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Background and aim: Cigarette smoking is the most common cause of chronic obstructive pulmonary disease (COPD) but more
mechanistic studies are needed. Cigarette smoke extract (CSE) can elicit a strong response in many COPD-related cell types, but no
studies have been performed in lung fibroblasts. Therefore, we aimed to investigate the effect of CSE on gene expression in lung
fibroblasts from healthy and COPD subjects.

Patients and methods: Primary lung fibroblasts, derived from six healthy and six COPD subjects (all current or ex-smokers), were
either unstimulated (baseline) or stimulated with 30% CSE for 4 h prior to RNA isolation. The mRNA expression levels were
measured using the NanoString nCounter Human Fibrosis V2 panel (760 genes). Pathway enrichment was assessed for unique gene
ontology terms of healthy and COPD.

Results: At baseline, a difference in the expression of 17 genes was found in healthy and COPD subjects. Differential expression of
genes after CSE stimulation resulted in significantly less changes in COPD lung fibroblasts (70 genes) than in healthy (207 genes),
with 51 genes changed in both. COPD maintained low NOTCH signaling throughout and upregulated JUN >80%, indicating an
increase in apoptosis. Healthy downregulated the Mitogen-activated protein kinase (MAPK) signaling cascade, including a >50%
reduction in FGF2, CRK, TGFBR1 and MEF2A. Healthy also downregulated KAT6A and genes related to cell proliferation, all
together indicating possible cell senescence signaling.

Conclusion: Overall, COPD lung fibroblasts responded to CSE stimulation with a very different and deficient expression profile
compared to healthy. Highlighting that stimulated healthy cells are not an appropriate substitute for COPD cells which is important
when investigating the mechanisms of COPD.

Plain Language Summary: We investigated, for the first time, the effect of cigarette smoke extract (CSE) on gene expression in
lung fibroblasts from healthy subjects and subjects with COPD. We found that fibroblasts from subjects with COPD respond very
differently than from healthy subjects by changing fewer gene expressions after CSE. Pathway enrichment suggested that fibroblasts
from subjects with COPD respond to CSE by affecting genes involved in apoptosis pathways, while fibroblasts from healthy subjects
respond by affecting genes involved in cell senescence. This study highlights the importance of assessing stimulated COPD cells in
mechanistic studies.
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Introduction

It is well known that cigarette smoking is the most common cause of chronic obstructive pulmonary disease (COPD) yet
there is still no treatment available to cure or stop the progression of COPD." This is partly due to the poorly investigated
mechanisms altered in COPD cells from the smoke/pollutant exposure within the lungs. Lung fibroblasts have been
identified as an important part of the remodeling process in COPD,? particularly in the narrowing of the small airways
that is the earliest and most important mechanism for COPD progression.’ Lung fibroblasts have important roles in
producing extracellular matrix to form structures and stimulating/amplifying inflammatory signals. Cigarette smoke, that
contains more than 4700 chemicals,® has been shown to induce inflammation in healthy lung fibroblasts.’ Cigarette
smoke extract (CSE) is a distilled version of cigarette smoke commonly used as a controlled substance to test the effects
of cigarette smoke.’

Previously, we have shown that chemical stressor stimulation resulted in a more disorganized endoplasmic reticulum
(ER) and a differential expression pattern of the ER stress pathway in lung fibroblasts from COPD patients compared to
healthy subjects.” As these chemical stressors are found in cigarette smoke, we hypothesized that CSE could also cause
differential expression responses in lung fibroblasts from healthy versus COPD subjects. Other research has shown that
exposure to CSE increases inflammation,® and inhibits the proliferation and migration in healthy lung fibroblasts® CSE
has also been shown to induce senescence, increase collagen production, and increase apoptosis and necrosis (at CSE
concentrations above 40%) in healthy lung fibroblasts.” !> Although these studies only investigated a narrow range of
variables, CSE clearly affects healthy (or cell line) lung fibroblast cells; however, the effects of CSE on lung fibroblasts
from COPD subjects are still poorly understood. A concerning note is that many studies assume that healthy lung
fibroblasts will respond to CSE the same way as COPD lung fibroblasts that may present false-positive biomarkers of
interest for COPD.

Although several studies have compared large arrays/profiles of gene expression from cells of COPD subjects

to control subjects,'* '®

no studies were found in regard to the effects of CSE stimulation. A broad and
quantitative assessment of lung fibroblast expression should elucidate more accurate mechanisms that differentiate
healthy and COPD responses to CSE giving insight into more targetable pathways for treatments. The NanoString
nCounter technology provides large-scale panels of transcripts that are individually counted giving a direct
quantification of each mRNA instead of an arbitrary relative number and avoiding potential artifacts from RT
switching. So far, nCounter has been used to investigate the gene expression in bronchial epithelial cells of healthy
and COPD subjects in response to diesel emissions,'” but not in lung fibroblasts nor any lung cell after CSE
stimulation.

This study aimed to analyze the gene expression in lung fibroblasts from healthy and COPD subjects (all with
a smoking history) after stimulation with CSE. To get a large-scale view of gene expression from CSE stimulation on
lung fibroblasts, the NanoString nCounter fibrosis panel was used to count the expression transcripts at baseline and after
stimulation with CSE. We hypothesized that COPD lung fibroblasts would respond to the CSE stimulation with an altered

gene expression compared to lung fibroblasts from healthy subjects with a smoking history.

Materials and Methods

Subject Characteristics
A total of 12 subjects, including six healthy and six with COPD, were included in the study (Table 1). All subjects were
either ex-smokers or current smokers. All COPD subjects were diagnosed by a doctor and most COPD subjects had
moderate COPD (GOLD stage 2). Healthy subjects had a non-obstructive spirometry. The median age was similar in the
healthy and COPD subjects. None of the subjects had any co-morbidities of relevance for the study. Three of the COPD
subjects and none of the healthy subjects were on inhaled corticosteroids. All COPD subjects had radiological signs of
emphysema and two of the healthy subjects had discrete signs of emphysema.

All subjects signed written informed consent, and the study was approved by the Regional Ethical Review board in
Lund Dnr 2015/891 and in accordance with the Declaration of Helsinki.
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Table | Subject Characteristics of Lung
Fibroblast Samples Used

Healthy COPD

n=6 n=6
Age, years 67 (36-74) | 70 (52-77)
Female/male n 4/2 2/4
Ex-smokers, n 4 6
Current smokers, n | 2 0
Packyears 17 (15-50) | 42 (15-51)
GOLD2, n - 5
GOLD4, n - I*

Notes: Data is presented as number of individuals or median
(range). *cells derived from lung explant, GOLD=stage accord-
ing to Global Initiative for Chronic Obstructive Lung Disease.

Cell Culture of Lung Fibroblasts

Primary lung fibroblasts from both healthy and COPD subjects were derived from lung tissue resected during lobec-
tomies or one lung explant (a COPD subject). When derived from lobectomies (due to lung cancer), the tissue was
collected at least 1 cm away from the tumor. They were grown out from biopsies in Dulbecco’s modified Eagle’s medium
(DMEM, Sigma-Aldrich, D5671, Irvine, UK) supplemented with 10% fetal clone III serum (Fischer Scientific art nr
1057-0083, USA), 1% L-Glutamine (Life Technologies, 25,030,081, Brazil), 1% amphotericin B (Sigma-Aldrich,
A2942, Israel), and 0.5% gentamicin (Sigma-Aldrich, G1272, Israel) as described by Malmstrom et al.”* Lung fibroblasts
were grown to around 80% confluency. The lung fibroblasts were harvested at passage 6-8.

Cigarette Smoke Extract Preparation

A modified version of the protocol used by Kode et al® was used to prepare the CSE. Research cigarettes from University
of Kentucky (purchasing info Center for Tobacco Reference Products, ref 3R4F, University of Kentucky) was bubbled
into DMEM using a vacuum. One cigarette per 5 ml of DMEM was smoked for about 3 min. A total of 100 ml CSE was
made as a batch. The extract was filtered through a 0.45 pm filter and then 1% amphotericin B and 0.5% gentamicin were
added. The CSE was stored at —80°C in small aliquots to avoid freeze-thaw cycles. All experiments were done within
two batches of CSE, equally distributed between healthy and COPD subjects.

CSE Stimulation

Cell culture supernatants were investigated for lactate dehydrogenase (LDH) levels as per manufacturer’s instructions
using Cytotoxicity Detection KitPLUS (LDH), ref 04744934001 (Roche Diagnostics GmbH Mannheim, Germany), at
CSE concentrations of 0%, 5%, 10%, 20%, and 30%, and incubation for 4 and 8 hours (Figure S1). The LDH assay
showed a differential response at 30% CSE concentration at 4 hours, which was therefore chosen for the NanoString
analysis. Qiagen RNeasy Mini Kit (Qiagen, Ref 74,104, Hilden, Germany) was used to harvest the RNA from the cells.
The RNA was then stored at —80°C.

NanoString Analyses of Gene Expression

Gene expression levels in lung fibroblasts from healthy and COPD subjects with or without CSE stimulation were
analyzed using NanoString nCounter© Human Fibrosis V2 Panel (Cat # XT-CSO-HFIB2-12), containing 760 genes of
interest. In total, 50 ng RNA per panel was used (at a concentration of 25 ng/ul) in the analyses which were performed at
NanoString (SpatialOmics, Lund, Sweden). The complimentary nSolver 4.0 software was used for processing the data
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according to recommended supplied instructions (2021 version). The average (range) optical density of 260/230 nm was
1.44 (0.48-2.01) and 1.62 (0.81-2.09) in samples from healthy and COPD subjects respectively. Despite the recom-
mended optical density of the 260/230 to be between 1.8 and 2.1, all the samples passed the quality control requirements
of NanoString. Of the positive control genes provided, all 10* transcription count groups were represented (ie tens,
hundreds, thousands of counts etc.) so long as each had a >25% coefficient of variation (or as close as possible).
Therefore, the following genes: ACAD9, ARMH3, GUSB, MTMR14, NOL7, PGK1, PPIA, and RPLPO were used as
positive control genes as reference genes to normalize the data to. From the negative controls we determined the lower
detection limit to be 23 counts, all counts below this were set (or “thresholded”) to 23. A total of 280 genes reported
below this detection limit in more than 50% of all samples and were thereby excluded.

Of the 480 genes with >50% subjects above threshold counts, the healthy subjects averaged 468 (baseline) and
463 (after CSE stimulation) genes above the threshold and COPD subjects averaged 464 (baseline) and 463 (after
CSE stimulation) genes above threshold, there was no significant difference between healthy and COPD

(Figure S2).

Pathway Enrichment

Pathway enrichment analysis was completed using Maayan Lab Enrichr.?' >* All the significant genes that changed in
expression levels between baseline and after CSE stimulation, including both up and down regulated, were assessed for
biological process gene ontology (GO) terms for the healthy and the COPD groups. Additionally, the genes that occurred
in both groups were assessed for GO term overlap and all the genes in the panel that were above the threshold were
assessed to identify any GO term bias in the genes included.

Data Presentation and Statistical Analysis

Heatmaps of significantly different/changed gene transcript counts (cut-off: p < 0.05) were generated by NanoString
nSolver 4.0 based on the geomean of the transcript counts. The data set of the transcript counts that were subjected to
thresholding and normalization was produced by nSolver 4.0 and further analyzed using IBM® SPSS® Statistics version
27.0.0.0 and validated by manual calculations using Excel. The graphs were created using GraphPad Prism 9. Mann-
Whitney U test was used for the comparisons between healthy and COPD subjects. Wilcoxon signed rank test was used
for the comparison of baseline versus after CSE stimulation within healthy and COPD subjects, where a p-value of <0.05
was considered significant and used for the Venn diagram. Enricher GO terms were considered significant if the adjusted
p-value was <0.01.

Results
Gene Expression in Unstimulated Lung Fibroblasts from COPD versus Healthy
Subjects

Lung fibroblasts from COPD subjects had lower expression of 16 genes and higher expression of one gene compared to
healthy subjects at baseline (Figure 1A). Of these 17 differentially expressed genes, four had more than 30% geomean
transcript count difference between healthy and COPD. These included JUN (30% less in COPD, p = 0.016), NOTCH1
(38% less in COPD, p = 0.010), GLI2 (38% less in COPD, p = 0.016), and CXCL8 (83% less in COPD, p = 0.025)
(Figure 1B-E).

In a sub-analysis between sexes, DAXX was higher in females compared to males. Since there were more females
in the healthy group, the higher DAXX in the healthy subjects could be due to more females in this group. None of the
other genes that differed significantly between healthy and COPD subjects showed any difference between females and

males.
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Figure | The significant differences in expression in fibroblasts from healthy and COPD subjects at baseline represented in (A) a heatmap. (B—E) Plots of genes from the
heatmap with more than 30% difference in geomean transcript counts between healthy and COPD at baseline. Dotted line indicates lowest threshold of transcript counts.
Statistics: Mann-Whitney U test between healthy and COPD, *p<0.05.

Gene Expression After CSE Stimulation of Lung Fibroblasts from Healthy and COPD
Subjects

Lung fibroblasts from COPD subjects had lower expression of four genes and higher expression of one gene compared to
healthy subjects after CSE stimulation (Figure 2A). Of these five differentially expressed genes, one had more than 30%
geomean transcript count difference between healthy and COPD. This was PTCH1 (45% less in COPD, p = 0.010)
(Figure 2B).
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Figure 2 The significant differences in expression in fibroblasts from healthy and COPD subjects 4 hours after CSE stimulation represented in (A) a heatmap. (B) Plot of
gene from the heatmap with more than 30% difference in geomean transcript counts between healthy and COPD after CSE stimulation. Dotted line indicates lowest
threshold of transcript counts. Statistics: Mann-Whitney U test between healthy and COPD, *p<0.05.

Alteration of Gene Expression in Response to CSE Stimulation

Changes in expression levels between unstimulated (baseline) and after CSE stimulation were found in 207 genes in
healthy subjects and 70 genes in COPD subjects (Figure 3A, and see heatmaps in Figure S3 and Figure S4 respectively).
There was an overlap of 51 genes that were altered (in the same direction) in both healthy and COPD subjects, of which
the expression of one gene was upregulated and 50 genes were downregulated (see heatmap in Figure S5). After
removing the genes that changed expression in both groups, healthy lung fibroblasts responded to CSE by upregulating
39 genes and downregulating 117 genes, while COPD lung fibroblasts responded by only upregulating 7 genes and

downregulating 12 genes (see Table S1 for all gene lists).

A comparison was made with the genes that were significantly different at baseline to those that also changed in
response to CSE stimulation. Of the 17 differentially expressed genes at baseline (Figure 1), 11 of the same genes
changed their expression after CSE stimulation (Table S1: ADAMY, JUN, GRB10, CXCL8, DAXX, E2F4, HTRA2,
JAK2, KRAS, MEF2A and SMURF1). Only one of these genes altered expression in COPD lung fibroblasts (JUN), one
altered expression in both COPD and healthy (GRB10) and the other nine were only altered in healthy lung fibroblasts.

By calculating the individual change for each subject and then the median change per healthy and COPD groups,
there were 17 genes (16 in healthy and 1 in COPD) that change by at least 50% from baseline to after CSE stimulation
(p = 0.0028 for all). Of these, five genes varied less than 25% coefficient of variation within both baseline and after CSE
stimulation (Figure 3B—F). For healthy, these included a downregulation in CRK, FNIP2, MEF2A, and KAT6A. For
COPD this included an upregulation of JUN. The other 13 genes with >25% coefficient of variation at either baseline
and/or after CSE stimulation are summarized in Figure 3G where bars with negative values represent a downregulation
and positive values an upregulation (see Figure S6 for individual plots of the other 13 genes). When investigating the
absolute change in gene expression from baseline to after CSE stimulation, the extent of gene expression change was
significantly higher in healthy subjects compared to COPD subjects (p = 0.0033, Figure 3H).
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Figure 3 The significant genes that changed expression levels in lung fibroblasts from baseline to after CSE stimulation, first represented as (A) a Venn diagram (relative
scale to total number) for the total number of genes in healthy (only), COPD (only) and the overlap that occurred in both. Brackets contain the number of significantly
different gene expressions (p<0.05) that increased and decreased for each. (B—F) Plots of genes from the Venn diagram with more than a 50% difference from baseline to
CSE stimulation (ie median of paired differences) and less than 25% coefficient of variation (CV) within each timepoint. Statistics: Wilcoxon signed rank test. (G) Other
genes with more than 50% difference from baseline to CSE stimulation (ie median of paired differences) but also more than 25% CV. (H) All the absolute percent medians of
the paired changes for the 207 healthy and 70 COPD genes (median + IQR) Statistics: Mann-Whitney U test, *p<0.05, **p<0.01.
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Enrichr Gene Ontology of Biological Processes in Response to CSE Stimulation
Enrichr was used to investigate the unique GO terms of biological processes associated with each gene that was
significantly altered in response to CSE stimulation. The gene lists for healthy (Figure 4A) and COPD (Figure 4B)
groups also included the genes that overlapped in both healthy and COPD. The same analysis was completed for the 51
genes that were altered in both healthy and COPD (Figure S7A) and for all 480 genes above threshold to clarify any gene
inclusion bias based on the genes examined in this study (Figure S7B).

To find the most unique GO terms within the top 10 results for only healthy and COPD separately, GO terms that
overlapped with the additional analysis in Figure S7 were disregarded. When comparing the top 10 GO terms in all the
genes that were altered in healthy or COPD: GO:0019221, GO:0071345, GO:0006464, GO:0006468 and GO:0001934
were disregarded (grey bars) due to gene inclusion bias (defined in Figure S7B) and GO:0016310, GO:0060828 and
GO:1990858 were disregarded (dark blue bars) as they occurred also among GO term that were altered in both healthy
and COPD (defined in Figure S7A). Of the top 10 GO terms left, Positive regulation of transcription by RNA polymerase
II (GO:0045944) occurred in the top 10 of healthy and COPD but due to different genes (see Table S2 for gene lists).
Checking further down the p-value list of the healthy, GO:1903508, GO:0035329, GO:0045893 and GO:0051726, which
occurred in the top 10 of COPD, also occurred at lower p-values in the healthy and were therefore also disregarded. The

A
GO Biological Process 2021
1/(GO:0019221) Cytokine-mediated signaling pathway

2/(G0O:0071345) Cellular response to cytokine stimulus

3[/(GO:0006464) Cellular protein modification process

4/(GO:0016310) Phosphorylation
5/(GO:0006468) Protein phosphorylation

6/(G0:0000165) MAPK cascade

7/(G0O:0045944) Positive regulation of transcription by RNA polymerase 11
8[(GO:0001934) Positive regulation of protein phosphorylation
9/(G0:0060828) Regulation of canonical Wit signaling pathay
10/(GO:0042127) Regulation of cell population proliferation

0 3 6 9 12 15 18 21 24
-log;o(p-value)
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2{(G0:0006468) Protein phosphorylation
3|(GO:1903508) Positive regulation of nucleic acid-templated transcription
4/(G0:0035329) Hippo signalling
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10_r response to lectin
0 3 6 9 12 15 18 21 24
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Figure 4 Bar graph of the top 10 enriched gene ontology (GO) terms (listed in order) based on the genes that had significant differences in expression of lung fibroblasts
from baseline to after CSE stimulation in (A) healthy and (B) COPD, including genes occurring in both healthy and COPD. Dark blue bars indicate an overlap with the top 10
enriched pathways found from genes that occurred specifically in both healthy and COPD (Figure S7A), grey bars indicate an overlap with top 10 enriched pathways found
from all the genes assessed that were above background threshold (Figure S7B), light blue bars indicate enriched pathways of COPD that occurred in the healthy at a lower
p-value. Green bars indicate the most unique enriched pathways for each.
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MAPK cascade (GO:0000165, p = 4.64e-15) and Regulation of cell population proliferation (GO:0042127, p = 8.76e-
13) were considered unique to the healthy lung fibroblasts response to CSE. The Notch signaling pathway (GO:0007219,
p = 0.00032) was considered unique to COPD lung fibroblasts response to CSE (green bars of Figure 4).

Clusters of Biological Processes in Response to CSE Stimulation
Using the unique GO terms found in Figure 4 (green bars), similar GO terms with p < 0.01 were identified to create
clusters of biological processes. Healthy had two unique clusters, the first was called MAPK cascade and the second was
called Cell proliferation (Table 2). The MAPK cascade was made up of four GO terms: MAPK cascade (GO:0000165,
p = 4.64e-15), stress-activated MAPK cascade (GO:0051403, p = 0.000065), positive regulation of MAPK cascade
(GO:0043410, p = 0.00010) and regulation of MAPK cascade (G0O:0043408, p = 0.00063). Healthy significantly
downregulated all 39 genes within this cluster, where 33 genes of these occurred in the healthy only group. All
MAPK cascade-related GO terms were related to “neutral regulation” or “increased regulation” of the MAPK cascade
(Figure 5). The change of transcript counts from baseline to after CSE stimulation was calculated per individual then the
median of the changed counts was used to summarize the change per gene. The sum of these medians for the 39 MAPK
genes equated to —13 760 less transcripts after CSE stimulation. The Cell proliferation was made up of three GO terms
(cell population proliferation (GO:0042127, p = 8.76e-13), positive regulation of cell population proliferation
(GO:0008284, p = 2.20e-7) and negative regulation of cell population proliferation (GO:0008285, p = 0.000046)).
Healthy significantly downregulated 37 of the 39 genes within this cluster, of which 33 genes occurred in the healthy
only group. These GO terms were related to “neutral”, “increased” and “decreased” regulation of cell proliferation. The
sum of these medians for the 39 Cell proliferation genes equated to —15 612 less transcripts after CSE stimulation.
COPD had one unique cluster called the Notch signaling. The Notch signaling cluster was made up of four GO terms
(Notch signaling pathway (GO:0007219, p = 0.00032), positive regulation of Notch signaling pathway (GO:0045747,
p = 0.0012), positive regulation of transcription of Notch receptor target (GO:0007221, p = 0.0014), regulation of Notch
signaling pathway (GO:0008593, p = 0.0054)). All Notch signaling GO terms were related to neutral regulation or
increased regulation of the Notch pathway. COPD significantly downregulated 4 out of 5 genes within this cluster, of
which 2 genes occurred in the COPD only group. The sum of these medians for the 5 genes equated to —370 less
transcripts after CSE stimulation.

Table 2 Lists of Genes That Significantly Changed Expression Levels from Baseline to After CSE Stimulation That Formed the
Enrichr Clusters for Healthy and COPD

Cluster Gene list of Cluster Unique to the Other Group
Decreased Increased | Decreased
Healthy BRAF, CD36, CD44, CHUK, CRKL, CULI, CUL3, DUSP7, FGF2, - COPD: IRSI, PDGFRB

“MAPK cascade” FRS2, GREMI, IL11, IQGAPI, JAKI, JAK2, KRAS, MAP2K I, MAPKI,
MAPK8, MAPK9, MEF2A, MET, NFI, NOTCH2, PIK3CA, PIK3CB,
PSMBI, PSMB7, PSMC3, PSMD 3, PTK2, PTPNI, RAPGEF2,
ROCK?2, SOSI, STK4, TGFBI, TRAF6, YWHAB

Healthy ADAMI7, APC, CDKNIA, CRKL, CSNK2AI, CSNK2B, CTBP2, STATS5A, N/A
“Cell proliferation” | CTNNBI, CUL3, CXCLS, FAP, FGF2, GREMI, HDAC4, ILI1 1, IL6ST, | TCF7L2
ITGALI, JAK2, KMT2D, KRAS, MAP2K I, MECP2, NCK2, NFI,
PRKDC, PTK2, RAPGEF2, RELA, SIRTI, SKI, STAT3, TGFBI,
TGFBRI, TGFBR2, TJP2, XBPI, XIAP

COPD EP300, MAMLI, MAML2, NOTCH2 JAGI Healthy: ADAMI7, CREBBP,
“Notch signaling” IL6ST, SNAI2, SRC, STAT3

Notes: Genes are separated by increased or decreased expression from baseline to after CSE stimulation. Table includes unique genes of the same cluster GO terms
(p < 0.01) in the comparing group.Underlined genes occur in both healthy and COPD GO terms at p < 0.01.
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Figure 5 Summary of the clusters derived from the Enrichr analysis of biological processes involved based on the genes that had significant differences in expression in
fibroblasts from baseline to after CSE stimulation. Each plot contains all the genes that make up each cluster based on the transcript count change from baseline to after CSE
stimulation (above zero = upregulated post-CSE, and below zero = downregulated post-CSE), using symbols to denote type of regulation. Note: 3 genes were removed from
the Cell proliferation plot as they were noted as both positive and negative regulators. SUM: sum of all the values in the respective graph.

The positions of each of the cluster GO terms were checked within the list of GO terms of p < 0.01 in the other group
to see how unique the cluster was as a whole. Within COPD (p < 0.01), the MAPK-related GO terms were listed as
number 18 only (data not shown) and consisted of the six overlapping genes and the two genes unique to COPD as
shown in Table 2. No GO terms related to cell proliferation in COPD were p < 0.01. Within healthy, Notch-related GO
terms were listed by Enricher at much higher p-values than COPD, at number 267 (positive regulation of Notch signaling
pathway (GO:0045747), p = 0.00095), 366 (Notch signaling pathway (GO:0007219), p = 0.0027) and 516 on the list
(regulation of Notch signaling pathway (GO:0008593), p = 0.0085), with only two genes overlapping with the COPD
Notch cluster and six genes unique to the healthy Notch signaling pathway.

Discussion

This study found that COPD lung fibroblasts responded to CSE with significantly less genes and an overall lower
transcript count change than healthy. COPD expression changes tended to be enriched for the downregulation of the
Notch signaling pathway, while the healthy expression was more enriched for the downregulation of the MAPK and the
up and downregulation of cell proliferation pathways.

The expression differences found between healthy and COPD lung fibroblasts do not reflect how COPD fibroblasts
will react to stimuli. Other studies investigating only the differences between baseline healthy and COPD lung fibroblasts
which can lead to inadequate conclusions that pathways involved are associated with COPD and not healthy.'® Whereas
differences found here at baseline reflected that the healthy lung fibroblast responded far more than the COPD. Therefore,
it is important to assume that differences in biomarkers at baseline would not reflect targetable markers for COPD
therapeutics. In addition, COPD lung fibroblasts should be viewed as a differently responding fibroblast than a healthy
(or cell line) lung fibroblast, as seen in this study. Therefore, CSE-stimulation studies completed in healthy (or cell line)
lung fibroblasts cannot effectively relate their findings to COPD lung fibroblasts.

Notch and Hedgehog Signaling in the COPD Response

Here, COPD started with less NOTCHI1 at baseline than healthy. There were no studies found to investigate NOTCHI in
COPD fibroblasts. Studies with endothelial cells resulted in similar findings, whereby COPD cells expressed less
NOTCHI than healthy controls at baseline.”* NOTCH1 has had some controversial relationships with airway diseases.
In general, an increase in NOTCH1 has been associated with increased mucus hypersecretion and goblet-cell metaplasia
in COPD airway cells*>*® but an overexpression of NOTCH1 can protect against CSE-induced apoptosis in healthy
endothelial cells via the ERK-MAPK signaling pathway.”**” Interestingly the levels of NOTCHI do not change in this
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study after CSE stimulation and this may be due to the slight (but significant) increase in JAG1 in COPD cells that is
known to downregulate NOTCH1 expression.”® Therefore, it seems that COPD lung fibroblasts actively keep NOTCH]1
signaling downregulated before and after CSE stimulation. CSE stimulation led to a downregulating of the Notch
signaling pathway in general, as found by the Enrichr pathway assessment. In this respect, the Notch signaling pathway
was also highlighted as a unique pathway in COPD in a large multi-microarray study of blood samples, where NOTCHI,
MAML and HATs were similarly downregulated in COPD compared to controls at baseline.'?

GLI2 is a Hedgehog transcription factor that bridges the cross-talk between the downstream of Notch and the
Hedgehog signaling by binding the promotor of Hesl in Notch.? Inhibiting the Notch signaling can reduce GLI2
expression, but the opposite effect does not occur.***' Therefore, the low GLI2 seen here in COPD lung fibroblasts could
be a follow on from the low NOTCHI. The lower GLI2 expression at baseline is similar to previously reported results in
COPD bronchial brushings®* and COPD airway epithelial cells,*® and GLI2 expression remained significantly lower than
healthy after CSE stimulation. Less GLI2 has been shown to mitigate the pro-fibrotic phenotype in HOTAIR-expressing
fibroblasts (HOTAIR not assessed here).?! Fibrosis-related GLI2 activity has been shown to increase in fibroblasts under
hypoxic conditions and this activity could be blocked by an ERK-inhibitor, linking it also to the MAPK signaling
pathway (discussed below).>* Indicating the COPD lung fibroblasts analyzed in this study appeared to have a low-fibrotic
state and vice versa for the healthy at baseline.

PTCHI is another gene that could affect the GLI2 expression levels. PTCH1 translates to a transmembrane receptor
called Patched-1 that inhibits GLI activation in the absence of the Sonic Hedgehog and vice versa. The PTCHI1 gene
expression is lower in the COPD than the healthy lung fibroblasts after CSE stimulation but does not seem to change
expression levels significantly in a paired manner in response to CSE. To date, no other studies have reported changes in
PTCHI in cells exposed to “smoke” but variants in the PTCH1 gene have been linked to COPD?> and it’s expression has
been reported to be higher in COPD bronchial epithelial cells compared to controls.>® In this study, since the COPD
fibroblasts finished stimulation with almost undetectable PTCH1, and the same cells started with lower levels of GLI2
and downregulated coactivator MAML2, we hypothesize that the COPD fibroblasts also have low levels of Sonic
Hedgehog ligand, giving an overall very low Hedgehog signaling pathway response capability in COPD. Low Hedgehog
capability could be related to the high number of significance SNPs found in the Hedgehog pathway of COPD subjects.”’

Overall, research in cancer has found that an inhibition of both hedgehog and Notch signaling leads to an increase in
apoptosis® and we believe this is likely the main outcome for these CSE-stimulated COPD lung fibroblasts as well.

MAPK Cascade in Both the COPD and Healthy Response

The MAPK cascade is a well-known inflammatory response to cellular stress. Although several studies have found
effects within the MAPK signaling pathway of CSE stimulated lung fibroblasts, all have been on fibroblast cell lines.**
Despite this lack of COPD-related findings, targeting the MAPK pathway with therapeutics is expected to have
promising results in preventing the progression of COPD.*® In the results presented here, both COPD and healthy
fibroblasts tend to respond to CSE with MAPK-related expression.

Studying this pathway carefully using KEGG, it appears that the CSE stimulated COPD fibroblasts upregulated the
JNK (ie JUN) sub-pathway. JUN, also known as “c-JUN”, is a subunit of the positive transcription factor AP-1 within the
JNK driven MAPK signaling cascade that most commonly leads to apoptosis. Although JUN started at a lower
expression in COPD (than healthy) at baseline, the number of transcripts rose by more than 80% in response to CSE
stimulation and this increase has previously been shown in peripheral blood mononuclear cells of COPD subjects.*’
When Bin et al treated their peripheral blood mononuclear cells from COPD subjects with an anti-inflammatory
(Erythromycin), it inhibited the MAPK signaling cascade by downregulating JUN, both their results and the results
presented here suggest JUN as a potential therapeutic target for COPD.*’

In contrast, healthy fibroblasts in this study downregulated both the ERK (via growth factor, ie FGF2, particularly
effecting RAPGEF2 expression) and p38 (via IL1, ie ILIR, and TGFB, ie TGFBR — possibly due to the FNIPI
downregulation, see FNIP1 discussion below, particular effecting MEF2A expression also discussed below) pathways.
Downregulating these signaling pathways leads to decreased cell proliferation, differentiation, and apoptosis. The
aforementioned fibroblast cell line studies also found changes in the ERK- and p38-MAPK but not the JNK-MAPK
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pathways. CSE increased collagen production via the ERK-MAPK,*' induced senescence via p38-MAPK* or induced
apoptosis via the p38-MAPK>%4>44 signaling pathways. CSE-induced apoptosis in lung fibroblasts can be attenuated by
inhibiting the ERK pathway (blocking the Fas-related apoptosis)** or treating with an EP agonist (PGE2) to upregulate
the ERK sub-pathway (via the PKA).*> Whereby, reducing both ERK-proliferation and p38-apoptosis processes is

a common sign of cell senescence.***’

Senescence in the Healthy Response

Although most of the genes belonging to the cell proliferation cluster were downregulated in healthy in response to CSE
stimulation, there was a mix of both positive and negative regulation of cell proliferation. This mix in signaling and
general dampening of this process is reminiscent of cell senescence. In particular, the downregulation of genes related to
growth factor signaling and cell cycle progression make up some of the key senescence -associated signatures.>® Enrichr
found 18 significant GO terms related to “growth signaling” and 13 significant GO terms related to “cell cycle” in the
healthy response in comparison to 0 and 1 GO term in COPD, respectively. Suggesting that lung fibroblasts from healthy
subjects with a smoking background respond to CSE stimulation by inducing a state of senescence. This finding is
supported by Nyunoya et al, who eloquently showed that Normal human diploid Iung fibroblasts, HFL-1 exposed to CSE
once entered a state of lung injury repair while exposure to CSE multiple times induced irreversible senescence which
seems to reflect what was seen in healthy here.'® However, the COPD lung fibroblasts response to CSE stimulation no
longer included a senescent response. Even though this seems contradictive to the many studies that have shown COPD
lung fibroblasts (and other cells) have an increased senescent state when compared to matched healthy cells,”' there have
not been any studies on senescence in CSE-stimulated COPD cells — highlighting how current senescence targets may not
be useful in current-smoker COPD patients.

Within the one significant GO term related to Cell senescence (GO:0090398) found only in healthy, the unique gene
that distinguished it was KAT6A. KAT6A regulated gene expression using histone and non-histone substrates. Because of
its role in regulating the expression of key protooncogenes, KAT6A is mostly regarded as a target for cancer but it’s
presence in lung cancer is growing.’*> Although KAT6A has not been studied in the context of COPD or “smoke” yet,
recent research does show that KAT6A inhibition induced senescence in mouse embryo fibroblasts.'® As this gene was
significantly downregulated in healthy lung fibroblasts after CSE stimulation, this also supports the hypothesis that these
healthy fibroblasts were responding with a senescent phenotype.

CXCLS8 in the Healthy Response

Levels of CXCLS8 (also known as IL-8) was found to be higher in healthy lung fibroblasts, compared to COPD, at
baseline but decreased by >80% after CSE stimulation. Two key studies reported baseline levels of CXCLS in healthy
compared to COPD lung cells, one study found no difference between CXCLS8 expression/protein levels in COPD and
healthy lung fibroblasts,>* while the other found very similar results as seen here, with healthy alveolar macrophages
expressing approximately 81% more CXCL8 than COPD.>* The decrease in expression after CSE stimulation was not
expected as several reports found CXCLS increases after CSE stimulation in healthy lung fibroblasts>>>® and other lung
cells.”*” One study found that CSE stimulated increased CXCLS8 in COPD lung fibroblasts, to a higher level than the
healthy.”> This contradictory finding may be due to methodology differences in CSE stimulation as Li et al clearly shows
that the percentage and time of CSE exposure significantly alters the CXCLS levels, whereby, peak CXCLS8 protein
release was in 10-30% CSE when stimulated for 24 hours (with almost no CXCL8 at 40-50%) and within 16-24 hours
when stimulating with 20% CSE (with very low levels at 4-8 hours).>® That is, the use of 30% CSE should have resulted
in peak levels of CXCLS if the stimulation was run for approximately 5—12 hours longer. Based on the similar results
presented by,>* they also suggest that the CXCL8 produced by healthy cells is dependent on the p38-MAPK and ERK-
MAPK signaling pathways. Since these healthy fibroblasts reduced both these signaling pathways, the reduction in
CXCLS in these healthy lung fibroblasts may also be MAPK-dependent. Overall, though the direction of regulation
differs from previously reported, results here indicate that CXCLS is an important factor in a cells response to CSE, the
healthy cells tended to incorporate the changing of CXCLS levels into their response significantly more than the COPD
cells.
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FNIPI and MEF2A in the Healthy Response
Here, the healthy lung fibroblasts responded to CSE stimulation by reducing the expression of FNIP1. FNIP forms

a complex with FCLN to regulate the mTOR signaling pathway that controls the cell metabolic processes. There have
been no studies reported on FNIP1 expression in COPD, fibroblast cells nor with “smoke”, however, there is a functional
loss of FNIP! in Birt-Hogg-Dubé syndrome which has predisposition to lung cysts.”” In general, loss of the FCLN/ENIP
complex leads to downregulation of the TGFB-related pathways.*® This coincides with the downregulation of TBFBR
also seen in the healthy lung fibroblasts here.

There were no studies found on the expression of MEF2A and COPD or “smoke”, however, this gene was
significantly higher in healthy lung fibroblasts at baseline (compared to COPD) and then significantly downregulated
in healthy only after CSE stimulation in this study. MEF2A is also related to the p38-MAPK signaling pathway,
interacting with HDACS5 to induce TGFB-related fibrosis.®'-** This also coincides with the downregulation of TBFBR
also seen in the healthy lung fibroblasts here.

Therefore, the healthy downregulation of FNIP1 may be why there is a downstream downregulation of the MEF-
related p38-MAPK pathway in healthy, that is likely closely related to TGFp signaling.

CRK in the Healthy Response

The downregulation of CRK after CSE stimulation seen in healthy only enhances the hypothesis that the healthy response
is to reduce MAPK signaling.”> CRK has not been reported in COPD or “smoke” studies previously, but it has been
found in several fibroblast studies (not lung fibroblasts). Inhibition of CRK in fibroblasts reduces cell proliferation,
reduced cell motility, and formation of adherens junctions, ie less CRK results in less fibroblast growth.®

Methodology and Limitations

Compared to other multiplex transcription reading studies in COPD and control cells, our NanoString analysis found
difference in 3.5% of genes above background at baseline (unfortunately no studies completed these analyses on CSE
stimulated cells), while multi-microarray analysis found 20% of genes differed in blood'? and serial analysis of gene
expression (SAGE) found 1% of genes differed in lung tissue cells.'*

The limitations of this study include: a relatively small study population is investigated, but both males and females
were included, as well as former and current smokers, but no specific result pattern could be found based on these
characteristics. Due to the small study population the generalizability of the study is limited, therefore, we focused on
pathways that were highly enriched. Furthermore, the fibroblasts were taken from a smoking (or ex-smoking) patholo-
gical environment, then cultured in a healthy environment before introducing the CSE, thereby not replicating a direct
CSE stimulation of the lung environment in healthy or COPD. Though we do not believe that this disregards the
differences we found between healthy and COPD response to CSE stimulation. Additionally, some of the expression
levels of the genes assessed here would peak at other time points that should be assessed separately to gather an
appropriate response profile. Future studies should include functional assays for validation of the pathways highlighted in
these results, such as a kinase activity assay. Lastly, without the full cellular spectrum responding to the CSE alongside
the lung fibroblasts, some signals may reflect a secondary response to the lack of other cell types responding to initial

signals.

Conclusion

COPD lung fibroblasts began with a differential expression pattern to healthy controls, leading to different responses to
stimulation. COPD fibroblasts consistently maintained low signaling from Notch and Hedgehog pathways and increased
JNK-MAPK signaling that are all linked to increased apoptosis. Meanwhile, healthy lung fibroblasts downregulated both
cell proliferation and apoptosis signaling, indicating the induction of cell senescence. These differential responses should

be taken into careful consideration when designing mechanistic studies.
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