with the analysis of
gene Kinetics for both secretory and MCC. Accordingly, SC peaked on ALId14 followed
by a stable amount until ALId28. Furthermore, ALId14 marked not only the highest
amount of the SC, but also the beginning of MCC proliferation that continued until
ALId28, in line with the cell trajectory described by Garcia et al.k. Interestingly, analysis
of cell distribution during cell differentiation showed a more increased amount of BC,
secretory and transitional cells in COPD-1V cultures in comparison to non-CLD cultures,
in line with the previously described basal cell trajectory®®. The abnormal basal cell
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differentiation is reflected in the aberrant transcriptional activation of genes involved in
muco-ciliary machinery that indicates a proliferation failure of the MCC. This aspect was
also observed in the single cell analysis revealing an increased number of transitional
cells in the late culture phases (AL1d21-d28), which were not able to terminally differen-
tiate into functional MCC.

4.5  Main findings of the study (graphical abstract)

The present study revealed a hypersecretory and oligo-ciliated phenotype in COPD-IV
cultures as a result of an altered SC-MCC differentiation axis. This skewed SC-MCC
differentiation axis in COPD-IV cultures originates in a distinct BC population charac-
terized by particular gene signatures and cell trajectory.

The SC expansion, mucus hypersecretion and low amount of vulnerable MCC are adap-
tive mechanisms that explain the increased resilience of COPD-1V cultures towards en-
vironmental pollutants. The post-exposure resilience of COPD-IV SC could be explained
by prosurvival antioxidative mechanisms and ECM remodeling processes.

The main findings of the study are summarized in Figure 49.
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Figure 49: Results summary of the study with focus on the particular pHBECs differentiation trajectories
and survival mechanisms against environmental NP injury. COPD-1V derived cultures originate from basal
cell_1 that give rise to suprabasal cells, an increased amount of secretory and transitional cells, as well as
a decreased amount of multi-ciliated cells. Potential survival mechanisms upon injury in COPD-IV cultures
account ECM, EMT processes, Notch, Wnt and IL-17 mediated secretory cell proliferation, as well as
strong antioxidative mechanisms of secretory cells. In contrast, non-CLD derived cultures are characterized
by the presence of basal cells_2 cells as precursors for suprabasal, secretory and transitional cells that ulti-
mately give rise to an increased amount of multi-ciliated cells. Non-CLD cultures are characterized by an
intact cytosolic ribosome machinery as well as a strong repair and proliferation potential of basal cells into
terminal competent multi-ciliated cells, that ultimately facilitate an efficient muco-ciliary clearance. ECM
- Extracellular matrix remodeling, EMT - Epithelial-to-mesenchymal transition
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4.6  Limitation of the study

Our study is based on a low number of cultures derived from n=4 non-CLD, n=3 COPD-
Il and n=6 COPD-IV patients. This aspect might explain the results heterogeneity and the
reduced number of significant findings in transcriptome and single cell data analysis.
Our study used two different cell isolation protocols to derive ALI cultures: Pronase E®
protocol (for IF, transcriptome and secretome analysis) and Dispase® protocol (for single
cell analysis). This aspect might explain the differences in cell distribution when compar-
ing IF quantification and single cell data.

The chronic administration of local and systemic corticosteroids in COPD-IV patients
prior to lung transplantation, as well as supplementation of ALI basal media with hydro-
cortisone, might bias the inflammatory and oxidative stress responses of the cells upon
NP exposure.

4.7  Conclusion

Our results indicate that the predominance of SC in the proximal bronchi of patients suf-
fering from COPD-IV leads to a greater functional resilience towards environmental NP
exposure underlined by particular BC populations and the unsuccessful drive to induce
trans-differentiation of the SC into competent MCC.
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5. Future directions

Air pollution is a major risk factor for patients suffering from chronic respiratory diseases,
as it drives episodes of disease exacerbation and leads ultimately to disease progression.
For this reason, it is of critical importance to identify preventive and therapeutic strategies
that counteract AECOPD and consecutively disease progression. To achieve these goals,
the understanding of cell composition and functional changes at the level of bronchial
epithelium upon NP exposure is a mandatory step.

Taking the 3Rs principle (Replacement, Reduction and Refinement) into account, and the
urgent need for realistic and physiologic biomimetic systems that simulate the in vivo
environmental pollutants exposure, following aspects should be discussed and applied in
future projects:

a) Cultures of pHBECs in a realistic microenvironment mimicking the human native
bronchial epithelium at ALI. For this goal, co-culture models with human hematopoietic
cells and fibroblasts should be taken into consideration. Moreover, human organoids or
lung-on-a-chip models represent further tools that could improve culture and treatment
conditions.

b) Highly standardized cell exposure systems with more than 12 transwells slots could
offer a simultaneous exposure for many culture conditions at the same time. This im-
provement is important to reduce the results heterogeneity.

c¢) Novel, elastic porous membranes should replace the silicone-based membranes previ-
ously used on conventional ALI culture models. These changes could improve the culti-
vation of primary cells, the passage of transcellular pollutants, as well as the analysis of
drug kinetics from the basolateral side of the cells into the basal media.

d) The use of highly standardized cell exposure systems for the delivery of aerosolized
drugs to analyze the pharmacokinetics and deposition efficiency of novel drugs that have
not been previously tested in an aerosolized/ nebulized form. Thus, the drug nebulization
route might help better understand the functional post-exposure changes at the level of
the bronchial epithelium.

e) The above-mentioned aspects (a-d) applied for in vitro models should be also investi-
gated ex vivo, by using native human BPs cultured at ALI on optimized porous mem-
branes.

All these improvements could facilitate more realistic culture models with nearly physi-
ological toxin exposure and drug delivery conditions for toxicological studies that can
inform further preventive and therapeutic strategies in COPD.
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