bioRxiv preprint doi: https://doi.org/10.1101/2023.09.01.555721; this version posted September 1, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Strong paracrine effects of SASP from senescence-induced severe early-onset COPD-
derived fibroblasts

Authors
R.A. Meuleman™?, W. Timens"?, W. Kooistra®, M. van den Berge®®, C-A. Brandsma'? & R.R.
Woldhuis™* *

1. University of Groningen, University Medical Center Groningen, Department of Pathology and
Medical Biology, Groningen, the Netherlands.

2. University of Groningen, University Medical Center Groningen, Groningen Research Institute for
Asthma and COPD (GRIAC), Groningen, the Netherlands.

3. University of Groningen, University Medical Center Groningen, Department of Pulmonary

Diseases, Groningen, Netherlands

*Corresponding author: Dr. R.R. Woldhuis
University Medical Center Groningen
Department of Pathology and Medical Biology
Hanzeplein 1

9713 GZ Groningen

The Netherlands

email: r.r.woldhuis@umcg.nl



https://doi.org/10.1101/2023.09.01.555721
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.01.555721; this version posted September 1, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Abstract

Background: Lung fibroblasts from Severe Early-Onset (SEO-)COPD patients exhibit increased cellular
senescence with higher levels of senescence-associated secretory phenotype (SASP) protein
secretion. Yet, the impact of senescent fibroblasts, and their SASP, on surrounding fibroblasts in SEO-
COPD lungs remains unclear.

Aim: To identify the effect of the SASP secreted by senescent SEO-COPD-derived fibroblasts on
surrounding lung fibroblasts.

Methods: Cellular senescence was induced in lung fibroblasts derived from seven SEO-COPD patients
(ages53 years, FEV,<40% predicted), and conditioned medium (CM) containing the SASP, was
collected (senescent CM). CM from untreated fibroblasts was used as control. Fibroblasts were
stimulated with senescent and control CM, and with tissue plasminogen activator (t-PA), a previously
identified COPD-associated SASP protein. Effects on paracrine senescence, inflammation, and
extracellular matrix (ECM) regulation were assessed.

Results: Stimulation with senescent CM increased the percentage of Senescence-associated beta-
galactosidase positive fibroblasts and decreased p16, p21 & LMNBI expression (p<0.05). T-PA did not
affect these markers. Senescent CM increased IL-8 gene expression, increased IL-6 secretion, and
strongly increased IL-8 secretion compared to control CM. T-PA slightly decreased IL-6 and IL-8
secretion. Additionally, senescent CM and t-PA stimulation both reduced decorin secretion.
Senescent CM reduced FNI gene expression, while DCN and MMP2 expression remained unaffected.
T-PA did not affect ECM gene expression.

Conclusion: The SASP from senescence-induced SEOQ-COPD-derived fibroblasts has a strong paracrine
effect on untreated fibroblasts, suggesting that senescent lung fibroblasts contribute to chronic
inflammation and ECM dysregulation. These findings imply involvement of senescent fibroblasts in
abnormal lung ageing and possibly disease pathology in COPD.
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Introduction

Chronic Obstructive Pulmonary Disease (COPD) is a chronic, progressive lung disease that was
globally the third leading cause of death in 2019(1). Noxious gases, including cigarette smoke,
contribute to the development of COPD(2, 3). Lungs of COPD patients have features of chronic
inflammation, airway remodeling and loss of elastic coil(4). Yet, the exact mechanisms underlying
COPD and driving disease progression remain to be elucidated.

COPD has been proposed to represent abnormal lung ageing(5). Severe early-onset (SEO-)COPD, a
COPD subtype in which patients develop severe COPD at a relatively young age, is hypothesized to
reflect accelerated lung ageing(6). Lung ageing is characterized by several hallmarks, including
cellular senescence and extracellular matrix (ECM) dysregulation(5, 7). Several ECM alterations are
observed in COPD-derived lungs, including increased levels of ECM degrading enzymes, elastic fiber
breakdown and altered proteoglycan levels(8—10). Cellular senescence is an irreversible state in
which cells no longer divide, but still are metabolic active(11). Previously, our group has shown
increased cellular senescence in COPD-derived fibroblasts compared to fibroblasts from non-COPD
ex-smokers(12). Elevated cellular senescence in these fibroblasts was associated with altered ECM
production, including reduced decorin (DCN) expression and secretion(12), indicating that
accelerated ageing through increased cellular senescence may contribute to ECM dysregulation in
COPD lungs.

Senescent cells can exhibit detrimental effects on their environment, mainly via their secreted
factors, i.e. senescence-associated secretory phenotype (SASP), which includes pro-inflammatory
cytokines, growth factors, ECM degrading enzymes, serine proteases and the ECM glycoprotein
fibronectin (FN1)(13). To gain insight into how senescent lung fibroblasts affect their environment
and contribute to tissue dysfunction in COPD, we previously identified their SASP(14). COPD-derived
fibroblasts showed higher secretion of 42 SASP proteins, compared to matched controls, including
several pro-inflammatory cytokines, contributing to inflammation in COPD(14). Furthermore, this
study identified tissue Plasminogen Activator (t-PA) as SASP component among the proteins with the
strongest increase in SEO-COPD-derived fibroblasts compared to controls(14). T-PA is of particular
interest as it can regulate levels and activity of ECM degrading enzymes, including Matrix
Metalloproteinase 2 (MMP2), and facilitates fibrinolysis and thrombolysis trough activation of
plasminogen(15—18). Intriguingly, the majority of the identified SASP proteins were upregulated in
SEO-COPD-derived fibroblasts, suggesting that the detrimental effect of senescent fibroblasts and
their SASP is especially relevant in this COPD subtype(14). Yet, it remains unknown whether
fibroblasts-derived SASP could affect surrounding fibroblasts and contribute to chronic inflammation
and ECM dysregulation in (SEO-)COPD lungs.

Therefore, this study aimed to investigate whether senescent fibroblasts contribute to pathological
changes in COPD lungs. Since the SASP is crucial for the paracrine signaling by these cells, we aimed
to study how SASP secreted by senescence-induced SEO-COPD-derived fibroblasts affects the
surrounding fibroblasts. To investigate this effect, we stimulated untreated SEO-COPD-derived
fibroblasts with conditioned medium (CM) from senescence-induced SEO-COPD-derived fibroblasts
and compared the effects to fibroblasts stimulated with CM from untreated SEQ-COPD-derived
fibroblasts. Furthermore, we stimulated the fibroblasts with the SASP component t-PA. After
stimulation, the effects on paracrine senescence, inflammation, and ECM regulation were assessed.
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Methods

Full details of materials and methods are provided in the online supplement

Primary parenchymal lung fibroblasts

Primary lung fibroblasts were isolated as described before(19) from explant material of seven SEO-
COPD patients (age <53 years and Forced Expiratory Volume in one second (FEV,) <40% predicted at
moment of lung transplantation) who did not have alpha-1-antitrypsin deficiency(6). After isolation,
fibroblasts were stored at -180°C until use. Subject characteristics are summarized in Supplementary
Table S1.

Cell culture & senescence induction

Primary lung fibroblasts were cultured in T25-flasks (Greiner Bio-One, Frickenhausen, Germany) in
Ham’s F12 medium (ThermoFisher Scientific, Waltham, USA ) with 10% Fetal Calf Serum (FCS) (Lonza,
Basel, Switzerland), L-glutamine (Lonza), and 1% Penicillin/Streptomycin (Lonza) (in short 10% FCS
medium) from passage 3 till 5. At passage 5, 180,000 cells were seeded per T25-flask. After two days,
fibroblasts were treated with 250uM paraquat (PQ) (Sigma-Aldrich, Darmstadt, Germany) or 0.2uM
doxorubicin (Dox) (Selleck Chemicals, Houston, US) to induce senescence and untreated cells were
used as control (Ctrl). After 24 hours, PQ and Dox were washed away, 5% FCS medium was added,
and cells were cultured for four days until senescent state. Senescence-induced and untreated
fibroblasts were reseeded into 12-well (Conditioned Medium (CM) collection) or 24-well plates (CM
stimulation) (Corning, Corning, US) for the experiments described below.

Collection of conditioned medium

For CM collection, 100,000 Ctrl, 250uM PQ and 0.2uM Dox treated fibroblasts were seeded into 12-
well plates to equalize cell numbers (passage 6). After 24 hours, medium was refreshed with 5% FCS
medium to discard non-adherent cells and 48 hours later CM was collected. CMs were centrifuged
(190g, 5 min) to discard cell debris and supernatants were directly used for CM treatment. CM
leftovers were stored at -80°C.

Stimulation with conditioned medium

In parallel, 12,500 untreated fibroblasts were seeded into 24-well plates (passage 6) for CM
stimulation. Three days after seeding, cells were stimulated with 100% CM or 50% CM (1:1 mixed
with fresh 5% FCS medium) from Ctrl, 250uM PQ or 0.2uM Dox treated cells from the same donor.
After 24 hours of stimulation, RNA was collected. After four days, supernatants were collected, and
Senescence-associated beta-galactosidase (SA-B-gal) staining was performed.

Stimulation with tissue Plasminogen Activator

For tissue plasminogen activator (t-PA) stimulation, 12,500 untreated fibroblasts were seeded into
24-well plates (passage 6). Three days later, fibroblasts were treated with 0.5nM (CM concentration),
10nM or 20nM t-PA (literature-based concentrations(20—22)) (Sigma-Aldrich) or untreated as control.
After 24 hours, RNA was collected. After four days, supernatants were collected, and SA-B-gal
staining was performed.

Statistical analyses
Wilcoxon matched pairs signed-rank test was performed for pairwise comparison between treatment
and control samples using GraphPad Prism 8 Software. P-values <0.05 were considered significant.
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Results

Senescent CM increases SA-B-gal and decreases p16, p21 and LMNB1

Conditioned medium was collected from untreated fibroblasts (Ctrl CM), and PQ-induced and Dox-
induced senescent fibroblasts (Senescent CM). Senescence induction in PQ and Dox treated CM
producing cells was confirmed by increased percentages of SA-B-gal positive cells (Supplementary
Figure S1).

Upon CM treatment we assessed the effect on paracrine senescence using SA-p-gal staining, cell
proliferation and p21, p16 and LMNBI gene expression. Fibroblasts treated with senescent CM
showed a significant increase in SA-B-gal positive cells compared to Ctrl CM stimulated cells with
both 50% and 100% of CM (Figure 1A), while cell numbers remained unaffected (Figure 1B). Both
50% and 100% PQ CM decreased p21 and p16 gene expression, and only 100% PQ CM reduced
LMNB1 expression (Figure 1C-E). Dox CM did not affect expression of these genes (Figure 1C-E). T-PA
stimulation did not affect the measured senescence markers (Supplementary Figure S2).

Senescent CM induces a pro-inflammatory response in SEQ-COPD-derived fibroblasts

Next, we assessed the effect of SASP on pro-inflammatory cytokines interleukin (IL-)6 and IL-8. After
24 hours, stimulation with senescent CM increased IL-8 gene expression, while IL-6 gene expression
remained unaffected (Figure 2A & B). After four days, senescent CM stimulation increased IL-6
secretion and induced a strong increase in IL-8 secretion, which was most pronounced with 50% CM
(Fold changes: 7.0 and 4.1 for 50% and 100% PQ CM resp. and 7.0 and 4.7 for 50% and 100% Dox CM
resp.) (Figure 2C & D). Stimulation with 0.5nM t-PA resulted in a small decrease in IL-6 secretion only,
while 10nM and 20nM t-PA only slightly decreased IL-8 secretion (Supplementary Figure S3)

Senescent CM and t-PA stimulation reduced secreted DCN levels

To investigate the effect of SASP on ECM remodeling, we measured the following ECM-related genes:
DCN as it was previously associated with COPD and senescence(12, 19), FN1 as an early fibrotic
marker(23) and MMP2 as it can be induced by t-PA(17). MMP2 (Supplementary Figure S4A) and DCN
(Figure 3A) expression remained unaffected by senescent CM stimulation after 24 hours, while FN1
gene expression was slightly decreased after stimulation with 50% PQ CM (Supplementary Figure
4B). Yet, a clear decrease in secreted DCN levels was observed after four days of senescent CM
stimulation, independent of CM concentration or senescence inducer (Figure 3B).

DCN gene expression remained unchanged after 24 hours of t-PA stimulation (Figure 4A), whereas
similar to CM stimulation, secreted DCN levels were significantly reduced after four days of 0.5nM
and 10nM t-PA stimulation (Figure 4B).


https://doi.org/10.1101/2023.09.01.555721
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.01.555721; this version posted September 1, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Discussion

Our study demonstrated that the SASP from senescence-induced SEQ-COPD-derived fibroblasts
induces a strong pro-inflammatory response and reduces DCN secretion in fibroblasts from the same
patients. Treatment with the COPD-associated SASP protein t-PA also showed decreased DCN
secretion, suggesting that this effect of CM is, at least partly, induced by t-PA. These findings imply a
role for the SASP from senescent lung fibroblasts in chronic inflammation and tissue remodeling, two
core features of COPD pathology. Importantly, our study was performed in lung fibroblasts derived
from SEO-COPD patients, who developed a severe form of COPD at a relatively young age. The
observed effects of senescence-induced SEO-COPD-derived fibroblasts, and their SASP, are in line
with the theory that SEO-COPD patients undergo accelerated lung ageing and indicate that cellular
senescence could be one of the mechanisms underlying SEO-COPD.

Our results demonstrate that the SASP from senescence-induced lung fibroblasts exerts pro-
inflammatory effects on SEO-COPD-derived fibroblasts by increased IL-6 and IL-8 secretion. Previous
research in a breast cancer cell line has shown that senescent CM stimulation increased IL-6 and IL-8
production, and that this increase was abolished in the presence of IL-6 or IL-8 antibodies, suggesting
a positive feedback loop for IL-6 and IL-8 production(24). Our results in lung fibroblasts are consistent
with this, as we observed increased levels of both cytokines in senescent CM (Supplementary Figure
S5A & B), and in cell culture medium of senescent CM stimulated fibroblasts. To our knowledge, this
study is the first to show that SASP from senescent fibroblasts induces a pro-inflammatory response
in COPD. IL-6 and IL-8 are known to be elevated in COPD patients and have been linked to airway
inflammation, exacerbations, and lung function decline(25-27). Hence, this potential positive
feedback loop caused by senescent cells could contribute to the persistent inflammation observed in
COPD lungs and could (partly) explain why COPD continues to progress after smoking cessation.

We observed reduced secreted DCN levels after senescent CM and t-PA stimulation, while DCN gene
expression remained unaffected. Hence, the SASP, partly mediated by t-PA, could contribute to DCN
protein degradation. DCN is a proteoglycan known to influence ECM properties by its role in collagen
cross-linking(28) and regulation of locally active Transforming Growth Factor Beta(29, 30). DCN can
be cleaved by MMP-2, MMP-3, MMP-7, and MMP-14(31, 32). T-PA can induce MMP-2 and MMP-
3(17, 18). Hence, we speculate that the lowered DCN levels are caused by protein degradation via
MMPs, either through direct or indirect effects of the SASP, as proteases are also known to be SASP
components (13). Further studies are required to confirm the role of t-PA in DCN degradation. Our
results are in line with previous findings on DCN in COPD, as lower DCN levels have been shown in
(severe) emphysematous lungs(10). Altogether these findings suggest that senescent fibroblasts, and
their SASP, reduce DCN levels, thereby playing an important role in ECM dysregulation in COPD.

In our experiments, senescent CM showed differential effects on paracrine senescence with
increased percentage of SA-B-gal positive fibroblasts with both models of senescence-induced CM,
and decreased LMNBI1 gene expression(33, 34), indicative of elevated cellular senescence, while the
observed decreased p21 and p16 gene expression indicate reduced senescence(35) and cell numbers
remained unaffected. Thereby, the effects on gene expression level were only observed after
stimulation with PQ-induced senescent CM, suggesting that these effects might be dependent on the
senescence inducer. As t-PA stimulation did not affect any of the senescence markers, t-PA is not
likely to contribute to the observed alterations. SASP from COPD-derived fibroblasts comprises a
mixture of, among others, inflammatory factors, and growth factors, which can have similar,
synergistic, and opposing effects(14). When receiving CM, each fibroblast is exposed to a particular
combination of SASP factors, causing a heterogeneous response.
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We recognize that studying the effect of SASP through a CM model does not fully reflect the
continuous exposure to SASP molecules that lung fibroblasts undergo in vivo. However, by using
primary fibroblasts and two senescence induction models, we tried to model the in vivo situation as
close as we can in a 2D in vitro model. Importantly, we showed that the effects on inflammation and
ECM regulation were consistent with both senescence induction models, PQ and Dox, which induce
cellular senescence via different mechanisms (oxidative stress(36, 37) and DNA damage(38, 39)
respectively), that are hypothesized to be drivers of senescence in COPD-derived lung fibroblasts(12).
Therefore, it is likely that the observed effects are due to increased numbers of senescent cells
producing SASP and not due to compound specific properties.

Altogether, this study demonstrated that the SASP from senescent lung fibroblasts can promote
inflammation and ECM remodeling in (SEO-)COPD. The obtained findings invite for future studies
investigating the effects of senescent fibroblast-derived SASP, and individual SASP proteins, on other
cell types relevant in COPD pathology through using advanced cell culture systems like co-culture
models and 3D organoid cultures. Better understanding of the role of senescent lung fibroblasts and
their SASP in COPD lungs could aid in identifying novel effective therapeutic targets. Specifically
targeting (the negative effects) of senescent fibroblasts, for example by the promising senolytic
therapies, might slow down accelerated lung ageing and consequently disease progression in COPD
lungs.
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Figure 1. The effect of senescent CM on paracrine senescence. Untreated SEO-COPD-derived
fibroblasts were stimulated with control or senescent (PQ or Dox) conditioned medium (CM). The
percentage of Senescence-Associated Beta-Galactosidase (SA-B-gal) staining positive cells (A) and cell
numbers (B) were assessed after four days. p21 (CDKN1A) (C), p16 (CDKN2A) (D) and LMNBI1 (E) gene
expression was measured after 24 hours. Wilcoxon matched pairs signed-rank test was applied for
statistical testing. * p<0.05.

Figure 2. The effect of senescent CM on pro-inflammatory interleukin secretion. Untreated SEO-
COPD-derived fibroblasts were stimulated with control or senescent (PQ or Dox) conditioned
medium (CM). After 24 hours, IL-6 (IL6) (A) and IL-8 (CXCL8) (B) gene expression was measured. After
four days, IL-6 (C) and IL-8 (D) secretion was assessed in cell culture medium using ELISA. Wilcoxon
matched pairs signed-rank test was applied for statistical testing. * p<0.05.

Figure 3. The effect of senescent CM on DCN secretion. Untreated SEO-COPD-derived fibroblasts
were stimulated with control or senescent (PQ or Dox) conditioned medium (CM). DCN mRNA levels
were measured after 24 hours (A). DCN secretion was assessed in cell culture medium through ELISA
after four days. DCN levels in CM itself (Supl. Fig. S5C) were subtracted from measured DCN levels
(B). Wilcoxon matched pairs signed-rank test was applied for statistical testing. * p<0.05.

Figure 4. The effect of CM component t-PA on DCN secretion. Untreated SEO-COPD-derived
fibroblasts were stimulated with 0.5nM, 10nM or 20nM tissue Plasminogen Activator (t-PA). DCN
gene expression was measured after 24 hours (A). After four days, DCN secretion was assessed in cell
culture medium through ELISA (B). Wilcoxon matched pairs signed-rank test was applied for
statistical testing. * p<0.05.
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