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ABSTRACT Idiopathic pulmonary fibrosis (IPF) is a devastating, progressive disease, marked by
excessive scarring, which leads to increased tissue stiffness, loss in lung function and ultimately death. IPF
is characterised by progressive fibroblast and myofibroblast proliferation, and extensive deposition of
extracellular matrix (ECM). Myofibroblasts play a key role in ECM deposition. Transforming growth factor
(TGF)-β1 is a major growth factor involved in myofibroblast differentiation, and the creation of a
profibrotic microenvironment. There is a strong link between increased ECM stiffness and profibrotic
changes in cell phenotype and differentiation. The activation of TGF-β1 in response to mechanical stress
from a stiff ECM explains some of the influence of the tissue microenvironment on cell phenotype and
function. Understanding the close relationship between cells and their surrounding microenvironment will
ultimately facilitate better management strategies for IPF.

Introduction
Idiopathic pulmonary fibrosis (IPF) is a chronic disease of unknown origin, which is characterised by
progressive scarring of lung tissue, commonly in the peripheral (subpleural) lung parenchyma [1]. IPF is
the most common form of idiopathic interstitial pneumonia and usually presents later in life. The median
survival post-diagnosis is ∼3–4 years, with a mortality rate that is higher than most common cancers
[2, 3]. Recently, two drugs have been approved for the management of IPF. Nintedanib and pirfenidone
are both antifibrotic drugs, which have shown promise in reducing the decline of lung function and
progression of IPF [4]. Although these drugs slow disease progression, they are not able to reverse or stop
the structural damage and loss of lung function; therefore, the development of novel therapeutic targets for
the treatment of pulmonary fibrosis is still of high priority.
The lung extracellular matrix (ECM) is comprised of collagens, elastin, glycoproteins and proteoglycans,
which serve as structural scaffolding for cells, and also provide the mechanical stability and elastic recoil
necessary for proper lung function. “Controlled” fibrogenesis is an indispensable wound healing response
of the host to protect from injury. In normal wound healing, highly differentiated cells, called
myofibroblasts, that produce ECM proteins are recruited during the active phase of repair, but are quickly
removed via apoptosis once the repair process is underway. Most of the scar matrix subsequently resolves
and is replaced by a more permanent tissue. In IPF however, myofibroblasts are relatively resistant to
apoptosis, and their persistence leads to excessive scarring [5]. A hallmark of IPF is the accumulation of
myofibroblasts in clusters called fibroblastic foci, and extensive ECM deposition within the interstitium
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resulting in destruction of alveolar architecture. One hypothesis for the pathogenesis of IPF suggests that
injury of alveolar epithelial cells is a key trigger; therefore, damaged epithelial cells can induce profibrotic
factors and cause fibroblast proliferation and activation [6].
Through this continued fibroblast and myofibroblast proliferation and extensive ECM deposition, the
parenchyma, epithelial barrier and alveolar architecture are destroyed. These structural changes are
profibrotic, which further affects cell behaviour and accelerates fibrogenesis within the surrounding
regions. This process is probably very similar among fibrotic lung diseases of different origin, and not only
applicable to IPF [7]. Patients experience this as a relentless decline in lung function, and ultimately
respiratory failure and death. In this brief review, we discuss the matrix abnormalities in pulmonary
fibrosis and how they lead to lung stiffening and organ dysfunction.

Mechanical stiffness in pulmonary fibrosis
The ECM of fibrotic lungs has abnormal biochemical and biomechanical characteristics. Stiffening of the
lung parenchyma causes shortness of breath, the first clinical symptom of IPF [8]. Increasing lung stiffness
is indirectly measured by the decline in forced vital capacity (FVC), which correlates with mortality and is
the best parameter to determine IPF progression [9]. One possible relationship between stiffness and the
peripheral and basal fibrosis pattern seen in IPF has been proposed using a mathematical model of lung
maximal stiffness, which suggests that the distribution of IPF lesions corresponds to the areas of greatest
mechanical distension during breathing [10]. Compliance, a more direct parameter of stiffness, measures
the elastic properties of the lung. Reduced lung compliance is observed in IPF patients, and compliance
constantly declines throughout the course of the disease [11]. Compliance is typically measured in rodents
with experimental models of lung fibrosis [12]. Increased stiffness is also determined in fibrotic animal
lungs using atomic force microscopy and Young’s modulus measurements [13, 14]. Changes in tissue
stiffness seem to precede the fibrotic response, which has also been seen in the context of liver fibrosis
[15]. This relationship is probably also present in IPF lungs, where increased stiffness is a significant
contributor to disease progression.

Transforming growth factor-β1 in ECM remodelling and pulmonary fibrosis
Transforming growth factor (TGF)-β is a growth factor known to regulate numerous essential cellular
processes such as cell growth, proliferation, differentiation and apoptosis [16]. Three major mammalian
isoforms of this growth factor have been identified: TGF-β1, TGF-β2 and TGF-β3, with TGF-β1 being the
most closely related to the development of pulmonary fibrosis [17, 18]. TGF-β is a secreted protein that is
synthesised by many parenchymal and infiltrating cells. It is stored in the ECM, in an inactive form bound
within the small latent complex (figure 1) [19]. TGF-β1 content and activity is increased within the lungs
of experimental fibrosis models and IPF [20, 21]. TGF-β1 overexpression induces persistent pulmonary
fibrosis in rodents via the canonical Smad3 signalling pathway. Genetic deletion of Smad3 protects mice
from TGF-β1- and bleomycin-induced pulmonary fibrosis [17, 22].
TGF-β1 mediates many fibrogenic responses, including myofibroblast activation and differentiation [23].
TGF-β1 also regulates the epithelial–mesenchymal transition, a phenotypic change in which epithelial cells
acquire mesenchymal characteristics [24]. Myofibroblasts can originate from a variety of precursor cells,
such as resident fibroblasts, endothelial cells, pericytes and fibrocytes, and TGF-β1 plays a major role in
the transdifferentiation of all these cell types [25–27]. Mesenchymal stem cells have also been seen to
undergo myofibroblast-like differentiation in response to TGF-β1 [28]. In addition to myofibroblast
differentiation, TGF-β1 also regulates the characteristics of the other cell types. For example, TGF-β1
promotes M2 macrophage polarisation, a known profibrotic phenotype that produces more TGF-β1 [29].
Altogether, it is clear that TGF-β1 plays a key role in ECM composition and homeostasis, and hence the
development and exponential progression of pulmonary fibrosis.
As mentioned previously, myofibroblasts are rarely found in healthy human physiology; however, they
become vastly upregulated after injury and are crucial for proper wound healing [30]. Myofibroblasts
possess bundles of microfilaments which reach the cell surface in a specialised adhesion complex, termed
the “fibronexus” or mature local adhesion. This complex bridges myofibroblasts’ internal microfilaments
with extracellular fibronectin domains, thus functioning as a contractile link that enables these cells to
generate a contractile force on the surrounding ECM. In tissues with increased stiffness, these mechanisms
are obviously magnified.

Mechanical stress induces TGF-β1 activation
One suggested mechanism to explain the influence of increased mechanical stiffness on cell phenotype and
characteristic is the force-induced activation of TGF-β1. Previous in vitro studies have suggested that
mechanical stiffness contributes to TGF-β1 activation [31]. Recent experiments performed by our group
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FIGURE 1 The dynamic interplay between the lung extracellular matrix (ECM) and resident cells, with transforming growth factor (TGF)-β1 at its
centre. The active TGF-β1 protein in red remains trapped within the latency associated peptide (LAP) to form the small latent complex (SLC). The
SLC is attached to the ECM via the latent TGF-β binding protein (LTBP). Integrins found on the surface of cells link the LAP with the cell’s
cytoskeleton to allow for the transduction of the mechanical signal within the cell. In addition, the integrin attaches to the LAP and serves as an
anchor; upon mechanical stress the SLC is cleaved and releases the bioactive TGF-β1 homodimer. The active TGF-β1 protein is then able to bind
to the TGF-β1 receptor located on neighbouring cells, i.e. fibroblasts/epithelial cells. The activation of this receptor results in the phosphorylation
of SMAD2/3, causing its translocation to the nucleus where it promotes the transcription of ACTA2 (the mRNA for α-SMA), resulting in the
differentiation of these cells into myofibroblasts. The cyclical relationship between TGF-β1 activation via myofibroblasts and the resulting
myofibroblast differentiation can be visualised through the red arrows. Mechanical stress also causes contraction of F-actin via integrins, which
results in the phosphorylation of focal adhesion kinase (FAK) to promote further actin polymerisation. FAK phosphorylation also activates Rho
kinase (ROCK) via complexing with RhoA, which results in increased actomyosin contractility. This cyclical relationship of cell contractility
promoting further stress-fibre polymerisation and contractility is outlined by the bright green arrows. In response to these mechanical signals,
the mechanosensitive proteins YAP (yes-associated protein) and TAZ (transcriptional coactivator with PDZ-binding motif ) are translocated into the
nucleus of the cell to promote the transcription of profibrotic genes. Genes such as collagen and other ECM proteins are produced, promoting
ECM deposition. This causes the cells’ surroundings to become rigid and stiff, therefore further adding to the mechanical stress placed on the
cells (indicated by the blue arrow). TG: transglutaminase; LOX/LOXL: lysyl oxidase/lysyl oxidase-like.

demonstrated that mechanical stretch activates and releases latent TGF-β1 in living tissues from fibrotic
lungs (rat and human) (figure 1) [13]. In this study, fibrotic and normal lung strips were subjected to
cyclic mechanical stimuli in a tissue bath equipped with a force transducer and servo-controlled arm to
explore the effect of mechanical stress on growth factor activation. The activation and release of TGF-β1
from the lung strips were measured in the tissue bath solutions. We determined that the mechanical stress
induced active TGF-β1 release and also activated TGF-β1 downstream signalling pathways in the fibrotic
lungs [13]. While protease and protein secretion inhibitors did not change mechanical stretch-induced
TGF-β1 activation or Smad2/3 phosphorylation, TGF-β1 receptor inhibitors (SD208) did. Furthermore,
the induction of phospho-Smad2/3 was enhanced in whole fibrotic rat lungs undergoing ventilation
pressure challenge, compared with control lungs [13]. Interestingly, the tissue stiffness, as measured by
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increased Young’s modulus, was positively correlated with the amount of active TGF-β1 released by the
tissues following mechanical stretch [13]. These findings suggest that the stiffness of the surrounding
environment is capable of activating TGF-β1, which may play a crucial role in the ability of the ECM to
dictate a profibrotic cell phenotype, and promote progressive pulmonary fibrosis.

Mechanotransduction and pulmonary fibrosis
The ECM stiffness itself may contribute to IPF development, irrespective of the cyclical stretch that occurs
during breathing. Therefore, targeting ECM stiffness and the following mechanotransduction pathway is a
promising target for IPF therapy. External forces applied to cells lead to the clustering of integrins to form
aggregates (e.g. in focal adhesions), which are sites for the transfer of mechanical force from the ECM to
the cytoskeleton. These integrins activate Rho kinase (ROCK) and phosphorylation of focal adhesion
kinase (FAK) which promotes actin polymerisation [32]. Activated ROCK and FAK induce activation of
the myosin light chain (MLC) as well as inhibition of MLC phosphatase, abruptly increasing myosin-II
activity and actomyosin contractility. These changes collectively translate into profibrotic phenotypic
changes in fibroblasts (figure 1). In vitro studies have shown that ROCK and FAK potently stimulate the
differentiation of fibroblasts into myofibroblasts [33, 34]. Our tissue stretch study determined that a ROCK
inhibitor, Y-27632, inhibited mechanical stretch-induced TGF-β1 activation. Similarly, the ROCK inhibitor
fasudil demonstrated a therapeutic effect in the pulmonary fibrosis model [13, 35], as did a FAK inhibitor
[36]. The mechanosensitive proteins YAP (yes-associated protein) and TAZ (transcriptional coactivator
with PDZ-binding motif ) also regulate fibroblast function. Furthermore, overexpression of YAP or TAZ
has been shown to induce pulmonary fibrosis in murine lungs [37]. Together, these results highlight that
the mechanotransduction pathways are a key step in fibrogenesis, and may be attractive as targets in
fibrosis therapies.

ECM cross-linking enzymes in pulmonary fibrosis
With respect to lung structure, cross-linking enzymes play an important role in the ECM homeostasis. The
biomechanical properties of the ECM are strongly influenced by the biochemical composition of the
matrix and its individual components, and also by post-translational modifications, such as glycosylation,
transglutamination and cross-linking [38]. These cross-linking enzymes, including prolyl hydroxylase,
transglutaminases (TGs), and lysyl oxidase (LOX) and its lysyl oxidase-like (LOXL1–4) congeners, regulate
the stability, maturation and turnover of collagen, and orient the ECM assembly for correct function [39].
Interestingly, hypoxic conditions increase the secretion of LOX, LOXL2 and LOXL4 from normal human
fibroblasts in vitro [40]. Since hypoxic conditions are found within highly fibrotic regions of the IPF lung,
it is important to better understand the role hypoxia plays on cross-linking enzymes and fibrosis.
Neutralising antibodies against LOXL2 inhibited a number of fibrotic states, including that of
bleomycin-induced pulmonary fibrosis [41]. Higher serum LOXL2 levels in patients with IPF were
associated with an increased risk of disease progression [42]. Furthermore, recent experiments performed
by our group in LOXL1-deficient mice clearly showed that the absence of this enzyme protected against
pulmonary fibrosis, via reduced collagen cross-linking and decreased tissue stiffness [43]. Similarly, mice
deficient in TG2, another important cross-linking enzyme, were protected from bleomycin-induced
pulmonary fibrosis [32, 44]. A recent study investigating the role of both TG and LOXL enzymes
concluded that the pathological cross-linking of the ECM in IPF increases fibroblast growth and resistance
to normal ECM turnover [45]. These results suggest that cross-linking enzymes regulate pulmonary
fibrosis development, and that cross-linking could be a reasonable target for decreasing stiffness and
stopping the mechanical stretch-induced profibrotic response. Despite the promising experimental studies,
a recent phase II clinical trial targeting LOXL2, with the LOXL2 inhibitor simtuzumab, did not show an
effect on progression-free survival in patients with IPF for reasons that are not yet clearly understood [46].
This negative trial result highlights the need for further research into understanding the complex
mechanism involving LOXL and other cross-linking enzymes in IPF.

The ECM proteome in pulmonary fibrosis
The ECM is comprised of more than 300 proteins that make up the “matrisome core”. Polysaccharides,
glycosaminoglycans, ECM-binding growth factors and ECM-modifying enzymes are attached to this core,
and together they serve as the tissue scaffold. The ECM structure is highly dynamic and is constantly
enzymatically and non-enzymatically remodelled. In IPF, this remodelling is dysregulated with imbalances
in protein secretion, degradation, and organisation. This results in the hallmarks of IPF: increased
deposition of proteoglycans, collagen, elastin and fibronectin. Proteoglycans consist of a core protein that
binds to a highly charged glycosaminoglycan. Together they make up the integral hydrated gel, which
binds collagen and elastin fibres to provide mechanical stability for the alveolar structure. Dysregulated
remodelling of the lung causes abnormal expression of the proteoglycan–glycosaminoglycan complexes
and leads to the destruction of the architecture [47]. Fibrillar collagen is the most abundant type of
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collagen in the lung and is crucial for tensile strength and functionality. In IPF, collagen accumulates
around myofibroblasts within fibroblastic foci resulting in increased stiffness within these regions [48].
Elastin fibres attach to collagen and contribute to the lung’s elastic recoil. Elastin is increased in
bleomycin-treated mouse lungs [49]. Elastin has also been seen to enhance TGF-β1-induced myofibroblast
differentiation. Glycoproteins, such as fibronectin, are responsible for mediating cell–matrix adhesions by
binding ECM proteins such as collagen and cell-surface integrins. Fibronectin and other glycoproteins are
found in abundance in the lungs of IPF patients [50]. Similar to elastin, fibronectin is also essential in
driving myofibroblast differentiation. These findings suggest that the compositional changes of the fibrotic
ECM alone can drive a profibrotic cell phenotype. Therefore, proteomic studies are needed to better
understand the dynamics of the matrix, and to improve ECM diagnostics to develop treatments for fibrotic
diseases.

Conclusion
ECM stiffening is associated with the presentation of clinical features and progressive decline of lung
function in IPF. The recruitment and accumulation of myofibroblasts plays a major role in aberrant tissue
remodelling and fibrosis. The intrinsic role that the ECM plays in driving progressive fibrosis on its own is
incompletely understood. Mechanical stretch related to breathing can cause activation of one of the key
fibrogenic mediators: TGF-β1. Targeting the connection between structural cells in the lung interstitium
(myofibroblasts) and their microenvironment (lung matrix) is a promising area for development of novel
intervention strategies to improve IPF. This can be achieved by targeting intracellular, extracellular or
membrane-bound molecules that are all involved in this process.
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