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Impaired Differentiation of Chronic Obstructive Pulmonary Disease
Bronchial Epithelial Cells Grown on Bronchial Scaffolds

& UIf Hedstrom"2, Lisa Oberg®, Outi Vaarala', Géran Dellgren*®, Martin Silverborn*®, Leif Bjermer®,

2,6x%

Gunilla Westergren-Thorsson?*, Oskar Hallgren

, and Xiaohong Zhou'*

"Department of Bioscience COPD/IPF, and ®Department of Translational Science and Experimental Medicine, Research and Early
Development, Respiratory and Immunology, BioPharmaceuticals Research and Development, AstraZeneca, Gothenburg, Sweden;
“Division of Lung Biology, Department of Experimental Medical SC|ence and ®Division of Respiratory Medicine and Allergology,
Department of Clinical Sciences, Lund University, Lund, Sweden; and Transplant Institute and °Department of Cardiothoracic Surgery,

Sahlgrenska University Hospital, Gothenburg, Sweden

Chronic obstructive pulmonary disease (COPD) is characterized by
airway inflammation, small airway remodeling, and emphysema.
Airway remodeling in patients with COPD involves both the airway
epithelium and the subepithelial extracellular matrix (ECM).

differentially abundant between COPD bronchial scaffolds and
normal bronchial scaffolds. These observations are consistent with
COPD pathology and suggest that both epithelial cells and the ECM
contribute to epithelial-cell remodeling in COPD airways.

However, it is currently unknown how epithelial remodeling in
COPD airways depends on the relative influence from inherent
defects in the epithelial cells and alterations in the ECM. To address
this, we analyzed global gene expression in COPD human bronchial
epithelial cells (HBEC) and normal HBEC after repopulation on
decellularized bronchial scaffolds derived from patients with COPD
or donors without COPD. COPD HBEC grown on bronchial
scaffolds showed an impaired ability to initiate ciliated-cell
differentiation, which was evident on all scaffolds regardless of their
origin. In addition, although normal HBEC were less affected by the
disease state of the bronchial scaffolds, COPD HBEC showed a gene
expression pattern indicating increased proliferation and a retained
basal-cell phenotype when grown on COPD bronchial scaffolds
compared with normal bronchial scaffolds. By using mass
spectrometry, we identified 13 matrisome proteins as being
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Clinical Relevance

We provide novel insight into how epithelial cells and the
extracellular matrix contribute in different ways to central
airway remodeling in chronic obstructive pulmonary disease.
A better understanding of the pathological processes behind
this remodeling has the potential to benefit the search for
pathways and targets that can be harnessed for the
development of novel chronic obstructive pulmonary
disease therapies.
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Chronic obstructive pulmonary disease
(COPD) is characterized by chronic airway
inflammation, small airway obstruction, and
destruction of the lung parenchyma (1).
Narrowing of airways and loss of lung tissue
architecture lead to progressive airflow
limitation and decreased lung function (2).
Persistent exposure to cigarette smoke and
other inhaled noxious agents enhances the risk
of developing COPD and causes damage to the
central airway epithelium, thereby
compromising its function as a protective
barrier against the external environment.
Although the normal central airway
epithelium has an inherent capacity to
regenerate after injury, that process isimpaired
in patients with COPD (3, 4) and can lead to
epithelial remodeling, including goblet-cell
hyperplasia (5), squamous metaplasia (6), and
decreased epithelial barrier function (7).
Shortening of cilia (8) and decreased ciliary
beating (9) have also been observed in the
airways of patients with COPD. The damage
and subsequent remodeling of the airway
epithelium results in dysfunctional
mucociliary clearance and leads to increased
susceptibility to respiratory infections in
patients with COPD (2).

The extracellular matrix (ECM) is a
complex network of proteins and
carbohydrates that provide organs with
structural support, like tensile strength and
elasticity. However, the ECM can also regulate
cell function by harboring soluble mediators,
like cytokines and growth factors (10-12), and
mechanical properties of the ECM, like
stiffness, have been suggested to dictate cell
behavior (13). ECM remodeling in COPD
airways has been reported in several studies
(14-18), and we have previously shown that
the bronchial ECM from patients with COPD
modulates gene expression in normal human
bronchial epithelial cells (HBEC) early during
differentiation (19). However, it is not known
how the impaired epithelial-cell function in
COPD depends on the relative influence from
pathological changes in the epithelial cells
themselves and the underlying ECM. We
hypothesized that HBEC derived from
patients with COPD would displayan aberrant
phenotype when grown on a bronchial ECM
and aimed to identify cellular functions
affected by the disease state of the epithelial
cells or the ECM. We therefore performed
global transcriptomic profiling in COPD
HBEC and normal HBEC after repopulation
on decellularized bronchial scaffolds derived
from patients with COPD and donors without
COPD (19). In addition, the matrisome (20)
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composition of the bronchial scaffolds was
characterized by using a proteomic approach
based on mass spectrometry.

Here, we present data showing that gene
expression in COPD airways depends on the
disease states of both the epithelial cells and the
ECM but that the two components affect gene
expression in different ways. COPD HBEC
showed an impaired ability to initiate ciliated-
cell differentiation, which was induced by the
bronchial scaffolds regardless of their origin.
In addition, the gene expression pattern in
COPD HBEC indicated increased
proliferation and a retained basal-cell
phenotype after repopulation on COPD
bronchial scaffolds compared with normal
bronchial scaffolds, suggesting that the
proliferative capacity of epithelial cells in
COPD airways is influenced by the ECM
microenvironment. Portions of this article
were included in the doctoral dissertation of
the first author (21).

Methods

Tissue Acquisition

Lungs from patients with severe COPD
(GOLD [Global Initiative for Chronic
Obstructive Lung Disease] stage 4) and from
organ donors without lung cancer or any
chronic respiratory disease were acquired
from Sahlgrenska University Hospital in
Gothenburg, Sweden, and Skane University
Hospital in Lund, Sweden. All COPD samples
wereisolated from whole lungs of patients with
COPD who had undergone transplantation.
All non-COPD samples came from donated
whole lungs deemed unsuitable for
transplantation and are referred to as “normal”
in the article. These studies were approved by
the Swedish research ethical committees in
Gothenburg and Lund. Informed consent was
obtained from all subjects or their closest
relatives. See the data supplement for more
details.

Decellularization and Repopulation
Bronchial airways (second to fourth segment)
were dissected and decellularized as described
in our previous study, in which we
demonstrated that decellularization preserved
tissue morphology and major ECM
components, whereas DNA content decreased
drastically (19). Repopulation was performed
as previously described (19), except the cells
were in PneumaCult-Ex medium (Stemcell
Technologies catalog number 05008) when
seeded on the bronchial scaffolds and were in

PneumaCult-ALI medium (Stemcell
Technologies catalog number 05001) during
the differentiation phase. HBEC and bronchial
scaffolds were derived from different sets of
patients with COPD and donors without
COPD. The experimental design is described
in detail in Figure 1 and in Table E1 in the data
supplement. Differentiation was induced by
switching to PneumaCult-ALI medium 4 days
after addition of HBEC to the scaffolds, and
this time point was defined as Day 0. The
HBEC were also seeded in Transwell plates
coated with bovine collagen I (Advanced
Biomatrix catalog number 5005) for culture at
the air-liquid interface (ALI). On Day 0, the
apical medium was removed, and the
basolateral PneumaCult-Ex medium was
exchanged for the PneumaCult-ALI medium.
Repopulated scaffolds for RNA sequencing
(RNA-Seq) and protein extraction were
collected and frozen in liquid nitrogen, which
was followed by storage at —80°C.
Repopulated scaffolds for histology and
immunofluorescence were fixed in 4%
formaldehyde for 20-24 hours at room
temperature. ALI cultures were lysed in RLT
buffer (Qiagen catalog number 79216), which
was followed by freezing in liquid nitrogen and
storage at —80°C.

RNA-Seq

Repopulated bronchial scaffolds were
disrupted and homogenized in QIAzol lysis
reagent (Qiagen catalog number 79306) using
a TissueLyser II bead mill (Qiagen). Phenol-
and chloroform-based RNA extraction was
performed by using the RNeasy 96 kit (Qiagen
catalog number 74182), which was also used
for ALI samples, including on-column DNase
I digestion. RNA integrity was evaluated on the
Fragment Analyzer Automated CE platform
(Advanced Analytical Technologies), and
quantification was performed by using the
Quant-iT RiboGreen RNA Assay Kit (Thermo
Fisher Scientific catalog number R11490).
RNA was diluted to 6 ng/pl and used as input
to create cDNA libraries by using a TruSeq
Stranded mRNA Library Preparation kit
(Mumina catalog number RS-122-2103) with
dual indexing and by following the
manufacturer’s instructions. Libraries were
validated on the Fragment Analyzer
Automated CE platform (Advanced
Analytical Technologies) by using the
standard sensitivity NGS (Next Generation
Sequencing) fragment analysis kit. Sample
libraries were pooled in equimolar
concentrations and diluted and denatured
according to Illumina guidelines. RNA-Seq
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Figure 1. (A) The RNA-sequencing study followed an experimental design in which human bronchial epithelial cells (HBEC) from three patients with
chronic obstructive pulmonary disease (COPD) and three donors without COPD were repopulated on bronchial scaffolds derived from a different set
of three patients with COPD and three donors without COPD, resulting in four combinations of HBEC and bronchial scaffolds: COPD HBEC/COPD
scaffolds, COPD HBEC/normal scaffolds, normal HBEC/COPD scaffolds, and normal HBEC/normal scaffolds (n = 9 repopulated scaffolds per
combination and time point). The HBEC were also seeded on Transwell plates for culture at the air-liquid interface (ALI). Four days after
repopulation, Day O samples were collected, and differentiation was induced for the remaining samples by switching to a differentiation medium.
Day 7 samples were collected after 7 days of differentiation. The experimental design is further described in Table E1. (B) Before seeding of cells,
the decellularized bronchial scaffolds were placed on sterile Whatman filters floating on medium in 6-well plates. The bronchial scaffold, medium,

and Whatman filter are indicated by arrows. This setup allowed the cells to differentiate close to the ALI.

was performed by using a high-output
1 X 76-bp kit on an Illumina NextSeq 500
platform.

Results

Bronchial Scaffolds Enhance Gene
Expression Differences between COPD
and Normal HBEC

Immunofluorescence demonstrated that the
HBEC used for repopulation predominantly
consisted of cells positive for the basal-cell
marker TP63 (tumor protein p63) (see Figure
E1 in the data supplement). Histology
confirmed that COPD HBEC could
repopulate both COPD bronchial scaffolds
and normal bronchial scaffolds (Figure E2),
and the morphology and distribution of cells
were similar to those in our previously
reported results for normal HBEC when using
the same repopulation model (19). No
difference in cell confluency was observed
between COPD bronchial scaffolds and
normal bronchial scaffolds. In the earlier
study, this ex vivo model was shown to support
differentiation of normal HBEC on COPD
bronchial scaffolds and normal bronchial
scaffolds for up to 35 days, and the strongest
differential effects on gene expression were

seen during early time points. On the basis of
these findings, 0 days and 7 days were chosen
as time points in the present study, which was
designed to allow for exploration of the relative
influence from both HBEC and bronchial
scaffolds on global gene expression in COPD
airways (Figure 1 and Table E1).

Principal component analysis (PCA)
revealed that the RNA-Seq samples were
clustered primarily on the basis of the
differentiation time and on the basis of whether
the HBEC had grown on bronchial scaffolds or
at the ALI (Figure E3A). A large number of
genes were differentially expressed between
Day 0 and Day 7 (Figure E3B and Table E2),
confirming an overall change in gene
expression upon differentiation induction.
Moreover, pronounced differences in gene
expression were seen between HBEC grown on
bronchial scaffolds and HBEC grown at the
ALI (Figure E3C and Table E3), indicating a
significant influence from the bronchial
scaffolds. PCA performed separately on Day 0
and Day 7 samples showed that COPD and
normal HBEC samples formed two different
clusters at both time points (Figure 2A). Poor
separation was seen between samples
representing COPD HBEC and normal HBEC
grown at the ALL but the separation between
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COPD HBEC and normal HBEC samples was
more prominent in the bronchial scaffold
group, indicating that the bronchial scaffolds
contributed to enhanced gene expression
differences between COPD HBEC and normal
HBEC. This was confirmed by a substantially
larger number of genes differentially expressed
between COPD HBEC and normal HBEC on
bronchial scaffolds compared with the ALI
environment (Figures 2B and 2C and Table
E4). PCA showed no separation between
samples representing COPD scaffolds and
normal bronchial scaffolds on Day 0 (Figures
3A and 3B). However, for COPD HBEC on
Day 7, PCA did show a separation between
COPD bronchial scaffold samples and normal
bronchial scaffold samples, whereas this was
not seen for normal HBEC at the same time
point (Figures 3C and 3D). In agreement with
this observation, 1,694 genes were found to be
differentially expressed in COPD HBEC on
COPD scaffolds compared with normal
scaffolds on Day 7, whereas the corresponding
number for normal HBEC was considerably
lower (Figures 3E and 3F and Table E5),
demonstrating a fundamental difference
between COPD HBEC and normal HBEC in
terms of how gene expression is modulated by
the bronchial scaffolds over time.
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Figure 2. (A) Principal component analysis of RNA-sequencing data for samples representing 0 and 7 days of differentiation of COPD HBEC and
normal HBEC repopulated on COPD bronchial scaffolds or normal bronchial scaffolds (n = 9 repopulated scaffolds per combination and time point)
or grown at the ALI (n = 3 HBEC donors). Day 0 was defined as the day of differentiation induction, which was 4 days after the seeding of cells.
(B) Number and (C) overlap of differentially expressed genes in COPD HBEC compared with normal HBEC when grown on COPD scaffolds, normal
scaffolds, or at the ALl on Day 0 and Day 7. A gene was considered to be differentially expressed if the comparison resulted in a false discovery rate
(FDR) < 0.05 using DESeqg2 (see the data supplement) and the Benjamini-Hochberg method for multiple testing correction.
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Figure 3. Principal component analysis of RNA-sequencing data for samples representing COPD HBEC and normal HBEC after (A and B) 0 days
and (Cand D) 7 days of differentiation on COPD bronchial scaffolds or normal bronchial scaffolds (n = 9 repopulated scaffolds per combination and
time point). Day O was defined as the day of differentiation induction, which was 4 days after the seeding of cells. (E) Number and (F) overlap of
genes differentially expressed in COPD HBEC and normal HBEC on COPD bronchial scaffolds compared with normal bronchial scaffolds. A gene
was considered to be differentially expressed if the comparison resulted in an FDR < 0.05 using DESeq?2 (see the data supplement) and the
Benjamini-Hochberg method for multiple testing correction.
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Differential Gene Expression Reveals
Impaired Ciliary Development in COPD
HBEC Grown on Bronchial Scaffolds
A Gene Ontology term enrichment search was
performed for genes differentially expressed in
COPD HBEC compared with normal HBEC
on bronchial scaffolds on Day 0, showing
enrichment for genes annotated with
biological process terms such as “ECM
organization” and “cell adhesion” as well as
several terms related to development (Table
E6). The temporal expression pattern of
marker genes representing ciliated cells
(FOXJ1 [forkhead box J1]) (22), goblet cells
(MUC5AC), and basal cells (TP63 [tumor
protein p63]) indicated successful
differentiation induction (Figure 4A) and was
consistent with our previous study using the
model (19). Interestingly, the FOXJ1
expression on Day 7 was lower in COPD
HBEC than in normal HBEC on bronchial
scaffolds, regardless of scaffold origin, a
finding that was also confirmed at the protein
level (Figure 4B). TP63 expression was higher
in COPD HBEC at the same time point, but no
differences were seen for MUC5AC (Figure
4A). In agreement with the differential FOX]J1
expression, a Gene Ontology term enrichment
search showed an overrepresentation of genes
annotated with biological process terms
related to ciliogenesis among the genes
differentially expressed in COPD HBEC
compared with normal HBEC on scaffolds on
Day 7 (Tables 1 and 2). Numerous genes
known to be involved in the development and
assembly of cilia showed a consistent pattern of
lower expression in COPD HBEC on both
diseased and normal bronchial scaffolds,
including ZMYNDI0 (zinc finger MYND
type-containing 10) (23), DRCI (dynein
regulatory complex subunit 1) (24), DNAI2
(dynein axonemal intermediate chain 2) (25),
ARMC4 (armadillo repeat-containing 4) (26),
RSPHI (radial spoke head component 1) (27),
TMEM?231 (transmembrane protein 231),
BIDI (B9 domain—containing 1), and
CC2D2A (coiled-coil and C2
domain-containing 2A) (28) (Figure 5).
Meanwhile, these differences were not seen in
HBEC grown at the ALI, and none of the genes
were induced between Day 0 and Day 7 in the
absence of bronchial scaffolds. In contrast, all
of the genes were induced over time in HBEC
grown on bronchial scaffolds. Validation
using real-time qRT-PCR confirmed the
results (Figure E4). In summary, these results
indicate that interactions with the bronchial
scaffolds trigger an induction of ciliated-cell
differentiation in HBEC, but COPD HBEC
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have an impaired ability to initiate this
differentiation.

COPD HBEC Gene Expression
Indicates Dysregulated Cell Cycle
Progression Induced by the

Bronchial Scaffolds

A Gene Ontology term enrichment search was
performed for the 1,694 genes differentially
expressed in COPD HBEC on COPD
bronchial scaffolds compared with normal
bronchial scaffolds on Day 7. Enrichment was
seen for genes annotated with biological
process terms such as “chromosome
segregation,” “cell proliferation,” “DNA
replication,” and “regulation of cell cycle”
(Table 3). Moreover, the gene expression
pattern indicated that several mediators
known to promote cell growth or cell cycle
progression were predicted to have increased
activity in COPD HBEC on COPD scaffolds
compared with normal scaffolds (Table 4).
These mediators included MYC (MYC
protooncogene, bHLH transcription factor)
(29), ERBB2 (Erb-b2 receptor tyrosine kinase
2) (30), and the E2F transcription factors (31).
Meanwhile, proteins that negatively regulate
cell cycle progression were predicted to have
decreased activity on COPD scaffolds, and
these included proteins such as p53 (32),
CDKNIA (cyclin-dependent kinase inhibitor
1A [p21]) (33), CDKN2A (cyclin-dependent
kinase inhibitor 2A [p16-INK4A/p14-ARF])
(34), and RB1 (retinoblastoma protein
transcriptional corepressor 1) (35) (Table 4).
Several genes known to promote cell cycle
progression or cell division had a higher
expression level on COPD scaffolds on Day 7,
including MKI67 (36), E2F2 (31), TTK (TTK
protein kinase) (37), MCM10
(minichromosome maintenance 10
replication initiation factor) (38), ANLN
(anillin actin binding protein) (39), CCNBI
(cyclin B1) (40), CCNA2 (cyclin A2) (41), and
CDKI (cyclin-dependent kinase 1) (40),
whereas CDKNIA and CDKN2A were both
downregulated on COPD scaffolds (Figure
6A). In addition, the basal-cell markers TP63,
KRT5 (keratin 5), and KRT14 (keratin 14) (42)
were all increased on COPD bronchial
scaffolds relative to normal bronchial scaffolds
in COPD HBEC at the same time point
(Figure 6B). Results from validation with
real-time qQRT-PCR were largely consistent
with the RNA-Seq data (Figure E5).
Immunofluorescence confirmed expression of
MKI167 and TP63 in COPD HBEC on COPD
scaffolds and normal scaffolds on Day 7
(Figure E6), showing that TP63™" cells were

predominantly present on the basolateral side
of the repopulated epithelium. Finally,
differential expression of genes associated with
integrin signaling suggested that the cell-ECM
interaction between COPD HBEC and the
scaffolds depended on the scaffold disease
state (Table E7). Taken together, these

results indicate enhanced cell cycle
progression and increased proliferation of
COPD HBEC when cultured on COPD
bronchial scaffolds compared with normal
bronchial scaffolds.

COPD Bronchial Scaffolds Show an
Altered ECM Composition

In total, 3,340 proteins were detected in the
bronchial scaffolds, 384 of which belonged to
the matrisome as defined by Naba and
colleagues (20). Many core matrisome
components, such as ECM glycoproteins and
collagens, were identified, but matrisome-
associated proteins, like ECM regulators and
secreted factors (Figures E7A and E7B), were
also identified. Thirteen matrisome proteins
were differentially abundant in COPD
scaffolds compared with normal scaffolds
(Figure E8). LOXLI (lysyl oxidase-like 1),
FBLNS5 (fibulin 5), EFEMP1 (EGF-containing
fibulin ECM protein 1), MMP12 (matrix
metallopeptidase 12), and the C1QA
(complement C1q A), C1QB (complement
Cl1q B), and C1QC (complement C1q C)
chains were all increased in COPD scaffolds.
Proteins decreased in COPD scaffolds
included IGFBP2 (insulin-like growth factor
binding protein 2), SI00A8 (S100 calcium
binding protein A8), and SI00A9 (5100
calcium binding protein A9) as well as the FGA
(fibrinogen o), FGB (fibrinogen B), and FGG
(fibrinogen ) chains.

Discussion

We demonstrate that gene expression in
COPD bronchial airways depends both on
inherent defects in the epithelial cells and on
the disease state of the bronchial ECM.
Bronchial scaffolds induced ciliated-cell
differentiation in HBEC, but COPD HBEC
showed an impaired ability to initiate this
differentiation. Furthermore, COPD HBEC
were considerably more affected than normal
HBEC by the disease state of the bronchial
scaffolds, showing a gene expression pattern
indicating increased proliferation and a
retained basal-cell phenotype when grown on
COPD scaffolds compared with normal
scaffolds.
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Figure 4. (A) Expression of FOXJ1 (forkhead box J1) (ciliated-cell marker), MUC5AC (goblet-cell marker), and TP63 (tumor protein p63) (basal-cell
marker) from RNA sequencing in COPD HBEC and normal HBEC repopulated on COPD bronchial scaffolds or normal bronchial scaffolds (n =9
repopulated scaffolds per combination and time point) or grown at the ALI (n = 3 HBEC donors). Day 0 was defined as the day of differentiation
induction, which was 4 days after the seeding of cells. FOXJ1 expression was higher in COPD HBEC than in normal HBEC on both COPD scaffolds
and normal scaffolds on Day 0. FOXJ1 increased between Day 0 and Day 7 in HBEC repopulated on scaffolds (FDR < 0.001) but was not increased
when HBEC were grown at the ALI. MUC5AC increased between Day 0 and Day 7 in HBEC repopulated on scaffolds and grown at the ALI (FDR <
0.001). TP63 decreased between Day 0 and Day 7 in HBEC repopulated on scaffolds and grown at the ALI (FDR < 0.001), except in COPD HBEC on
COPD scaffolds. (B) Expression of FOXJ1 protein in COPD HBEC and normal HBEC after 7 days of differentiation on COPD bronchial scaffolds or
normal bronchial scaffolds (n = 9 repopulated scaffolds per combination). FOXJ1 concentrations were normalized against GLB1 (B-galactosidase)
to account for varying number of cells on the scaffolds. Means and SDs are indicated. *FDR < 0.05, **FDR < 0.01, and ***FDR < 0.001 using

DESeq? (see the data supplement) and the Benjamini-Hochberg method for multiple testing correction in A. *P < 0.05 and **P < 0.01 using the
Mann-Whitney test in B.

Many of the pathological changes cells, and smoking is known to have a strong  study, all COPD HBEC came from smokers or
observed in COPD airways havebeenlinkedto  influence on the basal-cell transcriptome, ex-smokers, which may suggest that the
cigarette smoke, which affects the structure affecting genes associated with the risk of impaired induction of ciliary genes in these
and function of the airway epithelium as well ~ developing COPD (44). Functionally, cells is a result of epigenetic alterations caused
as its regenerative potential (43). Basal cells cigarette smoke has a detrimental effect on by cigarette smoke exposure. Moreover, the
have an inherent capacity as progenitors to ciliary development (45-47) and isalsoknown  gene expression pattern showing impaired
regenerate a damaged airway epithelium by to induce epigenetic alterations in human ciliated-cell differentiation in COPD HBEC
differentiating into ciliated cells and goblet airway epithelial cells (48). In the present became evident only after repopulation on
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Table 1. GO Term Enrichment for Genes Differentially Expressed on Day 7 in COPD HBEC Compared with Normal HBEC after
Repopulation on COPD Bronchial Scaffolds

GO Biological Process

Cilium organization (GO:0044782)
Cilium assembly (GO:0060271)

Plasma membrane—bounded cell projection assembly (GO:0120031)

Cell projection assembly (GO:0030031)
Cell projection organization (GO:0030030)
Microtubule-based process (GO:0007017)
Microtubule bundle formation (GO:0001578)

Plasma membrane—bounded cell projection organization (GO:0120036)

Organelle assembly (GO:0070925)
Axoneme assembly (GO:0035082)

Fold Enrichment FDR
2.7 1.4 x 1071®
2.6 56 X 107 1°
2.3 2.4 x 1013
2.3 3.6 x 10713
1.6 21x 1077
1.8 28 x 1077
35 35 %1077
1.6 6.4 X 1077
1.7 75 x 1077
4.1 8.1 x 1077

Definition of abbreviations: COPD = chronic obstructive pulmonary disease; FDR = false discovery rate; GO = Gene Ontology; HBEC = human
bronchial epithelial cells; RNA-Seq = RNA sequencing.
Shown are the GO biological process terms for which there is an overrepresentation among the differentially expressed genes relative to the

reference list, which consisted of all GO-annotated genes that were detected in at least one RNA-Seq sample. Shown are the 10 terms with the

lowest FDR for each analysis.

Table 2. GO Term Enrichment for Genes Differentially Expressed on Day 7 in COPD HBEC Compared with Normal HBEC after
Repopulation on Normal Bronchial Scaffolds

GO Biological Process

Cilium organization (GO:0044782)
Cilium assembly (GO:0060271)

Fold Enrichment

Plasma membrane—bounded cell projection assembly (GO:0120031)

Cell projection assembly (GO:0030031)
Cell projection organization (GO:0030030)

Plasma membrane—bounded cell projection organization (GO:0120036)

Microtubule bundle formation (GO:0001578)
Microtubule-based process (GO:0007017)
Axoneme assembly (GO:0035082)

Cilium movement (GO:0003341)

FDR

10718
10714
10712
10712
10~
10710
107°
1078
1078
1078

pow==POND
OONNWWwo®
N~ WONNG
NooNoNvoaidN
XXXXXXXXXX

>
[

Shown are the GO biological process terms for which there is an overrepresentation among the differentially expressed genes relative to the
reference list, which consisted of all GO-annotated genes that were detected in at least one RNA-Seq sample. Shown are the 10 terms with the

lowest FDR for each analysis.

bronchial scaffolds, and not at the ALI (Figure
5), suggesting that signals from components of
the bronchial ECM contribute to the
differentiation process. Shojaie and colleagues
(49) showed that murine endodermal
progenitor cells could be differentiated into
proximal airway epithelial cells, including
ciliated cells, when cultured on decellularized
rat lung scaffolds, and pretreatment of the
scaffolds with heparinase demonstrated that
heparan sulfate and its associated factors were
essential for supporting the observed
differentiation. This suggests that heparan
sulfate proteoglycans in the bronchial scaffolds
may have played a role in promoting ciliated-
cell differentiation in the present study.
Importantly, MUC5AC was not differentially
expressed between COPD HBEC and normal
HBEC, and, in contrast to FOX]1, it was
induced between Day 0 and Day 7 in HBEC
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grown at the ALI (Figure 4A), indicating that
differentiation toward the goblet-cell lineage is
less dependent on signals from the ECM.

We did not observe differential
expression of genes involved in proliferation
between COPD HBEC and normal HBEC
grown at the ALI or on bronchial scaffolds.
However, our data indicate increased
proliferation of COPD HBEC when grown on
COPD bronchial scaffolds compared with
normal bronchial scaffolds (Figure 6A and
Table 4), whereas no such effect was seen for
normal HBEC. Interestingly, COPD HBEC
also displayed higher expression of basal-cell
markers on COPD scaffolds than on normal
scaffolds (Figure 6B), and expression of the
proliferation marker MKI67 decreased
between Day 0 and Day 7 for all repopulated
HBEC except COPD HBEC on COPD
bronchial scaffolds (Figure E9). Taken

together, these results suggest that normal
HBEC have the ability to differentiate in a
similar way on both COPD bronchial scaffolds
and normal bronchial scaffolds, resulting in a
lower proliferation rate over time, whereas
COPD HBEC retain basal-cell propertiesand a
higher proliferation rate, but only on COPD
scaffolds, which also suggests that the normal
scaffolds may have a normalizing effect on the
COPD HBEC. Our observations indicate that
the bronchial ECM in COPD airways limits
differentiation and promotes proliferation of
airway epithelial cells, which is in line with
observations of basal-cell hyperplasia (50) and
increased lung cancer risk (51) in patients with
COPD. These findings may be related to
differences in adhesion to COPD scaffolds
compared with normal scaffolds. CDK1 has
been shown to mediate a direct link between
cell cycle regulation and celladhesion (52). The
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Figure 5. RNA-sequencing data for genes involved in ciliary development and assembly in COPD HBEC and normal HBEC after 0 and 7 days of
differentiation on COPD bronchial scaffolds or normal bronchial scaffolds (n = 9 repopulated scaffolds per combination and time point) or at the ALI
(n=3HBEC donors). Day 0 was defined as the day of differentiation induction, which was 4 days after the seeding of cells. DRC1 (dynein regulatory
complex subunit 1) expression was higher in COPD HBEC than in normal HBEC on normal scaffolds on Day 0. No induction was seen between Day 0
and Day 7 for any of the genes in HBEC grown at the ALI, whereas all genes increased significantly over time in normal HBEC grown on bronchial
scaffolds. In COPD HBEC grown on bronchial scaffolds, the following genes increased between Day 0 and Day 7: ZMYND10, ARMC4, and RSPH1
(both scaffold types) and DRC1, DNAI2, and TMEM231 (normal scaffolds only). Means and SDs are indicated. *FDR < 0.05, **FDR < 0.01, and
**FDR < 0.001 for COPD HBEC compared with normal HBEC grown on bronchial scaffolds using DESeq2 (see the data supplement) and the
Benjamini-Hochberg method for multiple testing correction. ARMC4 = armadillo repeat—containing 4; B9D1 = B9 domain-containing 1; CC2D2A =
coiled-coil and C2 domain—containing 2A; DNAI2 = dynein axonemal intermediate chain 2; RSPH1 = radial spoke head component 1; TMEM231 =
transmembrane protein 231; ZMYND10 = zinc finger MYND type-containing 10.

activity of CDKI, and its interaction with
CCNBI1 and CCNA2, was shown to regulate
the celladhesion complexarea during cell cycle
progression. In the present study, all three of
these genes were upregulated on COPD
scaffolds compared with normal scaffolds in
COPD HBEC (Figure 6A), suggesting that
differential adhesion to diseased bronchial
scaffolds compared with normal bronchial
scaffolds may have influenced the cell cycle
machinery in the repopulated COPD HBEC.

There is support in our data for differential
adhesion of the COPD HBEC to the bronchial
scaffolds, as several genes related to integrin
signaling display a lower expression level when
the cells are grown on COPD scaffolds
compared with normal scaffolds (Table E7).
The bronchial scaffolds were analyzed
with mass spectrometry proteomics to identify
disease-specific alterations in the bronchial
ECM. The ECM was particularly well
preserved with respect to ECM glycoproteins,

Hedstrom, C)berg, Vaarala, et al.: Impaired Differentiation of COPD HBEC

proteoglycans, and collagens (Figure E7B) on
the basis of the definition of the matrisome by
Naba and colleagues (20). Consistent with
other proteomic studies performed on
decellularized lung tissue (53, 54),
nonmatrisome proteins were also identified in
the scaffolds. Thirteen matrisome proteins
showed an altered abundance in COPD
scaffolds compared with normal scaffolds
(Figure E8), including LOXLI (55), FBLN5
(56), EFEMP1 (57), and MMP12 (58), which
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Table 3. GO Term Enrichment for Genes Differentially Expressed in COPD HBEC on COPD Bronchial Scaffolds Compared with
Normal Bronchial Scaffolds after 7 Days of Differentiation

GO-Slim Biological Process Fold Enrichment FDR
Chromosome segregation (GO:0007059) 3.4 42 x10°°
DNA metabolic process (GO:0006259) 2.1 8.9 x 10°°
DNA replication (GO:0006260) 2.7 12x 104
Regulation of cell cycle (GO:0051726) 25 2.0x 1074
Cellular process (GO:0009987) 1.1 59 x 107*
Cell cycle (GO:0007049) 1.6 6.5 x 1074
Metabolic process (GO:0008152) 1.2 4.4 x 1078
Translation (GO:0006412) 2.0 9.1 x 1073
Cell proliferation (GO:0008283) 2.8 1.6 X 1072
DNA recombination (GO:0006310) 3.1 1.6 X 1072
Biosynthetic process (GO:0009058) 1.3 1.9 x 1072
Phosphate-containing compound metabolic process (GO:0006796) 1.3 21 x 1072
DNA repair (GO:0006281) 2.0 2.9 x 1072
Mitosis (GO:0007067) 1.8 3.8 x 1072
Meiosis (GO:0007126) 2.6 3.9 x 1072

Shown are the GO-slim biological process terms for which there is an overrepresentation among the differentially expressed genes relative to the
reference list, which consisted of all GO-annotated genes that were detected in at least one RNA-Seq sample. Shown are the 15 terms with the
lowest FDR.

Table 4. Upstream Mediators Predicted to Have a Changed Activity in COPD HBEC on COPD Bronchial Scaffolds Compared with
Normal Bronchial Scaffolds after 7 Days of Differentiation, Based on the Expression Pattern of Differentially Expressed Genes

Upstream Mediator Predicted Activity Activation Z-Score P Value
MYC Increased 7.8 4.4 x 107%
MYCN Increased 7.3 1.3 x 1028
ESR1 Increased 6.4 51 x 107%
RABL6 Increased 5.8 2.0 x 10726
E2F family Increased 4.3 1.8 x 10728
B-Estradiol Increased 4.1 45 x 1073
HGF Increased 3.9 1.1 x 10722
E2F1 Increased 3.8 23 x 10728
VEGF family Increased 3.7 30x 1072
E2F3 Increased 3.4 3.8 x 10726
ERBB2 Increased 2.6 1.0 x 1075
FOX03 Decreased -23 5.4 x 10723
CDKN1A Decreased -3.2 1.8 x 10740
RB1 Decreased -3.8 1.9 x 1028
MIRLET7I Decreased —4.6 1.9 x 10727
CDKN2A Decreased -5.8 3.0 x 1073
TP53 Decreased -6.0 1.3 x 10768
TNFao Decreased -6.3 1.0 x 10728
NUPR1 Decreased -7.2 52 x 1072°
TGFB1 Decreased —-8.1 5.8 X 1074

Definition of abbreviations: CDKN1A = cyclin-dependent kinase inhibitor 1A (p21); CDKN2A = cyclin-dependent kinase inhibitor 2A (p16-INK4A/
p14-ARF); COPD = chronic obstructive pulmonary disease; ERBB2 = Erb-b2 receptor tyrosine kinase 2; ESR1 = estrogen receptor 1; FOXO3 =
forkhead box O3; HBEC = human bronchial epithelial cells; HGF = hepatocyte growth factor; MIRLET7| = microRNA let-7i (let-7); MYC = MYC
protooncogene, bHLH transcription factor; MYCN = MYCN protooncogene, bHLH transcription factor; NUPR1 = nuclear protein 1, transcriptional
regulator; RABL6 = RAB, member RAS oncogene family-like 6; RB1 = retinoblastoma protein transcriptional corepressor 1; TGFB1 = transforming
growth factor B1; TP53 = tumor protein p53; VEGF = vascular endothelial growth factor.

Positive and negative activation z-scores indicate increased and decreased activity, respectively, on COPD scaffolds compared with normal
scaffolds. The analysis was performed by using Ingenuity Pathway Analysis. Shown are the 20 upstream mediators with the lowest P values sorted
by the activation z-score.

are all known to bind tropoelastin or to be dysregulated elastic fiber homeostasis in proteomics on nondecellularized peripheral
directly involved in regulation of elastic fiber =~ COPD lungs, which show decreased elastin lung tissue, we have previously shown that
integrity. Theirincreased abundancein COPD  content not only in the alveolar parenchyma =~ MMPI12 has an altered solubility profile in
bronchial scaffolds may be a result of but also in the airway walls (17). By using COPD lungs, although the total amounts were
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Figure 6. RNA-sequencing data for (A) genes involved in cell cycle regulation and cell division and (B) basal-cell marker genes in COPD HBEC and
normal HBEC after 7 days of differentiation on COPD bronchial scaffolds or normal bronchial scaffolds (n = 9 repopulated scaffolds per combination
and time point). Means and SDs are indicated. *FDR < 0.05, **FDR < 0.01, and ***FDR < 0.001 using DESeq?2 (see the data supplement) and the
Benjamini-Hochberg method for multiple testing correction. ANLN = anillin actin binding protein; CCNA2 = cyclin A2; CCNB1 = cyclin B1; CDK1 =
cyclin-dependent kinase 1; CDKN1A = cyclin-dependent kinase inhibitor 1A (p21); CDKN2A = cyclin-dependent kinase inhibitor 2A (p16-INK4A/
p14-ARF); KRT14 = keratin 14; KRT5 = keratin 5; MCM10 = minichromosome maintenance 10 replication initiation factor; TTK = TTK protein kinase.
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unchanged compared with those of controls
(59). This suggests that the solubility,
distribution, and abundance of MMP12 vary
among the different compartments of COPD
lungs. To our knowledge, the matrisome
proteins we identify as being differentially
abundant have not yet been associated with
proliferation or cell cycle regulation in COPD.
Furthermore, there could also be other ECM
alterations in the COPD bronchial scaffolds
that influenced gene expression in the
repopulated HBEC but were not recorded by
the mass spectrometry setup, including
changes in biomechanical properties, like
tissue stiffness and compliance, as well as
posttranslational modifications of proteins,
such as glycosylations. More studies are
needed to clarify the mechanistic links
between bronchial ECM alterations and the
epithelial-cell phenotype in COPD.

In recent years, there have been advances
in organ bioengineering made with the aim of
mitigating the donor lung shortage for patients
with end-stage chronic lung disease (60). One
potential approach is to use decellularized
organ scaffolds repopulated with patient-
derived stem or progenitor cells, including
HBEC, to generate functional organs (61, 62).
In this study, we provide evidence that not only
the origin of the cells and the scaffolds, but also
how the cells interact with specific scaffolds to

generate a functional bronchial epithelium,
need to be considered. We show that the
culture conditions have a large impact on the
behavior of HBEC and that results from
studies on epithelial cells grown on cell culture
plastic can be difficult to compare with data
from studies on epithelial cells grown on
biological scaffolds. Our data demonstrate that
the underlying ECM induces gene expression
profiles that differ from those seen in HBEC
cultured at the ALI and that differences
between diseased and normal HBEC increase
further when the cells are subjected to
differentiation signals. Because of the limited
supply of lung tissue, we were notable to match
COPD and control groups with respect to sex,
age, and smoking status, and it cannot
therefore be fully excluded that these factors
may have influenced the results to some extent.
In conclusion, we show that bronchial
scaffolds induce ciliated-cell differentiation in
primary HBEC and that COPD HBEC display
an impaired ability to initiate this
differentiation. The gene expression pattern in
COPD HBEC also indicates increased
proliferation and a retained basal-cell
phenotype after repopulation on COPD
scaffolds compared with normal scaffolds,
suggesting that interactions between epithelial
cells and the ECM modulate epithelial-cell
proliferation and differentiation in COPD

bronchial airways. Our findings provide novel
insight into the importance of the bronchial
ECM and its influence on the bronchial
epithelial-cell phenotype in COPD and
suggest that the cell-ECM interaction needs to
be included in the experimental design of
studies focused on the molecular mechanisms
behind epithelial-cell dysfunction in
respiratory diseases. l
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