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Inters��al lung disease
Inters��al lung diseases (ILD) are a group of diffuse parenchymal lung disorders that are
characterised by inflamma�on and accumula�on of extracellular matrix (ECM) in the
lung parenchyma. The accumula�on of ECM leads to decreased gas exchange, shortness
of breath, reduced exercise capability and has a devasta�ng impact on the quality of life
[1]. There are several ILD subtypes iden�fied, including connec�ve-�ssue associated-ILD,
idiopathic non-specific inters��al pneumonia (NSIP), fibro�c hypersensi�vity
pneumoni�s, unclassifiable ILD and idiopathic pulmonary fibrosis (IPF), the la�er being
the most common [2]. IPF is a chronic and progressive disease of unknown ae�ology
with a mean survival of 3-5 years a�er diagnosis, which is worse than most types of
cancer [3]. IPF occurs primarily in the elderly and men are twice as likely to develop
fibrosis than women. The core characterisa�ons of IPF are architectural distor�on of
lung �ssue, including inters��al patchy areas with fibroblas�c foci and honeycombing.
Due to a global ageing popula�on and regular updates on the defini�on of IPF, the total
number of reported cases per year is on the rise. Globally the incidence of IPF is
es�mated to be up to 94 cases per 100,000 per year. However, data in North America
and Europe combined es�mates that the incidence is between 2.8 – 9.3 per 100,000 per
year [4]. Up un�l 2014 the only defini�ve treatment for IPF was a lung transplanta�on,
but with the approval of nintedanib and pirfenidone new treatment op�ons have
become available that are able to slow down disease progression, albeit at considerable
cost and with significant side effect [5, 6].

Prevalence and risk factors associated with IPF
IPF accounts for 20 – 30% of pa�ents with ILD, however, the prevalence of IPF varies
depending on the popula�on and defini�on used to iden�fy IPF. Although there are
guidelines available, the defini�on of IPF is not standardized [7]. Currently the gold
standard for IPF diagnosis is a mul�disciplinary team of clinicians, radiologists and
histopathologists reaching a consensus a�er discussion. In many cases a lung biopsy is
unavailable due to the procedure being too risky for pa�ents of high age with inters��al
changes being detected using high-resolu�on computed topography (HRCT) [8]. Despite
the available guidelines, there is a large spread in reported cases around the globe, for
example in the United States there are 14 to 27.9 cases per 100,000 people while
European countries es�mate the prevalence of IPF ranges between 1.25 to 23.4 per
100,000 people [9]. Differences in reported cases of IPF appear to be related to
geographical differences in risk factors for IPF [9]. However, all studies report that the
prevalence is the highest in older males of >65 years of age with no sex-related
associa�ons above 75 years of age. Interes�ngly, male sex is considered a risk factor.
10
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Studies using sex-stra�fica�on determined that men who have a history of smoking and
occupa�onal exposure were more at risk to develop IPF than women [10]. Furthermore,
male sex hormones have also been suggested to play a role in suscep�bility to IPF, which
is also observed in a mouse model of pulmonary fibrosis [11, 12].
Progression of IPF is different for each pa�ent, with some experiencing a decline in lung
func�on over several years while others declining much faster. To measure the
progression of IPF, several criteria are used including forced vital capacity (FVC) with a
decline of 5-10%, decrease in diffusing capacity of carbon monoxide (DLCO) of 10-15%
and a reduc�on of 50m or more in the 6-minute walk distance (6MWD). Other criteria
used are increased sleep dyspnoea and a reduc�on in the quality of life [5, 13, 14].
When symptoms worsen and lung func�on declines rapidly within 30 days, the pa�ent
is considered to have undergone an acute exacerba�on [15].
There is a cri�cal need for novel therapeu�c op�ons to treat IPF. However, IPF is a
heterogenous disease making the development of new therapies difficult. Iden�fica�on
of risk factors associated with fibrosis and how they contribute to disease pathology is a
good star�ng point. Several intrinsic risk factors have been iden�fied, which include
gene�cs, ageing, male gender and the composi�on of the lung microbiome [16].
Extrinsic risk factors include cigare�e smoke, metal and wood dust exposure, and air
pollu�on as well as comorbidi�es such as gastroesophageal reflux (GERD), diabetes and
obstruc�ve sleep apnoea [17]. Studies inves�ga�ng gene�c suscep�bility have iden�fied
four groups of genes based on their role in the pathogenesis of IPF (Table 1) [18].
Muta�ons in the first group of genes i.e., surfactant proteins (SFTP) A and C, and ATPbinding casse�e transport of the A subfamily (ABCA3) affect alveolar stability, by
increasing endoplasmic re�culum stress and ac�va�on of the unfolded protein response
[19-21]. Muta�ons in the second group of genes i.e., desmoplakin (DSP) and dipep�dyl
pep�dase 9 (DPP9) leads to loss of cell-cell interac�ons and epithelial cell integrity [22].
Muta�ons in the third group i.e., a telomerase reverse transcriptase (TERT) and
telomerase RNA component (TERC) are associated with early senescence due to the
disrup�on of telomerase func�on of . The la�er leads to abnormally short telomeres
that specifically affect alveolar epithelial type II cells (AEC2) [23, 24]. The last group of
gene muta�ons in the gene encoding for mucin 5B (MUC5B) involves an altered host
defence and mucociliary clearance [25].
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Table 1 – Common gene muta�ons found in IPF.
Gene

Gene func�on

SFTPA2

Binds to phospholipids and contributes to lower surface tension at the air-liquid
[26-28]
interface.

SFTPC

Component of pulmonary surfactant promo�ng alveolar patency by lowering
[26-28]
surface tension at the air-liquid interface.

ABCA3

Transport of phospholipids across the membrane.

DSP

Desmosomal protein cri�cal for cell-cell interac�ons and epithelial barrier
[22, 32, 33]
func�on.

Reference

[29-31]

DPP9

Unique serine protease, involved in cell-cell adhesions.

[22, 32]

TERT

Telomerase enzyme to maintain telomere integrity.

[34-36]

TERC

Telomerase RNA template.

[35-37]

MUC5B

Mucin that contributes to the viscoelas�c proper�es of mucous.

[33, 34, 38]

SFTPA2 = Surfactant Protein A2; SFTPC = Surfactant Protein C; ABCA3 = ATP-binding casse�e transport of the
A subfamily 3; DSP = Desmoplakin; DPP9 = Dipep�dyl Pep�dase 9; TERT = Telomerase Reverse Transcriptase;
TERC = Telomerase RNA Component; MUC5B = Mucin 5B.

Popula�on studies have demonstrated that with age the prevalence of IPF increases
with most cases being diagnosed between 50 - 70 years old. While the exact underlying
mechanism(s) remains unclear, there is increasing evidence that accumula�on of gene�c
muta�ons, epigene�c changes and cellular senescence, a hallmark of ageing, are
implicated by their contribu�on to aberrant wound repair responses.
Tobacco smoking is a risk factor associated with the development of IPF. Up to 81% of
pa�ents diagnosed with IPF have a history of smoking [39]. Cigare�e smoking causes
injuries to the lungs that are thought to contribute to the development of IPF; but such
injuries also have a role in the pathogenesis of chronic obstruc�ve pulmonary disease
(COPD), cardiovascular disorders and cancer [40]. Occupa�onal and environmental
exposures are also linked to the development of IPF [41]. Studies in the UK, USA and
Japan have demonstrated a higher incidence of IPF in industrialised areas. Increased
risks are associated with those who are exposed to metal and wood dust or agricultural
par�culates such as from farming and livestock [42-44]. In addi�on, par�culate ma�er
in ambient air pollu�on leads to epithelial damage, airway inflamma�on and oxida�ve
stress, all of which are associated with higher incidences and progression of IPF [45].
Iden�fied intrinsic risk factors that contribute to IPF are gastroesophageal reflux and
lung microbiome dysbiosis [46-48]. All these risk factors have one thing in common, the
ability to damage lung �ssue indica�ng that chronic exposure is sufficient to ini�ate
aberrant cellular responses in suscep�ble pa�ents.

12
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Pathogenesis of IPF
The lungs are subject to micro-injuries from inhala�on of airborne par�culate ma�er,
noxious chemicals and pathogens but demonstrate a tremendous capacity to repair and
regenerate �ssue damaged from injury. However, it is theorised that IPF originates from
repeated and / or non-resolving injuries to the alveolar epithelium followed by an
abnormal repair response. The la�er ini�ates a wound healing cascade but instead of
wound resolu�on there is uncontrolled prolifera�on of myofibroblasts and accumula�on
of matrix leading to destruc�on of lung �ssue architecture (Figure 1). As ageing is a
major risk factor of IPF, the role of cellular senescence has been a major focus of IPF
research . Indeed, premature senescence in both epithelial cells and fibroblasts have
been increasingly implicated in IPF [49-51]. Cellular senescence is characterised by cells
undergoing irreversible cell-cycle arrest, an increasing resistance to apoptosis and the
development of a pro-inflammatory secretory profile known as the senescenceassociated secretory phenotype (SASP) [52].
In normal wound repair processes of the lung, loss of type I AECs leads to ac�va�on of
type II AECs; progenitor cells that regenerate the alveolar wall by differen�a�ng into
type I AECs. In IPF there are marked changes to the epithelium including the
enlargement and elonga�on of AECs, cuboidal cells and an increase in AEC apoptosis
that contributes to dysfunc�onal wound repair. Repe��ve injury not only results in the
deple�on of type II AECs, but irreversible altera�ons such as DNA damage could lead to
a permanent dysfunc�onal phenotype such as cellular senescence [53]. The injured
epithelium releases a myriad of factors such as platelet derived growth factor (PDGF),
transforming growth factor β1 (TGF-β1) and connec�ve �ssue growth factor (CTGF) that
have a strong impact on fibroblast func�on. In response to injury, fibroblasts ac�vate,
migrate and differen�ate into myofibroblasts and start the produc�on of several matrix
proteins including collagen, fibronec�n, elas�n and proteoglycans to restore
homeostasis [54, 55]. Once there is sufficient �ssue integrity, these myofibroblasts are
cleared from the lungs. However, in IPF these cells fail to undergo apoptosis and persist
at the site of injury leading to the crea�on of fibroblas�c foci, the ac�ve site of fibrosis.
It is postulated that the persistence of ac�vated fibroblasts is due to cellular senescence
contribu�ng to fibrosis [49, 56, 57]. The senescent phenotype encompasses several
changes including differen�al gene expression leading to the produc�on and release of
several pro-inflammatory and profibro�c cytokines, matrix metalloproteinases (MMPs)
and increased expression of several extracellular matrix (ECM) proteins [58].
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The ECM is a complex structure that surround cells to provide structure and support. In
recent years, our understanding of the ECM has increased markedly, especially with
respect to its func�on in providing biochemical and biomechanical cues in �ssue
homeostasis and injury. During normal homeostasis, cells such as fibroblasts are
quiescent and maintain the ECM. Using specialised cell surface receptors, such as
integrins, cells embedded within the matrix receive signals that poten�ally control
adhesion, migra�on, prolifera�on and differen�a�on (REF). Mechanical forces are
rapidly translated and ac�vate signalling pathways [59]. Fibroblasts are the major source
of ECM produc�on in IPF and ECM changes in ageing have been increasingly associated
with pathological condi�ons. Senescent cells display increased ECM produc�on,
indicated by increased expression of collagen type I and fibronec�n, and higher
expression of MMPs contribu�ng to dysregulated homeostasis [58]. In addi�on to
increased deposi�on, increased lung �ssue s�ffness leads to increased produc�on and
ac�va�on of TGF-β1 and the crosslinking enzyme family of lysyl oxidases (LOX); these
changes in turn ac�vate fibroblasts crea�ng a posi�ve feedback loop. These
observa�ons indicate the involvement of the ECM and the effects it may have on altering
fibroblast func�on favouring ongoing fibro�c processes.

Figure 1. IPF pathology. Panel A shows the intact alveolar wall with the inters��al matrix and
residing fibroblasts that maintain homeostasis. Panel B shows the proposed mechanism and the
role of senescent fibroblasts in IPF. The epithelium gets damaged upon damaged epithelial cells
release cytokines which leads to ac�va�on of fibroblasts into myofibroblast that produce and
deposit ECM. Normally these cells are cleared from the system once homeostasis is restored. In
IPF these cells remain ac�ve and con�nue to produce ECM which leads to fibrosis characterised by
fibroblas�c foci and destruc�on of the alveoli. The release of SASP factors by senescent fibroblasts
impacts on neighbouring cells and contributes to a feedback mechanism that perpetuates fibrosis
in IPF. Type I/II AEC = Type I/II alveolar epithelial cell; BS = Basement membrane; ECM =
Extracellular Matrix; SASP = Senescence-associated secretory phenotype (Created with
BioRender.com).
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Treatment op�ons for IPF
Treatment op�ons for IPF are limited and can only slow down, but not halt or reverse the
decline in lung func�on [60]. In addi�on to an�fibro�c drugs, pa�ents can receive
suppor�ve treatment such as oxygen therapy and medica�on to reduce symptoms such
as couching and heartburn. In 2014 two an�fibro�c drugs, nintedanib and pirfenidone,
were approved for the treatment of IPF [5, 6]. Once IPF has been diagnosed, a treatment
plan is devised for each individual pa�ent as there is no standard treatment plan
available. However, this remains difficult as each pa�ent is different and not everyone
reacts posi�ve to treatment. Nintedanib is a tyrosine-kinase receptor inhibitor that acts
by binding to the intracellular ATP binding pocket of platelet derived growth factor
receptors (PDGFRs), fibroblast growth factor receptors (FGFRs) and vascular endothelial
growth factor receptors (VEGFRs). By limi�ng the prolifera�on, migra�on and survival of
(myo)fibroblasts and angiogenesis by endothelial cells, pericytes and vascular smooth
muscle cells, nintedanib is able to slow down IPF progression [61, 62]. Analysis of data
from two large clinical trials demonstrated that nintedanib reduces lung func�on
decline, prolongs the �me un�l the first acute exacerba�on and increases the quality of
life [63] While the exact mechanism of ac�on of pirfenidone remains unclear, in vitro
studies demonstrated that it is able to inhibit fibroblast secre�on of SASP-related
inflammatory cytokines such as TNF-α, IFN-γ and IL-6, and abrogates TGF-β1-s�mulated
collagen produc�on [64]. Furthermore, pirfenidone has also been reported to have an�oxidant proper�es by ac�ng as a scavenger for hydroxyl and superoxide anions [65]. In
2018 a study was published that inves�gated the safety and tolerability of the
combina�on of both drugs for the treatment of IPF. Both drugs have different working
mechanisms, combining the two may result in addi�ve benefits to slow down disease
progression. They demonstrated that both drugs were tolerated without safety issues.
However, more studies are needed to determine if the combina�on of these two drugs
would provide advantages in slowing down disease progression for pa�ents compared
to either drug alone. The licensing of these two drugs have highlighted that IPF is a
treatable disease, but due to their modest potency and adverse side effects, more
research is needed into the pathogenesis to develop further novel therapeu�c op�ons.

The scope of this thesis
My central hypothesis is that in IPF, senescent lung fibroblasts influence the local
microenvironment by increasing ECM accumula�on and the secre�on of SASP cytokines,
which perpetuate fibroblast senescence and contribute to dysfunc�onal alveolar
epithelial cell regenera�on (figure 1). Therefore, the overall scope of this thesis is to
inves�gate the impact of fibroblast senescence on alveolar epithelial cell regenera�on
15
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and determine if the ECM contributes to pathological senescence by crea�ng a posi�ve
feedback loop that perpetuates disease progression.
Firstly, chapter 2 provides a general overview on the role of cellular senescence during
homeostasis, ageing and disease. We describe how the ECM can act as a modulator of
cell func�on and summarise the available evidence about how aberrant and
dysfunc�onal ECM can influence the senescence phenotype in chronic fibro�c diseases.
Furthermore, we explore the role of ECM damage-associated molecular pa�erns
(DAMPs), which are released during proteoly�c degrada�on or �ssue damage in IPF and
the poten�al for targe�ng ECM-senescence regulatory pathways for therapeu�c
poten�al in fibrosis.
In chapter 3 we inves�gate the impact of IPF-derived and senescent-induced primary
lung fibroblasts on A549 alveolar epithelial cell regenera�on. We inves�gate the
influence of secreted factors of the SASP by senescent fibroblasts on alveolar epithelial
cell prolifera�on allowing direct contact or by transfer of culture media. Lastly, we
measured the wound repair response of epithelial cells in a co-culture system a�er
mechanical injury and measured if there was altered cell-cycle inhibi�on in alveolar
epithelial cells.
In chapter 4 we used GelMA hydrogels to determine the impact of pathological s�ffness
as observed in IPF on the senescent phenotype of primary lung fibroblasts. We analysed
markers of senescence in fibroblasts cultured on GelMA hydrogels mimicking healthy
and fibro�c s�ffness and assessed fibrosis-associated gene expression. Addi�onally,
matrix proteins associated with senescence and fibrosis were also measured.
In the final experimental chapter (chapter 5) we inves�gated whether ECM deposi�on
by senescent-induced, profibro�c and IPF-derived fibroblasts had impact on the
senescent phenotype of primary lung fibroblasts. We measured several markers of
senescence, characterised SASP secre�on and assessed the expression of fibro�c
response associated genes.
Finally, chapter 6 summarises the findings of this thesis and discusses the relevance and
implica�ons of these findings, illustra�ng how the findings in this thesis contribute
further knowledge to the field.
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Abstract
The extracellular matrix (ECM) is a complex network of macromolecules surrounding
cells providing structural support and stability to �ssues. The understanding of the ECM
and the diverse roles it plays in development, homoeostasis and injury have greatly
advanced in the last three decades. The ECM is crucial for maintaining �ssue
homoeostasis but also many pathological condi�ons arise from aberrant matrix
remodelling during ageing. Ageing is characterised as func�onal decline of �ssue over
�me ul�mately leading to �ssue dysfunc�on and is a risk factor in many diseases
including cardiovascular disease, diabetes, cancer, demen�a, glaucoma, chronic
obstruc�ve pulmonary disease (COPD) and fibrosis. ECM changes are recognised as a
major driver of aberrant cell responses. Mesenchymal cells in aged �ssue show signs of
growth arrest and resistance to apoptosis, which are indica�ve of cellular senescence. It
was recently postulated that cellular senescence contributes to the pathogenesis of
chronic fibro�c diseases in the heart, kidney, liver and lung. Senescent cells nega�vely
impact �ssue regenera�on while crea�ng a pro-inflammatory environment as part of
the senescence-associated secretory phenotype (SASP) favouring disease progression.
In this review, we explore and summarise the current knowledge around how aberrant
ECM poten�ally influences the senescent phenotype in chronic fibro�c diseases. Lastly,
we will explore the possibility for interven�ons in the ECM–senescence regulatory
pathways for therapeu�c poten�al in chronic fibro�c diseases.
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Introduc�on
The extracellular matrix (ECM) is a complex network of macromolecules surrounding
cells, tradi�onally recognised for providing structural support and �ssue stability [1]. Our
understanding of the diverse roles of the ECM has greatly advanced in the last three
decades, par�cularly in the provision of essen�al biochemical and biomechanical cues
required to direct �ssue morphogenesis during development, homoeostasis and injury.
Mesenchymal cell types, most notably the resident fibroblasts, have the role of
maintaining the ECM within �ssues throughout an organism’s lifespan. Therefore,
mesenchymal cells need to respond to localised cues to deposit, maintain and remodel
the appropriate ECM to meet the func�onal needs of the �ssue. To facilitate the ECM in
its role as a biologically ac�ve structure, cells interact with individual matrix proteins
through surface receptors such as cell surface proteoglycans (PGs), discoidin domain
receptors and specific integrins resul�ng in outside-in signalling which dictates cell
func�on, fate and phenotype [2,3]. Cells are able to communicate through the ECM by
genera�ng mechanical forces or by altering mechanical proper�es of the ECM such as
the s�ffness [4].
The ECM is crucial for maintaining normal �ssue homoeostasis and many pathological
condi�ons arise from dysregulated ECM remodelling as a result of ageing or as an
a�empt to preserve or restore organ func�on. Remodelling of the ECM during fibro�c
disease, which changes the physical state of the �ssue, may contribute to altered cellular
responses to mechanical forces such as pressure, stretch and shear force [5,6]. Ageing is
characterised by func�onal decline of �ssue over �me, leading to progressive
deteriora�on that eventually leads to �ssue dysfunc�on. Many diseases have age as a
risk factor such as cardiovascular disease, diabetes, cancer, demen�a, glaucoma, chronic
obstruc�ve pulmonary disease (COPD) and idiopathic pulmonary fibrosis (IPF) [7-14].
The changes that occur during ageing and/or disease influence the composi�on,
topography and biomechanics of the ECM, thereby contribu�ng to abnormal cellular
ac�va�on and dysregulated behaviour. For example, aberrant ECM deposi�on and
increased s�ffness are observed in fibro�c diseases and cancer, while excessive ECM
degrada�on is linked to osteoarthri�s (OA) and COPD [15-17]. The ECM changes in
fibro�c lung disease are recognised as a major driver of aberrant cellular responses [18].
In addi�on, a popula�on of resident fibroblasts in aged �ssue show growth arrest and
resistance to apopto�c cues, which are indica�ve of cellular senescence, a hallmark of
ageing [19,20]. Cellular senescence is characterised as irreversible cell-cycle arrest in
response to various sources of stress such as DNA damage or reac�ve oxygen species
(ROS). During physiological homoeostasis, cellular senescence benefits embryogenesis,
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�ssue repair and defence against tumorigenesis. In contrast, it was recently postulated
that senescence contributes to the pathogenesis of chronic fibro�c diseases in heart,
kidney, liver and lung [21-25]. Here, senescent cells nega�vely impact �ssue
regenera�on while crea�ng a pro-inflammatory environment, as part of a senescenceassociated secretory phenotype (SASP) that favours disease progression. Whether the
ECM changes in ageing and fibro�c disease are also drivers of the senescent phenotype
associated with these condi�ons is as yet unexplored.
During remodelling and injury, breakdown products of the ECM are released which o�en
act as damage-associated molecular pa�erns (DAMPs) that ac�vate pa�ern recogni�on
receptors (PRRs) on cells of the innate immune system. Interes�ngly, several of these
ECM DAMPs have been found to be significantly increased in mul�ple chronic fibro�c
diseases [26-28]. Ac�va�on of PRRs by DAMPs induces nuclear factor κB (NF-κB)mediated pro-inflammatory cytokine release, with a similar cytokine release profile to
that associated with the SASP. Moreover, NF-κB is known as a master regulator of the
SASP in fibroblasts, which suggests a role of DAMPs in regula�ng cellular senescence.
In this review, we explore and summarise the current knowledge around how aberrant
ECM poten�ally contributes to the senescent phenotype in chronic fibro�c diseases. A
broad overview will be provided about the roles of ECM and senescence during
physiological homoeostasis and in chronic fibro�c diseases. An overview of ECM changes
in senescence during ageing has previously been described in detail elsewhere [29], and
hence will not be extensively covered herein. In this review, the possible mechanisms
through which the ECM drives pathological senescence will be outlined, including
interac�ons between cells and the ECM, disrup�on to mechano-transduc�on upon ECM
remodelling, altera�ons in integrin–adhesion complexes and the release of ECM DAMPs.
Lastly, we will explore the possibility for interven�ons in the ECM-senescence regulatory
pathways for therapeu�c poten�al in chronic fibro�c diseases. While this review will
portray several diseases, IPF will be focused upon as an exemplar for chronic fibro�c
disease.

Cellular senescence
Cellular senescence is a hallmark of ageing and involves marked changes in cell
morphology, phenotype, metabolism and fate [30]. While irreversible cell cycle arrest is
the defining feature of senescent cells, they are also resistant to apoptosis and are highly
secretory; driving a range of different func�ons through the SASP [31]. Resistance to
apoptosis is mediated by up-regula�on of B-cell lymphoma 2 (Bcl-2) and epigene�c
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suppression of Bcl-2-associated X protein (BAX) [32]. The paracrine ac�vi�es of
senescent cells are crucial for many facets of normal development and �ssue func�on as
well as pathologies including fibrosis and tumorigenesis. Senescence is primarily an
outcome of genomic damage comprising DNA double-stranded breaks (DSBs). As part of
a subsequent DNA damage response (DDR), ataxia-telangiectasia mutated kinase (ATM)
phosphorylates p53, leading to the induc�on of p53-p21 and/or p16-pRB pathways that
mediate cell cycle arrest through cyclin-dependent kinase (CDK) inhibi�on [33]. The
transcrip�on factor NF-κB is a pivotal mediator of the SASP and ac�vated by ATMdependent phosphoryla�on of NF-κB essen�al modifier (NEMO) [34].
Types of senescence
Replica�ve senescence (RS) is a consequence of mito�c ageing and arises from the
shortening of telomeres; the repe��ve DNA sequences at the end of chromosomes that
protect DNA from damage [35]. In a process in soma�c cells that was originally described
by Hayflick and Moorhead in diploid fibroblasts in vitro, telomeres shorten with each
successive cell division un�l DNA damage and senescence eventuate [36,37]. Stressinduced premature senescence (SIPS) is another form of senescence in which insults
such as oxida�ve stress, radia�on, mutagens and cytokines elicit directly or indirectly
genomic damage and the subsequent DDR [38-41]. While many of these stressors are of
external sources, ROS derived from dysfunc�onal mitochondria can induce and/or
reinforce the DDR in SIPS in a cell autonomous manner [42,43]. ROS and SASP mediators
released by senescent cells can also evoke ‘secondary’ senescence in surrounding naïve
(non-senescent) cells; a paracrine process termed as ‘senescence-induced senescence’
[44,45]. Oncogenic-induced senescence (OIS), a form of SIPS comprises a complex
senescence program involving the induc�on of oncogenes such as the Ras/Raf family
[46]. OIS restricts the excessive mito�c signalling of DNA-damaged cells that may
otherwise undergo malignant transforma�on to provide a tumour-suppressing func�on
[47]. Figure 1 summarises the characteris�cs of cellular senescence. RS is also an an�tumour mechanism that prevents cell immortalisa�on. The an�-cancer proper�es of
senescence can be viewed as a ‘trade off’ with its role in age-related stem cell loss/�ssue
degenera�on [47].
Cellular senescence in normal homoeostasis
Cellular senescence is an essen�al, yet transitory feature of normal �ssue homoeostasis.
In this role, the senescent cell has a rela�vely short half-life, with its removal by immune
cells occurring once its task is completed. This limits overproduc�on of ECM and
contributes to ac�ve remodelling to maintain homoeostasis. In embryogenesis,
senescence in the apical ectodermal ridge provides an instruc�ve role for �ssue
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development and pa�erning by the preven�on of cell prolifera�on. This effect is
mediated via the release of secreted factors that regulate processes such as
neovascularisa�on and cell migra�on [48]. Under normal condi�ons, SASP func�onality
in �ssue homoeostasis changes with �me, culmina�ng in the provision of cues that
direct senescent cell removal. For example, in skin wounds, senescent cells accumulate
and promote wound healing and resolu�on firstly through secre�on of platelet-derived
growth factor (PDGF) AA and then subsequently drive their own immune-mediated
clearance; sugges�ng a temporal switch from orchestra�on of wound repair to
inflammatory recruitment of immune cells [49]. Cytokines and other secreted factors
from senescent cells are involved in the recruitment of immune cells such as
neutrophils, macrophages, natural killer cells and CD4+ T cells that clear senescent cells.
The expression of immunogenic s�mulatory ligands by senescent cells that control their
removal is regulated by autocrine/paracrine ac�vi�es of the SASP.

Figure 1. Cells that undergo senescence display several changed features that can be used for
iden�fica�on. An increased secretory phenotype can be detected by measuring growth factors
and cytokines. These factors contribute to the spreading of senescence to neighbouring cells or
reinforce senescence via an autocrine process. Increased lysosomal ac�vity can be detected using
SA-β-Gal and SBB expression. Mitochondrial dysfunc�on is detectable by measuring ROS levels
such as superoxide produc�on. As cells undergo irreversible cell-cycle arrest, markers such as p16,
p21 and p53 are increased while prolifera�on markers like Ki67 decrease. Resistance to apoptosis
can be measured by changes in Bcl-2 and Bax expression. In addi�on, the DDR can be measured
by immunofluorescence microscopy for increased forma�on of phosphorylated ATM and γ-H2AX
in the nucleus. Abbrevia�on: SA-β-Gal, senescence-associated β-galactosidase (Created with
BioRender.com).
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Cellular senescence in ageing and disease
The numbers of senescent cells in �ssue increases with age, contribu�ng to age-related
�ssue degenera�on and disease. Deficiencies in immune surveillance and clearance
facilitated by an immune system of deteriora�ng func�on and capacity (i.e., a
phenomenon termed as ‘immuno-senescence’) contribute to this accumula�on [50].
Senescent cells from aged �ssues also express molecules such as human leukocyte
an�gen E (HLA-E) that inhibit the func�on of infiltra�ng immune cells; providing another
means by which senescent cells can evade immune-driven apoptosis [51]. Ageing �ssues
exhibit chronic senescence mediated by SASP that can be increasingly harmful with
�me, leading to a loss of regenera�ve poten�al and subsequent disease [52]. Evidence
for a causal role of senescence in ageing and disease comes from murine studies that
show that the abla�on of senescent cells in vivo prolongs lifespan, has a restora�ve
effect on aged �ssues and induces protec�on against insults associated with disease [5355]. It was shown that glycosaminoglycans (GAGs) content significantly increases with
clearance of senescent cells in the knee joint of mice [55]. Accelerated senescence in
specific cell types is a feature of certain respiratory and vascular diseases, as well as in
OA and in cancer. For example, senescent epithelial cells and fibroblasts accumulate in
the lungs of IPF and COPD pa�ents [56,57]. Senescent epithelial cells are proposed to be
the crux of the aberrant wound healing response observed in these lung diseases;
possibly by hindering re-epithelialisa�on and/or by the ac�va�on of resident fibroblasts
[58-62]. A failure to eliminate senescent fibroblasts by apoptosis or immune cell
clearance may also impede wound resolu�on and contribute to disease progression in
fibro�c diseases [58,63,64]. In OA, senescent chondrocytes with a pro-inflammatory
SASP accumulate and contribute to the damage of ar�cular car�lage �ssue and joints
[55]. Senescent endothelial cells at atherosclero�c lesions are a prominent feature of
vascular disease, poten�ally contribu�ng to aberra�ons in barrier func�on, platelet
aggrega�on and fibrinolysis. While senescence limits cancer ini�a�on in a cell
autonomous manner, it can also promote cancer in ageing �ssues non-autonomously via
the SASP by altering the microenvironment to allow for cancer progression [7,65]. The
remodelling of ECM plays a cri�cal role in facilita�ng tumour cell migra�on and spread
via metastasis to other �ssues. A causal role of senescent cells in cancer is supported by
studies that show senescent fibroblasts s�mulate human tumour cell prolifera�on when
co-injected into immunocompromised mice [65,66]. The deleterious contribu�on of
senescence in age-related pathology is an example of antagonis�c pleiotropy; a process
that has evolved to be beneficial in youth and increases reproduc�ve fitness (i.e., by the
preven�on of malignancies); but is detrimental in older, post-reproduc�ve age [52].
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The ECM in �ssue morphogenesis and homoeostasis
The composi�on of ECM comprises well over 300 proteins including fibrous proteins
(collagens and elas�ns), PGs, GAGs and glycoproteins such as fibronec�n [67]. Based on
the loca�on and func�on, ECM can be separated into two main types: inters��al
connec�ve �ssue matrix and basement membrane. Inters��al ECM is mainly composed
of collagen I, elas�n and fibronec�n to give support for surrounding cells, and to provide
structural scaffolding for �ssue. Inters��al ECM is deposited, maintained and
remodelled by mesenchymal cells. The basement membrane is a specialised form of
compact ECM that separates the epithelium or endothelium from the surrounding
stroma. The basement membrane consists mainly of collagen IV, laminins, heparin
sulphate PGs (HSPs) and proteins such as entac�n and nidogen that are synthesised by
epithelial cells and endothelial cells [1].
In addi�on to giving support to cells, the ECM provides important mechanical and
biomechanical cues that direct �ssue morphogenesis during development,
homoeostasis and injury. More evidence is accumula�ng that ECM plays an ac�ve role in
pathological condi�ons such as cancer, OA and fibrosis across mul�ple organs which
emphasises the importance of understanding the developmental origins of ECM during
�ssue morphogenesis, homoeostasis and remodelling [17,68-70]. During development,
many organs such as lung, kidney, nervous system and several internal glands undergo
several changes such as lengthening, narrowing, bending, folding and branching which
is guided by the ECM by a process called branching morphogenesis [71]. Forma�on of
epithelial cle�s and buds involves invasion of surrounding embryonic ECM, which is
subjected to con�nuous change and distribu�on over �me. Many different factors have
been iden�fied that are involved in branching, such as bone morphogene�c factors
(BMPs), sonic hedgehog (Shh), fibroblast growth factors (FGFs), wingless and int-1 (Wnt)
and re�noic acid [72]. Not only are these factors involved in development, they also play
an important role during injury, remodelling and disease in adult �ssue.
Mechanical forces play an important role in �ssue morphogenesis and an essen�al role
in genera�ng cytoskeletal prestress contribu�ng to cell, �ssue and organ shape stability
[73]. Cells are able to interact and respond to changes in the local microenvironment by
contrac�ng and pulling on the ECM or neighbouring cells. The contrac�le forces
generate signals that propagate rapidly within the cell showing an advantage in
ac�va�ng signalling pathways compared with chemical s�muli [74]. Contrac�le forces
within a cell are generated by the interac�on of ac�vated non-muscle myosin II and ac�n
crea�ng the actomyosin machinery regula�ng cellular shape and thus cellular func�on.
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Cellular contrac�lity is controlled by the Rho-associated coiled-coil containing kinase
(ROCK). ROCK consists of two subtypes, ROCK 1 and 2, which both have a cri�cal func�on
in regula�ng the ac�n cytoskeleton assembly [75]. ROCK may directly phosphorylate
myosin light chain 2 (MLC2) or indirectly regulates MLC by phosphoryla�ng the myosinbinding subunit of myosin phosphate (MYPT1) which is necessary for its interac�on with
ac�n [76]. In the embryonic lung of mice, inhibi�on of ROCK reduced branching and
resulted in loss of basement membrane thickness and cell prolifera�on. Interes�ngly,
ROCK inhibi�on in ureteric bud forma�on reported promo�on of branching [77].
Another study reported that the lack of both ROCK1 and 2 protein using condi�onal
knockout mice lead to a fla�ened and bigger morphology and loss of prolifera�on
sugges�ng the poten�al influence on senescence [76]. It was shown that ROCK
inhibi�on in vitro induced cellular prolifera�on and allevia�on of senescence-associated
cell-cycle arrest [78]. These studies suggest the cell-type specific role of ROCK in the
cellular response to the environment, especially during pathological condi�ons in
fibrosis.
ECM homoeostasis is a complicated balance of synthesis, modifica�on and degrada�on.
The importance of this intricate balance has been demonstrated in various diseases that
originate from altera�ons in ECM [79]. Specific proteins which cons�tute the ECM are
well conserved across species but show drama�c changes between individual �ssue and
organs in the same species. This suggests that the func�on of cells, �ssues and organs is
directly related to the mechanical and biomechanical cues of the surrounding ECM [80].
Several studies evalua�ng cardiac, renal and lung fibro�c disease have demonstrated
that ageing, composi�onal and structural changes to the ECM can greatly influence cell
phenotype, and func�on contribu�ng to disease progression [25,68,81]. The intricate
balance is maintained by cells residing in the ECM that produce various key enzymes
such as metalloproteinases (MMPs) and its inhibitor endogenous �ssue inhibitor of
metalloproteinases (TIMPs), a disintegrin and metalloproteinase (ADAM), and ADAMs
with thrombospondin mo�fs (ADAMTS) [67,82]. While the basement membrane is
maintained by epithelial or endothelial cells, fibroblasts can contribute to basal lamina
by producing nidogen while the inters��al matrix in the lung, kidney or heart is
maintained by resident fibroblasts and hepa�c stellate cells in the liver [83,84]. Ac�vity
of proteoly�c enzymes is generally low during homoeostasis but increases during
specific developmental events, injury and disease. The expression and ac�vity of
proteoly�c enzymes is �ghtly regulated and is cell type- and �ssue-specific [82]. During
development, when ECM remodelling is necessary for �ssue growth and alignment,
there is a greater proteoly�c profile compared with adult �ssue which shows a higher
an�-proteoly�c profile. In diseases such as cancer, fibrosis and cardiovascular disease
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the intricate balance of homoeostasis is lost leading to an altered ECM and studies have
shown that this is associated somewhat paradoxically with increased MMP ac�vity. In
cardiac remodelling, high levels of MMP1 have been linked to decreased collagen
expression which contributes to loss of contrac�lity and ul�mately cardiomyopathy
[85,86]. In IPF, increased MMP expression and ac�vity is an important feature of the
disease which has been iden�fied as part of the SASP in fibrosis [25].

The ECM–cell interac�ons that poten�ally drive cellular
senescence
Fibro�c diseases are characterised by deposi�on of excessive ECM a�er injury resul�ng
in organ dysfunc�on. While li�le is known about the exact mechanisms that result in
excessive ECM deposi�on and accumula�on in fibro�c disease, there is increasing
evidence that cellular senescence is implicated in fibrosis [22,23,69]. One major underrecognised element in fibrosis is the contribu�on of the ECM itself. It is known that the
altered composi�on and increased cross-linking leads to an altered topography and
s�ffness. These changes alter cellular behaviour and might poten�ally drive cells to
become senescent contribu�ng to an environment favouring disease progression.
Increased ECM s�ffness is a feature of fibrosis and is thought to result from the quan�ty
of ECM deposi�on and the degree of its cross-linking. The mechanical proper�es of
areas of wounded �ssue significantly change in rat liver fibrosis. It was suggested that
this was the result of increased cross-linking of the ECM fibres, rather than increased
ECM deposi�on a�er the ini�al insult [87]. These results suggest that cross-linking of
ECM has a greater impact on s�ffness and thus altered mechanical proper�es than the
quan�ty of deposited ECM alone. In normal homoeostasis, cross-linking of collagen I and
III provides stability which leads to the genera�on of strong fibrils providing tensile
strength and elas�c proper�es. Cross-linking of ECM can happen spontaneously by
glyca�on which is a slow process or by further processing via post-transla�onal
modifica�ons by enzymes such as lysyl oxidases (LOs) and transglutaminases (TGs) which
will be described in more detail in the next sec�on and its poten�al regula�on of cellular
senescence.
Cross-linking of ECM
The LO family of enzymes consist of lysyl oxidase (LOX) and four addi�onal LOX-like
proteins (LOXL1–4) which are copper-dependent amine oxidases responsible for
covalent cross-linking of collagen and elas�n. The process of ECM cross-linking is �ghtly
regulated in homoeostasis with each oxidase being differently expressed across organs.
LOX, LOXL-1 and LOXL-2 are expressed in nearly all �ssues while LOXL-3 is not expressed
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in cardiac and skin �ssue. LOXL-4 is only expressed in lung, kidney, pancreas and adipose
�ssue [88]. LOX family proteins are involved in several biological processes including
tumour suppression, cell mo�lity, cell transduc�on and cell adhesion. Dysregula�on of
LOX ac�vity has been linked to pathological condi�ons such as cancer and fibrosis in
lungs and liver [89-93]. TG is an enzyme responsible for cross-linking proteins such as
collagen and fibronec�n between glutamine and lysine residues or a primary amino
group in a calcium-dependent manner. There are eight isoforms of TG, factor XIIIa and
TG isoform 1–7 which are expressed throughout the whole body. The post-transla�onal
modifica�on mediated by TG is essen�al for several processes including signal
transduc�on, cell adhesion, skin barrier forma�on and the ECM assembly. It has been
demonstrated that TGs are overexpressed in lungs of IPF pa�ents and inhibi�on of TGs
results in reduced inflamma�on and pulmonary fibrosis in bleomycin-treated mice [94].
In a recent study it was shown that TG isoform 1 was increased in both epithelium and
inters��al space while TG isoform 2 was only increased in the extracellular space in the
fibro�c kidney [95]. Inhibi�on of TGs reduced and preserved func�on in chronic kidney
disease demonstra�ng the importance of cross-linking in pathological condi�ons [96].
Increased ECM s�ffness
In fibro�c disease, the increased cross-linking has not only been associated with
increased s�ffness but also in higher resistance to proteoly�c degrada�on as the
conforma�onal changes lead to less accessible epitopes for MMPs [97,98]. The s�ffness
of the ECM directly influences the behaviour and func�on of cells including increased
fibroblast prolifera�on, migra�on and contrac�on [17]. Furthermore, a s�ffer ECM leads
to an increase in latent transforming growth factor-β (TGF-β) ac�va�on which reinforces
fibrosis and it has been linked to cellular senescence [99-101]. TGF-β consists of three
different isoforms (TGF-β1–3) which are produced in a precursor form bound to the
latency associated pep�de which are a�ached to the latent TGF-β binding protein
(LTBP). This keeps TGF-β in an inac�ve form un�l it is ac�vated/released from the matrix
by proteases such as MMP2, MMP9 and thrombospondin. Non-protease release of the
ac�ve form is facilitated by fibroblasts pulling on the matrix in response to increased
ECM s�ffness. Upon ac�va�on, TGF-β binds the TGF-β receptor 2 (TGFR2) and
subsequently recruits TGFR1 to ac�ve downstream signalling via ac�vated mother
against decapentaplegic proteins (Smads; Figure 2). A role for TGF-β in senescence has
already been suggested by Frippiat et al. in 2001 while Acosta et al. demonstrated the
importance of TGF-β in paracrine induced-senescence of fibroblasts [44,102]. More
recently it was described that TGF-β contributes to the induc�on of senescence or the
accelera�on of transforma�on into senescence in various cell types [103,104]. The
senescence promo�ng effect of TGF-β could be explained by down-regula�on of human
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telomerase reverse transcriptase (hTERT) and prolifera�on factor c-Myc. Addi�onally,
there is up-regula�on of CDKs p15, p21, p27 and p53 and ROS produc�on which are
characterised as part of the senescent phenotype [101]. In a recent study, it was shown
that signal transducer and ac�va�on of transcrip�on 3 (STAT3) was a downstream target
of TGF-β in a SMAD-independent pathway sugges�ng an important role of STAT3 in liver
fibrosis [105]. Indeed, not only has STAT3 been linked to fibrosis in the liver but it is also
an important regulator in a model of oxida�ve stress-induced senescence in primary
human lung fibroblasts [41]. Recently, it was suggested that STAT3 poten�ally is involved
in epithelial cell senescence [106]. In addi�on to regula�on by TGF-β, it was concluded
that matrix s�ffness has a substan�al impact on the intrinsic and extrinsic ac�va�on of
the STAT3 pathway in hepatocellular carcinoma cells [107]. Moreover, ac�va�on of TGFβ by a s�ffer matrix leads to up-regula�on of LOX gene expression and enzyme ac�vity
[108]. Several studies have linked the increase in LOX expression by TGF-β to decreased
expression of the microRNA (miR) 29 family [109,110]. The miR-29 family has been
described to have strong an�fibro�c effects in organs such as heart, kidney and lung. It
is thought that miR-29 can regulate and modulate apoptosis, cell prolifera�on,
differen�a�on, migra�on and the immune response [109,111,112]. Decreased levels of
miR-29 have been shown to play a cri�cal, common role in myocardial infarc�on,
systemic sclerosis and pa�ents with advanced fibrosis [112]. Furthermore, miR-29 can
increase growth factor and inflammatory cytokine expression including PDGF, tumour
necrosis factor α (TNF-α), interleukin (IL) 4 and master regulator of the SASP
transcrip�on factor NF-κB. The interplay between these factors and miR-29 maximises
up-regula�on of collagen and ECM related genes and induc�on of senescence.

Altered core ECM composi�on in fibrosis
Pathological increase in ECM deposi�on and remodelling contributes to an increase in
ECM s�ffness causing a mechanical gradient between fibro�c and normal �ssue. It is
known that these changes in s�ffness favour prolifera�on and migra�on in different cell
types. However, currently li�le is known how the pathological change in composi�on
specifically contributes to the senescent phenotype. Several core and matricellular ECM
proteins have been reported to be differen�ally expressed and these will now be
highlighted and discussed as to how they poten�ally could contribute to cellular
senescence.
Collagen
Collagens are the most common ECM protein and are composed of three procollagen
chains configured in a triple helix. Twenty-eight different collagens have been iden�fied
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with at least 46 dis�nct polypep�de chains.In connec�ve �ssue collagen I and III are the
most abundant types of collagens providing structure and tensile strength. Increased
collagen III deposi�on is associated with wound healing, in renal fibrosis both type I and
type III are increased while in IPF collagen type I is found in end-stage fibrosis [113,114].
Several studies have reported that collagen expression is differen�ally expressed in
senescent cells. Schafer et al. reported that human IPF lungs express more collagen type
I α-1 (COL1A1) while collagen expression in senescent HSCs was reduced [25,115]. Other
studies have shown an up-regula�on of collagen gene expression in fibroblasts in RS and
Werner Syndrome fibroblasts implying a possible role for COL1A1 in cell-cycle arrest
[116]. These studies suggest bi-direc�onal cross-talk between senescent cells and
collagen type I. Murine vascular smooth muscle cells expressing a collagenase-resistant
collagen type I were more sensi�ve to stress-induced senescence compared with
wildtype (WT) cells sugges�ng a role for increased collagen deposi�on in premature
senescence. In a study inves�ga�ng glycated collagen, it was shown that early-passage
human umbilical vein endothelial cells (HUVECs) grown on glycated collagen-coated
dishes expressed hallmarks of premature cell senescence including p14, p53 and
increased senescence-associated β-galactosidase (SA-β-Gal) staining compared with
non-coated dishes [117]. In cardiac fibroblasts, glycated collagen is associated with
integrin α11 expression which modulates ac�va�on of TGF-β2 signalling pathway
through Smad2/3 which is important for myofibroblast ac�va�on and fibrosis [118].
There is accumula�ng evidence that collagen in different cell types might contribute to
premature senescence, however, the exact mechanisms remain unclear. Taken together,
it appears that increased deposi�on of collagen and a s�ffer ECM might contribute to the
senescent phenotype in fibrosis.
Elas�n
Elas�n is the main component of elas�c fibres which provides compliance and elas�city
to a range of �ssues. In addi�on to providing mechanical integrity it has cri�cal
regulatory func�ons of cell behaviour. It is produced by a wide variety of cells including
fibroblasts, epithelial cells and smooth muscle cells. Elas�n is secreted as tropoelas�n
monomers and subsequently aligns with collagen fibres before cross-linking by LOX to
become part of the fibril assembly [16,119]. As part of the elas�c fibre, elas�n has
several func�ons; providing elas�city and resilience to connec�ve �ssue, regula�ng the
ac�vity of TGF-β as well as having roles in cell migra�on, survival and differen�a�on
[120,121]. During ageing the expression of elas�n decreases. For example in older
tendons, there is less elas�n while the arterial wall s�ffens due to degrada�on and
fragmenta�on of elas�c fibres [122,123]. Pathological increase in deposi�on and
degrada�on of elas�n fragments have been associated with fibro�c disease and poor
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survival in IPF [124-126]. A more recent study in mice demonstrated that elas�n was
increasingly expressed in ac�ve areas of lung fibrosis induced by bleomycin. In addi�on,
the increased expression was associated with fibroblast ac�va�on and differen�a�on
into myofibroblasts that poten�ally creates a feedback loop to reinforce fibrosis [127].
Elas�n does not directly interact with cell surface receptors such as integrins, instead it
uses a receptor complex named elas�n-binding protein (EBP). During hydrolysis, elas�n
is cleaved into small pep�des such as Val-Gly-Val-Ala-Pro-Gly (VGVAPG) and Val-Val-GlyPro-Gly-Ala (VVGPGA). It has been shown that these pep�des induce several biological
effects such as cell prolifera�on, migra�on and differen�a�on [128]. Furthermore, these
pep�des lead to chemotaxis of neutrophils and monocytes contribu�ng to a selfpropaga�ng cycle of inflamma�on and ECM proteolysis [108,129]. A recent study
reported that VVGPGA can induce expression of IL-α, IL-1β and IL-6, which have been
iden�fied as part of the SASP, in ligamentum flavum cells [130-132]. In addi�on, VGVAPG
increased the caspase-1 ac�vity in astrocytes while decreasing IL-1β release in vitro
[132]. Caspase-1 has been iden�fied as part of the SASP and is strongly associated with
fibrosis [133,134]. The most promising receptor ac�vated by VGVPAPG in rela�on to
fibrosis and cellular senescence is peroxisome prolifera�on-ac�vated receptor-γ (PPARγ;
Figure 2) [135]. PPARγ ac�va�on leads to the induc�on of senescence, characterised by
increased levels of G1 cell-cycle arrest, p16 protein expression and an increased SA-βGal expression all of which are characteris�cs of senescent cells [136]. During fibrosis
there is increased produc�on and degrada�on of elas�n which might pathologically
increase released pep�des and contribute to the senescent phenotype.
Fibronec�n
Fibronec�n is a glycoprotein that is expressed by mul�ple cell types and plays a
significant role in cell adhesion and migra�on. Fibronec�n as well as collagens are
needed for normal embryonic development. During wound healing the first ac�ve
secreted matrix is fibronec�n which replaces the fibrin clot formed a�er the ini�al insult.
To restore homoeostasis, fibroblasts produce fibronec�n and collagen as a provisional
matrix which is eventually replaced by collagen abundant ECM. Fibronec�n is necessary
for collagen fibril forma�on and in vitro added collagen was organised into matrix fibres
that co-localised with pre-exis�ng fibronec�n fibrils indica�ng the important func�on of
both ECM proteins [137]. In addi�on, fibronec�n can bind to itself or other ECM proteins
such as fibrin, heparin and tenascin. Fibronec�n can act as a reservoir for growth factors
by binding vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF),
FGF-2, PDGF and BMP [138]. Dysregulated fibronec�n has been implicated in diseases
such as cancer and fibrosis [139,140]. A recent study showed that fibronec�n is able to
influence cell-cycle progression and could inhibit cellular senescence and apoptosis in
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glioma cells via the PI3K/Akt signalling pathway [141]. Fibronec�n acts through integrin
αvβ3 (Figure 2) and it was recently demonstrated that the β3 subunit is involved in
cellular senescence via its role in TGF-β ac�va�on. During OIS there is a dynamic increase
in subunit β3 while down-regula�on of β3 reduced OIS and therapy-induced
senescence. An αvβ3 antagonist was shown to a�enuate the SASP without affec�ng
prolifera�on in glioma cells. While the exact mechanism remains unclear, there is strong
evidence showing that fibronec�n is involved in senescence and its increased
abundance in fibrosis could poten�ally contribute to the senescent phenotype.
Laminin
Laminins are proteins that are secreted by epithelial cells into the basement membrane,
or by vascular smooth muscle cells into the vascular basement membrane. They contain
an α-chain, a β-chain and a γ-chain and there are several splice variants found. Laminins
are an integral part of the ECM structure and they mediate cell adhesion, migra�on,
differen�a�on and prolifera�on [142]. During wound repair they are cri�cal players in reepithelialisa�on and angiogenesis, reviewed in detail by Lorio et al. [143]. The
expression of laminins is altered in pa�ents with IPF, and in a small number of pa�ents
the distribu�on of laminin α3 subunit was lost [144]. Interes�ngly, increased markers of
senescence were found in fibroblas�c foci and localised clusters of basal cells expressing
high levels of laminin 5 γ2 [145], sugges�ng a poten�al associa�on between cellular
senescence and laminin deposi�on. Moreover, fibroblas�c foci show co-localised
expression between laminin and markers of senescence. Increased expression of laminin
was also reported in other diseases such as cancer and Sjӧrgren’s syndrome [146,147].
Laminin is able to ac�vate various signal pathways; for example in murine melanoma
cells, laminin-1 results in ac�va�on of phospholipase D and subsequent induc�on of
phospha�dic acid leading to MMP-2 produc�on favouring tumour invasion [148].
Laminin signalling is mediated via integrins and the 67-kDa laminin receptor (Figure 2)
[149]. Laminin subunit α1 (Lama1), part of the laminin 111 complex was originally
thought to be only expressed during morphogenesis. However, Lama1 was recently
shown to be a gene�c modifier of TGF-β ac�vity in the context of pulmonary fibrosis
[150]. In kidney development, the absence of Lama1 increased TGF-β induced Smad2
phosphoryla�on in knockout mesangial cells in addi�on to increased prolifera�on [151].
These studies demonstrate a strong associa�on between Lama1 and TGF-β. In a study
using Schwann cells, Armstrong et al. reported that NF-κB is induced by laminin which
had a posi�ve impact on neurite outgrowth [152]. When looking at ageing in endothelial
cells of murine origin, a shi� was found in expression of laminin β1 and laminin β2.
Culture of endothelial cells on laminin produced a difference in response to β1 and β2containing laminin showing reduced endothelial cell prolifera�on and migra�on [153].
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While the crucial func�on of laminin has been described extensively in morphogenesis
and wound repair, its involvement in senescence remains poorly understood. There is
some evidence sugges�ng that laminin is involved in senescence and this might be in a
TGF-β-dependent way or via ac�va�on of NF-κB, but this needs to be elucidated.

Extracellular matrix proteins
Matricellular proteins are dynamically expressed and secreted into the extracellular
environment but they do not contribute directly to the major fibrillar structure of the
ECM. These proteins modulate cell func�on by binding to a large variety of cell-surface
receptors, cytokines and ECM proteins. They are well-recognised proteins such as CCN
family member 1 (CCN1), fibulin, perios�n, thrombospondin, tenascin-C and decorin.
CCN1 and CCN2
The best characterised matricellular protein in rela�on to senescence is CCN1 (Figure 2).
The CCN family consists of six different types of which CCN1 and CCN2 are the most
studied in rela�on to senescence, fibrosis and cancer [154,155]. During each stage of
wound repair CCN1 plays a role in inducing senescence in fibroblasts and endothelial
cells. During the prolifera�on phase fibroblasts undergo senescence to promote
forma�on of granula�on �ssue. During the matura�on phase myofibroblasts undergo
senescence to ini�ate matrix remodelling and limi�ng fibrosis through up-regula�on of
MMPs and down-regula�on of ECM proteins [156]. Downstream targets ras-related C3
botulinum toxin substrate 1 (RAC1) and NADPH oxidase 1 (NOX1) of CCN1 are ac�vated
through the interac�on with α6β1 integrin resul�ng in ROS accumula�on leading to
senescence via the p53 and p16 pathways [157,158]. Recently, Leask et al. reported that
loss of CCN1 expression in fibroblasts caused resistance to bleomycin-induced fibrosis
but did not impair myofibroblast induc�on [159]. Interes�ngly, endogenous CCN1 leads
to matrix organisa�on and stability while CCN2 induces myofibroblast differen�a�on
[160]. In contrast, Grazioli et al. reported that CCN1 was found to be increased in COPD,
IPF and animal models of lung fibrosis exacerba�ng lung injury while inhibi�on was
found to be protec�ve of fibrosis in the kidney [161,162]. In a study using IPF fibroblasts
the essen�al role of CCN1 in media�ng profibro�c gene expression via the TGF-β/
SMAD3 pathway was demonstrated [154]. CCN2 has been reported to be a pro-fibro�c
mediator in several organs and acts downstream of TGF-β [163]. The role of CCN1 and
CCN2 has been demonstrated to be �ssue- and cell type-specific and how they
contribute to fibro�c disease remains unclear. It is plausible that ac�va�on of CCN1 and
CCN2 contributes to fibrosis by inducing senescence followed by failure of immune
clearance during repair leading to pathological senescence.
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Perios�n
Perios�n is a matricellular protein which has been associated with various disease and
pathological condi�ons including cancer and conges�ve heart failure and is highly
expressed in fibro�c disease [164-168]. In IPF, perios�n is highly expressed in fibroblas�c
foci and in vitro upon s�mula�on with IL-4 or IL-13, increased secre�on in the
supernatant of fibroblasts but not epithelial cells was found [169]. In a murine model,
neutralising an�bodies prevented bleomycin-induced fibrosis indica�ng the importance
in early onset fibrosis. Perios�n binds to ECM including collagen type 1 and fibronec�n
and transfers signals from the ECM to the cell via specific integrins (i.e., αvβ1, αvβ3,
αvβ5 and α6β4; Figure 2) to regulate cell adhesion, prolifera�on and migra�on [164]. In
cancer, high expression of perios�n is associated with increased prolifera�on, cell
invasion and metastasis through ac�va�on of the integrin-PI3K/Akt pathway [170,171].
Perios�n up-regulates TGF-β and in turn TGF-β may up-regulate perios�n providing a
complex posi�ve feedback [172]. In a recent study using human fibroblasts, Nanri et al.
found that the cross-talk between perios�n and TGF-β via SMAD3 resulted in upregula�on of CTGF, IGFBP-3, IL-11 and SERPINE1 in pulmonary fibrosis [173].
Furthermore, it was shown by Li et al. using rat cells that age-related perios�n
expression from cardiac fibroblasts promotes senescence in cardiomyocytes via the
angiotensin II-TGF-β/mitogen-ac�vated protein kinase (MAPK)/ERK pathway [174].
More recently Kim et al. demonstrated that angiotensin II mediated CCN1 induced
senescence via the angiotensin II type 1 receptor (AT1R)-p53 dependent pathway in
human coronary artery smooth muscle cells. Angiotensin II induces senescence via
ac�va�on of Erk1/2 and p38 MAPK leading to p16 and p53 expression while CCN1
mediates between Erk1/2 and p53 [175]. While there is clear evidence about the crucial
role of perios�n in fibrosis and its regulatory effect on TGF-β, there is li�le knowledge
about the influence on cellular senescence.
Fibulin
Fibulin is a secreted glycoprotein important for the stabilisa�on and binding of other
ECM proteins such as fibronec�n, PGs and laminins during collagen deposi�on [172].
The human fibulin family consist of seven members (fibulin-1–7) of which fibulin-1
expression is associated with fibrosis [176,177]. Fibulin-1 is predominantly expressed in
connec�ve �ssue that highly expresses elas�c fibres such as vessels, skin and lung [178].
The soluble form of fibulin-1 can be found in plasma and interacts with fibrinogen.
Soluble fibulin-1 is associated with disease severity in IPF and has been iden�fied as a
poten�al marker of kidney disease and diabetes [176,179]. Four different isoforms of
fibulin-1 (FBLN1A, B, C and D) are known, each with a different func�on [178]. In a recent
study it was shown that the ac�va�on of fibroblasts to myofibroblasts by TGF-β was
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substan�ally reduced in the absence of FBLN1C [177]. Furthermore, FBLN1C can
increase MMP ac�vity leading to increased produc�on of ECM fragments which could
act as DAMPs [177]. Histological staining in healthy and control lung has shown that
fibulin-1c is highly expressed in fibro�c areas of the lung while non-fibro�c areas show
li�le expression. Given that fibulins are responsible for the stabilisa�on of ECM proteins,
it is possible that fibulin-1c creates or contributes to an environment that favours
induc�on of senescence in fibroblas�c foci. Whether this is via TGF-β ac�va�on or by
direct binding of specific integrins is unknown. While the evidence suggests a strong role
of fibulin-1 in fibrosis, other members within the family are of interest as regulators of
cell func�on. Fibulin-5 can block angiogenesis by direct binding to the fibronec�n
receptors α5β1 and α4β1, and in endothelial cells it can increase the integrin-induced
produc�on of ROS [180]. In addi�on, fibulin-5 can interact with LOXL-1, -2 and -4 to
tether LOXL on to elas�c fibres [181]. A role for fibulin-3 is suggested in the pathogenesis
of OA where it has been shown that reduced levels are associated with age and high
levels with bone marrow mesenchymal stromal cells (BM-MSCs) [182]. Moreover, Chen
et al. reported that fibulin-3 func�ons as a suppressor of cancer invasion via inhibitory
effects on ERK and Wnt/β-catenin and that both fibulin-3 and 5 are down-regulated in
invasive lung cancer and metastasis [183]. Over the years several lines of evidence have
suggested that Wnt/β-catenin signalling plays crucial roles in ageing and cellular
senescence [184-187]. Modula�on of Wnt/β-catenin signalling in systemic lupus
erythematosus BM-MSCs leads to a decrease in SA-β-Gal expression and the p53/p21
pathway, and increased prolifera�on [188]. More recently, chronic Wnt/β-catenin
signalling was linked to senescence induc�on in lung epithelial cells [189]. Evidence is
accumula�ng that the fibulin family might have a poten�al role in regula�on of cellular
senescence by altering expression of the Wnt/β-catenin signalling and increasing ROS
produc�on both of which are linked to senescence and age-related pathologies (Figure
2).
Aggrecan
Aggrecan is a major glycoprotein predominantly found in ar�cular car�lage of the joint
providing a hydrated gel structure that allows the joint to withstand tremendous
pressure. Aggrecan consists of three disulphide bonded globular regions with kera�nsulphate and chondroi�n-sulphate linked to its core. Aggrecan does not exist in free
form but is found in PG aggregates, which is composed of hyaluronic acid (HA) with
mul�ple aggrecan molecules a�ached to it. While aggrecan is best understood for its
func�on in car�lage and pathogenesis of OA, there is evidence sugges�ng a role in
arterial remodelling [190]. In a recent study by Yasmin et al. it was suggested that loss of
aggrecan func�onality could impact viscoelas�c proper�es, ECM disorganisa�on and
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collagen fibril redistribu�on to modulate vessel s�ffness [191]. Addi�onally, it was
unexpectedly shown that aggrecan was expressed in normal skin and to be significantly
increased during ageing [192]. While it has been reported that PG deposi�on is altered
in disease, the exact role of aggrecan in fibrosis is poorly understood [193,194]. It is
possible that aggrecan in serum could play a role in fibrosis. CD44 is able to bind
aggrecan and is necessary for an invasive fibroblast phenotype in fibrosis [195].
Furthermore, Tsuneki and colleagues described that CD44 influences fibroblast
behaviour via modula�on of the Survivin and Hippo pathways [196]. The contribu�on of
aggrecan remains poorly understood with li�le to no evidence present that could
suggest a role in fibrosis let alone cellular senescence.
Tenascin
Tenascins are a family of giant proteins found in the ECM of embryonic �ssues, wounds,
tumours and in fibrosis. There are four different proteins named tenascin-C, -R, -W and
-X, which somewhat overlap in adult �ssue [197]. Tenascins bind to different ECM
proteins including fibronec�n, PGs and cell-surface receptors. Their func�on is cell type
specific, and tenascin can promote or inhibit cell adhesion. Tenascin-R is predominantly
found in the central nervous system during development while the others are more
widespread and can be found in connec�ve and so� �ssue [198]. Tenascin-X and -Y are
mainly found in skeletal muscle connec�ve �ssue during development while tenascin-C
and -W are expressed in a variety of developing �ssues [199]. The focus of tenascin
research has predominantly been in cell migra�on and �ssue remodelling, tumour
development or fibrosis. This review will focus on tenascin-C because of its associa�on
in pathological condi�ons such as vascular hypertension, myocardial infarc�on and
fibrosis [200-204]. There is li�le or no tenascin-C expression in healthy adult �ssue but
there is de novo expression a�er �ssue injury. Tenascin-C can interact with several cellsurface receptors such as integrins α9β1, αvβ3 and αvβ6, and toll-like receptor 4 (TLR4)
to control cell adhesion, mo�lity and prolifera�on (Figure 2). Cell adhesion can be
modulated by tenascin-C by direct interac�on with fibronec�n and integrin α5β1 to
diminish focal adhesions. Cell prolifera�on can be modulated through direct binding and
ac�va�on of EGF-receptor and tenascin-C can act as a DAMP by ac�va�ng TLR-4
[205,206]. It has been reported that TLR4 is able to up-regulate TGF-β expression in
fibrosis across mul�ple organs [207,208]. In a recent study persistent tenascin-C
deposi�on was shown to lead to ac�va�on of TLR4-dependent profibro�c responses in
skin and lung fibrosis [208]. This included enhanced expression of collagen,
myofibroblast ac�va�on, fibroblast migra�on and contrac�on, and secreted factors such
as IL-6 and TGF-β. Ac�va�on of TLR4 using lipopolysaccharide (LPS) and TGF-β has
shown a different profibro�c response between control and IPF lung fibroblasts, perhaps
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as a consequence of reduced TGF-β receptor type 1 expression on IPF fibroblasts [209].
In pancrea�c cancer Shi and colleagues described that tenascin-C can induce resistance
to apoptosis through ac�va�on of the Erk1/2/NF-κβ/p65 pathway [210]. Moreover, it
was reported that tenascin-C is able to bind several soluble factors including PDGF, VEGF,
FGF and TGF-β [211]. The affinity for growth factors could be due to the large role it plays
during �ssue repair and disease. Furthermore, growth factors bound by tenascin-C have
dis�nct roles in fibrosis, have been described to be part of the SASP and more
importantly they are targeted by the an�fibro�c drug nintedanib [212]. Taken together
it may suggeste that tenascin-C plays an important role during fibrosis by increasing
collagen produc�on, fibroblast ac�va�on and crea�ng a profibro�c environment
poten�ally contribu�ng to cellular senescence.
Decorin
Decorin is part of a small family of leucine-rich PGs that are widely expressed in different
�ssues by fibroblasts and its func�on is required for normal fibrillogenesis of collagen.
Decorin is involved in many different biological and physiological processes including
prolifera�on, differen�a�on, muscular development, regula�on of inflamma�on and
autophagy, and fibrosis of kidney and liver [213,214]. Decorin interacts with other matrix
proteins and a variety of cell surface receptors such as EGF-receptor, insulin-growth like
receptor, HGF-receptor, VEGF-receptor and PDGF-receptor. In addi�on, the family of
leucine rich proteoglycans binds secreted factors including TGF-β1 and TNF-α. Reszegi
and colleagues recently reported that decorin has a protec�ve role in liver cancer and
could theore�cally be used as a physical tyrosine kinase receptor inhibitor [215]. The
an�fibro�c proper�es of decorin have been well characterised in the last two decades.
Decorin binds and forms a complex with TGF-β, which prevents ac�va�on of the TGF-β
receptor type 1 and subsequent signalling via SMAD2/3-Erk1/2 protein [216]. The
an�fibro�c proper�es further extend by down regula�ng produc�on of fibronec�n,
thrompospondin-1, inhibi�on of collagen matura�on and increased produc�on of MMP1 [217]. Using a colon carcinoma cell-line it was shown that decorin can induce growth
suppression by up-regula�ng p21 and CDK in a p53 and TGF-β independent pathway
[218]. Overexpression of decorin in the adenocarcinoma cell-line A549 resulted in an
increase in p21 and p53 expression and decreased phosphoryla�on of EGF-receptor
leading to inhibi�on of metastasis [219,220]. In a study comparing COPD to control
fibroblasts it was suggested that cellular senescence is associated with deregula�on of
ECM expression. A nega�ve correla�on was shown between decorin and p16 expression
[221]. The reported an�fibro�c effect of decorin has been documented in the literature
but the effect on cell-cycle progression has been given much less a�en�on. Interes�ngly,
decorin also has the ability to induce premature apoptosis in dermal fibroblasts
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contribu�ng to hypertrophic scarring [222]. It is possible that decorin induces cell-cycle
inhibi�on in pre-senescent cells but fails to induce apoptosis in this specific phenotype.
In addi�on, it was reported that cleaved fragments from decorin in serum correlate with
disease severity in both cancer and fibrosis [223]. In the next sec�on of the review the
role of decorin as a DAMP will be discussed in more detail.

2

Figure 2. The diagram highlights the different pathways that ECM proteins ac�vate and the
downstream targets that poten�ally contribute to cellular senescence in fibrosis. Fibronec�n
binds to integrin αvβ3 and ac�vates the PI3k/Akt pathway, resul�ng in the inhibi�on of cellular
senescence. Decorin binds to receptor tyrosine kinase and ac�vates the RAS/RAF pathway, which
eventually leads to the up-regula�on of the cell-cycle inhibitors p16, p21 and phospo-p53. CCN1
binds to the α6β3 integrin which colocalises with HSPG to ac�vate the downstream RAC1 pathway,
resul�ng in increases in ROS produc�on. Subsequently, increased levels of ROS leads to a DNA
damage repair response that induces cell-cycle arrest via increases in p16, p21 and phospo-p53.
Elas�n fragments binds to EBP to interact with PPARγ, which lead to cell-cycle arrest via changes
in the expression of p16. Tenascin-c binds to αvβ3 and induce the ac�va�on and nuclear
transloca�on of NF-κB which leads to increases in apoptosis resistance as well as the up-regula�on
of growth factor and cytokine expression. Fibulin-1 may increase ROS produc�on leading to cellcycle arrest while limi�ng the Wnt/β-catenin pathway which protects against senescence.
Perios�n can directly ac�vate the TGF-β pathway which leads to increase produc�on of profibro�c
factors. Laminin can directly ac�vate the TGF-β pathway leading to profibro�c factor produc�on
and NF-κB ac�va�on which reinforce growth factor produc�on and resistance to apoptosis.
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ECM-derived DAMPs inducing Pro-inflammatory responses in
IPF
It has become increasingly evident that the ECM has important immunomodulatory
proper�es. The ECM can act as a reservoir for cytokines and matrikines which can be
liberated from the ECM. Matrikines are small pep�des proteoly�cally cleaved from the
ECM macromolecules in order to regulate cellular func�ons, including cell migra�on,
prolifera�on, and death [224]. Another important immunomodulatory func�on of the
ECM is to signal damage and danger, and subsequently alert and ac�vate the immune
system. The signalling of damage and danger is done by the release of danger signals or
DAMPs from the ECM [225]. DAMPs were first proposed by Polly Matzinger in 1994
when she described the danger theory [226]. This theory states that not only molecular
products derived from ‘strangers’, or pathogen-associated molecular pa�erns (PAMPs)
can ac�vate the immune system, but similar molecular pa�erns derived from damaged
or death host-cells can also ac�vate the immune system using the same receptor and
signalling pathways. The list of currently known DAMPs is extensive and s�ll growing
[225,227,228]. However, all DAMPs have in common that they are ac�vely or passively
released upon cellular or structural damage and that they elicit pro-inflammatory
func�ons by ac�va�on of PRRs upon release which are dis�nct from their physiological
func�ons [225]. Currently, there are five main classes of PRRs: (1) TLRs, transmembrane
proteins located at the cell surface or intracellularly on endosomes; (2) NOD-like
receptors (NLRs), located in the cytoplasm; (3) C-type lec�n receptors (CLRs), which are
transmembrane receptors located at the cell surface; (4) RIG-I-like receptors (RLRs),
which are also located intracellularly and (5) the Receptor for Advanced Glyca�on End
products (RAGE) a transmembrane protein located at the cell surface [229]. Upon
ac�va�on of PRRs by DAMPs, downstream signalling pathways are ac�vated, including
NF-κB, MAPK and type I interferon pathways, leading to the release of pro-inflammatory
cytokines and chemokines (e.g. IL-6, chemokine ligand (CXCL) 8 and TNF-α), ul�mately
resul�ng in ac�va�on of the immune system and a�rac�on of immune cells to the site
of damage [230]. Next to DAMPs derived from intracellular compartments upon release
during cell death, it has been shown that the proteoly�c cleavage of ECM
macromolecules leads to the release of pro-inflammatory pep�des, coined ECM DAMPs
[231,232]. Examples of ECM DAMPs are fragments from (1) GAGs such as, low-molecular
weight hyaluronan and heparan sulphate, (2) PGs such as, decorin, biglycan, aggrecan
and versican and (3) glycoproteins such as, fibronec�n, fibrinogen and tenascin-C. All
these pep�des can be cleaved by proteases, such as MMPs, ADAMs or more specific
proteases, including hyaluronidase and heparanase and that they can induce a proinflammatory response by ac�va�on of PRRs such as TLRs, RAGE and NLRP3. Which
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proteases cleave the different ECM DAMPs and the exact receptors and downstream
signalling pathways are reviewed in detail elsewhere [231,232].
Li�le is known about the role of extracellular DAMPs in the pathophysiology of IPF. Given
the fact that IPF is characterised by the exaggerated deposi�on of ECM within lung �ssue
it is en�cing to speculate about the role of ECM DAMPs in IPF. Although many studies
have been performed inves�ga�ng individual ECM DAMPs in the context of IPF, no
studies have been performed inves�ga�ng the role of ECM DAMPs in a more structured
and controlled fashion. Most studies have inves�gated the levels of specific ECM DAMPs
by either measuring the intracellular expression levels by western blot or mRNA
expression or the protein concentra�on within the ECM by immuno-histochemistry.
While an increased intracellular expression or increased ECM deposi�on of ECM DAMPs
may be indica�ve for increased cleavage of pro-inflammatory ECM DAMP fragments it is
not directly correlated. In order to study ECM DAMPs they should be assessed in the
context of fragments released into the extracellular space, for instance by measuring
ECM DAMPs in serum, plasma, sputum, bronchoalveolar lavage fluid (BALF) or epithelial
lining fluid.
Several studies have been performed inves�ga�ng the extracellular fluid levels of ECM
proteins such as fibronec�n. Fibronec�n has several isoforms, which all originate from
the same gene. One of these isoforms is referred to as fibronec�n-EDA [233].
Fibronec�n-EDA is enriched at sites where �ssue remodelling due to inflamma�on is
present and has the ability to ac�vate the immune system by binding TLR4, thereby
ac�ng as a DAMP [234,235]. In addi�on, increased splicing of Fibronec�n-EDA is linked
to ageing. Although the levels of fibronec�n-EDA have not been measured in
extracellular fluids of IPF pa�ents to date, using a targeted mass-spectrometry approach
it was shown that the plasma levels of fibronec�n were significantly lower in plasma of
IPF pa�ents compared with matched healthy controls [236]. In contrast, the levels of
fibronec�n in BALF were shown to be two- to three-fold increased in IPF pa�ents
compared with healthy controls [237]. This was supported by a second study showing a
two-fold increase in fibronec�n in BALF of IPF pa�ents, however the study lacked the
sta�s�cal power to reach significance [238]. Together, these studies indicate that
fibronec�n is locally released in lung �ssue in IPF pa�ents, but the leakage of
extracellular fibronec�n into the circula�on is limited. This may lead to a local
inflammatory response a�rac�ng innate immune cells to the site of release.
Another ECM glycoprotein with the ability to ac�vate TLR4 upon release from the ECM
is fibrinogen. Bargagli and colleagues described that the levels of fibrinogen were more
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than three �mes as high in pa�ents with IPF compared with healthy controls.
Interes�ngly, the levels were not different between IPF pa�ents in stable disease and IPF
pa�ents which experienced an acute exacerba�on [239]. Tenascin-C is another
glycoprotein with DAMP proper�es, that can ac�vate TLR4 when released from the ECM
[231]. One study inves�ga�ng the levels of tenascin-C in serum and BALF in pa�ents with
idiopathic inters��al pneumonias found no differences in both serum and BALF levels of
tenascin-C between healthy controls and IPF pa�ents [240]. However, the serum
tenascin-C levels were significantly increased in pa�ents with cryptogenic organising
pneumonia (COP) and the BALF tenascin-C levels were increased in both COP and nonspecific inters��al pneumonia pa�ents [240].
Several studies have been performed inves�ga�ng decorin in the context of IPF. Decorin
has been shown to be immunos�mulatory when it is proteoly�cally cleaved by MMP3,
MMP13 or cathepsin-S and released from the ECM into the extracellular space
[241,242]. Cleaved decorin has a small protein core which is up to 42 kDa and contains
a leucine-rich-repeat that is also present on TLRs and NLRs, enabling it to ligate and
ac�vate these PRRs [243]. In soluble form, decorin can ac�vate TLR2 and TLR4,
increasing ac�vity of the p38 MAPK and ERK pathways and resul�ng in the synthesis of
pro-inflammatory cytokines like IL-1β and TNF-α [244] (Figure 3). Interes�ngly, Kehlet
and colleagues reported in two independent cohorts that decorin fragments specifically
degraded by cathepsin-S are significantly increased in serum of IPF pa�ents compared
with healthy controls [223]. This was shown by an elegantly designed ELISA assay that
specifically detects decorin fragments that are cleaved by cathepsin-S [223]. Another
study found that serum decorin levels significantly correlated with oxygena�on, and that
IPF pa�ents with low serum decorin levels showed a significantly higher survival rate
compared with IPF pa�ents with high serum decorin levels [223]. These data indicate
that in IPF there is increased breakdown of decorin which produces increased circula�ng
levels of pro-inflammatory decorin fragments, which may contribute to the
development of IPF.
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Figure 3. ECM DAMP receptor ac�va�on leading to increased pro-inflammatory cytokine
release. ECM DAMPs such as soluble decorin, tenascin-c and fibrinogen can ac�vate an
inflammatory response by binding to the TLR2 and TLR4 receptors. TLR ac�va�on leads to nuclear
transloca�on of NF-κB and subsequent ac�va�on of pro-inflammatory cytokines that comprise the
SASP such as IL-1β, IL-6, CXCL8, interferon (IFN)-γ and TNF-α (Created with BioRender.com).
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Targe�ng senescence as a poten�al therapeu�c approach for
the treatment of fibro�c disease
Current therapeu�c approaches for modula�ng senescence aim to specifically kill
aberrant cells that have entered the senescent state and are having a detrimental effect
on the �ssue microenvironment. Such agents are being newly developed for this
purpose, but also include several drugs (for example querce�n and dasa�nib; Table 1)
that were originally developed for targe�ng tumours. However, as some of the markers
that are present in malignant cells are also specifically expressed in senescent cells these
agents have now been repurposed as senoly�c agents [245]. These drugs have been
shown to effec�vely reduce the number of senescent cells, and in some cases decrease
fibrosis, at least in preclinical models, poten�ally through modula�on of the proinflammatory SASP released by the senescent cells [61,246]. In a first human, open label
pilot study, the poten�al applica�on of dasa�nib and querce�n was tested in 14 pa�ents
with IPF [247]. One pa�ent had a serious adverse event during the three-week trial and
mild-moderate adverse events included respiratory symptoms, skin irrita�on/bruising
and gastrointes�nal complaints. There was a significant improvement in the physical
condi�on of the pa�ents, but the pulmonary func�on of the pa�ents did not change
within this short trial period. Circula�ng SASP factors were measured, and while no
significant change was reported there was a sugges�on of reduced levels of selected
proteins important for fibro�c remodelling, including IL-6, MMP and TIMP2 in at least 8
of the pa�ents. Intriguingly, changes in pulmonary func�on and physical condi�on of the
pa�ents correlated with changes in the circula�ng levels of matrix remodelling proteins.
While this is a very early study that needs to be validated in a much larger popula�on in
a randomised controlled trial, these observa�ons further suggest that the role of the
ECM should not be overlooked when striving to understand the regula�on of senescence
in fibrosis.
The second approach for modula�ng senescence in vivo strives to interfere with the
impact of the released elements of the SASP using drugs named senomorphics. This
approach aims to block the components of the SASP from signalling to surrounding cells
and in this way reduce the damaging effects of the senescent cells. As ECM remodelling
components are recognised elements of the SASP, an innova�ve approach would be to
begin exploring how blocking the ac�vity of these proteins and enzymes impacts the
fibro�c disease phenotype. In line with this, there is a need to inves�gate the
therapeu�c op�ons of inhibi�ng either the release or ac�vity of ECM DAMPs in fibrosis.
DAMPs, have been well characterised in terms of their role in inflammaging, par�cularly
RAGE ligands, which have a well characterised role in innate immune driven pathologies
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such as COPD, OA and asthma [248-251]. However, the contribu�on of DAMPs and the
effect of targe�ng this therapeu�cally in fibrosis is less well explored. Majewski and
colleagues examined the levels of IL-25, IL-33 and thymic stromal lymphopoie�n (TSLP)
in pa�ents with IPF and followed them a�er one year of treatment with the an�fibro�c
drugs nintedanib or pirfenidone [252]. The baseline levels of TSLP were elevated in IPF
pa�ents compared with controls, while IL-25 and IL-33 levels did not vary. Strikingly,
pa�ents showed reduced levels of both TSLP and IL-25 in exhaled breath condensate
a�er twelve months of treatment with pirfenidone, but not nintedanib. The
inves�gators did not measure the levels of ECM DAMPs in this study leaving an open
ques�on as to the likely impact of these an�fibro�c therapeu�cs on ECM DAMPs.
An unexplored realm for modula�ng senescence in fibro�c diseases, is through
modula�ng the ECM changes directly. It is recognised that the SASP released by
senescent cells can induce ECM structural changes and s�ffening of the local �ssue
microenvironment [253] (reviewed in [254]). These changes are well characterised in
fibro�c �ssues and are known to drive aberrant cell func�ons including, but not limited
to, enhanced prolifera�on, migra�on, cytokine/growth factor produc�on and ECM
deposi�on and crosslinking [17,255,256]. Given the role of senescence in regula�ng
�ssue repair, it would seem logical that the altered ECM would also give rise to a greater
number of senescent cells as part of the natural defence response. Cell interac�ons with
the ECM, via integrin α6β1 and the matricellular protein CCN1 [157,257,258], or integrin
αvβ3 [259] exemplify interac�ons that induce senescence. Therefore, exploring
therapeu�c op�ons for targe�ng these cell-matrix interac�ons orchestrated via these,
and possibly other, integrins may hold promise for regula�ng senescence.
The influence of the currently approved an�fibro�c therapeu�cs nintedanib and
pirfenidone on the induc�on of senescence has not been directly examined. Both of
these drugs are known to modulate the produc�on of major ECM proteins including
collagen I and fibronec�n in in vitro or ex vivo models [260,261]. In vivo, administra�on
of both an�fibro�c therapies did not modulate the senescence markers p16 or p21 nor
the deposi�on of dense collagen deposits in lung �ssues collected at the �me of lung
transplanta�on. The lack of effec�veness of these therapies in this instance may reflect
the end stage disease �ssues examined in this study [262]. Encouragingly, both
nintedanib and pirfenidone inhibited collagen fibril forma�on in vitro, an important step
in the early stages of the deposi�on of collagen fibres driving the development of
fibrosis, and returned the microscopic appearance of the fibres deposited by fibroblasts
derived from donors with IPF to an appearance more like those deposited by fibroblasts
from a healthy donor [261]. The structural organisa�on and crosslinking of the ECM, as
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directed by LOX family enzymes, deposited by IPF fibroblasts dictated the subsequent
response, in terms of a�achments and prolifera�on, of other fibroblasts that were then
exposed to this environment [263]. While this study did not examine the senescence
characteris�cs of cells exposed to the IPF-derived ECM it would be an important follow
up for understanding the poten�al for modula�ng the ECM microenvironment as a tool
for controlling senescence in the fibro�c environment.
This review has highlighted the poten�al feedback loop resul�ng in enhanced
senescence driven by cellular responses to their altered ECM microenvironment. As our
understanding of the mechanisms underlying the effec�veness of the approved
an�fibro�c therapies for lung fibrosis, nintedanib and pirfenidone, and further
explora�on of novel an�fibro�c therapies advances (Table 1), new possibili�es for
modula�ng levels of senescence with increasing finesse should emerge.
Table 1. List of drugs that are approved and/or in clinical trials for the treatment of fibrosis
Drugs

Class

Disease
IPF/CKD

Phase

Iden�fier

Pirfenidone

Immunosupressant

Nintedanib

Mul�kinase inhibitor IPF

Approved for IPF

Dasa�nib

Senoly�cs

IPF

Phase 3

NCT02874989

Querce�n

Senoly�cs

IPF

Phase 3

NCT02874989

Phosphodiesterase
4B inhibitor

Selec�ve inhibitor

IPF

Phase 3

NCT04419506

Pamrevlumab

An�body

IPF

Phase 3

NCT03955146

Inhaled nitric oxide

Gas

IPF/Hypertension

Phase 3

NCT03267108

Pentraxin-2

Recombinant protein IPF

Phase 3

NCT04552899

GB0139

Galec�n-3 inhibitor

Phase 2a

NCT03832946

GSK2126458

PI3Ks/mTOR inhibitor IPF

Phase 1

NCT01725139

IPF

Approved for IPF

IPF; Idiopathic Pulmonary Fibrosis

Concluding remarks
In this review, we discussed the current knowledge about the ECM a as modulator of cell
func�on and how this could poten�ally contribute to the senescent phenotype observed
in chronic fibro�c diseases. The poten�al of ECM as a regulator of cellular senescence is
described in several ECM components across a variety of �ssues while some ECM
components may prevent cellular senescence (Figure 2). Moreover, the ability to
regulate cell func�on was not always directly a�ributed to the ECM component itself i.e.
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binding to cell-surface receptors, but rather by the ability to bind SASP factors and serve
as a reservoir for growth factors/cytokines. Furthermore, some ECM components are
described as having a strong regulatory effect once cleaved and released as danger
molecules in the environment (Figure 2).
While our knowledge has tremendously increased over the last three decades, much
remains unclear as to how the specific ECM components play a role in regula�ng or
contribu�ng to pathological disease states such as fibrosis. Much of what we know
about the func�on of ECM has been discovered in rela�on to cancer research, which
shares similar mechanisms with fibrosis. It is interes�ng that the majority of
matricellular proteins described in the literature show a stronger regulatory effect
towards cellular senescence than the main proteins collagen, elas�n and laminin.
Interes�ngly, fragments of these proteins have a strong response. Although these
proteins have been extensively inves�gated, their associa�on with senescence remains
poorly understood considering the important role they play for providing structure and
stability. The matricellular proteins CCN1, decorin, perios�n and tenascin-C all have in
common that they might contribute to senescence by regula�ng cell-cycle, apoptosis
and produc�on of secreted factors (Figure 4). In contrast fibronec�n and fibulin can act
both as inhibitor and promotor of cellular senescence. Lastly most DAMPs released from
matricellular proteins lead to a pro-inflammatory response via TLR receptors
contribu�ng to up-regula�on of secreted factors which are shared with the SASP from
senescent cells.
Cellular senescence and the regula�on or induc�on by aberrant ECM contributes to a
nega�ve feedback loop in which both reinforce each other. It is difficult to know if
senescence is a result of dysregulated ECM deposi�on, or dysregulated ECM is a
consequence of senescent cells. There remain many mysteries as to how the different
ECM components can regulate cellular senescence in chronic fibro�c disease. New
therapies that combine an�fibro�cs and senoly�cs might be able to interrupt the
nega�ve feedback loop and interfere with both the aberrant produc�on of ECM and aid
in clearance of senescent cells to ul�mately halt or reverse disease progression.
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Figure 4. The binding of ECM DAMPs to TLR2/4 ac�vates the produc�on of pro-inflammatory
cytokines that comprise the SASP of senescent cells in fibrosis. Binding of ECM proteins to their
respec�ve receptors (i.e. integrins or RTK) leads to the induc�on of cell-cycle arrest and an
increase in apoptosis resistance. Addi�onally, up-regula�on of profibro�c/pro-inflammatory
cytokines reinforces the senescent phenotype in an autocrine dependent manner while also
spreading senescence to neighbouring cells as part of a feedback loop.
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Abstract
In idiopathic pulmonary fibrosis (IPF) there is excessive ECM deposi�on, increased
s�ffness and ul�mately destruc�on of lung parenchyma. IPF presents mainly in the
elderly, implying that senescence, a hallmark of ageing, contributes to disease
progression. Senescence is associated with structural changes seen in ageing and several
studies reported that IPF is characterised by increased senescence. Evidence is
accumula�ng that the structural changes, such as pathological s�ffness might contribute
to senescence. This study inves�gated if increased �ssue s�ffness could modulate
markers of senescence and the fibro�c response in primary lung fibroblasts. We
generated hydrogels that resemble healthy and fibro�c s�ffness in IPF. We then cultured
control lung fibroblasts on top of the hydrogels for up to seven days before assessing
cellular senescence and fibrosis markers. Fibroblasts cultured on s�ff (±15kPa) hydrogels
showed increased Yes-associated protein 1 (YAP) nuclear transloca�on in response to
s�ff hydrogels. There was increased secre�on of receptor ac�vator of nuclear factor
kappa-B ligand (RANKL) but no change in Transforming Growth Factor-β1 (TGF-β1).
There was upregula�on of fibrosis-associated gene expression of ACTA2, collagen (col)
1α1 and Fiblin-1 (Fbln1). Furthermore, there was increased deposi�on of decorin (DCN)
and Fbln1 on s�ffer hydrogels a�er seven days. Exposure to fibro�c s�ffness ac�vates
genes and secreted factors in lung fibroblasts that are part of the cellular senescence
and fibrosis. This overlap may contribute to the crea�on of a feedback loop whereby
fibroblasts create a perpetua�ng cycle reinforcing disease progression in IPF.
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Introduc�on
The extracellular matrix (ECM) is a complex structure composed of various proteins,
proteoglycans and other biological factors that are secreted and / or modified by cells
embedded within this microenvironment [1]. Our understanding of ECM has greatly
advanced in the last decade, par�cularly with respect to its role in providing essen�al
biochemical and biomechanical cues that regulate cellular func�ons [2, 3]. During
normal �ssue homeostasis, fibroblasts that reside in the ECM are maintained in a
quiescent state; meaning they do not proliferate but secrete, sustain, and remodel the
ECM. The biomechanical cues provided by the ECM regulate cellular processes such as
adhesion, migra�on, prolifera�on and differen�a�on [4, 5]. Using specific receptors,
including integrins, fibroblasts are able to sense and respond to changes in the ECM [6].
The mechanical forces that are generated in response to changes in the ECM local
environment generate signals within the cell that rapidly propagate and ac�vate
signalling pathways [7].
The remodelling of ECM during fibrosis leads to a change in composi�on, structural
organisa�on, increased crosslinking and ul�mately increased s�ffness. These changes
greatly influence the biochemical and biomechanical proper�es of the ECM, leading to
altera�ons in cellular response such as migra�on and prolifera�on [8]. Tissue damage
that leads to disrup�on of mechanical homeostasis drives mechano-ac�va�on of
quiescent fibroblasts into myofibroblasts, which is a feature of �ssue wound repair [9].
A�er successful wound repair myofibroblasts are cleared from the �ssue via apoptosis
to prevent excessive ECM produc�on and contrac�on [10]. Myofibroblasts are
characterised by expression of contrac�le proteins such as α-smooth muscle ac�n
(αSMA) and their ability to contract �ssue. During repair they play a key role in
remodelling the injured �ssue and are responsible for excessive ECM deposi�on in
fibro�c diseases such as idiopathic pulmonary fibrosis (IPF). Furthermore, as a direct
effect of increased matrix s�ffness, fibroblasts will produce and secrete transforming
growth factor (TGF)-β1, a key fibrogenic mediator [11, 12]. The increased s�ffness and
secre�on of cytokines reinforce the ac�va�on which results in myofibroblast ac�va�on
and progression of fibrosis crea�ng a perpetua�ng feedback loop [13].
IPF is a fibro�c lung disease of unknown ae�ology characterised by excessive ECM
deposi�on, increased ECM s�ffness and ul�mately destruc�on of lung parenchyma [14].
In IPF, the Young’s modulus (s�ffness) of lung �ssue has been recorded to be as high as
50 kPa, whilst in healthy lung �ssue, the Young’s modulus does not exceed 5 kPa [14, 15].
It is thought that IPF arises from an aberrant repair response that originates in the
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alveolar epithelium, and it is subsequently perpetuated by disrupted crosstalk between
the epithelium and fibroblasts in lung parenchymal �ssue. Recent studies have shown
that senescence in both alveolar epithelial cells and fibroblasts contribute to these
pathological changes in IPF [16, 17]. Cells that undergo (premature) cellular senescence
show marked changes in morphology, phenotype and metabolism. Most notably,
irreversible cell-cycle arrest and apoptosis resistance are defining features of cellular
senescence. Senescent cells remain metabolically ac�ve and acquire a dynamic proinflammatory secretory profile known as the Senescence-Associated Secretory
Phenotype (SASP) [18]. The SASP is comprised of differently secreted pro-inflammatory
and pro-fibro�c cytokines which impact on neighbouring cells and the local
microenvironment [19]. To which degree the altered ECM in IPF contributes to disease
progression is not yet fully understood, specifically in rela�on to cellular senescence.
Evidence is emerging that increased �ssue s�ffness might contribute to cellular
senescence. Recently it was described that s�ffness could lead to increase ROS
produc�ons which is linked to cellular senescence via ac�va�on of STAT3 [20, 21]. In
addi�on, pathological s�ffness leads to upregula�on of TGF-β1, lysyl oxidase (LOX) and
downregula�on of micro-RNA-29 together with increased deposi�on of matricellular
proteins they could poten�ally regulate cell-cycle arrest, apoptosis and produc�on of
cytokines [8]. Increased ECM s�ffness may drive excessive ECM produc�on crea�ng a
perpetua�ng feedback loop in favour of disease progression. We hypothesised that the
increased s�ffness of fibro�c ECM detrimentally influences fibroblast func�on to
perpetuate disease progression in IPF. Here we aimed to inves�gate whether adjus�ng
the s�ffness of in vitro produced methacrylated-gela�ne (GelMA) hydrogels resembling
the s�ffness of healthy and fibro�c �ssues could modulate cellular senescence and the
fibro�c response in primary human lung fibroblasts.

Materials and methods
Methacrylated-gela�ne synthesis
Gela�ne was func�onalised as described before with small modifica�ons to the original
protocol [22]. Ten grams medical grade 262 Bloom Type A gela�ne (Gelita, Ter
Apelkanaal, the Netherlands) was added to 1L 0.25M carbonate-bicarbonate (CB, SigmaAldrich , Zwijndrecht, the Netherlands) buffer pH 9 and allowed to dissolve at 50°C for
60 minutes. Hea�ng was turned off and then 563µL methacrylic anhydride (MAA; SigmaAldrich, CCID: 12974) was added dropwise in three steps. Ten minutes a�er each step
the pH was measured and corrected using a 3M NaOH (Sigma-Aldrich, CCID: 14798)
solu�on to maintain pH 9. The gela�ne-MAA solu�on was allowed to react overnight at
room temperature (RT) while s�rring. The next day the GelMA solu�on was dialysed
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using dialysis with molecular weight cut off of 12 – 14kDa (Sigma-Aldrich) for up to 5
days against deionised water pH 9. A�er dialysis, GelMA solu�on was aliquoted in 50mL
tubes, frozen with liquid nitrogen and lyophilised on a Labconco Freezone 2.5 Litre
benchtop freeze-dryer (Labconco, Kansas City, MO, USA). Samples were considered dry
when weights of the tubes were stable. Three batches were produced and combined to
minimise batch-to-batch varia�on.
Trinitrobenzenesulfonic acid assay
The degree of modifica�on of GelMA was measured using a Trinitrobenzenesulfonic acid
(TNBS) colorimetric assay [23]. Two mg of dry GelMA and gela�ne were dissolved in 1mL
of 4% w/v sodium bicarbonate solu�on (Sigma-Aldrich) and 1mL of 0.5% w/v TNBS
solu�on (Sigma-Aldrich, CCID:11045) followed by incuba�on at 40°C with mild shaking
for two hours. A�erwards, the solu�on was transferred to a 7.5mL glass bo�le and 3mL
6N HCL solu�on (Sigma-Aldrich, CCID: 313) was added to stop the reac�on. Unreacted
TNBS was extracted twice with diethyl ether (Sigma-Aldrich, CCID: 3283) by removing
the upper phase. Absorbance (346nm) of samples was measured using a Benchmark
plus UV-VIS spectrophotometer (Bio-Rad Technologies). A blank sample was generated
as described above but without the addi�on of GelMA or gela�ne and was subtracted
from each measurement. The degree of func�onalisa�on (%DoF) was calculated using
the formula: [(AbsGela�ne – AbsGelMA) / AbsGela�ne] x 100%
Fabrica�on of GelMA Hydrogels
GelMA samples were dissolved at 5 and 8% w/v in PBS containing 1% w/v filter sterilised
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP; TCI Europe, Zwijndrecht,
Belgium, CCID: 68384915), and kept in the dark at 37°C prior to usage. To assemble the
gels, 400µL of 5 or 8% GelMA solu�on was added per well of a 24-well plate (Corning,
New York, USA) and irradiated using a Unic nail dryer (MEANAIL© Paris, France)
equipped with a UV/VIS (405nm) LED lamp for 4 minutes at 20mW/cm2. A�er
irradia�on, gels were allowed to swell overnight in low glucose Dulbecco’s Modified
Eagle Medium (DMEM) (Lonza, Geleen, the Netherlands) supplemented with 10% foetal
bovine serum (FBS) (Sigma-Aldrich), 100U/mL penicillin and 100µg/mL streptomycin
(Gibco, Breda, the Netherlands), and 1% GlutaMAX (Gibco) prior to use in experiments.
This media was referred to as complete growth media.
Mechanical tes�ng with low load compression tes�ng
Mechanical proper�es of the GelMA hydrogels were measured using Low Load
Compression Tes�ng (LLCT) as previously described [15]. LLCT analyses were performed
on three different loca�ons (2.5mm apart) of each hydrogel with a 20% fixed strain rate.
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The stress and strain values for each measurement were determined using formulas (i)
and (ii), respec�vely. Young’s modulus (E, i.e. s�ffness) values were calculated from the
slope of the linear region of the Stress-Strain graph, using formula (iii). A�er the peak
value, the viscoelas�c relaxa�on measurement was performed for 5 seconds and the
relaxa�on percentage was measured according to the formula (iv).

Human lung �ssue
Primary human lung fibroblasts (LFs) were obtained from subjects undergoing lung
transplanta�on or tumour resec�on surgery at the University Medical Center Groningen.
The protocol was consistent with the Research Code of the UMCG (h�ps://
www.umcg.nl/EN/Research/Researchers/General/Research Code/Paginas/default.aspx)
and na�onal ethical and professional guidelines (“Code of conduct; Dutch federa�on of
biomedical scien�fic socie�es,” h�ps://www.federa.org). Fibroblasts were isolated from
macroscopically and histologically normal �ssue as described before [24].
Table 1 shows the characteris�cs of fibroblast donors used in this study: comprising 6
female and 1 male donors, 4 current smokers, 2 ex-smoker and 1 never smoker. The
average age of the donors was 51.6 ± 7.87 years, all of which had normal lung capacity
as demonstrated by a forced expiratory volume in 1 second/forced vital capacity (FEV1/
FVC) that was above 70%.
Table 1. Characteris�cs of fibroblast donors
Donor #

Sex

Age

Smoking History

Pack Years

FEV1/FVC

1

F

49

Current

33

82.3

2

F

50

Never

0

77.9

3

F

47

Current

30

73.9

4

F

51

Current

70

78.3

5

F

49

Ex

35

77.7

6

F

46

Ex

32

81.5

7

M

69

Current

20

70.0

F = Female; M = Male; Ex = Former smoker

Cell culture
Primary LFs were cultured in complete growth media and used between passage 3 to 5
[19]. LFs were rou�nely checked for mycoplasma infec�on using a PCR assay, and only
used when cer�fied nega�ve [25]. To improve a�achment of fibroblasts, hydrogels were
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coated with a 5% w/v Bovine Serum Albumin (BSA) solu�on (Sigma-Aldrich) in low
glucose DMEM for 24 hours prior to cell seeding. Twenty thousand LFs/gel were seeded
on top of so� and s�ff GelMA hydrogels in complete growth media. A�er 24 hours, the
media was replaced with fresh complete growth media, and cells were allowed to grow
for another 6 days a�er which supernatant, RNA, hydrogels for live/dead stain and
immunofluorescent staining were harvested. Supernatants were collected, pooled and
centrifuged for 5 minutes at 300 x g to remove debris and dead cells a�er which the cellfree supernatants were stored at -80°C. Hydrogels in RNA lysis buffer (Machery-Nagel,
Düren, Germany) were stored at -80°C un�l RNA isola�on. Hydrogels for
immunofluorescent imaging were fixed in 2% paraformaldehyde (PFA; Sigma-Aldrich)
and 0.2% glutaraldehyde in PBS for 30 minutes. The hydrogels were then washed three
�mes in PBS and stored in PBS supplemented with 1% Pen/Strep at 4°C un�l analyses.
Live and dead cell assays
Cell viability a�er 1 and 7 days was examined using Calcein AM (Thermo Scien�fic,
Breda, the Netherlands, CCID: 390986) for live cells and propidium iodide (PI; SigmaAldrich, CCID: 104981) for dead cells. Briefly, GelMA hydrogels were washed and
incubated with Hank’s Balanced Salt Solu�on (HBSS; Gibco) containing magnesium and
calcium for 20 minutes at 37°C. A working solu�on was prepared containing 5 µM
Calcein AM and 2 µM PI in HBSS, which was added to the GelMA hydrogels before they
were incubated for 20 minutes in the dark. Images were captured using a EVOS Cell
Imaging System (Thermo Scien�fic). ImageJ was used to create an overlay of both GFP
and Texas Red channels without modifica�ons [26].
Gene expression analysis
Total RNA from GelMA hydrogels was isolated using a Nucleospin RNA isola�on kit
(Machery-Nagel). Media was removed and lysis buffer in a 1:3.3 sample-to-buffer ra�o
was added to each well before incuba�on for 15 minutes on ice, a�er which the samples
(gel and lysis buffer) were stored at -80°C. Samples were thawed on ice and mixed
thoroughly before the lysis buffer was transferred to a new Eppendorf tube without the
GelMA hydrogel. RNA isola�on was performed according to the manufacturer’s
instruc�ons. Total RNA was quan�fied using the Qubit HS RNA assay kit (Thermo
Scien�fic) according to the manufacturer’s instruc�ons. RNA was reversed transcribed
into cDNA using the ReverseAid First Strand cDNA Synthesis Kit (Thermo Scien�fic). DNA
was amplified using GoTaq Probe qPCR Master Mix (Promega, Leiden, the Netherlands)
and TaqMan Gene Expression Assay (Thermo Scien�fic) on a ViiA7 Real-Time PCR System
(Applied Biosystems, Breda, the Netherlands) with the relevant predeveloped primers
listed in table 2 (Thermo Scien�fic).
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Table 2. Primers and probes with designated exon boundaries
Gene

Number

Exon Boundary

18S

Hs99999901_s1

1-1

CDKN2A

Hs00923894_m1

2-3

CDKN1A

Hs00355782_m1

2-3

IL-6

Hs00174131_m1

4-5

CXCL8

Hs00174103_m1

1-2

DCN

Hs00370385_m1

7-8

ACTA2

Hs00426835_g1

2-3

COL1A1

Hs00164004_m1

1-2

FN1

Hs01549976_m1

8-9

FBLN1

Hs00242545_m1

13-14

FBLN1C

Hs00242546_m1

14-15

LOX

Hs00942483_m1

5-6

TGF-β1

Hs00998133_m1

6-7

18S ribosomal RNA = 18S, Cyclin-dependent kinase inhibitor 2A = CDKN2A, Interleukin 6 = IL-6, Chemokine
ligand 8 = CXCL8, Decorin = DCN, Ac�n alpha 2 = ACTA2, Collagen 1α1 = COL1A1, Fibronec�n = FN1, Fibulin-1
= FBLN1, Lysyl oxidase = LOX, Transforming growth factor β1 = TGF-β1

Immunofluorescence
For immunofluorescence cells were washed twice with PBS and fixed with 2% PFA/0.2%
glutaraldehyde (Sigma-Aldrich) in PBS for 20 minutes at room temperature. Fixed cells
were permeabilized with 0.5% Triton X-100 in PBS for 10 minutes and incubated with
2.2% bovine serum albumin (BSA) for 30 minutes. Next cells were incubated with
primary an�bodies for 16 hours: rabbit polyclonal to YAP (GeneTex Cat# GTX129151, 0.3
µg/ml, RRID:AB_2885910), mouse monoclonal to P16 (Abcam Cat# ab54210, 2.5µg/ml,
RRID:AB_881819), rabbit polyclonal to Decorin (Proteintech Cat# 14667-1-AP, 0.9 µg/ml,
RRID:AB_2090265) 14667-1-AP; ThermoFisher), rabbit polyclonal to fibulin-1 (Thermo
Fisher Scien�fic Cat# PA5-103841, 3.33 µg/ml, RRID:AB_2853174) in PBS + 0.1% Triton
X-100 and 2.2% BSA. A�er three washes with PBS containing 0.5% Tween-20 samples
were incubated with fluorescent labelled secondary an�bodies containing 4ʹ,6diamidino-2-phenylindole (DAPI; Roche Cat# 10236276001, 1.0 µg/ml) for 30 min. Ac�n
was visualized by incuba�ng with TRITC labelled-Phalloidin (Sigma-Aldrich Cat# P1951,
100nM, RRID:AB_2315148) in PBS for 30 min. Slides were mounted in Ci�fluor (Agar
Scien�fic, Stansted, UK). Fluorescent photomicrographs were acquired using a SP8
scanning confocal microscope equipped with photomul�plier tubes (PMTs) (Leica
Microsystems, Amsterdam, the Netherlands) and a HC PL APO CS2 63x/1.4 oil immersion
objec�ve at room temperature. Matrix ECM pa�erns were analysed using The Workflow
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Of Matrix BioLogy Informa�cs (TWOMBLI) as described before [27].
Enzyme linked immunosorbent assay
Secreted IL-6 (DY205), CXCL8 (DY208), DCN (DY143), TGF-β1 (DY240), Osteoprotegerin
(OPG; DY805), receptor ac�vator of nuclear factor kappa-B ligand (RANKL; DY626) and
Connec�ve Tissue Growth Factor (CTGF) (DY9190-05) were measured using Human
DuoSet Enzyme linked immunosorbent assay (ELISA) kits (R&D Systems, Abingdon, UK)
according to the manufacturer’s instruc�ons. Total RANKL was calculated by measuring
free RANKL and in complex with OPG using an in house developed OPG/RANKL complex
sandwich ELISA by using a human capture RANKL an�body (part of cat#DY626, R&D
Systems) and a human detec�on OPG an�body (part of cat#DY805, R&D Systems) [28].
Total OPG was calculated by measuring free OPG and bound OPG. To normalise ELISA
data, cell numbers from ten fields of DAPI posi�ve cells per donor on so� and s�ff GelMA
hydrogels were counted and the total number of cells calculated for the overall hydrogel
surface (1.9cm2) area.
Sta�s�cal Analyses
Sta�s�cal analyses were performed using IBM SPSS Sta�s�cs for windows version 25
(IBM Corp., Armonk, N.Y., USA) and evaluated using Wilcoxon matched pair signed rank
test for comparison between so� GelMA hydrogels and s�ff GelMA hydrogels. Data were
considered sta�s�cally significant at p < 0.05 unless stated otherwise. D’Agos�no test
was used to examine normality of the data and when necessary, log transforma�on
applied. Correla�ons were assessed by calcula�ng a Pearson correla�on coefficient.
Role of funding source
The funder had no role in the study design, collec�on, analysis, interpreta�on and
prepara�on of the manuscript.

Results
Mechanical proper�es of GelMA hydrogels
Three different GelMA batches were produced and the methacryla�on consistency was
tested to determine if they could be combined into one large batch. The three different
GelMA batches prepared for this study had a methacryla�on efficiency of 94.58 ± 1.98%,
97.84 ± 1.14% and 89.77 ± 2.04% respec�vely (figure 1A). The combined batch had a
methacryla�on efficiency of 88.22 ± 1.32%. Next, the Young’s modulus was measured
across a range of different percentage GelMA hydrogels of up to 10% GelMA (data not
shown) to select the hydrogel composi�on with the s�ffness that best mimicked healthy
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(±5kPa) and fibro�c (±15kPa) lung �ssue. A hydrogel made of 5% wt/v GelMA resembled
healthy �ssue with Young’s modulus of 3.94kPa ± 0.87kPa whereas 8% wt% hydrogels
most resembled s�ff �ssue with a Young’s modulus of 11.34kPa ± 3.82kPa (figure 1B). To
further characterise these hydrogels, relaxa�on was measured to see if the percentage
of GelMA has an impact on relaxa�on. A�er ini�al compression of 20%, the dissipa�on
of force was followed for a dura�on of 5 seconds (figure 1C). The relaxa�on values were
4.54 ±1.60% for 5% (so�) and 4.00 ± 0.32% for 8% (s�ff) GelMA hydrogels.

Figure 1. Mechanical proper�es of GelMA hydrogels. A) Three different batches of GelMA were produced and
the methacryla�on efficiency was measured to demonstrate minimal variety before being combined into one
large batch. Each dot represents a technical replicate of a batch. Data expressed as mean ±SD. Rheological
proper�es were characterised by the Young’s modulus of 3 different series (B; blue, grey and red squares)
produced from three GelMA hydrogel solu�ons used in this study and the relaxa�on (C) over a period of 5
seconds. N=3 with each dot represen�ng a technical replicate of a unique sample. Data is expressed as mean
± SD in panel A-B, and mean in panel C (n=3).

Morphological differences of fibroblasts on so� and s�ff GelMA hydrogels.
To characterise responses of fibroblasts to their environment, fibroblasts were cultured
on so� and s�ff hydrogels and their morphology was observed a�er 1 and 7 days of
culture. Fibroblasts seeded on both so� and s�ff hydrogels exhibited a similar
morphology a�er 24 hours of culture (figure 2A-B). A�er 7 days of culture, fibroblast
morphology was also similar on both so� and s�ff hydrogels (figure 2A-B day 7).
However, fibroblasts on so�er hydrogels invaded the hydrogel which is visible as black
intrusions (black arrow heads). A�er observing a round morphology in some donors
a�er 24 hours a live/dead stain was performed, which revealed only live cells with no
dead cells evident a�er 1 or 7 days of culture on either hydrogel (figure 2C). These
results show that fibroblasts gel intrusion is increased in so�er gels in response to their
biomechanical environment.
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Figure 2. Fibroblast morphology and live/dead staining on so� and s�ff GelMA hydrogels. A-B)
Representa�ve brigh�ield microscopy images of cells 24 h post seeding and a�er 7 days of culture
on top of so� and s�ff hydrogels (digital magnifica�on). Le�ers i-iv show areas of interest with
different morphologies between donors, and black arrow heads the intrusions in the hydrogel C)
Live (green) and dead (red) stain of two donors at day 1 and 7 of culture. Images are representa�ve
of responses seen in 7 unique donors (n=7). Scale bar = 250 µM

Increased total YAP content and organised f-ac�n forma�on in fibroblasts on s�ffer
matrices
Next, the mechanosensory response of fibroblasts to their environment was examined
using a dual stain for Yes-associated protein 1 (YAP) nuclear transloca�on and F-ac�n
fibre forma�on. The total YAP content was higher on s�ff hydrogels compared to so�
hydrogels (figure 3A). Accordingly, cytoplasmic YAP staining was higher in fibroblasts on
s�ff hydrogels (figure 3B). Furthermore, the nuclear YAP content exemplified a clear
increase in fibroblasts on s�ff hydrogels (figure 3C). Figure 3D shows the nuclear
transloca�on of YAP on so� and s�ff hydrogels on day 7. F-ac�n cytoskeleton
arrangement in fibroblasts on so� hydrogels was composed of both diffuse and
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CHAPTER 3

organised F-ac�n fibres, while fibroblasts on s�ffer hydrogels display bundled organised
F-ac�n fibres (figure 3D), indica�ve of their responsiveness to the substrate s�ffness. To
quan�fy the differences in ECM pa�erns between so� and s�ff hydrogels we measured
several parameters using the TWOMBLI plugin. Figure 3E demonstrates that there is a
clear increase in total area of f-ac�n fibres in fibroblasts cultured on s�ff hydrogels. This
is supported by the reduc�on in space between the fibres as well as the increase in Fac�n fibre length (Figure 3F-G). Lasty, we measured a strong increase in the density of
fibres, which confirms �ght f-ac�n bundle forma�on in response to s�ffness (figure 3H).

Figure 3. YAP transloca�on and f-ac�n stress fibre forma�on in fibroblasts on hydrogels.
Hydrogels a�er 7 days of culture were fixed and fibroblasts were stained for YAP and F-ac�n. A-C)
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Quan�fica�on of total YAP, cytoplasmic YAP and nuclear YAP expressed per nuclear area. D)
representa�ve fluorescent images of DAPI (Blue), YAP (Red) and F-ac�n (green). i-iv) White boxes
show the region of interest that is magnified. Images are representa�ve of responses seen in 7
unique donors (n=7). Scale bar = 50µM

Higher matrix s�ffness does not contribute to cellular senescence in fibroblasts
A�er confirming that fibroblasts show compliance to their environment, we explored
our hypothesis that increased s�ffness may contribute to the senescent state. Therefore,
several biomarkers for senescence were analysed in fibroblasts grown on so� and s�ff
hydrogels mimicking healthy and diseased �ssue s�ffnesses. Total fibroblast cell number
a�er 7 days of culture was higher on s�ffer hydrogels compared to so� hydrogels (figure
4A). Gene expression analysis of early-stage marker p21Waf1/Cip1 did not demonstrate a
difference while late-stage senescence marker p16Ink4a demonstrated a trend (p=0.075)
towards an increase between so� and s�ff hydrogels (figure 4B-C). To further
characterise cellular senescence, both gene expression and secre�on of the well
characterised SASP factors IL-6 and CXCL8 were measured (figure 4D-G). Gene
expression of IL-6 was significantly higher on s�ffer hydrogels (figure 4D). However, the
secre�on of IL-6 did not change between so� and s�ff hydrogels. Both CXCL8 gene and
protein expression did not exemplify a difference between so� and s�ff hydrogels a�er
7 days of culture (figure 4F-G).

Figure 4. Fibroblast markers of cellular senescence in response to surface s�ffness. A) Total cell
numbers on so� and s�ff hydrogels a�er 7 days of cell culture. B-G) Gene expression of the cell-
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cycle inhibitors p21Waf1/CIp1 and p16Ink4a and known SASP factors IL-6 and CXCL8 a�er 7 days of
culture, data were normalised against 18S and are expressed as 2-ΔCTx106. E-G) Levels of SASP
cytokine produc�on in supernatant, data were normalised to cell numbers and are expressed as
pg/mL per 105 cells. Differences between so� and s�ff hydrogels were analysed by a Wilcoxon
matched pairs signed rank test (n = 6) and p<0.05 was considered significant.

Higher matrix s�ffness induces a secretory phenotype in primary fibroblasts
Our data indicated that there was no greater ac�va�on of the cell-cycle inhibitors p16Ink4a
and p21Waf1/Cip1 on s�ffer hydrogels compared to so�er hydrogels, but rather an increase
in prolifera�on. To further characterise the ac�va�on of a secretory phenotype we
measured several factors that have been reported to be part of the senescent
phenotype and/or to be part of a fibro�c response [18, 29-31]. Gene expression and
secreted protein levels of the proteoglycan DCN were higher on s�ff compared to so�
hydrogels (figure 5A). Next, RANKL was measured as it was recently shown to be
secreted by senescent fibroblasts [32]. RANKL secre�on was significantly higher at day 7
on s�ffer hydrogels while its decoy receptor OPG showed a trend towards an increase at
day 7 on s�ff hydrogels (figure 5C-D). Addi�onally, TGF-β1 gene expression and protein
secre�on were measured. TGF-β1 gene expression demonstrated a significant decrease
on s�ff hydrogels compared to so� hydrogels (figure 5E-F) while there was no change in
protein secre�on (figure 5G). Finally, CTGF secre�on was measured, which
demonstrated no difference between so� and s�ff hydrogels at day 7 (figure 5G). To
explore if the OPG-RANKL axis serves as a mechanism that poten�ally could have an
effect on both fibrosis and senescence, we explored the correla�on between OPGRANKL and other secreted factors (Figure 5H). Correla�ons for both OPG and RANKL
were observed with IL-6, CXCL8 and TGF-β1. CTGF was correlated with OPG but not
RANKL, and no correla�ons were observed with DCN. Addi�onally, we stained the cells
on the surfaces of the hydrogels for DCN protein levels. Figure 5I shows the DCN stain on
both so� and s�ff hydrogels a�er 7 days in culture. DCN displayed a strong visual
increase on the s�ffer hydrogels in comparison to the so� hydrogels.
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Figure 5. S�ffness induced a secretory phenotype in fibroblasts cultured on s�ff matrices. A-B)
DCN gene expression and secreted protein were measured a�er 7 days of culture on so� and s�ff
hydrogels. C-G) Levels of secreted factors RANKL, OPG, CTGF and TGF-β1 including TGF-β1 gene
expression a�er 7 days of culture on so� and s�ff hydrogels. H) Correla�on was calculated
between OPG, RANKL and all other secreted factors. Panel I shows a fluorescent staining for DCN,
DAPI was used for iden�fica�on of cell nuclei. Illustrated photographs are representa�ve images
of in total 7 unique donors. Gene expression data were normalised against 18S and expressed as
2-ΔCTx106. Secreted matrix proteins and cytokines were normalised to cell counts and expressed as
pg/mL, ng/ml or pM per 105 cells. Differences between so� and s�ff hydrogels were analysed by
a Wilcoxon matched pairs signed rank test. Correla�on was calculated using Pearson correla�on
coefficient (n=6) Scale bar = 50µM.
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Matrix s�ffness ac�vates a profibro�c response in primary fibroblasts
To further characterise the fibro�c response of fibroblasts on s�ff, in comparison to so�
hydrogels, we measured several fibrosis-associated genes. Previous studies have
reported that higher expression of these genes is associated with persistent fibroblast
ac�va�on and higher ECM deposi�on in fibrosis. Lung fibroblasts on s�ff hydrogels
exhibited higher α-SMA and COL1A1 expression a�er 7 days of culture compared to so�
hydrogels (figure 6A-B). The expression of FN1 was significantly lower a�er 7 days on s�ff
hydrogels (figure 6C). Interes�ngly, LOX gene expression was lower in cells grown on s�ff
hydrogels compared to so� hydrogels (figure 6D). Fibulin-1 gene expression was higher
a�er 7 days on s�ff hydrogels (figure 6E). However, FBLN1C gene expression was not
different between cells grown on so� or s�ff hydrogels (figure 6F). The final
characterisa�on was an immunofluorescent staining for deposited FBLN1 on both so�
and s�ff hydrogels at day 7. We visualised a higher deposi�on of FBLN1 on s�ff hydrogels
in comparison to so� hydrogels (figure 6G).

Figure 6. Fibroblasts exhibit an ac�vated and profibro�c phenotype on s�ff compared to so�
hydrogels. To characterise the fibro�c response of fibroblasts on hydrogels, gene expression levels
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for fibroblast ac�va�on α-SMA and matrix proteins COL1A1, FN1, LOX, FBLN1 and FBLN1C were
measured at day 7 (A-F). Finally, deposited FBLN1 (Red) was stained using fluorescent labelled
an�bodies and DAPI for iden�fica�on of cell nuclei in panel G. Illustrated photographs are
representa�ve images of in total 7 donors. Differences between so� and s�ff hydrogels were
analysed by a Wilcoxon matched pairs signed rank test (n = 6). Scale = 50 µM

Discussion
During fibro�c disease, the ECM undergoes tremendous changes that influence the
composi�on and s�ffness of the �ssue. These changes have a substan�al effect on cell
func�on, and it has been reported that fibro�c ECM is able to create a profibro�c
posi�ve feedback loop [33]. In the present study we created gels reflec�ng the
pathological s�ffness measured in fibro�c diseases, such as IPF, and examined the
impact on cellular responses of lung fibroblasts focusing on markers of senescence and
fibrosis. Pathological s�ffness did not affect p16 and p21, the main markers of
senescence, instead it resulted in higher expression of genes/proteins associated with
fibrosis such as IL-6, RANKL, ACTA2, COL1A1, FBLN1 and DCN compared to so� matrix.
However, some markers are iden�fied both in senescence and fibrosis. Collec�vely, the
data presented in this study suggest that exposure of fibroblasts to a surface of
pathological s�ffness modulates gene expression and secreted factors that are both
involved in cellular senescence and the fibro�c response in fibroblasts.
GelMA hydrogels are well characterised, they support cell viability, are biodegradable
and allow for precise tuning of mechanical proper�es [34, 35]. In this study we
generated two hydrogels with a different Young’s modulus while the viscoelas�c
proper�es did not significantly change. This was not unexpected as both hydrogels were
almost equal in their cons�tuent biomaterials, reflec�ng the small difference in
percentage of GelMA used. This observa�on authen�cates that the responses of the
fibroblasts measured herein could be contributed to the differences in Young’s modulus
only.
Substrate s�ffness has a robust effect on cell func�on and regulates cell viability,
prolifera�on, migra�on, differen�a�on, and cell-matrix adhesion [4]. Higher
prolifera�on, contrac�lity and ac�va�on of fibroblasts are all reported as responses to a
s�ffer environment [36]. In this regard, the responses and high viability of fibroblasts
grown on both so� and s�ff hydrogels observed in this study were comparable to
observa�ons from previous inves�ga�ons [37-39].
In response to mechanical cues such as s�ffness, fibroblasts organise their ac�n fibres
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and translocate YAP into the nucleus leading to cellular ac�va�on and transcrip�on of
genes in many cell types [40-42]. The data in this study showed that total YAP content in
fibroblasts is higher on s�ff compared to so� hydrogels and that organised bundled fac�n fibres are formed, which is indica�ve of the cells’ responding to their environment.
However, there was an apparent lack of nuclear staining for YAP at day 7 in the
fibroblasts on either hydrogel, par�cularly in regions of higher cell density. This may be
explained by the fact that YAP becomes less mechanosensi�ve and remains in the
cytoplasm as a response to cell-cell interac�ons [43]. Furthermore, the forma�on of
organised bundled ac�n may also contribute to this effect by altering the nuclear
envelope which poten�ally changes the environment for transcrip�on and thus
impac�ng on fibroblast func�on [44]. Li�le is known about the interplay between an
altered ECM and cellular senescence, therefore a�er confirming that, in our model,
fibroblast show compliance to their substrate, we inves�gated what the contribu�on
was of increased s�ffness on cellular senescence. The results from the present study
provided evidence that there was an increase of prolifera�on and modula�on of some
markers of senescence in response to pathological s�ffness at day 7. Higher cell
prolifera�on, as reflected in our study, has been widely documented as a result of
increased matrix s�ffness and is part of an important response to injury in wound repair
[45, 46]. Interes�ngly, we also observed an increase in IL-6 gene expression and a trend
towards an increase in CXCL8 protein secre�on in the s�ffer environment. Both proinflammatory cytokines are involved in wound repair and are iden�fied as part of the
SASP, which plays an important role in fibrosis [18, 47]. Furthermore, there is evidence
sugges�ng that the SASP can be ac�vated independently of cell-cycle inhibitors p16Ink4a
and p21Waf1/Cip1 in cellular senescence [48, 49]. Ac�va�on of the SASP might be an early
indicator of senescence and precedes the irreversible cell-cycle arrest of premature
cellular senescence.
Ac�va�on of a secretory phenotype is beneficial for �ssue repair, but it can also be
detrimental and contribute to disease progression in fibrosis [50]. Our results showed
ac�va�on of a secretory phenotype in response to increased surface s�ffness, including
a strong correla�on of RANKL and OPG with other secreted factors, but not DCN. All of
these factors have been recognised to be part of the SASP and / or to be part of the
fibro�c response. DCN is recognised for its role in many different biological processes
and recently DCN has been found nega�vely correlated with p16 in senescence in COPD
[32]. Our results suggest, in the context of fibrosis, that DCN deposi�on is in response to
s�ffer hydrogels, further suppor�ng the important role DCN plays in fibrosis [31, 51].
CTGF is an important mediator in �ssue remodelling and has been associated with
senescence, fibrosis and cancer [52, 53]. CTGF can be regulated via its main inducer TGF84
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β1 or can be nega�vely regulated by DCN and OPG [54, 55]. Given the fact that, in our
study, TGF-β1 secre�on was unaltered and an increase in DCN secre�on was observed,
it was not surprising that no change in CTGF secre�on was found in response to s�ffness.
CTGF has also been reported to be downstream of YAP, and we reported that there was
more YAP reten�on in the cytoplasm poten�ally contribu�ng to less upregula�on in
response to the s�ff environment [56, 57]. The RANKL-OPG system is essen�al for bone
metabolism, where OPG acts as a decoy receptor for RANKL, regula�ng development
and ac�vity of osteoclasts. OPG is currently used as a biomarker for liver fibrosis [18, 58],
while RANKL was recently iden�fied to be part of the SASP in senescent COPD fibroblasts
[59]. In IPF the exact role of OPG is not fully understood but evidence suggests it may
play a role in ac�ve fibrosis and associates with disease progression [60, 61]. Our
correla�on analysis between RANKL, OPG and other secreted factors demonstrated a
strong correla�on. These factors, such as TGF-β1 and CTGF, are part of both the SASP and
fibro�c response. It might be possible that RANKL as a SASP and OPG as a fibro�cassociated marker create a regulatory pathway between the senescent and fibro�c
response in s�ff lung �ssues. Moreover, CTGF has been iden�fied to bind to OPG and
might be a poten�al fourth factor in the RANK-RANKL-OPG system, poten�ally
contribu�ng to the regulatory mechanism as well [53, 55, 62, 63]. Taken together these
data suggest that the RANKL-OPG-CTGF system may contribute to secreted factor
regula�on, increased ECM deposi�on and thus contribute to the progression/
perpetua�on of fibrosis in response to a s�ff �ssue environment as central regulator.
Fibroblasts can be ac�vated in response to increased s�ffness leading to higher
expression of α-SMA and matrix proteins, which is part of a normal wound repair
response a�er injury. Our results indicate that that in response to s�ffer hydrogels
fibroblasts show upregula�on of several fibrosis associated genes including ACTA2 and
COL1A1. Increase in FBLN1 expression and deposi�on on s�ffer hydrogels was expected
and is in line with what has been reported in literature [64, 65]. However, the lack of
response of FBLN1C gene expression was unexpected as FBLN1C has been reported to
be implicated in fibrosis and lung injury [66, 67]. However, it has been reported that TGFβ1, which is unaltered in our study, downregulates FBLN1 gene expression and promotes
FBLN1 deposi�on in airway smooth muscle cells [68]. This could indicate that FBLN1/C
regula�on might be cell-type and disease specific. Interes�ngly, FN1 which is associated
with FBLN1 was decreased on s�ffer hydrogels a�er 7 days. This was in contrast with
literature where FN1 was shown to be an important mediator of early wound repair,
collagen fibril forma�on and fibrosis [69]. Addi�onally, Zhou and colleagues
demonstrated that FN1 expression increased when primary lung fibroblasts were
cultured for up to 48 h on s�ff matrixes [70]. However, it is possible that FN1 peaked
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early in the �me-course of our experiment, especially given its role in the ini�al phase of
wound repair and had subsequently decreased at the �me we measured it. Finally, LOX
gene expression demonstrated a fine regula�on by s�ff hydrogels regardless of gene
expression on so� hydrogels. This effect was unexpected as it was reported that there is
no change in gene expression in non-IPF versus IPF. However, on protein level it was
reported that LOX deposi�on was decreased in IPF �ssue [71]. Therefore, it would be
appropriate to determine enzyme ac�vity as gene expression and protein expression do
not always correlate.
The experimental strategy used in this study was designed to measure the impact of
s�ffness on the senescent phenotype in fibroblasts a�er 7 days in culture. While there
was modula�on of some markers of cellular senescence, other studies inves�ga�ng
senescence induce this by s�mula�ng the cells with paraquat or hydrogen peroxide [20,
32]. It is possible that the early senescent marker p21Waf1/Cip1 reached its highest
expression before we assessed the expression at day 7, while s�ll being too early to
detect high levels of p16Ink4a. Furthermore, the cell numbers at the start of the study
were op�mal for measuring the senescence readouts, however this made assessing YAP
transloca�on challenging as the density of fibroblasts at the end of the experiment was
higher than op�mal for this readout.
In conclusion, we have established that the culture of human lung fibroblasts on
matrices that mimic pathological s�ffness of IPF �ssues for up to seven days leads to
ac�va�on of genes and secre�on of matrix proteins and cytokines that are regulatory
factors for both cellular senescence and the fibro�c response. Our data suggest that
there may be an overlap between the SASP and the fibro�c response, indica�ng that the
fibroblasts may acquire a pre-senescent and / or ac�vated phenotype. The modula�on
of cell func�on in response to pathological s�ffness may ul�mately lead to the crea�on
of a nega�ve feedback loop in which pre-senescent and ac�vated fibroblasts reinforce
each other causing a perpetua�ng cycle driving aberrant ECM accumula�on and disease
progression in IPF.
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Figure 7. Summary of proposed mechanism for OPG in senescence and fibrosis. In response to
s�ffness, fibroblasts show increased prolifera�on, higher deposi�on of ECM proteins and higher
secre�on of SASP and fibrosis related cytokines. OPG is proposed to act as regulatory mechanism
between senescence and fibrosis by binding to RANKL and CTGF, and poten�ally inhibi�ng their
func�on.
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Abstract
Idiopathic pulmonary fibrosis (IPF) is a devasta�ng lung disease with poor survival. Age
is a major risk factor, and both alveolar epithelial cells and lung fibroblasts in this disease
exhibit features of cellular senescence, a hallmark of ageing. Accumula�on of fibro�c
extracellular matrix (ECM) is a core feature of IPF and is likely to affect cell func�on. We
hypothesize that aberrant ECM deposi�on augments fibroblast senescence, crea�ng a
perpetua�ng cycle favouring disease progression. In this study, primary lung fibroblasts
were cultured on control and IPF-derived ECM from fibroblasts pretreated with or
without profibro�c and prosenescent s�muli, and markers of senescence, fibrosisassociated gene expression and secre�on of cytokines were measured. Untreated ECM
derived from control or IPF fibroblasts had no effect on the main marker of senescence
p16Ink4a and p21Waf1/Cip1. However, the expression of alpha smooth muscle ac�n (ACTA2)
and proteoglycan decorin (DCN) increased in response to IPF-derived ECM. Produc�on
of the proinflammatory cytokines C-X-C Mo�f Chemokine Ligand 8 (CXCL8) by lung
fibroblasts was upregulated in response to senescent and profibro�c-derived ECM.
Finally, the profibro�c cytokines transforming growth factor β1 (TGF-β1) and connec�ve
�ssue growth factor (CTGF) were upregulated in response to both senescent- and
profibro�c-derived ECM. In summary, ECM deposited by IPF fibroblasts does not induce
cellular senescence, while there is upregula�on of proinflammatory and profibro�c
cytokines and differen�a�on into a myofibroblast phenotype in response to senescentand profibro�c-derived ECM, which may contribute to progression of fibrosis in IPF.
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Introduc�on
Idiopathic pulmonary fibrosis (IPF) is a devasta�ng inters��al lung disease of unknown
ae�ology that is characterised by exaggerated deposi�on of extracellular matrix (ECM)
leading to an irreversible decline in lung func�on and ul�mately death [1]. Gene�cs,
gender and ageing, as well as external factors such as exposure to cigare�e smoke or air
pollu�on, have been iden�fied as risk factors for IPF. The disease presents mainly in the
elderly, with a mean survival rate of 2–5 years a�er diagnosis. Ageing is characterised as
func�onal decline of �ssue over �me leading to dysfunc�on. Changes in the ECM of the
lung during ageing, such as loss of elas�n and increased collagen contributes to aberrant
composi�on that nega�vely influences prolifera�on, migra�on and differen�a�on of
cells [2]. Mesenchymal cells, such as residing fibroblasts, are responsible for maintaining
and remodelling the ECM during homeostasis. In IPF, both alveolar epithelial cells and
fibroblasts show signs of growth arrest and resistance to apoptosis, which are indica�ve
of cellular senescence, a hallmark of ageing [3–5]. Cellular senescence is also
characterised by the induc�on of a hypersecretory phenotype known as the senescenceassociated secretory phenotype (SASP) [6–8]. It is now well recognised that cellular
senescence contributes to the pathogenesis of lung fibrosis [5,9]. While senescence is an
important regulatory element during wound repair, dysregula�on and accumula�on of
senescent cells during ageing contributes to an aberrant repair response that leads to
fibrosis [6,10]. The nega�ve impact of senescence is mainly a�ributed to SASP and the
inability to clear senescent cells favouring disease progression.
In IPF, the accumula�on of fibroblasts and ECM leads to forma�on of fibroblas�c foci,
the ac�ve regions of fibrosis in which myofibroblasts are responsible for excessive matrix
deposi�on and that invade morphologically healthy lung [11]. The changes that occur to
the ECM dras�cally influence the composi�on, topography, s�ffness and biomechanics
of lung �ssue [12]. These changes are recognised as a major driver of aberrant cellular
responses in IPF [13,14]. The pathological increase in ECM deposi�on and s�ffness
causes a mechanical gradient between normal and fibro�c �ssue, impac�ng
prolifera�on, migra�on and differen�a�on [15]. In recent years, more a�en�on has
been directed towards the exact role of ECM in disease progression and how individual
ECM proteins may directly impact cellular func�on. ECM proteins, such as laminins and
collagens, are differen�ally expressed in fibro�c and senescent cells [16,17]. However,
the contribu�on of aberrant ECM in the induc�on of cellular senescence in fibro�c
diseases is underexplored. Evidence is emerging that several core proteins such as
collagen, elas�n and fibronec�n may contribute to pathological senescence [18–20].
Increased collagen and decreased elas�n deposi�on contribute to a s�ffer ECM and
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subsequent TGF-β ac�va�on, the main profibro�c cytokine. Fibronec�n is important for
collagen fibril forma�on and is known to be dysregulated in IPF. Although the exact role
of ECM in rela�on to cellular senescence is unknown, the ability to bind several growth
factors such as platelet-derived growth factor (PDGF) and fibroblast growth factor (FGF)
may contribute to senescence induc�on [21,22]. Another group of ECM proteins known
as matricellular proteins do not directly contribute as major structural proteins but are
secreted in the extracellular environment. Decorin (DCN), fibulin1 (FBLN1) and
connec�ve �ssue growth factor (CTGF) have been implicated in fibrosis, and there is
evidence sugges�ng a role in cellular senescence as well [23–25].
We hypothesised that the altered composi�on of fibro�c ECM nega�vely impacts
fibroblast func�on and leads to cellular senescence in IPF. Here, we aimed to inves�gate
whether IPF-derived ECM was able to induce cellular senescence by culturing primary
control fibroblasts on Ctrl– and IPF–fibroblast or senescent and profibro�c-derived
decellularized ECM and, subsequently, analyse gene expression of markers of
senescence and fibrosis and secreted factors that are both part of the SASP and the
fibro�c response.

Materials and Methods
Human lung �ssue and culture
Primary human lung fibroblasts were obtained from lung �ssue of pa�ents undergoing
lung transplanta�on or tumour resec�on surgery at the University Medical Center
Groningen (UMCG). The protocol was consistent with the Research Code (h�ps://
www.umcg.nl/EN/Research /Researchers/General/ResearchCode/Paginas/default.aspx;
last accessed 28th May 2021) and na�onal ethical and professional guidelines (“Code of
conduct; Dutch federa�on of biomedical scien�fic socie�es,” h�ps://www.federa.org;
last accessed 28th May 2021)). Addi�onal lung fibroblasts were obtained from the
Woolcock Ins�tute of Medical Research, Australia. Approval was provided by the Human
Ethics Commi�ee of the University of Sydney and the Sydney Southwest Area Health
Service. Fibroblasts were isolated from macroscopically and histologically normal �ssue
as described before [26,27].
Primary lung fibroblasts were cultured in low glucose Dulbecco’s Modified Eagle
Medium (DMEM) (Lonza, Geleen, the Netherlands) supplemented with 10% foetal
bovine serum (FBS; Sigma–Aldrich, Zwijndrecht, the Netherlands), 100U/mL penicillin,
100 µg/mL streptomycin (Gibco, Breda, the Netherlands) and 1% GlutaMAX (Gibco),
referred to as complete growth medium, and used between passage 4 and 6. Fibroblasts
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were rou�nely checked for mycoplasma infec�on using a PCR assay and used only when
cer�fied nega�ve [28]. To quiesce, fibroblasts were cultured for 24 h in low glucose
DMEM containing 0.1% bovine serum albumin (BSA; Sigma–Aldrich), referred to as
incomplete growth media.
Table 1 shows the characteris�cs of the ECM fibroblast donors used in this study. All
donors were age and sex matched where possible.
Table 1. Characteris�cs of fibroblasts donors for ECM substrate
#

Donor

Sex

Age

Smoking History

Pack Years

1

Ctrl-LF

M

59

N/A

N/A

2

Ctrl-LF

M

65

Ex

N/A

3

Ctrl-LF

M

69

Ex

20

4

Ctrl-LF

M

72

Smoker

55

5

Ctrl-LF

M

65

Ex

25

6

Ctrl-LF

M

60

Ex

20

7

IPF-LF

F

64

N/A

N/A

8

IPF-LF

M

67

N/A

N/A

9

IPF-LF

M

68

Never

N/A

10

IPF-LF

M

64

Ex

N/A

11

IPF-LF

M

61

Ex

36

12

IPF-LF

M

64

Ex

6

4

Ctrl-LFs = Control Lung Fibroblasts, IPF-LFs = IPF Lung Fibroblasts, F = Female, M = Male, Ex = Former smoker,
N/A = Not available

ECM genera�on
Fibroblasts (14,000 cells/cm2) were seeded per well in complete growth media and
allowed to a�ach for 24 h. Cells were then maintained in incomplete growth media for
another 24 h to quiesce the fibroblasts before treatment. For the genera�on of
profibro�c ECM, fibroblasts were s�mulated with 1 ng/mL transforming growth factor
β1 (TGF-β1; Gibco #PHG9214) for 72 hrs. To induce cellular senescence and senescent
ECM, fibroblasts were exposed to 150 µM hydrogen peroxide (H2O2; Sigma–Aldrich) for
2 hrs, washed twice with an equal amount of phosphate buffered saline (PBS; Gibco) and
incubated in complete growth media containing 5% FBS for 72 h [29]. An untreated
control group was generated using Ctrl–fibroblasts and IPF–fibroblasts grown in
complete media for 72 hrs and a nega�ve no-ECM control was generated by “coa�ng”
the culture plate with complete growth media.
Decellulariza�on of fibroblast cultures were performed using 20 mM ammonium
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hydroxide in ddH2O [30]. Supernatant was aspirated and stored at −80 °C un�l further
analysis. First, cell cultures were washed with PBS followed by 5 min incuba�on at room
temperature in 20 mM ammonia water un�l cells were no longer visible on an Olympus
CK2 microscope. Then, ammonia water was aspirated, and cell-free cultures were
washed three �mes in equal amounts of PBS before being stored at −20°C in PBS un�l
further usage. This resulted in cell-free and intact ECM, as confirmed by scanning
electron microscopy.
Scanning Electron Microscopy (SEM)
Fibroblasts (14,000 cells/cm2) were seeded on cover slips in complete growth medium
and underwent the same treatment as described above. Coverslips were decellularized
and fixed in 2% PFA and 0.2% glutaraldehyde and prepared for SEM. Cover slips were
washed with 0.1 M cacodylate buffer and incubated with 1% osmium tetroxide in 0.1 M
cacodylate buffer for 1 h at room temperature. Then, cover slipes were washed with
water and dehydrated with 30, 50 and 75% ethanol (EtOH), 15 min per each step,
respec�vely, followed by dehydra�on in 100% EtOH for 30 min. To dry the samples, cover
slips were first incubated in a 1:1 mixture of 100% EtOH and tetramethyl silane (TMS) for
10 min followed by 15 min incuba�on with 100% TMS a�er which the cover slips were
air dried. A�erwards cover slips were gold coated using a spu�er coater and cover slips
were imaged using a Zeiss Supra55 at 3 KV with SE2 detector (Carl Zeiss, Breda, The
Netherlands).
Culture of fibroblasts on ECM substrate
Culture plates with ECM substrate were thawed at 37°C and rinsed once with sterile PBS.
PBS was aspirated, and two different fibroblast donors (Table 2) were seeded (14,000
cells/cm2) back on the ECM substrate in complete growth media and cultured for 72 h.
A�er 72 h, culture supernatants were collected, pooled and centrifugated for 5 min at
300× g to remove debris and dead cells, a�er which cell-free supernatant was stored at
−80 °C for further analysis. Fibroblasts were incubated using 0.5% trypsin/EDTA (Sigma–
Aldrich) un�l all cells were detached. The trypsin/EDTA mixture was inac�vated using
Hank’s Balanced Salt Solu�on (HBSS; Sigma–Aldrich) containing 5mM ethylenediaminetetraace�c acid (EDTA) and 2.5% v/v FBS. Cells were stained with trypan blue (Sigma–
Aldrich) and manually counted using a haemocytometer. In addi�on, cells were lysed in
RNA lysis buffer (Machery-Nagel, Düren, Germany) and stored at −80 °C un�l RNA
isola�on. Cells to be used for SA-β-Gal staining were fixed with 2% paraformaldehyde
(PFA; Sigma–Aldrich) and 0.2% glutaraldehyde in PBS for 5 min and directly stained using
the protocol described below.
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Table 2. Charcteris�cs of fibroblast donors
#

Donor

Sex

Age

Smoking History

Pack Years

1

Ctrl-LF

F

54

Current

38

2

Ctrl-LF

F

52

Current

40

Ctrl-Lfs = Control Lung Fibroblasts; F = FemaIe

Gene expression analysis
Total RNA was isolated using a Nucleospin RNA isola�on kit (Machery-Nagel) according
to manufacturer’s instruc�ons, a�er which the samples were stored at −80 °C. Total RNA
was quan�fied using the Nanodrop ND−2000 (Thermo Scien�fic, Breda, the
Netherlands). RNA was reversed transcribed into cDNA using the ReverseAid First Strand
cDNA Synthesis Kit (Thermo Scien�fic). DNA was amplified using the GoTaq Probe qPCR
Master Mix (Promega, Leiden, the Netherlands) and TaqMan Gene Expression Assay
(Thermo Scien�fic) on a ViiA7 Real-Time PCR System (Applied Biosystems, Breda, the
Netherlands), with the relevant predeveloped primers listed in Table 3 (Thermo
Scien�fic) in a duplex reac�on for both gene of interest and reference gene in the same
well. Data were extracted using QuantStudioTM 6 so�ware (Applied Biosystems) and
processed using the following approach: Delta (d)Ct was calculated by subtrac�ng the Ct
values of the 18S reference gene from those of the gene of interest (GOI) and then
transformed to 2-dCt for analysis. Values were excluded when the difference between
the triplicate values for any gene were >0.2 Ct for 18S and >0.5Ct for GOI. The limit of
quan�fica�on for all primers was set at a Ct threshold of 35.
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Table 3. Primers and probes with designated exon boundaries
Gene

Number

Exon Boundary

18S

Hs99999901_s1

1-1

CDKN2A

Hs00923894_m1

2-3

CDKN1A

Hs00355782_m1

2-3

IL-6

Hs00174131_m1

4-5

CXCL8

Hs00174103_m1

1-2

DCN

Hs00370385_m1

7-8

ACTA2

Hs00426835_g1

2-3

COL1A1

Hs00164004_m1

1-2

FN1

Hs01549976_m1

8-9

FBLN1C

Hs00242546_m1

14-15

TGF-β1

Hs00998133_m1

6-7

LOX

Hs00942483_m1

5-6

LOXL1

Hs00935937_m1

6-7

LOXL2

Hs00158757_m1

10-11

LOXL3

Hs01046945_m1

4-5

LOXL4

Hs00260059_m1

14-15

18S ribosomal RNA = 18S, Cyclin-dependent kinase inhibitor 2A = CDKN2A, Interleukin 6 = IL-6, Chemokine
ligand 8 = CXCL8, Decorin = DCN, Ac�n alpha 2 = ACTA2, Collagen 1α1 = COL1A1, Fibronec�n = FN1, Fibulin-1C
= FBLN1C, Transforming growth factor β1 = TGF-β1, Tissue Transglutaminase = TGM2, Lysyl oxidase = LOX, Lysyl
oxidase homolog 1-4 = LOXL1-4

Senescence-associated β-galactosidase staining
Cellular senescence was assessed using a previously described protocol for senescenceassociated β-galactosidase (SA-β-Gal) staining [31]. Fixed fibroblasts were washed with
PBS, and SA-β-Gal staining solu�on was added. Plates were incubated in a dry incubator
at 37 °C for 16 h. Staining solu�on was aspirated before being washed with PBS. PBS
containing 1 µg/mL 4ʹ,6-diamidino-2-phenylindole (DAPI; Sigma–Aldrich) was added,
and plates were incubated in the dark for 10 min, washed and stored in 70% glycerol in
PBS at 4°C. Plates were imaged using a TissueFAXS automated analysis system
(TissueGnos�cs, Vienna, Austria). Brigh�ield (SA-β-Gal) and DAPI images were exported
using TissueFAXS Viewer 7.0 (TissueGnos�cs) and analysed in FIJI [32,33]. Total cell
numbers and SA-β-Gal posi�ve cells were used to calculate the percentage of SA-β-Gal
posi�ve cells.
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Enzyme linked immunosorbent assay (ELISA)
Secreted IL-6, CXCL8, DCN, TGF-β1, Osteoprotegerin (OPG), receptor ac�vator of nuclear
factor kappa-B ligand (RANKL) and CTGF were measured using Human DuoSet ELISA kits
(respec�vely cat#DY206, cat#DY208, cat#DY143, cat#DY240, cat#DY805, cat#DY626,
cat#DY9190-05; R&D Systems, Abingdon, UK) according to the manufacturer’s
instruc�ons. Colour development was obtained through the reac�on between 3,3ʹ, 5,5ʹʹtetramethylbenzidine (TMB) and horseradish peroxidase (HRP). As all extracellular
RANKL, excreted by cells, was complexed to OPG and not detectable with a direct RANKL
ELISA, a RANKL/OPG complex sandwich ELISA was developed by using a human capture
RANKL an�body (part of cat#DY626, R&D Systems) and a human detec�on OPG an�body
(part of cat#DY805, R&D Systems) [26]. The total concentra�ons of RANKL and OPG were
determined by adding the free and complex-bound protein concentra�on. To normalise
ELISA data, cell numbers were used to express protein concentra�on per 105 cells
counted.
Sta�s�cal analyses
RT-qPCR data were analysed for outliers using the following approach. First, the
coefficient of variability (CV) was calculated for 18S and GOI. Then, technical triplicates
with a %CV above 1 were inspected and excluded if 18S was >0.2Ct and >0.5 Ct for GOI
as technical errors. SA-β-Gal outliers were detected using the following approach. The
varia�on between duplicate samples and the number of posi�ve cells in ImageJ did not
match with the TissueFAXS images. Sta�s�cal analyses were performed using GraphPad
Prism 8 (GraphPad so�ware, San Diego, USA). Data were tested for normal distribu�on
using the D’Agos�no and Pearson test. Data were log-transformed if distribu�on was not
normally distributed, a�er which all data was normally distributed; then, we used a
repeated measures one-way ANOVA, or, if data points were missing, a mixed-effects
analysis (REML) was used. ANOVA tables can be found in the supplementary data Table
S1. Wilcoxon matched-pairs signed rank test was used for Ctrl versus IPF–ECM. A post
hoc Sidak mul�ple comparisons test was used for differences within ECM treatment
groups. All sta�s�cal analyses were performed using the raw data. Data were considered
significantly different at p < 0.05. Significance was either expressed as p-value or * p <
0.05, ** p < 0.01 and *** p < 0.001 unless stated otherwise.
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Results
ECM deposi�on by control and IPF lung fibroblasts
To inves�gate the effect of deposited ECM by control or IPF lung fibroblasts on the
senescence induc�on, we first wanted to confirm that our decellulariza�on protocol
resulted in cell-free matrix deposi�on. Figure 1 shows the deposited ECM on glass cover
slips from one control and one IPF donor. Under all condi�ons, there is ECM deposi�on.
Fibroblast treated with TGF-β1 show increased total ECM deposi�on and structure, of
which IPF-derived demonstrates the most change. Interes�ngly, ECM deposi�on from
senescent fibroblasts is much less, with smaller differences compared to untreated.

Figure 1. SEM images of deposited ECM from control and IPF fibroblasts. ECM prepara�on of Ctrland IPF-derived ECM under basal (untreated) or s�mulated condi�ons (TGF-β1 and hydrogen
peroxide). Images show different cell-free deposited ECM proteins. Images are representa�ve of
two donors. Scale bar = 1 µM.
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IPF ECM does not modulate markers of senescence in primary human lung fibroblasts
To determine if IPF-derived ECM predisposes control fibroblasts to a senescent
phenotype, we examined several markers of senescence in two fibroblast donors
cultured on Ctrl- and IPF-derived ECM from six donors per group. Data generated using
donor one is shown in the main manuscript, while data from donor two is presented in
the supplementary data. IPF-derived ECM did not alter prolifera�on or the number of
SA-β-Gal-posi�ve cells in fibroblasts compared to Ctrl-derived ECM a�er 72 h of culture
in (Figure 2A,B). No morphological differences were observed between the fibroblasts
cultured on Ctrl- or IPF-derived ECMs. SA-β-Gal images that are representa�ve of six
unique ECM donors are shown in Supplementary Figure S1. Analysis of gene expression
of cell-cycle inhibitors p21Waf1/Cip1 and p16Ink4a confirmed this finding, as there was no
change in expression in response between Ctrl- and IPF-derived ECM in both fibroblast
donors (Figure 2C,D). Next, gene expression and protein secre�on of the SASP factors IL6 and CXCL8 was measured but did not change in fibroblasts cultured on IPF-derived
ECM compared to Ctrl-derived ECM (Figure 2E–H). Donor two shown in Figure S2
demonstrates a similar response to IPF-derived ECM.
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Figure 2. Markers of senescence in fibroblasts cultured on Ctrl- or IPF-derived ECM. Fibroblasts
were cultured for up to three days on Ctrl- or IPF-derived ECM, and prolifera�on was assessed by
cell enumera�on (A), and SA-β-Gal-posi�ve cells were counted (B). Panels (C,D) demonstrate cellcycle inhibitors p21Waf1/Cip1 and p16Ink4a a�er three days of culture. Panel (E–H) depicts the gene
expression and protein secre�on of known SASP factors IL-6 and CXCL8 (n = 5–6). Wilcoxon
matched-pairs signed rank test was used to measure difference between Ctrl and IPF and was
considered significant at p < 0.05.
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Upregula�on of α-SMA and DCN gene expression in fibroblasts
IPF-derived ECM did not alter markers of cellular senescence. We therefore sought to
characterise if IPF-derived ECM would ac�vate and/or modulate a profibro�c response.
We measured gene expression and secreted proteins that are iden�fied to be part of the
fibro�c response in IPF. Gene expression analysis demonstrated that ACTA2 gene
expression was higher in fibroblasts when cultured on IPF-derived ECM, when compared
to Ctrl-derived ECM (Figure 3A). However, there was no change in expression of COL1A1,
FN1 and DCN on IPF-derived ECM (Figure 3B–D). Analyses of secreted DCN
demonstrated an increase in fibroblasts on IPF-derived ECM. Secre�on senescence
(RANKL) and fibrosis-associated factors (OPG, TGF-β1 and CTGF) in fibroblasts did not
demonstrate a change in response to IPF-derived ECM (Figure 3E–I). FBLN1c gene
expression did not change in response to IP-derived ECM (Figure S3A). Furthermore,
while TGF-β1 secre�on was not altered, there was an increase in gene expression (p =
0.04) on IPF-derived ECM (Figure S3B). To further test if IPF-derived ECM would promote
its own cross-linking, we analysed TG2, LOX and LOXL 1–4. Analyses demonstrated that
fibroblasts cultured for three days on IPF-derived ECM did not change expression of TG2,
LOX and LOXL1–4 when compared to Ctrl-derived ECM (Figure S3C–H). Donor two is
shown in Figures S4 and S5, which demonstrate a similar pa�ern of expression for all
targets except TGF-β1. Secre�on of TGF-β1 is upregulated (p = 0.046) in fibroblasts
cultured on IPF-derived ECM when compared to Ctrl-derived ECM (Figure S4). Gene
expression of TGF-β1 is not altered in response to IPF-derived ECM (Figure S5).
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Figure 3. Effect of IPF-derived ECM on the expression of fibrosis-associated genes and secre�on
of profibro�c cytokines. Fibroblasts were cultured for three days on Ctrl- or IPF-derived ECM
before expression levels of ACTA2, COL1A1, FN1 and DCN were assessed (A–D). The secre�on of
known fibro�c factors DCN, RANKL, OPG, TGF-β1 and CTGF was also evaluated (F–I) (n = 4–6).
Wilcoxon matched pairs signed rank test was used to measure difference between Ctrl and IPF and
was considered significant at p < 0.05.
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Fibro�c ECM ac�vates a secretory phenotype in primary lung fibroblasts
As fibroblasts cultured on IPF-derived ECM do not become senescent, we inves�gated
whether ECM derived from senescence-induced fibroblasts would have a modulatory
effect. Fibroblasts were cultured for three days, and markers of senescence were
assessed as described before. ECM derived from fibroblasts treated with either H2O2 or
TGF-β1 did not change fibroblasts cell number or SA-β-Gal detec�on (Figure S6) a�er
three days of culture when compared to untreated Ctrl fibroblasts-derived ECM (Figure
4A,B). No morphological changes were observed in fibroblasts cultured on treatmentderived ECM. Furthermore, no changes in cell-cycle inhibitors p21Waf1/Cip1 and p16Ink4a
were observed a�er three days of culture on treated ECM (Figure 4C–D). Analysis of both
gene expression and secre�on of IL-6 and CXCL8 demonstrated no difference in gene
expression in response to ECM derived from Ctrl or IPF fibroblasts (Figure 4E–F). CXCL8
was higher on ECM derived from TGF-β1-treated IPF fibroblasts when compared to ECM
derived from nontreated IPF fibroblasts (Figure 4H). Donor two is shown in Figure S7,
which demonstrates a similar pa�ern of expression in prolifera�on, SA-β-Gal
cytochemical staining and gene expression. However, there is no difference in secre�on
of IL-6 in response to treatment-derived ECM, while CXCL8 only shows an increase on
TGF-β1 treatment of IPF-derived ECM a�er three days in culture (Figure S7H).
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Figure 4. Markers of senescence in fibroblasts cultured on ECM derived from fibroblasts treated
with either H202 or TGF-β1. Fibroblasts were cultured for three days on Ctrl- or IPF-derived ECM.
Prolifera�on was assessed by cell enumera�on (A), and SA-β-Gal-posi�ve cells were counted a�er
cytochemical staining (B). Rela�ve levels of the cell-cycle inhibitors p21Waf1/Cip1 and p16Ink4a (C,D).
Panels (E–H) show gene expression and protein secre�on of IL-6 and CXCL8 a�er three days of
culture. Both gene expression and levels of cytokine produc�on were normalised as described
before and expressed as fold change to their respec�ng Ctrl– or IPF–ECM without treatment (n =
4–6). Data were analysed using repeated measures one-way ANOVA, or, if data points were
missing, a mixed-effects analysis (REML), and considered significant at * p < 0.05.
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Higher secre�on of TGF-β and CTGF in response to fibro�c and senescent fibroblast
derived ECM
Fibro�c- and senescence-derived ECM modulated the SASP cytokines IL-6 and CXCL8 in
fibroblasts. To further inves�gate the response to s�mulated ECM, we characterised
fibrosis-associated gene expression and cytokine produc�on in fibroblasts. The
expression of ACTA2, COL1A1, FN1 and DCN did not demonstrate a difference in
response to fibro�c- or senescence-derived ECM (Figure 5A–D). Analyses of FBLN1C and
TGF-β1 expression did not change either in response to treatment-derived ECM (Figure
S8A,B). Analysis of cross-linking enzymes TG2, LOX and LOXL1–4 also did not show any
response towards treatment-derived ECM (Figure S8C–H). Finally, we measured
secre�on of several cytokines that are part of the fibro�c response. Secre�on of DCN,
RANKL and OPG did not change in response to treatment-derived ECM in fibroblasts.
However, there was increased secre�on of TGF-β1 and CTGF. TGF-β1 demonstrated an
increase (p = 0.003, n = 6) on senescent-derived Ctrl-ECM compared to control (Figure
5H). CTGF showed an increase (p = 0.002, n = 6) on senescent derived Ctrl-ECM, while
fibro�c-derived IPF–ECM demonstrated a decrease (p = 0.02, n = 6) in fibroblasts a�er
three days of culture (Figure 5I). Donor two is shown in Figures S9 and S10, which
illustrate a similar expression profile for all genes measured. The secre�on of TGF-β1 and
CTGF were increased for both fibro�c and senescent-derived Ctrl–ECM (Figure S9).
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Figure 5. Fibrosis-associated gene expression and secre�on of profibro�c cytokines. Fibroblasts
were cultured for up to three days on treatment-derived Ctrl– or IPF–ECM before expression levels
of ACTA2, COL1A1, FN1 and DCN were assessed (A–D). Panel (E–I) shows protein secre�on of
known fibro�c factors DCN, RANKL, OPG, TGF-β1 and CTGF a�er three days of culture. Both gene
expression and levels of cytokine produc�on were normalised as described before and expressed
as fold change to their respec�ve Ctrl– or IPF–ECM without treatment (n = 4–6). Data were
analysed using repeated measures one-way ANOVA, or, if data points were missing, a mixedeffects analysis (REML). Significance shown as * p = 0.05 and ** p = 0.01 and data were considered
significant at * p < 0.05.
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Discussion
In IPF, both cellular senescence and excessive/altered ECM deposi�on are iden�fied as
major drivers of fibrosis. These changes impact cell func�on and contribute to disease
progression by crea�ng a posi�ve feedback loop favouring fibrosis. In the present study,
we cultured fibroblasts on Ctrl– or IPF–fibroblast-derived ECM for three days and
examined the cellular response, focusing on cellular senescence and expression of
fibro�c markers. We report that uns�mulated Ctrl- or IPF-derived ECM did not affect
markers of senescence, such as p16Ink4a, p21Waf1/Cip1, or a series of secreted factors,
associated both senescence and fibro�c responses. However, when fibroblasts were
cultured on ECM derived from TGF-β1- or H2O2-s�mulated Ctrl– or IPF–fibroblasts, we
detected upregula�on in CXCL8, CTGF and TGF-β1. Collec�vely, the data presented in
this study suggest that exposure of fibroblasts to Ctrl- or IPF-derived ECM under basal
condi�ons does not induce cellular senescence nor induce cytokine produc�on.
Importantly, fibroblasts exposed to s�mulated ac�ve environment differen�ally secrete
factors that are likely to impact further fibro�c ac�vi�es.
Ctrl- and IPF-derived ECM generated from fibroblasts under basal and s�mulated
condi�ons which were decellularized and ECM deposi�on was confirmed with SEM.
These ECMs displayed differences in structure between the basal and treatment groups.
However, owing to technical limita�ons with the SEM, the images were captured of
ECMs deposited on glass cover slips, which may reflect an underes�ma�on of the
amount of ECM deposited upon �ssue culture plas�c, as used for our cell seeding
experiments. Furthermore, the SEM images in this study of cell-free ECM are
comparable to those of Philp and colleagues [14]. However, there may be some
differences in the quan�ty of deposited ECM, as the �me allowed to deposit ECM varied
between the two studies. Once we confirmed that our protocol removed the cells, while
leaving ECM proteins intact, we then inves�gated what was the impact of Ctrl- or IPFderived ECM on fibroblast senescence. In both donors tested, no induc�on of
senescence was observed when fibroblasts were cultured on Ctrl or IPF-derived ECM
under basal condi�ons. This is the first study to show that ECM, by itself, does not induce
senescence in fibroblasts. This finding is supported by a recent study in which Faiz and
colleagues found that ECM from nons�mulated asthma�c airway smooth muscle (ASM)
cells func�ons as healthy ASM cells [34]. Our findings might suggest that the ECM
deposited by fibroblasts under basal condi�ons does not invoke a microenvironment
that influences the senescence state of cells in its immediate vicinity.
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Decorin secre�on was increased from fibroblasts exposed to IPF-derived ECM,
compared to Ctrl-derived ECM. DCN has been implicated in IPF and plays a role in wound
repair by limi�ng the func�on of both TGF-β1 and CTGF [35]. The fibroblasts were
exposed to ECM for three days, which would be expected to be more than sufficient for
cells to respond to their environment. Parker and colleagues previously reported that,
albeit on decellularized lung slices, fibroblasts cultured on both control and IPF–ECM
responded to their environment a�er 18 h of culture [13]. In addi�on, in a recent study,
the authors demonstrated that reseeded fibroblasts on decellularized lung scaffolds had
a temporal response favouring prolifera�on and adhesion before increasing produc�ons
of core matrisome proteins in long term cultures [36]. In concert, these data illustrate
the ability of fibroblasts to quickly respond to their environment; however, it is unclear
if this response is due to increased s�ffness, altered ECM composi�on or a combina�on
of both in IPF.
The current study was designed to examine the effect of ECM on the induc�on of a
senescent phenotype in fibroblasts. When the ECM was generated under basal
condi�ons, both the control- and IPF-derived ECMs failed to induce changes in the
senescence status of the fibroblasts, clearly demonstra�ng the assuaging effects of the
ECM deposited when the fibroblasts are in a nons�mulatory environment. To further
inves�gate the response of fibroblasts, we generated ECM under senescent or fibro�c
condi�ons to mimic ac�ve fibrosis in control– and IPF–fibroblasts. Next, we
characterised cellular senescence and the fibro�c response. Fibroblasts cultured on
senescent- or fibro�c-derived ECM did not show an induc�on of p16Ink4a and p21Waf1/Cip1,
the main markers of senescence; instead, it resulted in upregula�on of proinflammatory
cytokine CXCL8 compared to control ECM. These data indicate that ECM generated
under s�mulated condi�ons mimicking senescence or profibro�c environment leads to
a cellular response, which is in line with what has been reported previously [14].
Increased secre�on of IL-6 and CXCL8, in response to treated ECM, is expected, as both
cytokines are important early in wound repair [3]. Together with upregula�on of DCN
under basal condi�ons in IPF, these data suggest that there is a wound repair response
ini�ated by the ECM environment.
To further expand on the finding that senescent- or profibro�c-derived ECM leads to
ac�va�on of proinflammatory cytokines, we characterised fibrosis target genes and
secre�on profile. Fibroblasts cultured on IPF-derived ECM under s�mulated condi�ons
led to increased TGF-β1 and CTGF secre�on. Surprisingly, we did not measure higher
secre�on levels of OPG in response to IPF–ECM. OPG is essen�al for ECM homeostasis
by osteoclasts in the bone. Moreover, OPG is induced by TGF-β1, and it is suggested to
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bind CTGF, poten�ally contribu�ng to fibrosis [37]. On the other hand, RANKL has been
iden�fied as a part of the SASP in COPD fibroblasts [38]. Given the fact that we see no
modula�on of senescence, it was not unexpected to see a lack or increase in RANKL
secre�on. Furthermore, gene expression of cross-linking enzymes was not altered
compared to on uns�mulated ECM. This is in contrast to a previous study, in which it was
reported in IPF that the fibro�c ECM leads to the crea�on of a feedback loop in
fibroblasts, with increased cross-linking of the ECM facilitated by increased produc�on
of enzymes responsible for this process [14]. It might be possible that the different
exposure �me to the ECM between these two studies was enough to generate these
alternate responses. Development of IPF usually takes years, and during this �me, the
cells in the lungs are exposed to a con�nuous stream of s�muli (signals) that leads to the
pathological changes seen in end-stage fibrosis [39]. These changes may go stepwise, for
example, pathological s�ffness is a product of increased ECM deposi�on, fibril
organisa�on and, ul�mately, enzyma�c cross-linking. However, in order to achieve
increased s�ffness, all three must be present, which, in fact, might take years to
accumulate.
The experimental setup for this study was designed to measure the impact of ECM on
the senescence phenotype a�er three days of culture. We did not observe any
modula�on in senescence markers a�er three days. This could implicate, in the context
of senescence, that fibroblasts need prolonged exposure to an altered ECM before they
make this adapta�on. There is evidence sugges�ng that the upregula�on of
proinflammatory cytokines may precede the induc�on of cell-cycle inhibitors p21Waf1/Cip1
and p16Ink4a in senescence, as reflected in this study [40]. Moreover, as IPF is a
mul�factor disease, a secondary s�mulant such as reac�ve oxygen species (ROS) leading
to DNA damage, pathological s�ffness might be needed to create an environment that
favours cellular senescence. Lastly, the origin of fibroblast donors used to culture on top
of the ECM in this study may also be a factor in the outcome of the results. IPF is
predominantly diagnosed in the elderly, and up to 80% of pa�ents have a history of
smoking [41]. It is not unimaginable that the biological response differs between young
and older donors or those with smoking history [42].

Conclusions
In conclusion, we have shown that fibroblast exposed to Ctrl- or IPF-derived ECM under
nons�mulated condi�ons does not induce cellular senescence. Instead, we observed
upregula�on of proinflammatory cytokines and profibro�c cytokines in response to
senescent or profibro�c ECM. These data suggest that, to induce a strong response to
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their environment, not only is composi�on important in IPF but a secondary s�mulant
that induces DNA damage such as ROS, or pathological s�ffness might be required to
create a posi�ve feedback look that perpetuates fibrosis in IPF.
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Supplementary informa�on
Senescence-associated β-galactosidase protocol
Cellular senescence was assessed using a previously described protocol for senescenceassociated β-galactosidase (SA-β-Gal) staining (43). Fixed fibroblasts were washed with
PBS and SA-β-Gal staining solu�on was added. Plates were incubated in a dry incubator
at 37°C for 16 h. Staining solu�on was aspirated before washed with PBS. PBS containing
1 µg/mL 4ʹ,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) was added and plates
were incubated in the dark for 10 minutes, washed and stored in 70% glycerol in PBS at
4°C. Plates were imaged using a TissueFAXS automated analysis system (TissueGnos�cs,
Vienna, Austria). Brigh�ield (SA-β-Gal) and DAPI images were exported using TissueFAXS
Viewer 7.0 (TissueGnos�cs) and analysed in FIJI (44, 45). To count the number of nuclei
the DAPI images were opened in FIJI. First a background subtrac�on was performed with
a rolling ball radius of 50.0 pixels followed by a threshold se�ng from 35 to 255. A�er
the image was converted to a mask a “watershed segmenta�on” was run. Finally,
“Analyse par�cles” was run with size se�ng of “8-infinity”. To count the number of SA-βGal posi�ve cells the brigh�ield images were opened in FIJI. First the images were colour
deconvoluted with vector se�ngs “0.960,0.230,0.150,0.150,0.850,0.500,0.000,0.000
,0.000” to extract the SA-β-Gal posi�ve staining. Analyse Par�cles was then run on the
image with the SA-β-Gal staining with size se�ngs: “125 to infinity” and a circularity of
“0.20 - 1.00”. Total cell numbers and SA-β-Gal posi�ve cells were used to calculate the
percentage of SA-β-Gal posi�ve cells. To improve the quality of the images, all SA-β-Gal
images in S1 and S7 have undergone the following modifica�ons. First, we performed a
white balance correc�on using the ImageJ macro “White balance correc�on 1.0” (h�p:/
/pmascalchi.github.io/ImageJ_Auto-white-balance-correc�on/), then we enhanced the
brightness (-20%), contrast (+20%) and sharpness (+50%) using the build-in func�on of
Microso� PowerPoint.
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Figure S1. SA-β-Gal posi�ve cells cultured on Ctrl- and IPF derived ECM. Ctrl-LFs were cultured for
up to three days on Ctrl or IPF derived ECM and SA-β-Gal posi�ve (blue) cells were visualised using
a TissueFAXS and counted using ImageJ. Illustrated photographs are representa�ve images of in
total 6 unique donors.
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Figure S2. Markers of senescence in Ctrl-LF cultured on Ctrl- or IPF-derived ECM. Ctrl-LFs were
cultured for up to three days on Ctrl or IPF derived ECM and prolifera�on was assessed by cell
enumera�on (A), and SA-β-Gal posi�ve cells were counted (B). Panel C and D demonstrate cellcycle inhibitors p21Waf1/Cip1 and p16Ink4a a�er three days of culture. Panel E-H gene expression and
protein secre�on of known SASP factors IL-6 and CXCL8. Gene expression data were normalised
against 18S and were expressed as 2-ΔCTx105 (n=5-6). Levels of cytokine produc�on in supernatant
were normalised to total cell number expressed as ng/ml per 105 cells (n=5-6).
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Figure S3. Fibrosis-associated and crosslink gene expression. Ctrl-LFs were cultured for up to
three days on Ctrl or IPF derived ECM before expression levels of Fbln1c, TGF-β1, TG2, LOX and
LOXL1-4 were assessed (A-H). Data were normalised against 18S and were expressed as 2-ΔCTx105
(n=4-6). Data were considered significant at p<0.05.
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Figure S4. Fibrosis-associated gene expression and secre�on of pro-fibro�c cytokines. Ctrl-LFs
were cultured for up to three days on Ctrl or IPF derived ECM before expression levels of ACTA2,
COL1A1, FN1 and DCN were assessed (A-D). Panel F-I shows protein secre�on of known fibro�c
factors DCN, RANKL, OPG, TGF-β1 and CTGF. Expression data were normalised against 18S and
expressed as 2-ΔCTx105 (n=4-6). Levels of cytokine produc�on in supernatant were normalised to
total cell number expressed as ng/ml per 105 cells (n=6). Data were considered significant at
p<0.05.
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Figure S5. Fibrosis-associated and crosslink gene expression. Ctrl-LFs were cultured for up to
three days on Ctrl or IPF derived ECM before expression levels of Fbln1c, TGF-β1, TG2, LOX and
LOXL1-4 were assessed (A-H). Data were normalised against 18S and were expressed as 2-ΔCTx105
(n=4-6). Data were considered significant at p<0.05.
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Figure S6. SA-β-Gal posi�ve cells cultured on Ctrl- and IPF derived ECM that received treatment.
Ctrl-LFs were cultured for up to three days on Ctrl or IPF derived ECM and SA-β-Gal posi�ve (blue)
cells were visualised using a TissueFAXS. Illustrated photographs are representa�ve images of in
total 6 unique donors. Control and IPF untreated are the same images as in figure S1
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Figure S7. Markers of senescence in Ctrl-LFs cultured on treatment-derived ECM. Ctrl-LFs were
cultured for up to three days on Ctrl or IPF derived ECM that received treatment with TGF-β1 or

H2O2 and prolifera�on was assessed by cell enumera�on (A), and SA-β-Gal posi�ve cells were
counted (B). Panel C and D demonstrates cell-cycle inhibitors p21Waf1/Cip1 and p16Ink4a a�er three
days of culture. Panel E-H gene expression and protein secre�on of known SASP factors IL-6 and
CXCL8. Both gene expression and levels of cytokine produc�on were normalised as described
before and expressed as fold change to their respec�ng Ctrl- or IPF-derived ECM without
treatment (n=5-6). Data were considered significant at p<0.05.
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Figure S8. Fibrosis-associated and crosslink gene expression. Ctrl-LFs were cultured for up to
three days on Ctrl or IPF derived ECM before expression levels of Fbln1c, TGF-β1, TG2, LOX and
LOXL1-4 were assessed (A-H). Data were normalised as described before and expressed as fold
change to their respec�ng Ctrl- or IPF-derived ECM without treatment (n=5-6). Data were
considered significant at p<0.05.
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Figure S9. Fibrosis-associated gene expression and secre�on of pro-fibro�c cytokines. Ctrl-LFs
were cultured for up to three days on treatment-derived Ctrl- or IPF-ECM before expression levels
of ACTA2, COL1A1, FN1 and DCN were assessed (A-D). Panel F-I shows protein secre�on of known
fibro�c factors DCN, RANKL, OPG, TGF-β1 and CTGF. Both gene expression and levels of cytokine
produc�on were normalised as described before and expressed as fold change to their respec�ng
Ctrl- or IPF ECM without treatment (n=4-6). Data were considered significant at p<0.05.
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Figure S10. Fibrosis-associated and crosslink gene expression. Ctrl-LFs were cultured for up to
three days on Ctrl or IPF derived ECM before expression levels of Fbln1c, TGF-β1, TG2, LOX and
LOXL1-4 were assessed (A-H). Data were normalised as described before and expressed as fold
change to their respec�ng Ctrl- or IPF-derived ECM without treatment (n=4-6). Data were
considered significant at p<0.05.
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Abstract
Idiopathic pulmonary fibrosis (IPF) is a progressive lung disease marked by excessive
accumula�on of lung fibroblasts (LFs) and collagen in the lung parenchyma. The
mechanisms that underlie IPF pathophysiology are thought to reflect repeated alveolar
epithelial injury leading to an aberrant wound repair response. Recent work has shown
that IPF-LFs display increased characteris�cs of senescence including growth arrest and
a senescence-associated secretory phenotype (SASP) sugges�ng that senescent LFs
contribute to dysfunc�onal wound repair process. Here, we inves�gated the influence of
senescent LFs on alveolar epithelial cell repair responses in a co-culture system. Alveolar
epithelial cell prolifera�on was a�enuated when in co-culture with cells or condi�oned
media from, senescence-induced control LFs or IPF-LFs. Cell-cycle analyses showed that
a larger number of epithelial cells were arrested in G2/M phase when co-cultured with
IPF-LFs, than in monoculture. Paradoxically, the presence of LFs resulted in increased
A549 migra�on a�er mechanical injury. Our data suggest that senescent LFs may
contribute to aberrant re-epithelializa�on by inhibi�ng prolifera�on in IPF.
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Introduc�on
Idiopathic pulmonary fibrosis (IPF) is a devasta�ng fibrosing inters��al lung disease (ILD)
of unknown ae�ology with a survival of 3 to 5 years a�er diagnosis. IPF is associated with
increasing age, with two-third of pa�ents being over 60 years old at the �me of diagnosis
[1,2]. The mechanisms that underlie IPF pathophysiology remain unclear but recent
theories have moved away from the long-standing paradigm of chronic inflamma�on to
one that supports recurrent alveolar epithelial cell injury followed by aberrant wound
repair [3,4]. The injured alveolar epithelium secretes growth factors, cytokines and
chemokines that autocrine promotes epithelial cell migra�on, prolifera�on and
differen�a�on of type II cells into type I alveolar epithelial cells. In IPF, the ability of type
II alveolar epithelial cells to migrate, proliferate and differen�ate is compromised [5].
Dysfunc�onal repair could be a�ributed to excessive loss of alveolar epithelial cell loss
by apoptosis which seems to be a feature of IFP. Secre�on of factors from damaged
alveolar epithelium also enables paracrine control of resident fibroblasts such as
prolifera�on, chemotaxis and deposi�on of extracellular matrix [6]. The wound healing
cascade that follows, orchestrated by lung fibroblasts (LFs), does not follow the normal
repair process of healthy �ssue; instead of achieving wound resolu�on, a mass of LFs
accumulates at the site of injury forming fibroblas�c foci, which are a major pathological
feature of the disease [7,8]. The LFs in fibroblas�c foci secrete exaggerated amounts of
extracellular matrix proteins, which results in accumula�on in the alveolar and
inters��al space leading to destruc�on of lung parenchyma [9].
IPF presents mainly in the elderly, implying that aging and cellular senescence
contributes to disease progression [10–12]. Senescent cells have been increasingly
associated with structural changes seen in aging and several studies report that IPF is
characterized by increased senescence in both LFs and alveolar epithelial cells [13–16].
Senescence occurs as a response to excessive stress locking the cells into cell-cycle
arrest. Several stress factors can induce premature senescence including telomere
a�ri�on, oxida�ve stress or mitochondrial dysfunc�on [15,17,18]. Cells that undergo
(premature) senescence are characterized by irreversible cell-cycle arrest and induc�on
of an�-apopto�c genes, but more importantly, senescent cells remain metabolically
ac�ve leading to the development of a dynamic pro-inflammatory secretory profile
known as the “senescence-associated secretory phenotype” (SASP) [19]. The
composi�on of the secretory profile is dynamic and dependent on the senescence
inducer and cell origin [20]. Nevertheless, most SASP profiles will contain several proinflammatory and pro-fibro�c cytokines including CXCL1, GM-CSF, M-CSF, CXCL-8, IL-6,
and TGF-β [21,22]. Through the SASP senescent cells are able to impact neighbouring
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cells and the local microenvironment [13,14]. Here we aimed to inves�gate the role of
senescent LFs on A549 alveolar epithelial cell prolifera�on and migra�on during wound
healing using a co-culture model.

Experimental
Human lung �ssue
Primary LFs were obtained from lung �ssue resec�ons donated by pa�ents who
provided informed wri�en consent from the John Hunter Hospital in accordance with
HNEHREC 16/07/20/5.03. Addi�onal primary LFs were obtained from the Alfred Lung
Fibrosis Biobank (Alfred Hospital, Melbourne, Australia) under ethical approval #336/13
following NHMRC guidelines. Primary LFs in culture were established as described
before [23].
Co-culture of LFs with alveolar epithelial cells
Fibroblasts from non-ILD controls (Ctrl-LFs) or IPF pa�ents (IPF-LFs) were co-cultured
with A549 alveolar epithelial cells (American Type Culture Collec�on) separated by
Corning Transwell Cell Culture Inserts with 0.4µM pore size in a 12-well plate. Both LFs
and A549 cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM)
GlutaMAX Low Glucose (Thermo Scien�fic) supplemented with 25mM HEPES, 10%
Foetal Bovine Serum (FBS), penicillin (100U/ml) and streptomycin (100µg/ml) (All from
Sigma-Aldrich). Primary LFs were used between passage 2 and 6 while A549 cells were
used between passage 21 and 30. Fi�y thousand LFs were seeded in a 12-well plate and
allowed to adhere and recover for 48 hrs before being serum starved (DMEM with 0.4%
FBS) for 48 hrs. To induce senescence, LFs were exposed to 150µM hydrogen peroxide
(H2O2) for 2 hrs followed by 3 days of incuba�on in DMEM with 0.4% FBS [24]. On the
same day as LF senescent induc�on, 30,000 A549 cells were seeded on a transwell insert
in DMEM with 10% FBS and allowed to recover for 48 hrs. The media was then
replenished with DMEM containing 0.4% FBS, in which the cells were maintained for an
addi�onal 72 hrs before co-culture or receiving LF condi�oned media (CM). To coculture, transwell inserts containing A549 cells were transferred on top of the LFs and
fresh DMEM with 5% FBS was added to s�mulate A549 cell prolifera�on. A�er 48 hrs of
co-culture or being maintained in LFs CM, A549 cells were harvested for cell
enumera�on and cell-cycle analysis.
For the migra�on assay a confluent layer of A549 cells was exposed to 0.5µM mitomycin
C (MMC) (Sigma-Aldrich) for 2 hrs followed by genera�on of a scratch-wound using a p20
pipe�e �p, before washing twice with PBS. Transwell inserts containing wounded A549
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cells were transferred on top of the LFs s�mulated as described before and fresh DMEM
with 5% FBS was added to the apical side of the membrane. Images were taken using an
inverted microscope (Leica DMIL LED) equipped with a Leica MC120 HD camera. ImageJ
was used to measure the wound area to calculate a rate of wound closure [25].
Cell enumera�on
Transwell inserts containing A549 cells were transferred to a new 12-well plate and
harvested using a mixture of 0.5% trypsin and 2mg/mL collagenase Type I in Hank’s
Balanced Salt Solu�on containing calcium and magnesium but without phenol red
(HBSS) (All from Sigma-Aldrich) for 20 minutes at 37˚C, 5% CO2. The trypsin/collagenase
solu�on was inac�vated using PBS containing 5mM ethylenediaminetetraace�c acid
(EDTA) and 2.5% v/v FBS. An A549 cell aliquot was transferred to a new tube, stained
using trypan blue (Sigma-Aldrich) and manually counted using a hemocytometer.
Immunoblo�ng
Cell lysates were measured using the BCA assay kit according to manufacturer
specifica�ons (Thermo Scien�fic) before 10 µg protein was subjected to SDS
polyacrylamide gel electrophoresis followed by semi-dry transfer as described before
[23]. Primary an�bodies used were p21 (1:1000) (CST, #2946) Phospho-Rb (1:1500) (CST,
#3590) and β-Ac�n (1:5000) (Abcam, #ab8227).
Cell-cycle analysis
Cell-cycle kine�cs of A549 cells were evaluated using propidium iodide (PI) (SigmaAldrich) detec�on by fluorescent-ac�vated cell sor�ng analysis. Cells were harvested
a�er co-culture and fixed in ice-cold 70% ethanol for 1 hour. A�er washing with HBSS,
50µL ribonuclease I (100µg/mL) was added and incubated for 30 minutes at room
temperature. PI (50µg/mL) was added to the dissociated cells before being incubated for
10 minutes on ice. Twenty thousand events were collected and analysed on a FACSCanto
II (Becton Dickinson). Cell-cycle kine�cs was quan�fied using FlowJo™ V10 so�ware.
Sta�s�cal Analysis
Sta�s�cal analyses were performed using GraphPad Prism 8 and data presented as mean
± SD with each point represen�ng a different donor. Sta�s�cal analysis was evaluated
using Wilcoxon matched pair signed rank test for comparison between s�mulated and
uns�mulated condi�ons. Unpaired nonparametric Mann-Whitney test was used to
compare Ctrl-LFs with IPF-LFs. Data was considered sta�s�cally significant at p<0.05.
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Results
Senescent LFs reduce the prolifera�on of alveolar epithelial cells in co-culture
We inves�gated the effect of Ctrl-LFs and IPF-LFs with or without H2O2 s�mula�on on
A549 cell prolifera�on in co-culture (Figure 1). Table 1 characterized the fibroblast
donors used for this study. Samples were chosen at random for any assay. Co-culture
with Ctrl-LFs did not reduce A549 cell prolifera�on compared to A549 monoculture.
However, co-culture with H2O2-exposed (senescent) Ctrl-LFs significantly reduced A549
prolifera�on (78.7 ± 12.1%) when compared to untreated Ctrl-LFs (p=0.0313). IPF-LFs at
baseline decreased A549 cell prolifera�on (87.1 ± 8.5%) when compared to Ctrl-LF coculture (p=0.0173) and A549 monoculture. Interes�ngly, H2O2 s�mulated IPF-LFs further
exaggerated this effect and strongly reduced prolifera�on (62.2 ± 8.1%) compared to all
other mono- or co-cultures (p<0.05). These data indicate that A549 cell prolifera�on is
inhibited by senescent-induced Ctrl-LFs or IPF-LFs in co-culture.

Figure 1. Senescent LFs reduce prolifera�on of A549 cells in co-culture. A549 cells were cocultured in the presence of Ctrl-LFs (n=6) or IPF-LFs (n=6). Fibroblast senescence was induced by
s�mula�on with 150μM H2O2 for 2 hrs followed by incuba�on for 72 hrs in low-serum DMEM, and
a�erwards co-cultured for 48 hrs. Prolifera�ve poten�al of A549 cells was measured by cell
enumera�on. All data were normalized to A549 cell baseline growth (do�ed line, 100%) and
expressed as mean ± SD, p < 0.05 was considered sta�s�cally significant, Wilcoxon matched-pairs
rank test for non-s�mulated and H2O2; Mann- Whitney U for Ctrl-LFs vs IPF-LFs at baseline.
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Table 1. Characteris�cs of fibroblast donors
#

Donor

Sex

Age

Smoking History

Pack Years

1

Ctrl-LF

N/A

39

Ex

15

2

Ctrl-LF

M

69

Ex

20

3

Ctrl-LF

N/A

35

N/A

N/A

4

Ctrl-LF

F

67

N/A

N/A

5

Ctrl-LF

F

61

N/A

N/A

6

Ctrl-LF

F

66

Ex

28

7

IPF-LF

M

65

Ex

40

8

IPF-LF

M

63

Ex

20

9

IPF-LF

F

56

Never

0

10

IPF-LF

M

57

Ex

48

11

IPF-LF

F

59

Ex

60

12

IPF-LF

M

43

Ex

7

13

IPF-LF

M

70

Never

0

14

IPF-LF

M

54

Ex

N/A

N/A = data not available. Mean age of non-ILD donors 54 years and IPF donors 59 years
of age. Fibroblast samples were chosen at random for any assay.

Condi�oned medium from senescent-induced LFs reduces the prolifera�on of
alveolar epithelial cells
Next, we evaluated whether the an�-prolifera�ve effect of senescent induced Ctrl-LFs
and IPF-LFs on A549 cells are caused by factor(s) ac�vely secreted as part of the SASP.
A549 cells were incubated with condi�oned medium (CM) from Ctrl-LFs and IPF-LFs with
or without H2O2 s�mula�on and prolifera�on measured (Figure 2). CM from untreated
Ctrl-LFs had no significant effect on A549 prolifera�on compared to control. However,
CM from H2O2-s�mulated Ctrl-LFs significantly reduce A549 prolifera�on (85.7 ± 24.6%)
but to a lesser extent than in co-culture system (p=0.0313). Similarly, only A549 cells
incubated with CM from H2O2 treated IPF-LFs demonstrated reduced prolifera�on (82.4
± 26%) (p=0.0313). These results suggest that inhibi�on of A549 cell prolifera�on by
senescent LFs is dependent, at least partly on secreted factors as part of the SASP.
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Figure 2. Condi�oned medium from senescent LFs reduced prolifera�on of A549 cells. A549 cells
were cultured in condi�oned media from Ctrl-LFs (n=6) or IPF-LFs (n=6) fibroblasts. Fibroblast
senescence was induced by s�mula�on with 150μM H2O2 for 2 hrs followed by recovery for 72
hours, condi�oned media transfer and cultured for 48 hrs. Prolifera�ve poten�al of alveolar
epithelial cells was measured by cell enumera�on. All data were normalized to A549 baseline
growth (do�ed line, 100%) and expressed as mean ± SD, p < 0.05 was considered sta�s�cally
significant, Wilcoxon matched-pairs rank test for non-s�mulated and H2O2; Mann-Whitney U for
Ctrl-LFs vs IPF-LFs at baseline.

Co-culture with IPF-LFs induces alveolar epithelial cell-cycle arrest
Cells that undergo senescence show signs of permanent cell-cycle arrest. Cell-cycle
distribu�on was assessed using PI staining of A549 cells at baseline or in co-culture with
Ctrl-LFs and IPF-LFs with or without H2O2 s�mula�on. (Figure 3). Here, it was shown that
co-cultures with IPF-LFs and A549 cells significantly increased the number of alveolar
epithelial cells in G2/M phase compared to A549 cells at baseline (p = 0.0455) or Ctrl-LFs
(p=0.0303). Co-cultures with H2O2 treated Ctrl-LFs and IPF-LFs with A549 cells shown
similar impact on G2/M phase as IPF-LFs alone. Co-culture with Ctrl-LFs had no impact on
distribu�on of cell-cycle phase compared to A549 monoculture
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Figure 3. Co-culture of A549 cells with IPF-LFs increased cell-cycle arrest in G2/M phase. A549
cells were co-cultured with Ctrl-LFs(n=6) and H2O2 treated Ctrl-LFs (n=3) or IPF-LFs(n=6) and H2O2
treated IPF-LFs (n=2) for up to 48 hrs a�er cells were fixed and stained for DNA content using PI
followed by FACS analysis. Fibroblast senescence was induced by s�mula�on with 150μM H2O2
for 2 hrs followed by incuba�on for 72 hrs in low-serum DMEM, and a�erwards co-cultured for 48
hrs. Diamonds represents A549 cell baseline cell-cycle profile, circles represents co-culture with
Ctrl-LFs while squares represents co-culture with H2O2 treated Ctrl-LFs. Up-poin�ng triangle
represents co-culture with IPF-LFs and down-pointed triangle represents co-culture with H2O2
treated IPF-LFs. Cell-cycle data were expressed as rela�ve cell-cycle phase (%) ± SD.

Primary lung fibroblasts increase alveolar epithelial cell migra�on in co-culture.
Next, the effect of senescent LFs on A549 cell wound closure a�er mechanical injury was
studied (Figure 4). To assess migra�on only during wound closure we treated A549 cells
prior wounding with MMC to inhibit prolifera�on a�er mechanical injury. Op�mal MMC
concentra�on was chosen based on cell-cycle analysis and p21/pRb protein expression
(Figure 4C-D). A549 cells alone did not completely close the wound within 48 hrs (fig 4a).
No combina�on of cells and treatments closed the wound by 24 hrs but the wound was
closed by 48 hrs when A549 cells were co-cultured with Ctrl-LFs or IPF-LFs irrespec�ve
of whether or not they were treated with H2O2 (fig 4).
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Figure 4. Fibroblasts increase alveolar epithelial cell migra�on in co-culture. A) A549 cells were
grown to confluence, treated with 0.5μM MMC for 2 hours before a scratch-wound was
introduced. Fibroblast senescence was induced by s�mula�on with 150μM H2O2 for 2 hrs. A) The
mechanically injured A549 cells were cultured alone (n=16) or in combina�on with Ctrl-LFs (n=8)
or IPF-LFs (n=8), and migra�on was followed up for 48hrs. B) The rela�ve rate of wound closure
a�er 24 hrs was calculated based on surface area of the scratch using ImageJ. Data are expressed
as rela�ve wound closure in percentage a�er 24 hrs ± SD. # A549 cell wound closure at 24 hours
was tested significant different compared to all other condi�ons using Mann-Whitney U test for
each co-culture condi�on (p<0.05). C-D) MMC concentra�on was �trated followed by cell-cycle
and immunoblo�ng to select for op�mal concentra�on.

Discussion
IPF is characterized by accumula�on of extracellular matrix as a result of an impaired
wound repair response and an increase in senescence. There is accumula�ng evidence
that fibroblast senescence contributes to IPF pathology, but its role in dysfunc�onal
alveolar epithelial repair remains to be elucidated. By using a co-culture model with
primary LFs, we were able to assess the effect of Ctrl-LFs, IPF-LFs and oxida�ve-stress
induced senescence on the prolifera�on and migra�on of A549 cells in co-culture.
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Hydrogen peroxide has been described and used for nearly three decades to induce
oxida�ve-stress induced senescence in primary human fibroblasts with minimal
cytotoxicity [26–28]. Recently a publica�on by Waters et al., 2019 from our group
characterized in detail fibroblast stress-induced senescence a�er H2O2 treatment [23]. A
single treatment with 150µM H2O2 for 2 hrs resulted in increased markers of senescence
such as p21 expression, nuclear phospho-p53, increased IL-6 secre�on and cytoplasmic
SA-β-Gal in primary human lung fibroblasts. Mitochondrial characteriza�ons such as
basal respira�on, proton leak and O2- genera�on were also significantly increased a�er
H2O2 exposure. All of which are characteris�cs of senescence [17]. We showed that A549
cell numbers in co-culture were strongly a�enuated by senescent Ctrl-LFs. We further
found that IPF-LFs also strongly reduce A549 cell prolifera�on; previous studies including
our own have shown that IPF-LFs are more senescent-like than control LFs [15,29]. Our
current findings suggest that senescent LFs may orchestrate an impaired repair response
by limi�ng prolifera�on of neighbouring alveolar epithelial cells in IPF. Whether this
reduc�on in prolifera�ve poten�al is irreversible remains unexplored. Interes�ngly,
s�mula�on of IPF-LFs with H2O2 enhanced the inhibi�on of A549 cell prolifera�on.
During in vitro expansion of IPF-LFs there is ac�ve selec�on for prolifera�ng cells. This
could explain why some IPF-LF cultures react to treatment with H2O2 leading to a higher
number of senescent cells and more pronounced inhibi�on in co-culture. These data
suggests that the mechanisms by which IPF-LFs reduce A549 cell prolifera�on is
independent to that of oxida�ve-stress induced senescent IPF-LFs. In vitro several ways
to induce senescence are known; however, it is unknown whether these different types
of senescence also occur in vivo [17]. How senescence of LFs can influence aberrant reepithelializa�on and especially the an�prolifera�ve effect of alveolar epithelial cells in
IPF is not clear. On the one hand several studies describe the findings that prolifera�on
and hyperplasia of alveolar epithelial cells contributes to the profibro�c environment
[30]. While others demonstrated that epithelial cell senescence and apoptosis is a
potent inducer of IPF [31–33].
It has been shown that the SASP is a core characteris�c of IPF-LFs, comprising of proinflammatory and pro-fibro�c factors that influence the local micro-environment. To
explore possible paracrine influences of the SASP, we exposed A549 cells to CM from
senescent-induced LFs or IPF-LFs. We found that CM from senescent induced LFs (either
control or IPF) reduced A549 cell prolifera�on. These findings support the hypothesis
that senescent LFs ac�vely secrete factors as part of the SASP affec�ng the local microenvironment. Interes�ngly, the difference in the an�-prolifera�ve effects between the
IPF-LF co-culture and CM experiments, suggest the factor released from IPF-LFs
responsible for reducing A549 cell prolifera�on is a factor that is rapidly produced and
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then inac�vated. Using a CM model, we eliminate poten�al contact-dependent crosstalk
between the LFs and A549 cells. The senescent LFs may produce a factor that s�mulates
the A549 cells to produce a messenger molecule that in turn induces the LFs to produce
an an�-prolifera�ve compound crea�ng a feedback system; and highligh�ng the
importance of crosstalk[34].
Cells that undergo senescence and develop a SASP can mediate paracrine transmission
of senescence to neighbouring cells [35]. Using our model, we measured an increased
number of A549 cells in G2/M cell-cycle arrest when in co-culture with IPF-LFs. A similar
increase in G2/M cell-cycle arrest of A549 cells co-cultured with both Ctrl-LFs (n=3) and
IPF-LFs (n=2) treated with H2O2 was also observed. This suggests that senescent Ctrl-LFs
and IPF-LFs are able to induce senescence in neighbouring epithelial cells as
demonstrated by the reduced prolifera�on of A549 cells in our co-culture experiments.
However, how this transmission occurs is not clear. It might be SASP and/or through the
release of reac�ve oxygen species as mitochondrial dysfunc�on is a characteris�c of the
senescent phenotype [36]. Nelson and colleagues demonstrated that senescent
fibroblasts can induce DNA damage in bystander cells by the release of reac�ve oxygen
species [37]. Whether the increase in G2/M cell-cycle arrest we measured is irreversible
remains unclear as we did not examine markers of senescence such as senescenceassociated β-galactosidase, p21 gene expression or DNA damage response (DDR) in
A549 cells.
During re-epitheliza�on, type II alveolar epithelial cells proliferate, differen�ate into
type I cells and migrate over the remodelled matrix to quickly restore normal
homeostasis. In IPF this process is impaired and a number of profibrogenic mediators
seems to be implicated in this dysfunc�onal response characterized by excessive
alveolar epithelial cell loss [5]. Having demonstrated that senescent LFs were able to
reduce prolifera�on, we exposed A549 cells to mechanical injury to assess their
migratory capacity in the presence of senescent-induced Ctrl-LFs and IPF-LFs or A549
cells alone. During wound closure we observed that the presence of LFs, regardless of
disease status or senescent-induced phenotype, created a posi�ve migra�on
environment. The lack of difference between migra�on induced by Ctrl-LFs and IPF-LFs
is compelling as several studies have shown the importance of senescent cells in wound
healing [38]. Krizhanovsky and colleagues illustrated in an animal model of liver injury
that accumula�on of senescent cells prevented fibro�c �ssue forma�on and promoted
resolu�on of fibrosis [39]. Moreover, our observa�on that IPF-LFs have a posi�ve
influence on epithelial migra�on is supported by a study of Prasad and colleagues, in
which it was shown that IPF-LFs promote alveolar epithelial cell migra�on while Ctrl-LFs
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migrate into the damaged area during wound-healing [40]. Our results highlight the
poten�al difference in mechanisms between reducing prolifera�on and promo�ng
migra�on. Although great progress has been made in understanding senescence and its
role in IPF, much remains unclear as to how it contributes to aberrant re-epithelializa�on
in IPF.
While we recognize the transla�onal limita�ons of using the adeno-carcinoma cell-line
A549 as model to study epithelial-fibroblast crosstalk in rela�on to IPF, it remains the
best and most robust alveolar epithelial cell-line to date to study basic biological
processes. To iden�fy poten�al mechanisms by which senescent cells impact on alveolar
epithelial cells modula�on of known SASP factors such as IL-6, IL-1β, PDGF, FGFβ, PGE2
and ROS would be the focus of future studies [41,42]. Interes�ngly, STAT3 has been
reported to be involved in fibroblast senescence but a recent publica�on has highlighted
the poten�al involvement in epithelial cell senescence [43]. This is the first study to
show that senescent LFs are able to reduce alveolar epithelial cell prolifera�on in a coculture system. In line with previous observa�ons, senescent LFs secrete components as
part of the SASP that contribute to the spread of senescence to neighbouring cells. The
IPF-LFs are inherently different in their secretory profile which may have implica�ons for
understanding the diseased biology in pa�ents’ �ssues.

Conclusion
We have shown that senescent-induced and IPF-LFs are able to reduce alveolar epithelial
cell prolifera�on in co-culture and that this is independent of crosstalk between LF’s and
alveolar epithelial cells. Increase in cell-cycle arrest in alveolar epithelial cells suggest a
role for the secretory profile in spreading senescence to neighbouring cells.
Furthermore, we have shown that migra�on of alveolar epithelial cells during wound
repair is not impacted by disease status or induc�on of senescence. Overall, our study
highlights the importance of senescent LFs and difference in mechanism of reducing
prolifera�on and increase in migra�on during injury, but the role exact of reepithelializa�on in IPF remains unclear.
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Summary
The pathogenesis of idiopathic pulmonary fibrosis (IPF) remains unclear despite great
efforts towards understanding the disease, including a�empts to elucidate the role of
cellular senescence. With an ageing popula�on the prevalence of this devasta�ng
disease will increase in upcoming years. Treatment op�ons are currently limited and
while it has become clear that IPF is a treatable disease, a be�er understanding of the
underlying disease processes of IPF is needed to develop novel therapies that can halt,
possibly even reverse fibrosis. As part of this thesis, we hypothesised that fibroblast
senescence is a driver of IPF by influencing the local microenvironment through the
senescence-associated secretory phenotype (SASP) in a manner that involves impaired
alveolar epithelial cell regenera�on. Moreover, extracellular matrix (ECM) changes
observed with ageing are now recognised as a major contributor to disease progression,
yet the role of the ECM in regula�ng the development of senescence remains unclear.
Therefore, the overall scope of this thesis was to inves�gate the impact of fibroblast
senescence on alveolar epithelial cell regenera�on and to determine if the ECM
contributes to pathological senescence by crea�ng a nega�ve feedback loop that
perpetuates disease progression.
Chapter 2 describes the ECM as a modulator of cell func�on and provides an overview
of current knowledge with respect to how this contributes to the cellular senescence
observed in chronic fibro�c diseases, in par�cular IPF. This comprehensive review
illustrates the poten�al of individual ECM proteins across a variety of �ssues to regulate
cell senescence. Interes�ngly, this modula�on appears to be mainly a�ributed to the
ability of the ECM to bind growth factors and cytokines, rather than via direct interac�on
with cell surface receptors. Moreover, ECM proteins such as decorin (DCN), cellular
communica�on network factor 1 (CCN1) and fibulins (FBLNs) have a stronger regulatory
effect on func�onal changes related to senescence than the core structural proteins
such as collagen and elas�n. These matricellular proteins regulate cell-cycle, apoptosis
and the produc�on of immune regulatory cytokines such as interleukin 6 (IL-6) and
chemokine C-X-C mo�f ligand 8 (CXCL8). Furthermore, ECM proteins, such as elas�n,
fibronec�n, DCN, aggrecan and versican induce a strong pro-inflammatory response that
may influence senescence once they are cleaved and released, ac�ng as damageassociated molecular pa�erns (DAMPs) during ECM remodelling. Finally, new therapies
that combine an�fibro�cs and senoly�cs were explored for their ability to interrupt the
aberrant ECM deposi�on and aid in the clearance of pathological senescent cells to halt
or reverse disease progression.
In chapter 3 we inves�gated if the pathological s�ffness measured in IPF lung �ssue
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contributes to the senescent phenotype of fibroblasts, poten�ally crea�ng a nega�ve
feedback loop perpetua�ng disease progression. Here, we used methacrylated gela�ne
(GelMA) hydrogels to mimic the s�ffness of healthy and fibro�c lung and inves�gated
the cellular response to s�ffness by measuring markers of senescence, secre�on of SASP
factors and fibro�c markers. We corroborated prior findings that pathological s�ffness
leads to cellular ac�va�on, marked by increased nuclear transloca�on of Yes-associated
protein 1 (YAP) and organised bundled F-ac�n forma�on. For the first �me, we provide
evidence that pathological s�ffness leads to upregula�on of ACTA2, COL1A1, FBLN1,
IL-6, and DCN which are part of cellular senescence and the fibro�c response. Moreover,
there is increased deposi�on of DCN and FBLN1 on s�ffer hydrogels as well as increased
secre�on of DCN and receptor ac�vator of nuclear factor kappa beta ligand (RANKL) in
response to pathological s�ffness. These results highlight that modula�on of cell
func�on in response to pathological s�ffness may self-reinforce aberrant ECM
deposi�on and contribute to fibrosis in IPF.
In chapter 4 we hypothesised that the altered fibro�c ECM nega�vely impacts fibroblast
func�on leading to the induc�on of premature cellular senescence contribu�ng to
disease progression. Here, we cultured non-IPF lung fibroblasts on IPF-derived ECM and
examined markers of senescence, SASP cytokine secre�on and fibrosis-associated gene
expression. We showed that culture on senescent or pro-fibro�c ECM does not in itself,
modulate markers of senescence in lung fibroblasts from control donors. In contrast, we
saw upregula�on of pro-inflammatory cytokines which are part of the wound repair
response. There was increased gene expression of matricellular protein DCN in
fibroblasts cultured on IPF-derived ECM. Finally, we iden�fied upregula�on of
transforming growth factor beta 1 (TGF-β1) and connec�ve �ssue growth factor (CTGF)
secre�on in response to both senescent and pro-fibro�c derived ECM. These results
indicate that the IPF ECM ac�vates fibroblasts crea�ng a pro-inflammatory and profibro�c response state. When these cells encounter a secondary s�mulant, e.g., during
an exacerba�on, further modula�on of cell func�on occurs that contributes to disease
progression in IPF.
In chapter 5 we tested the hypothesis that fibroblast senescence contributes to an
aberrant wound repair response of alveolar epithelial cells. Here, we co-cultured A549
alveolar epithelial cells with IPF- and senescent fibroblasts and showed that fibroblast
senescence reduced the prolifera�on of alveolar epithelial cells. We have provided
evidence that the reduc�on in epithelial cell prolifera�on is a�ributed to ,as yet
unknown, factor(s) secreted by senescent fibroblasts. Moreover, we have shown that,
irrespec�ve of disease status, fibroblasts secrete factors that induce migra�on of
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alveolar epithelial cells during wound repair. Finally, we have shown that senescent
fibroblasts were able to induce cell-cycle G2/M arrest in alveolar epithelial cells. These
results support the hypothesis that fibroblast senescence plays an important role in the
pathogenesis of IPF and may contribute to an aberrant wound repair response of
alveolar epithelial cells.

General discussion
The ECM as a regulator of cell func�on
The ECM is a highly dynamic structure that is con�nuously remodelled by residing cells
such as fibroblasts. Cells interact with individual matrix proteins using cell surface
receptors such as integrins that results in outside-in signalling that determines cell
func�on, fate and phenotype. Each matrix protein within the ECM has its own func�on,
e.g., contribu�ng to the fibrillar structure or providing elas�city (1). By genera�ng
mechanical forces or modifying the mechanical proper�es of the ECM, cells can
communicate with other cells (2, 3). In IPF the intricate balance of synthesis,
modifica�on and degrada�on is disturbed leading to excessive ECM produc�on and
aberrant ECM turnover. Many pathological condi�ons arise from aberrant matrix
remodelling during ageing including chronic obstruc�ve pulmonary disease (COPD) and
cancer (4). Cellular senescence, a hallmark of ageing, has been increasingly associated
with fibro�c diseases across mul�ple organs (5, 6), yet the impact of the ECM itself on
cellular senescence remained unexplored despite growing evidence that cellular
func�on is regulated by the matrix. In chapter 2 we describe that the majority of
matricellular proteins including DCN, perios�n, tenascin-C, and CCN1 contribute to
senescence through their ability to regulate the cell-cycle, cell fate and the secre�on of
cytokines and growth factors including TGF-β1, CTGF, IL-11, insulin-like growth factorbinding protein 3 (IGFBP-3) and plasminogen ac�vator inhibitor 1 (PAI-1) (7, 8). These
matricellular ECM proteins are iden�fied to be upregulated in fibro�c regions, and are
thus likely to contribute to IPF pathology. Moreover, physical damage and aberrant ECM
turnover leads to the release of ECM DAMPs, which ac�vate a toll-like receptor (TLR)
mediated pro-inflammatory response in IPF (9). Many pro-inflammatory cytokines
including tumour necrosis factor (TNF), IL-6 and CXCL8 are implicated in IPF and have
been iden�fied to be part of the SASP contribu�ng to chronic inflamma�on, fibroblast
ac�va�on and poten�ally inducing cellular senescence (10, 11). This overview highlights
that the ECM is an important regulator of cellular func�oning and the induc�on of
cellular senescence. However, evidence from the literature and our findings suggests
that none of the matrix proteins or secreted factors alone, under normal physiological
condi�ons, can induce cellular senescence. It is a complex myriad of signals from
150

SUMMARY, GENERAL DISCUSSION AND FUTURE DIRECTIONS

different matrix proteins, secreted factors and embedded cells that orchestrate a
response that alters the environment favouring disease progression in IPF.
Fibro�c ECM as a driver of cellular senescence
To get a be�er understanding of how a fibro�c ECM in IPF affects cell func�on and
contributes to the induc�on of cellular senescence we focused on two aspects of the
fibro�c ECM as highlighted in chapter 2. First, the focus was on pathological s�ffness as
measured in IPF lung �ssue due to increased deposi�on of matrix proteins and increased
enzyma�c crosslinking by the lysyl oxidase (LOX) family of enzymes (12, 13).
Subsequently, we focussed on the altered composi�on of the fibro�c ECM as a whole. In
IPF, the ECM reveals altered levels of organisa�on and matura�on caused by increased
deposi�on of collagens, fibronec�n, elas�ns, and matricellular proteins that contribute
to the fibrillar structure and stabilisa�on of the fibro�c ECM (14).
The impact of ECM s�ffness on prolifera�on of primary lung fibroblasts
In chapter 3, we inves�gated the impact of pathological s�ffness, as measured in the
fibro�c lung, on the induc�on of cellular senescence (15, 16). First, we found in
concordance with literature, that growth of fibroblasts on a matrix of increased s�ffness
leads to increased prolifera�on (17). Increased prolifera�on in response to pathological
s�ffness (15kPa), is a well characterised response of fibroblasts (18). In IPF, the fibroblast
foci observed in pa�ents’ �ssues are a fibro�c environment in which fibroblasts
con�nuously receive signals to proliferate from the s�ff ECM in which they are
embedded, while also receiving signals from pro-inflammatory and pro-fibro�c
cytokines. Fibroblast ac�va�on and excessive prolifera�on due to s�ffness may lead to
telomere a�ri�on and as a consequence induc�on of cellular senescence. This may be
due to ageing, as replica�ve senescence (RS) is unavoidable. While shortened telomeres
have been reported in fibroblasts from IPF pa�ents, the evidence showing a causal link
is missing (19). There are some studies sugges�ng there may be an associa�on between
telomere length and increased arterial s�ffness in coronary heart disease, and that this
associa�on is age dependent (20, 21). The link between increased s�ffness and the
poten�al effect on telomere length in fibroblasts needs to be further elucidated,
especially considering cellular senescence is characterised by shortened telomeres.
Fibroblasts demonstrate increased nuclear transloca�on of YAP in response to s�ff
matrices. YAP is recognised as a robust mechanosensor and is ac�vated in response to
increasing s�ffness (22). YAP ac�va�on leads to regula�on of several cell func�ons which
include prolifera�on, migra�on and differen�a�on, and acts as a downstream regulator
of receptor-mediated signalling (23). TGF-β1 mediated ac�va�on of YAP leads to a pro151
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fibro�c response in fibroblasts such as increased ECM produc�on and expression of αSMA (24, 25). In IPF, both alveolar epithelial cells and fibroblasts demonstrate increased
YAP protein expression and increased transloca�on into the nucleus (26, 27). S�ffnessinduced ac�va�on of YAP upregulates ECM produc�on most likely via the release of TGFβ1. In return, TGF-β1 ac�vates YAP ini�a�ng a posi�ve feedback loop. Furthermore,
ac�vated YAP is interconnected with the TGF-β1 and Wnt signalling pathways (24). In
addi�on, the Wnt pathway can also be ac�vated by increased s�ffness and is implicated
in cellular senescence in IPF (28, 29), sugges�ng that Wnt could contribute to this selfreinforcing effect of s�ffness and YAP ac�va�on. In contrast however, YAP ac�va�on in
cancer has been associated with preven�on of oncogenic-induced senescence (30). This
highlights that the disease specific effects of YAP needs to be further elucidated in IPF.
Collec�vely, excessive prolifera�on and ac�va�on of YAP may lead to accelerated cellular
senescence that contributes to a self-reinforcing feedback that leads to fibrosis in IPF.
Ac�va�on of a fibro�c phenotype in response to s�ffness
In chapter 3 we did not find upregula�on of the main markers of senescence p16Ink4A and
p21Waf1/Cip1 in fibroblasts in response to increased matrix s�ffness. However, we did
discern upregula�on of several fibrosis-associated genes including ACTA2, COL1A1, DCN
and FBLN1 indica�ng fibroblasts are ac�vated and display a profibro�c response to
increased s�ffness. In addi�on, increased filamentous ac�n stress fibre forma�on was
observed further suppor�ng the conclusion that fibroblasts are ac�vated and develop a
contrac�le phenotype. In end-stage fibrosis collagen type I is the dominant collagen
found in the fibroblas�c foci. The excessive accumula�on leads to changed compliance,
s�ffness and organisa�on which also impacts on resistance to proteoly�c degrada�on.
Although the exact mechanisms of how collagen could contribute to senescence are
unknown, there is some evidence that glyca�on of collagen fibres is linked to cellular
senescence in arterial hypertension (31).
Further characterisa�on of fibroblasts revealed there was increased deposi�on of DCN
and FBLN1 in response to the s�ff environment. In wound repair, DCN acts as a stabiliser
of ECM �ssue by binding to type I collagen and contributes to regula�on of prolifera�on
and migra�on. In addi�on, DCN is able to regulate growth factor signalling by binding to
receptors such as epidermal growth factor receptor (EGFR). Most notable is the ability
of DCN to inac�vate TGF-β1 and CTGF by preven�ng signal transduc�on (32).Our study
report that DCN deposi�on is increased in response to s�ffness. This is in line with the
observa�on of Westergren-Thorsson and colleagues as they report that IPF fibroblasts
have three �mes higher DCN expression compared to healthy control. Moreover, they
report a nega�ve correla�on between DCN secre�on and prolifera�on in fibroblasts.
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Irrespec�ve of disease status of fibroblasts, low prolifera�on correlated with an up to 12fold higher secre�on of DCN (33). However, DCN appears to have a nega�ve correla�on
with p16Ink4A in senescent fibroblasts from COPD pa�ents (34). This highlights the
poten�al existence of a) different fibroblast popula�ons or b) fibroblasts being in a
different state in IPF. During ac�ve fibrosis, myofibroblasts with low prolifera�ve
poten�al may produce high amounts of DCN contribu�ng to increased stabilisa�on of
the fibro�c ECM. In turn, a fibroblast that becomes senescent has a reduc�on in DCN
expression. This emphasizes the disease specific roles of DCN and confirms the
observa�on, that there is a fibro�c response to pathological s�ffness in IPF.
In our study we report that higher FBLN1 deposi�on by fibroblasts on s�ffer matrices.
FBLN1is highly expressed in connec�ve �ssues that are rich in elas�c fibres such as the
lung (35). Four different isoforms of FBLN1 have been iden�fied (A, B, C and D), of which
the func�on of each specific isoform is yet to be discovered. As a glycoprotein, FBLN1 is
important for the stabilisa�on of ECM by binding other matrix proteins and also it plays
an important part in wound repair (35). In pa�ents with IPF, increased serum levels of
FBLN1 have been associated with disease severity and demonstrated to be a poten�al
novel biomarker (36). FBLN1 is increased in lung �ssue of IPF lungs, and it collocated
with TGF binding protein 1. Using a bleomycin-induced mouse model of fibrosis,
FLBLN1C null mice had reduced remodelling and fibrosis with improved lung func�on
a�er bleomycin challenge (37). Addi�onally, FBLN1 has the ability to upregulate MMPs
and thus ECM fragments that can act as ECM DAMPs. Taken together, the different
func�ons of FBLN1 suggest that it plays an important role in the development and
progression of fibrosis via TGF-β1 mediated ac�va�on leading to increased ECM
deposi�on and subsequent s�ffness in IPF.
Ac�va�on of a secretory phenotype in response to s�ffness
We have established that exposure of fibroblasts to pathological s�ffness has a
substan�al impact on cell func�on such as prolifera�on and ac�va�on to a pro-fibro�c
state. In addi�on, ac�vated fibroblasts develop a secretory phenotype that can be proinflammatory or pro-fibro�c. Through the secre�on of cytokines and growth factors
fibroblasts communicate with their environment and are able to nega�vely impact on
cell func�on of neighbouring cells (38). In chapter 3 we monitored several secreted
factors including IL-6. CXCL8, TGF-β1, Osteoprotegerin (OPG) and RANKL in response to
s�ffness that were iden�fied to be part of the SASP and the profibro�c response (34, 39).
If we approach the secre�on of cytokines, e.g., IL-6 and CXCL8, from a SASP perspec�ve
the observa�ons in this thesis are in line with the conclusion that s�ffness does not
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induce cellular senescence. However, there is evidence sugges�ng that the upregula�on
of SASP factors can precede the induc�on of cell-cycle inhibitors p21Waf1/Cip1 and p16Ink4A
in senescence (40, 41). In a study by Or�z-Montero and colleagues it was demonstrated
that chronic exposure to IL-6 and CXCL8 may contribute to senescence in fibroblasts
(11). Chronic exposure of fibroblasts, together with con�nuously being exposed to a
s�ffer microenvironment, may provide the necessary s�muli for a fibroblast to develop
a detrimental phenotype.
Recently RANKL was reported to be part of the SASP in senescent COPD lung fibroblasts
(34). In osteoclasts RANKL binds to the RANK receptor which leads to ac�va�on of
nuclear factor kappa beta (NF-κβ) via TNF receptor associated factor 6 (TRAF6), which
then regulates several cell func�ons such as survival and prolifera�on (42). While its
exact func�on in fibroblast senescence needs to be elucidated, it is possible that RANKL
might ac�vate NF-κβ and act as a regulator of the SASP. However, our data illustrated
that all of the fibroblast produced RANKL was bound to the decoy receptor OPG and no
free RANKL was detected in the supernatant. This suggests that OPG could func�on as a
nega�ve regulator of the SASP by inhibi�ng RANKL-mediated NF-κβ ac�va�on. However,
it is unknown what the func�on is of the OPG-RANKL complex and this should be the
focus of further studies. OPG is important in bone metabolism and inhibits RANKmediated ac�va�on of osteoclasts by binding RANKL (43). In liver fibrosis, OPG is a
biomarker for fibrosis severity, and recently it was also found to be elevated in IPF where
high OPG levels correlated with low lung func�on. Moreover, OPG expression is cell-type
specific and is regulated by TGF-β1 and mechanical compressive stress (44).
Compressive stress leads to increased OPG produc�on and it might be possible there is
a similar response to ECM s�ffness. Taken together OPG may act as a bridge between
senescence and the fibro�c response in which it inhibits NF-κβ ac�va�on by binding
RANKL.
Ac�va�on of fibroblasts into proto-myofibroblasts is driven by the s�ffness of the matrix.
Under the influence of TGF-β1 a proto-myofibroblast differen�ates into a myofibroblast
which has a contrac�le phenotype characterised by increased α-SMA expression (45).
TGF-β1 is secreted by alveolar epithelial cells (AECs), fibroblasts and bound in the ECM
in the TGF latent binding complex and can be liberated by proteoly�c cleavage or by
force exerted on stress fibres in myofibroblasts (46). Ac�va�on of a cell by TGF-β1 results
in increased produc�on of LOX and CTGF. The produc�on of LOX results in increased
cross-linking of ECM and thus contributes to increased s�ffness of the matrix. CTGF is
responsible for regula�on of ECM produc�on, is con�nuously expressed in fibrosis and
is linked to senescence induc�on in cancer-associated fibroblasts. CTGF overexpression
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in fibroblasts leads to hypoxia-inducible factor 1-alpha (HIF1α) metabolic altera�ons
with induc�on of autophagy, mitophagy and senescence (47). Importantly, OPG is able
to bind to CTGF and therefore not only regulates the SASP via RANKL but poten�ally
senescence and ECM deposi�on in IPF. Taken together, TGF-β1 expression contributes
to ECM deposi�on and increased s�ffness crea�ng a self-reinforcing feedback
mechanism which may be nega�vely regulated by OPG.
We can summarise that ECM s�ffness is a strong regulator of cell func�on and it can lead
to the advent of detrimental cell popula�ons in fibrosis and/or senescence (Figure 1).
Once an ac�ve (myo)fibroblast starts producing pro-inflammatory and pro-fibro�c
cytokines it has the ability to create a self-reinforcing feedback mechanism leading to
further increases in fibrosis. The con�nuous exposure of fibroblasts to chronic stress
leads to build-up of damage (e.g., DNA damage, oxida�ve stress, unfolded protein
response) within the cell which could be a potent inducer of accelerated cellular
senescence.

6

Figure 1. Overview of cell func�on in response to increased ECM s�ffness. Pathological s�ffness
leads to increased prolifera�on of non-IPF fibroblasts and nuclear YAP transloca�on. Ac�va�on of
fibroblasts leads to upregula�on of pro-inflammatory (IL-6, CXCL8 and RANK) and pro-fibro�c
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cytokines (TGFβ1 and CTGF), both part of the SASP. OPG binds RANKL to prevent NK-κβ mediated
SASP ac�va�on or prevents ECM produc�on by regula�ng CTGF ac�vity. TGF-β1 produc�on in
response to YAP leads to upregula�on of ECM produc�on and subsequent s�ffness by the LOX
family of enzymes. ECM proteins FBLN1 and DCN are increased in response to s�ffness. DCN
deposi�on binds both TGF-β1 and CTGF thereby regula�ng their fibro�c proper�es. CXCL8 =
chemokine C-X-C mo�f ligand 8; IL-6 = interleukin-6; OPG = osteoprotegerin; RANKL = receptor
ac�vator of nuclear kappa-β ligand; TGF-β1 – transforming growth factor-β1; CTGF = connec�ve
�ssue growth factor; DCN = decorin; FBLN1 = fibulin (Created with Biorender.com).

ECM composi�on as inducer of a fibro�c response
In chapter 4 we inves�gated whether deposited ECM by fibro�c and senescent
fibroblasts can drive fibroblast senescence. We reported that fibro�c and senescent
fibroblast-derived ECM leads to upregula�on of α-SMA and DCN gene expression and an
increase in secre�on of IL-6, CXCL8, TGF-β1 and CTGF in fibroblasts. However, the matrix
itself had no impact on expression of the cell-cycle inhibitors, p21Waf1/Cip1 and p16Ink4A the
main markers of senescence. The observa�on that fibroblasts respond to fibro�c ECM
from IPF-derived fibroblasts is in line with a previous study where they reported a similar
upregula�on of fibrosis-associated genes in response to IPF matrix (48). In contrast to
this previous study, we were unable to show the upregula�on of the LOX family in our
study. However, there were methodological differences, such as ECM quan�ty and
exposure �me of the fibroblasts to the ECM between these two studies that may explain
the different outcomes. All cytokines we measured in response to fibro�c ECM are
iden�fied to be part of the SASP and fibro�c response. We measured a higher
concentra�on of IL-6 and CXCL8 from fibroblasts on fibro�c ECM, both of which are
important in �ssue repair and are linked to cellular senescence (49). Con�nuous
produc�on of IL-6 and CXCL8 creates a chronic inflammatory environment with the
poten�al to affect neighbouring cells which may reinforce cellular senescence in
fibroblasts (50, 51). Secondly, in response to a pro-fibro�c ECM we found pro-fibro�c
factors TGF-β1 and CTGF were upregulated. Chronic exposure to pro-fibro�c cytokines
induces con�nuous produc�on of ECM and failure to terminate the repair response in
fibroblasts during wound repair, which contributes to an aberrant matrix accumula�on
(52). Together with IL-6 and CXCL8, these pro-fibro�c growth factors can create a selfreinforcing mechanism in which ac�vated fibroblasts con�nue to produce aberrant
matrix and secrete cytokines which leads to ECM accumula�on and drives subsequent
cell responses in fibroblasts (Figure 2).
In summary, our data suggests that ECM composi�on, as assessed in this thesis, has
much less of an impact on cell func�on compared to s�ffness in driving cellular
responses. The ac�va�on of cells and development of a detrimental phenotype may
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require more than one s�mulus that just an altered ECM to drive pathological changes
in fibrosis. The ini�ator of this cascade remains unknown, but it is quite evident that
once there is increased s�ffness combined with aberrant ECM composi�on, and chronic
exposure to cytokines, fibroblasts may change to a profibro�c phenotype. Why a
fibroblast ini�ally changes to a pathological phenotype remains open for discussion.
Ageing might be a substan�al trigger for change, accumula�on of damage due to
repeated ac�va�on from small insults may push the fibroblast over a threshold leading
to cellular senescence. Once there are a few “bad” cells within a �ssue
microenvironment the cycle may start leading to gradual but progressive expansion of
fibro�c or senescent cells.

6

Figure 2. Secre�on of cytokines in response to fibro�c ECM in IPF. Non-IPF fibroblasts cultured on
senescent or profibro�c-derived ECM demonstrate upregula�on of IL-6, CXCL8, TGF-β1 and CTGF.
IL-6 and CXCL8 secreted by senescent fibroblasts may induce senescence in neighbouring cells
while TGF-β1 and CTGF lead to increased ECM deposi�on and cross-linking by LOX family of
enzymes. CXCL8 = chemokine C-X-C mo�f ligand 8; IL-6 = interleukin-6; TGF-β1 – transforming
growth factor-β1; CTGF = connec�ve �ssue growth factor (Created with Biorender.com).
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Fibroblast senescence as a driver of impaired wound healing
in IPF
The results presented in this thesis demonstrate that the ECM is important in regula�ng
cell func�on such as prolifera�on and ac�va�on of fibroblasts which results in increased
ECM produc�on, and the release of cytokines and growth factors into the local
microenvironment. In chapter 5 we inves�gated the impact of IPF fibroblasts, embedded
in their own deposited matrix, on alveolar epithelial cell regenera�on. We demonstrate
the ability of senescent fibroblasts to reduce prolifera�on of epithelial cells and showed
this is at least in part, was due to the SASP as no direct cell-cell contact was needed for
this effect. The an�-prolifera�ve effect of the SASP on AECs is remarkably strong,
considering the reduc�on in prolifera�on was demonstrated using A549 lung
adenocarcinoma cell-line. The first ques�on that would arise is what is secreted by
senescent fibroblasts that has a strong an�-prolifera�ve effect. Measuring cell-cycle
progression, epithelial cells had G2/M cell-cycle arrest. During normal cell-cycle
progression several checkpoints maintain integrity of the cells in which G2/M is the last
checkpoint before mitosis. Cell-cycle inhibi�on at G2/M phase is associated with DNA
damage and allows the cell to repair the damage before con�nuing with mitosis (53).
Reac�ve oxygen species (ROS) was iden�fied as an important inducer of senescence in
neighbouring fibroblasts. Mitochondrial dysfunc�on in fibroblasts results in the
produc�on of ROS which induces DNA damage and ac�vates the DNA damage response
(DDR) in neighbouring cells such as fibroblasts and AECs. Addi�onally, ac�va�on of NFκβ by ROS leads to the produc�on the SASP, which impacts on neighbouring cells (54).
The secre�on of ROS may only be a small contributor to the an�-prolifera�ve effect of
the SASP. IL-6 and CXCL8 have been shown to induce senescence in neighbouring cells
(11, 49). Aside from the “classic” cytokines and growth factors iden�fied in the SASP
more focus is directed towards extracellular vesicles (EVs) that carry many different
payloads including proteins, microRNAs (miR) and DNA. EVs from fibroblasts can induce
cellular senescence via miR-23b-3p and miR-494-3p which leads to suppression of
(sirtuin 3) SIRT3 and subsequent ROS produc�on in AECs in pulmonary fibrosis (55). The
data presented in this study emphasizes the complexity of the SASP and the detrimental
effect of accumula�on of senescent cells in IPF, whether they are fibroblasts or epithelial
cells. The secre�on of cytokines, growth factors, ROS or EVs may be the ac�ve element
in the SASP of senescent fibroblasts in and should be the focus on future studies.
However, it is a mul�factorial system, and it may be unlikely that just one ac�ve factor
may be responsible for the pathological outcome.
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The spread of senescence from fibroblasts to type II AECs has major implica�ons in
�ssue repair. During wound repair senescent type II AECs are unable to proliferate and
poten�ally differen�ate into type I cells to repopulate and repair the alveolar wall, which
leads to impaired gas exchange. Dysfunc�onal AECs, like fibroblasts con�nue to secrete
a SASP which is likely to reinforce cellular senescence and the establishment of a selfperpetua�ng feedback mechanism which leads to IPF progression.
The results in chapter 5 show that while epithelial cell prolifera�on was reduced by the
SASP, the presence of fibroblasts increased migra�on, irrespec�ve of disease status of
the fibroblast used. This is an interes�ng observa�on, but in the context of wound repair,
it demonstrates that fibroblast prolifera�on and migra�on are two separate mechanisms
which are impacted differently by the SASP of senescence fibroblasts.
In summary, we conclude that fibroblast senescence has a substan�al impact on the
wound repair response in IPF. While migra�on is unaffected by cellular senescence,
without the ability of type II AECs to prolifera�on and differen�ate in type I cells the
alveolar epithelial cell wall cannot be regenerated a�er injury. Moreover, the SASP from
senescent fibroblasts is able to transfer senescence to neighbouring cells (both alveolar
epithelial cells and naïve fibroblasts) which contributes to the crea�on of a feedback
mechanism that favours disease progression in IPF.

Future perspec�ves
With an ageing and growing popula�on, the world-wide prevalence of IPF will con�nue
to rise and the financial burden will increase. In the US alone the Medicare costs of IPF
were es�mated to be two billion dollars per year; and this not including the costs of the
considerably expensive medica�ons, pirfenidone and nintedanib (56). These two drugs
have modest potency in slowing down disease progression, but they do not work for
every pa�ent and have substan�al side effects. As IPF keeps progressing, the only
effec�ve treatment remains a lung transplant. This highlights the urgent medical need
to develop new novel therapies for the treatment and ul�mately cure of IPF. Therefore,
basic research should focus on inves�ga�ng what the ini�al triggers are of the disease,
and more importantly once fibrosis does start to develop, what drives its unchecked
progression. This may lead to the iden�fica�on of novel targets for therapeu�cs that
may slow or halt the fibrosis in IPF. In this thesis we provide evidence that the fibro�c
ECM contributes significantly to the self-reinforcing effect in fibrosis by altering cell
func�on, and that fibroblast senescence plays a substan�al role in impaired wound
healing of AECs and may be important in progression of IPF.
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Tissue s�ffness has been iden�fied as driver of aberrant cellular func�on and might be a
key factor in sustained fibrosis in IPF. However, in chapter 3 we only characterised the
response of non-IPF fibroblasts to a s�ff environment at a specified �me point. In IPF,
fibroblasts may be exposed to varying s�ffnesses from the fibroblas�c foci and the
surrounding non-fibro�c �ssue. The response of fibroblasts exposed to a gradual
increase in s�ffness should be tested to mimic the leading edge of fibrosis in IPF and the
impact of this varia�on on cell func�on. Future studies should inves�gate what the
different responses are of control and IPF fibroblasts to s�ffer matrices in long term
cultures and in the context of senescence. Different s�muli that have been linked to
senescence can be used to measure if pathological s�ffness makes fibroblast more
suscep�ble to the senescent-inducing effects including but not limited to ROS, IL-6,
CXCL8 and hypoxia (57, 58). Moreover, fibroblasts in healthy lungs are exposed to cyclic
stretch while in the fibro�c lungs to sta�c forces. This con�nuous chronic stress may lead
to aberrant cell behaviour.
As discussed in chapter 4, ECM deposi�on itself has no effect on the senescence
phenotype of non-IPF fibroblasts; instead there is ac�va�on of a pro-fibro�c response.
It would be of interest to characterise if fibroblasts change their response to a fibro�c
ECM under the influence of different s�muli. Currently, the working theory is that IPF
originates from aberrant wound repair in the epithelium. Exposing fibroblasts on profibro�c matrices chronically to epithelial-derived pro-inflammatory cytokines such as IL6 or CXCL8 may provide sufficient s�mula�on to develop the environment that favours
senescence induc�on.
In the last part of the thesis, we focused on senescent fibroblasts and how they impact
on alveolar epithelial cells. It is quite evident that the SASP has substan�al effects on
neighbouring cells and plays an important role in IPF. The an�-prolifera�ve effect of
senescent fibroblasts on AECs we observed needs to be replicated using primary
epithelial cells. The ideal would be the use of a mixture of type I and type II AECs as their
response to the SASP may be different to that of A549 cells. Although great progress has
been in culturing and maintaining the AEC type II phenotype in vitro, this remains a
challenge for long term air-liquid interface (ALI) cultures and therefore represents a
limita�on for current in vitro model systems. One major ques�on that remains is what is
in the SASP of lung fibroblasts that is responsible for the effects we observed. There are
clues as to what may be responsible for the inhibi�on of epithelial cell prolifera�on; ROS
and prostaglandin E2 (PGE2) have been described extensively and thus their func�ons
should be inhibited within our model system to determine to which degree they
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contribute. However, it is likely that the effects may not be a�ributed to a single factor,
but rather a whole panel of compounds that change cell behaviour. Moreover, the focus
in this thesis has been on fibroblasts as they are the main ECM producing cells in IPF.
However, the ability of senescent alveolar epithelial cells to spread senescence and how
they react to differences in the environment should also be examined in the future.
Ul�mately, the focus of research should go towards the development of a complex
system in which we combine the outcome of the three experimental chapters to create
a 3D-enviroment composed of fibro�c ECM and s�ffness and include both senescent
fibroblasts and AECs to study the overall impact of each (and combined) element(s).
Overall conclusion
The overall conclusion that can be drawn from this thesis is that the studies herein
support the hypothesis that the ECM is a strong regulator of cell func�on and that the
ECM contributes to aberrant cell ac�va�on that poten�ally leads to accelerated cellular
senescence in lung fibroblasts. Cellular senescence in fibroblasts leads to impaired
wound healing of alveolar epithelial cells and the spread of pathological senescence via
the SASP. The interplay between the fibro�c ECM and senescent fibroblast creates a selfreinforcing nega�ve feedback loop that contributes to IPF progression (Figure 3).
Therapeu�cs that target the interplay between the fibro�c ECM and senescent cells may
be a poten�al target to halt progression of fibrosis. These targets may be of benefit for
other disease that arise from pathological ECM remodelling.
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Figure 3. Overview of the interplay between AECs, fibroblasts and the fibro�c ECM in IPF. AECs
release pro-inflammatory mediators during chronic injury that leads to ac�va�on of fibroblasts.
Myofibroblasts start to deposit matrix which leads to aberrant ECM deposi�on and increased
s�ffness. The fibro�c ECM has a nega�ve impact on fibroblasts which contribute to aberrant cell
ac�va�on and the development of cellular senescence. Through the release of the SASP
senescence fibroblasts impact on neighbouring fibroblasts and epithelial cells inducing
senescence. The con�nuous ac�va�on and subsequent exposure to fibro�c ECM leads selfsustaining cycle of fibrosis progression in IPF. CXCL8 = chemokine C-X-C mo�f ligand 8; IL-6 =
interleukin-6; OPG = osteoprotegerin; RANKL = receptor ac�vator of nuclear kappa-β ligand; TGFβ1 = transforming growth factor-β1; CTGF = connec�ve �ssue growth factor; DCN = decorin; FBLN1
= fibulin (Created with Biorender.com).
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Dutch summary
De pathogenese van idiopathische pulmonale fibrose (IPF) is nog al�jd onbekend
ondanks de hoeveelheid �jd en moeite die is gestoken in het onderzoeken van de
oorzaak en met name de rol van cellulaire veroudering. Doordat de bevolking steeds
ouder wordt zal er een toename zijn van pa�ënten die gediagnos�seerd worden met IPF
in de komende jaren. De ontwikkeling van nieuwe behandelmethoden hee� duidelijk
gemaakt dat IPF een behandelbare ziekte is, maar meer kennis is nodig om nieuwe
therapieën te ontwikkelen die de progressie van IPF kunnen stoppen of zelfs het verloop
van de ziekte kan omkeren. Als onderdeel van dit proefschri� hebben wij de hypothese
opgesteld dat cellulaire veroudering van fibroblasten de drijfveer is van IPF doordat
cellulaire veroudering de lokale omgeving beïnvloed via de senescence-associated
secretory phenotype (SASP), een profiel van inflammatoire factoren welke worden
uitgescheiden �jdens cellulaire veroudering, en dan met name op een manier dat het de
regenera�e van alveolaire epitheelcellen belemmerd. Bovendien zijn veranderingen aan
het bindweefsel �jdens veroudering nu erkent als drijfveer voor de voortgang van IPF,
echter is de invloed van bindweefsel op cellulaire veroudering onbekend. De
overkoepelende hypothese was gericht op het ontrafelen van de invloed van cellulaire
veroudering op de regenera�e van alveolaire epitheelcellen. Daarnaast hebben we
gekeken wat de bijdrage is van bindweefsel bij het ontstaan van cellulaire veroudering
wat kan bijdragen aan het creëren van een feedbackmechanisme wat de progressie van
IPF bevorderd.
In hoofdstuk twee beschrijven wij de rol van bindweefsel als regulator van cel processen
en verstrekken wij een overzicht van de huidige kennis over de bijdrage van cellulaire
veroudering in chronische fibrose met specifieke aandacht voor IPF. Deze uitgebreide
review beschrij� de poten�e van de individuele matrix eiwi�en in verschillende weefsels
en hoe deze kunnen bijdragen aan de regula�e van cellulaire veroudering. De modula�e
van de verschillende matrix eiwi�en lijkt voornamelijk te komen door het binden van
cytokinen en groeifactoren en niet zozeer door directe interac�e tussen cel en matrix
eiwi�en. De bindweefsel eiwi�en decorine (DCN), cellular communica�on network
factor 1 (CCN1) en fibuline (FBLN) hebben een zeer sterk regulerend effect dat in
verband wordt gebracht met cellulaire veroudering. Dit effect is groter dan verwacht,
met name als we kijken naar de func�e van collageen en elas�ne. De celcyclus, apoptose
en de produc�e van immuun regulerende cytokinen zoals interleukine 6 (IL-6) en
chemokine C-X-C mo�f ligand (CXCL8) wordt geregeld voor matricellulaire eiwi�en.
Andere bindweefsel eiwi�en zoals elas�ne, fibronec�ne, glycosaminoglycanen (GAGs),
DCN, aggrecan en versican hebben een sterk pro-inflammatoire werking. Als deze
168

DUTCH SUMMARY

eiwi�en vrijkomen �jdens weefsel herstel als lichaamseigen gevaarsignaal, ofwel
danger-associated molecular pa�ern (DAMPs), hebben ze mogelijk een effect op de
regula�e van cellulaire veroudering. Als laatste is beschreven hoe an�-fibro�sche
medicijnen gebruikt kunnen worden om afwijkende bindweefsel-deposi�e te
voorkomen, en hoe senoly�ca gebruikt kunnen worden voor het selec�ef verwijderen
van senescent cellen zodat IPF gestopt of omgekeerd kan worden.
In hoofdstuk drie onderzoeken wij wat de bijdrage is van matrix-s�j�eid, zoals gemeten
in de fibro�sche long, op de induc�e van cellulaire veroudering in fibroblasten en hoe
het bijdraagt aan een zelfversterkend feedbackmechanisme. In deze studie gebruiken
wij gemethacryleerde gela�ne (GelMA) hydrogelen om de s�j�eid van de gezonde en
fibro�sche long na te bootsen om vervolgens te meten wat het effect is op cellulaire
veroudering, secre�e van de SASP en fibro�sche factoren. De resultaten van dit
onderzoek beves�gen eerdere bevindingen dat matrix s�j�eid leidt tot cel ac�va�e
gekenmerkt door hogere yes-associated protein 1 (YAP) hoeveelheid in de kern en
forma�e van georganiseerde ac�ne vezels. We laten zien dat een hogere s�j�eid leidt
tot een toename in expressie van de SASP en fibro�sche genen ACTA2, COL1A1, FBLN1,
IL-6 en DCN. Daarnaast is er ook een toename in deposi�e van DCN en FBLN1, en een
hogere secre�e van DCN en receptor ac�vator of nuclear factor kappa beta ligand
(RANKL) als reac�e op een hogere s�j�eid. Deze resultaten maken duidelijk dat de
modula�e van cel func�e in reac�e op een hogere s�j�eid bijdraagt aan de crea�e van
een feedbackmechanisme dat zorgt voor progressie van fibrose in IPF.
In hoofdstuk vier hebben wij de hypothese gevormd dat afwijkend bindweefsel
bijdraagt aan het nega�ef beïnvloeden van de func�e van fibroblasten wat leidt tot de
induc�e van versnelde cellulaire veroudering en zo bijdraagt aan de progressie van
fibrose. We hebben gezonde fibroblasten gekweekt op bindweefsel a�oms�g van IPFfibroblasten en vervolgens hebben we gekeken naar cellulaire veroudering en
fibro�sche factoren. We hebben laten zien dat het kweken van fibroblasten op
verouderd of fibro�sch bindweefsel niet leidt tot een hogere expressie van cellulaire
verouderingsfactoren. In tegenstelling, we laten juist zien dat er een hogere expressie is
van ontstekings-mediatoren die onderdeel zijn van normale wondherstel proces. Ook
vonden wij een toename in genexpressie van het matricellulaire eiwit DCN in
fibroblasten geweekt op IPF-bindweefsel. Als laatste laten we zien dat er een hogere
uitscheiding is van transforming growth factor β1 (TGF-β1) en connec�ve �ssue growth
factor (CTGF) in fibroblasten gekweekt op senescent en IPF-bindweefsel. Deze
resultaten geven de indica�e dat IPF-bindweefsel leidt tot een ontstekingsreac�e en
fibro�sche ac�va�e in normale fibroblasten. Wanneer deze normale fibroblasten extra
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ges�muleerd worden naast het afwijkende bindweefsel, leidt dit tot verdere ac�va�e
van de fibroblast en draagt dit bij aan de progressie van fibrose in IPF.
In hoofdstuk vijf testen wij de hypothese dat senescent fibroblasten bijdragen aan
afwijkend wondherstel van alveolaire epitheelcellen. Om dit te onderzoeken hebben we
A549 epitheelcellen gekweekt in aanwezigheid van normale en IPF-fibroblasten en laten
zien dat senescent fibroblasten de prolifera�e van A549 cellen afremmen. We
presenteren bewijs dat dit komt door een tot nu toe onbekende factor welke wordt
uitgescheiden door senescent fibroblasten. Ook zien we dat A549 epitheelcellen in het
bijzijn van fibroblasten, ongeacht of ze a�oms�g zijn van gezonde vrijwilligers of van IPFpa�ënten, sneller migreren na mechanische verwonding. Als laatste laten we zien dat
senescent fibroblasten het vermogen hebben om A549 epitheelcellen in een G2/M
celcyclusstop te brengen. Tezamen ondersteunen onze resultaten de hypothese dat
senescent fibroblasten een belangrijke rol spelen in de pathogenese van IPF en dat
fibroblast cellulaire veroudering mogelijk bijdraagt aan de afwijkende wondheling van
alveolaire epitheelcellen.
Figuur 1 gee� een globaal overzicht hoe de resultaten van alle experimentele
hoofdstukken samen komen en bijdragen aan de progressie van fibrose in IPF.
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Figuur 1. Overzicht van de interac�e tussen alveolaire epitheelcellen, fibroblasten en fibro�sch
bindweefsel in IPF. Alveolaire epitheelcellen scheiden ontstekingsfactoren uit na chronische
beschadiging wat leidt tot de ac�va�e van fibroblasten. Geac�veerde fibroblasten produceren en
leggen bindweefsel neer met als gevolg van fibrose en toenemende s�j�eid van het omliggende
weefsel. Via uitgescheiden SASP-factoren kunnen senescent fibroblasten de func�e van andere
cellen nega�ef beïnvloeden, en mogelijk zelfs cellulaire veroudering induceren. De constante
blootstelling van fibroblasten en alveolaire epitheelcellen aan fibro�sch bindweefsel leidt tot de
induc�e van een zelfregulerend mechanisme dat de progressie van fibrose en dus IPF bevorderd.
CXCL8 = chemokine C-X-C mo�f ligand 8; IL-6 = interleukin-6; OPG = osteoprotegerin; RANKL =
receptor ac�vator of nuclear kappa-β ligand; TGF-β1 = transforming growth factor-β1; CTGF =
connec�ve �ssue growth factor; DCN = decorin; FBLN1 = fibuline (Gemaakt met Biorender.com)
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