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SENESCENCE OF IPF LUNG FIBROBLASTS DISRUPT ALVEOLAR EPITHELIAL CELL PROLIFERATION
AND PROMOTE MIGRATION IN WOUND HEALING

CHAPTER 6
Summary, general discussion and future direc�ons
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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
149
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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
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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
153
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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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