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Abstract
The extracellular matrix (ECM) is the scaffold that provides structure and support to all organs, including the
lung; however, it is also much more than this. The ECM provides biochemical and biomechanical cues to
cells that reside or transit through this micro-environment, instructing their responses. The ECM structure and
composition changes in chronic lung diseases; how such changes impact disease pathogenesis is not as well
understood. Cells bind to the ECM through surface receptors, of which the integrin family is one of the most
widely recognised. The signals that cells receive from the ECM regulate their attachment, proliferation,
differentiation, inflammatory secretory profile and survival. There is extensive evidence documenting changes
in the composition and amount of ECM in diseased lung tissues. However, changes in the topographical
arrangement, organisation of the structural fibres and stiffness (or viscoelasticity) of the matrix in which cells
are embedded have an undervalued but strong impact on cell phenotype. The ECM in diseased lungs also
changes in physical and biomechanical ways that drive cellular responses. The characteristics of these
environments alter cell behaviour and potentially orchestrate perpetuation of lung diseases. Future therapies
should target ECM remodelling as much as the underlying culprit cells.

Introduction
The most abundant protein in our body is collagen. Its name originates from the Latin noun colle, which
means glue. This describes one of the most important functions of collagen and, for that matter, of other
extracellular matrix (ECM) constituents: these form the tissue glue that keeps the cells in tissues and
organs together. The scaffolding function of the ECM provides architecture and strength, and was long
considered its main, if not only, function [1]. This misconception has been acknowledged with improved
understanding of the composition of the ECM. In a reductionist’s view, the ECM comprises proteins, the
majority of which are fibrous, embedded in a water-retaining hydrogel of highly negatively charged
polydisaccharides called glycosaminoglycans (GAGs) (figure 1). Many of these GAGs are organised in
higher-order structures through binding to core proteins to form proteoglycans. Proteins also form
intermolecular connections, via adaptor proteins, by direct interactions or through covalent cross-linking.
The ECM is dynamic, which means it is continuously remodelled by the embedded cells that respond to
micro-environmental biochemical and mechanical cues. Cell-secreted soluble signalling factors such as
growth factors and immune factors often harbour heparin-binding sites that facilitate their retention by
GAGs. Upon tissue damage these factors are immediately available to initiate wound healing. Obviously,
this is a classic chicken or egg paradox: does the ECM influence cells or is it the other way around? In this
review, we advocate that it is both that have important consequences for lung diseases.

ECM biochemical composition and cellular interactions
Tissues and organs vary in function, and so does their ECM composition. For example, collagen II is only
present in our natural shock absorber, cartilage. On the other hand, elastin is present in many mechanically
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active organs that demand elasticity, although it is enriched in arterial walls and the lungs. Throughout the
animal kingdom, the sequences of ECM constituents are evolutionarily highly conserved [2]. In fact,
collagen I is considered one of the oldest molecules of life, which shows that the ECM and connective
tissue are pivotal for multicellular organisms [3]. The ECM provides not only architectural and physical
support to embedded cells but also instructs cells biochemically.

The major constituent of the ECM is collagen, a triple-helical protein with intermolecular cross-links. The
collagen superfamily has nearly 30 members, which comprise fibrillar types that are the scaffolding of the
ECM’s architecture, network-forming collagens such as collagen IV in the basement membrane, membrane
collagens and fibril-associated collagens (FACITs) that bridge ECM molecules [4]. Fibronectin is another
indispensable ECM component present as dimers. This large molecule (∼500-kDa monomer) is secreted by
fibroblasts as an insoluble fibre meshwork that paves the way for further matrix construction. Cells bind with
their ECM-specific surface receptors, e.g. integrins α5β1, α3β1 and αvβ3, to fibronectin [5]. The best-studied
integrin-binding motif in fibronectin is the tripeptide Arg-Gly-Asp (RGD). However, fibronectin also binds to
collagens and to GAGs, and thus literally connects and bridges the ECM network (figure 2).

The fibrous network of ECM proteins is embedded in a water-retaining hydrogel of the negatively charged
GAGs. The majority are sulfated GAGs (sGAGs) such as heparan sulfate, chondroitin sulfate, aggrecan
and dermatan sulfate; hyaluronic acid is the only GAG that has acidic side chains. (s)GAGs are usually
assembled as higher-order structures through binding via adaptor proteins to a protein core to yield
proteoglycans, of which heparan sulfate proteoglycan is a prime member [6]. The (s)GAGs and
proteoglycans bind a plethora of growth factors and chemokines, and store these for “release on demand”
(e.g. after tissue damage) [7]. Glycobiology has proven a challenging research field due the lack of
adequate (high-throughput) analysis methods, as well as the high complexity of GAGs. This complexity is
several orders higher than that of the most well-known polysaccharide, i.e. DNA.

The ECM contains a number of extracellular modulators of cell function [8]. These matricellular proteins
regulate cell adhesion and migration through bridging cells with ECM structural components [9, 10].

All ECM constituents are prone to enzymatic hydrolysis, which also leads to a host of small degradation
products with biological activity called matrikines and matricryptins [11]. These short-lived regulators

FIGURE 1 The basic architecture of the extracellular matrix comprises fibrillar constituents (helices) that are
embedded in a hydrogel of glycosaminoglycans (hexagonal repeat units) and proteoglycans (brushed
molecules) with bound signalling factors (red circles). Figure partially created using BioRender.com.
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influence tissue repair and fibrosis, often in a beneficial way [12]. An example is endostatin, the 20-kDa
C-terminal fragment of collagen XVIII that inhibits angiogenesis [13]. In lungs, the combined action of
matrix metalloproteinases (MMPs) and prolylendopeptidase may release the tripeptide matrikine
Pro-Gly-Pro (PGP) from collagens. In its pristine or acetylated form, PGP regulates repair. The persistent
presence of PGP attracts and activates neutrophils, which contributes to lung pathology [14].

Finally, the ECM contains matricellular proteins such as thrombospodin, tenascin, osteopontin and fibulins,
which as the name suggests influence cellular function literally from the matrix side [15, 16]. These, often
large, matricellular proteins have integrin-binding sites, as well ECM-binding sites, yet also bind growth
factors. As an example, fibulins bind to collagens, fibronectin and elastin to assist in fibre formation, but
also harbour integrin-binding sites for cells [17, 18].

The ECM is continuously remodelled, which involves specific matrix-directed proteases such as MMPs
(figure 2). Of the 28 MMPs, most degrade collagens and are inhibited by tissue inhibitors of MMPs
(TIMPs) [19].

The cell surface is littered with receptors that bind to the ECM. The heterodimeric αβ-integrins are most
abundant. β1-integrin (CD29) is present on virtually every cell in the body. Integrins bind to short amino
acid stretches, e.g. RGD (fibronectin binding) and GROGER (collagen binding) [20]. Other connections to
the ECM are hemidesmosomes in which α4β6-integrin binds to laminin in the basement membrane, but it
depends on binding to collagen XVII (BP180) to maintain the hemidesmosome structure [21]. Most cells
adhere to a basal membrane. This very dense and rather thin layer (∼25 nm) of ECM consists of two
nonfibrous proteins (collagen IV and laminin) and two proteoglycans (nidogen and perlecan) that mutually
interact [22]. The lung basement membrane is altered during lung disease [23], such as pulmonary arterial
hypertension [24].

Cells also express specific collagen-binding receptors such as discoidin domain receptor 1 and 2 that
recognise the amino acid sequence GVMGFO. Others such as Endo180, glycoprotein VI and LAIR
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FIGURE 2 Extracellular matrix (ECM) architecture and remodelling. Cells reside in a fibrous network of
collagens (blue) to which they bind, as well as to fibronectin (brown) that also binds to collagen. During
maintenance and remodelling, 1) connective tissue cells secrete proteases (dark yellow “pacmans”) that
degrade the collagen network (blue). 2) Next, these cells deposit new ECM components such as collagens
(green), and 3) in this way the architecture is maintained and forces (purple double-headed arrows) are
transmitted to the embedded cells. Figure partially created using BioRender.com.
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recognise Gly-Pro-Hyp amino acid stretches in collagen [20]. Interestingly, CD44 binds to collagen but is
mainly recognised as the surface receptor for the GAG hyaluronic acid. In turn, hyaluronic acid is also
recognised by Toll-like receptors (TLRs). CD44 also binds to collagens, matricellular proteins such as
osteopontin and matrix-degrading enzymes such as MMPs. This shows a strong redundancy in the
interactions between cellular receptors and ECM constituents. All of these ECM receptors have relatively
small intracellular domains that connect to complexes of adaptor molecules for facilitating signal
transduction.

The mechanical nature of the lung demands the lung ECM to adapt accordingly: flexible yet strong and with
defined architectures to facilitate transport of air (airways) and gas exchange (alveoli). The connective tissue
continuously maintains these different structures. Connective tissue comprises vasculature and mesenchymal
cells that are embedded in the ECM. The predominant mesenchymal cell is the fibroblast that, as the name
implies, is responsible for the production of fibres primarily comprising collagens. Essentially, the fibroblast
is a professional ECM remodeller that senses its environment in terms of biochemistry and physical stimuli,
and responds accordingly. Fibroblasts are surrounded by the ECM and seldom organise as closely connected
cells. In contrast, lung epithelial cells and endothelial cells are polarised and attach to a basement membrane
at their basal side; the apical side being exposed to air or blood, respectively. The continuous remodelling of
the ECM is a process of degradation, orchestrated by matrix-specific proteases and hydrolases, and
simultaneous deposition and processing of novel ECM constituents and their cross-linking by specific
enzymes such as the lysyl oxidase (LOX) family of enzymes.

Environmental triggers such as tissue damage or environmental insults change the fibroblast phenotype
towards tissue repair. This is accompanied by degradation of the ECM to literally make space for repair
cells such as immune cells and ingrowing vessels. During the resolution phase of wound repair, the ECM
is restored. The fibroblasts differentiate to myofibroblasts during this process. These are contractile,
proliferative and motile cells that deposit more ECM than the average maintenance fibroblast. Normal
wound healing resolves through apoptosis of myofibroblasts, yet in pathological wound healing these
acquire apoptosis resistance. In fact, matrix stiffness itself may render myofibroblasts in an anti-apoptotic
state (reviewed in [25]).

While this repair process is generally well regulated during repair of physiological damage, chronic insults
of the lung such as smoking, inhalation of airborne deleterious particles or organic solvents negatively
affect the repair process. The result may either be a drastic degradation of lung parenchyma such as in
emphysema, or it may manifest as a pathological increase in ECM deposition such as in asthma, where the
airways are chronically inflamed and thickened due to excess ECM, or in fibrotic lung disease, with
idiopathic pulmonary fibrosis (IPF) being a key example, where there is excessive scarring of lung tissue
by continuous deposition of heavily cross-linked ECM.

ECM composition changes in chronic lung pathologies
It is well recognised that the composition of the ECM in the lung changes during the pathological
processes that underlie chronic lung diseases. While capturing the exact nature of these changes has been
challenging, with different studies difficult to compare owing to technical variability in the region of tissue
examined, the fixation and preservation variances, and limited tools, the emerging catalogue of changes in
ECM components in asthma, chronic obstructive pulmonary disease (COPD) and fibrotic lung diseases has
been summarised in several recent reviews [26–29].

It now evident that the ECM composition that mesenchymal cells from the lung encounter is a major factor
in determining their responses. PARKER et al. [30] elegantly illustrated that the origin of the ECM scaffold
in which cells were seeded, rather than the source of the cells themselves, was the determining factor in the
resultant measured gene expression profiles. The decellularised scaffolds derived from lungs from donors
with IPF induced increased gene transcriptional profiles when compared with scaffolds from healthy
donors. We have previously reported that airway smooth muscle cells exposed to an ECM deposited by
cells derived from donors with asthma have a faster proliferative rate than those on an ECM derived from
cells from nonasthmatic donors [31]. When the C isoform of the matricellular protein fibulin-1 is not
incorporated in these matrix beds, the enhanced proliferative induction from the asthmatic ECM is no
longer evident. Similarly, mice that lack the fibulin-1C isoform are protected from excessive ECM
deposition when exposed to stimuli that model asthma (ovalbumin or house dust mite), COPD (cigarette
smoke) or IPF (bleomycin) [32–34]. Intriguingly, we have shown that the lack of fibulin-1C in the ECM
reduces the enhanced activity of transforming growth factor (TGF)-β via an interaction with latent
TGF-binding protein 1 [32]. These data illustrate the importance of the composition of the ECM in
directing cellular responses. Changes in the components of the ECM, as is evident during lung disease
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pathogenesis, are likely to contribute to the reprogramming of cells that then drive the ongoing disease
pathogenesis.

Turnover of some constituents of the ECM is a very dynamic process. Early studies in rat lungs suggest
that the turnover of the collagen matrix of the lungs is 10–15% per day [35]. Other ECM proteins are
recognised to be much more stable, with suggestions that the elastin elements in the lung tissue are
incorporated during development and cannot be renewed in adult life. This is one of the major challenges
when the elastin fibres are disrupted in lung diseases such as emphysema; restoring these essential
elements of the lung ECM is a challenge for regenerative medicine. One of the often overlooked results of
the dynamic turnover of the ECM is the release of soluble degradation products. The altered composition
of the ECM in chronic lung disease is also evident in the profile of degradation products that can be
measured in serum, plasma or bronchoalveolar lavage from patients. ECM fragments, the matricryptins or
matrikines, particularly fragments from collagen molecules, are emerging as potential markers for active
disease processes or indicators of likelihood of progression in lung diseases.

In the PROFILE study, higher levels of neoepitopes derived from the degradation of collagen I (C1M),
collagen III (C3M) and collagen VI (C6M) were observed in serum at baseline in patients with IPF
compared with healthy controls [36]. The levels of C1M and C3A (the fragment generated following
collagen III degradation by ADAMTS-1/4/8) at baseline were associated with mortality in this patient
group, while high levels of the markers PRO-C3 and PRO-C6 (neoepitopes indicative of the production of
newly formed collagen III and collagen VI, respectively) in IPF patients were indicative of likelihood of
disease progression [37]. Similarly, in the COPDGene study, C6M, PRO-C6 and EL-NE (the elastin
fragment released following degradation by neutrophil elastase) were increased in COPD patients’ serum
compared with never-smoking controls. In COPD patients the levels of C1M, PRO-C6 and EL-NE were
inversely related to lung function (forced expiratory volume in 1 s) [38]. Similar observations were made
in the BASCO and PROMISE-COPD cohorts where the serum levels of PRO-C3, PRO-C6, C3M, C6M
and EL-NE were related to lung function. PRO-C3 levels were associated with a greater likelihood of
exacerbation and PRO-C6 levels with survival [39]. In the ECLIPSE COPD cohort, C4Ma3 (the
degradation marker from collagen IV) was found to be higher in COPD patients who were at higher risk of
mortality, with the levels being related to the number of hospitalisations due to exacerbations [40].

The released ECM fragments should also be considered active elements in cell–matrix interactions. These
fragments can interact with many cell surface receptors, including integrins, TLRs, growth factor receptors
and other diverse receptors, to induce cellular responses. These responses often vary from those induced
by the parent ECM molecule. ECM fragments can also influence the proteolytic activity in the lung
through their direct actions as enzymes or as inhibitors of enzyme activity, or they can regulate the process
of pro-enzyme activation.

Highlights: ECM composition
1) The ECM composition changes in chronic lung diseases; the ratio of components becomes distorted.
2) There is increased ECM deposition during fibrosis, but degradation in emphysema. 3) Unique fragments
released from the ECM can indicate active disease processes, but also contribute to cell responses to the ECM.

ECM topography and organisation
Impact of ECM topography and organisation in terms of cell interactions with the ECM
The surface topography of the ECM is sensed by adhered cells. For lower-order structures (molecules) at
the nanoscale, this includes the thickness and surface roughness or smoothness of fibre structures. At a
higher organisation level, such as fibrous networks (microscale), parameters that determine topography
include bundle size and thickness, protrusions, and patterns of grates, pillars and grooves/ridges, while flat
surfaces are rare (figure 3). Nanoscale topography, e.g. of basement membranes but also single collagen or
fibronectin molecules, has already been studied in the second half of the last century with the electron
microscope [41]. Nanoscale topography such as surface roughness influences proliferation, adhesion and

a) b) c)

FIGURE 3 Topography examples: a) flat surface, b) pillars, and c) linear grooves and ridges.
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morphology, e.g. of cultured fibroblasts [42]. Linearly aligned collagen fibres induce unidirectional
migration of fibroblasts [43]. While microscale topography is challenging to assess in tissue or hydrogels,
extensive knowledge about cellular behaviour has been gained using artificially generated topographies on
silicone rubber (dimethylpolysiloxane), as well as on other natural and synthetic biomaterials (reviewed in
[44, 45]). Whether cells stay on top of the topography or whether cells engulf the topography depends on
the hydrophobicity and adsorbed proteins [46, 47]. Engulfing the topography alters the membrane
curvature of the cells, which induces topotaxis [48, 49]. The topography exerts its effects predominantly
through ECM–integrin-mediated activation of focal adhesion kinase (FAK) complexes [48, 50].

ECM topography and organisation changes in chronic lung disease
Evidence is emerging that illustrates that the structural landscape within the ECM of a diseased lung is
very different to that in a healthy lung. Second harmonic generation imaging illuminates the differences in
collagen organisation in tissues or cell-derived matrices from donors with asthma [51], COPD [52, 53] and
IPF [54]. Collagen fibre assembly and cross-linking impact the organisational structure that dominates the
lung architecture. The regulation of this process is tightly controlled under homeostatic conditions, at many
levels both intracellularly and extracellularly [55]. Many classes of enzymes contribute to these regulatory
controls, of which the transglutaminase and LOX families have been a focus of attention in chronic lung
diseases. In both COPD and IPF, dysregulation of transglutaminase 2 and LOX-like 1 and 2 have been
reported in cells and tissues, with the direction of these changes varying between the disease states
(decreases in COPD and increases in IPF) [54, 56–59]. The differences in levels of expression and/or
activity of these collagen cross-linking regulatory enzymes in the different disease states may provide keys
to understanding some of the mechanisms underlying the altered ECM topography and organisation in
lung diseases. Targeting matrix stiffness and mechanical signalling is a promising future therapeutic
prospect, e.g. via LOXs [60, 61]. Importantly, LOXs have been reported to be essential for cells to actively
remodel their micro-environment, with lung fibroblasts actively remodelling collagen fibres in their
immediate vicinity after exposure to TGF-β, a process that is inhibited in the presence of the pan-LOX
inhibitor 3-aminopropionitrile (β-aminopropionitrile (BAPN)) [54].

Contribution of ECM topography and organisation to lung disease pathophysiology
The question then arises as to what are the impacts of these changes on ECM topography and
organisation? From in vitro cell models we learn that the ECM deposited by fibroblasts from donors with
IPF differs topographically from that of cells from donors without disease. The IPF-derived ECM induces
increased cell adhesion and proliferation; however, if those same ECMs are deposited in the presence of
the LOX inhibitor BAPN then these differences are abrogated [62]. Similar differences in structural
arrangement are also observed in decellularised scaffolds from fibrotic (IPF) versus control lung tissues
[63]. Reseeding cells of mesenchymal origin in such scaffolds reveals that the fibrotic scaffolds, with their
aberrant topography and organisation, induce increased gene transcription [30] and also the release of
extracellular vesicles with pro-fibrotic microRNAs [64].

Immune cells also respond to the topography of ECM fibres that they encounter. For such cells the ECM
fibres are the highways along which they traffic within the tissues. Once again, when the structural
arrangement of the ECM fibres changes, so do the immune cell responses. When macrophages encounter
fibrous collagen fibres they take on a rounded morphology with dense actin filaments at their cell
membrane. VASSE et al. [65] found that these macrophages had a faster migratory rate than those on
globular collagen fibres. In contrast, the macrophages on the globular collagen had actin filaments
throughout the cells and had distinct filopodia. The authors suggested these different collagen
environments were inducing different modes of migration, with an amoeboid manner being active on the
fibrous surface, while a more mesenchymal migration was enacted on the globular collagen [65]. While
not explored in the lung as yet, NICOLAS-BOLUDA et al. [66] recently reported that altering ECM
cross-linking in a tumour micro-environment dictated the migratory patterns of T-cells. When remodelling
of the collagen network was inhibited through the use of BAPN, and thus collagen cross-linking was
prevented, the migration of T-cells into the tumour environment was enhanced in mouse models of tumour
development [66].

Highlights: ECM topography and organisation
1) ECM topography changes in chronic lung diseases; disrupted topography changes cell interactions.
2) ECM organisation is regulated by cross-linking enzymes, the levels of which are dysregulated in lung
diseases. 3) Immune cell trafficking is regulated by ECM topography and organisation.
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ECM biomechanics
Impact of ECM biomechanics in terms of cell interactions with the ECM
The ECM exerts forces that are sensed and responded to by cells [67]. A static mechanical component of
the ECM is its stiffness or elastic modulus (an object’s resistance to deformation). Tissues vary in stiffness
between tens/hundreds of pascals (e.g. lung) to gigapascals (e.g. bone) (figure 4) [68, 69].

ENGLER and co-workers [70, 71] showed that cellular plasticity such as myoblast or mesenchymal stem cell
differentiation is not only dictated by topography but also relies on natural tissue stiffness. Other forces
exerted on cells include pulling, compression, tearing, shearing and twisting, and might be of a cyclic
nature such as in the continuously inflating and deflating lungs. Mechanosensing and its transduction to
the cytoplasm and nucleus relies on cell surface integrins bound to ECM molecules. Integrins cluster and
form focal adhesions on the cytoplasmic side of the cell membrane, which are connected to the cortical
actin cytoskeleton and transduce mechanical signals [72]. In addition, the FAK and integrin-linked kinase
in focal adhesions upregulate small GTPases such as RhoA and ROCK. Ultimately, this promotes various
processes, mainly including contraction, migration, survival and proliferation. The hyaluronic acid receptor
CD44 also “mechanosignals” through release of its intracellular domain (CD44ICD). Almost three decades
ago, INGBER [73–75] coined the term “tensegrity” (tension integration) to describe the
information-conducting mechanism through which deformation of cells causes disruption of the
self-supporting cortical actin cytoskeleton that is relayed throughout the cell and contributes to
mechanosignalling. The actin cytoskeleton also physically interacts with the nuclear lamina, and in this
way directly changes the chromatin structure and thus gene expression [76, 77]. The tensegrity of
cyclically stretched substrates (lungs) has been mathematically modelled [78]. Tensegrity works both ways:
cells also mechanically influence the local stiffness of the surrounding ECM [79]. Knowledge of tensegrity
was indispensable for the development of the “human-airway-on-a-chip” [80]. Currently, much of the
topographical and biomechanical knowledge about the ECM is being translated into novel regenerative
medicine-based approaches to treat disease in the future [81]. Of note, we showed that the stiffness of
cultured fibroblasts from IPF patients was higher than that of nondiseased control fibroblasts [82].
Moreover, this likely correlates with the much higher stiffness of fibrotic lung ECM (19 kPa) compared
with healthy lung ECM (4 kPa) [83].

How does ECM biomechanics contribute to lung disease pathophysiology?
The biomechanical environment within the lung tissue is the result of the complex mix of ECM
components, the cross-linking of these components and the surfactant system that lines the alveolar
epithelial surfaces [84]. Disruption of lung mechanics that results from surfactant system genetic disorders
will not be covered in this review, rather the reader is referred to VAN MOORSEL et al. [85]. The gas
exchange units, the alveoli, are kept open through transpulmonary pressure from the air in the lungs. This
pressure, referred to as pre-stress, is counterbalanced by the forces exerted from within the tissue and the
surfactant film surface forces, with the main pathway for the transmission of this stress being through the
ECM [86]. Therefore, the mechanical properties of the tissue (ECM), both at a macroscopic and a
microscopic level, have key roles in determining the lung function and cellular responses within these tissues.
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FIGURE 4 Stiffness (elastic modulus) of cells and tissues. Reproduced from [68] with permission.
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In turn, the mechanical properties of the tissue are dictated by the major components within the ECM, in
particular collagens, elastin and proteoglycans [87].

Once we recognise that the constituents of the lung tissue are important for underpinning the mechanical
properties, we can begin to understand the altered biomechanical environment that exists in diseased lung
tissues. In IPF the lung tissue is stiffer than in control tissues [63] and this altered stiffness is maintained
even after these tissues are decellularised. With COPD the biomechanical profile is a little more
complicated. It is recognised that the ECM that surrounds the small airways becomes stiffer, which has
immediate consequences for airway hyperresponsiveness [29]. The overall parenchymal tissue in COPD
appears softer, mainly owing to the enlarged airspaces in the emphysematous regions. However, the
remaining alveolar walls, which contain at least as much collagen as detected in the alveolar walls in
control lung tissue, have similar stiffness profiles to that of healthy lung tissue [88], although their
susceptibility to rupture is greater. We recently reported that these stiffness profiles of the different lung
tissues are reflected in the mechanical properties of hydrogels generated from decellularised ECM from
IPF, COPD or control lung tissues, again reflecting how the constituents of the ECM are essential for
driving the mechanical properties [83].

The stiffness of the ECM is a major determinant for functional responses of cells within this environment
[89]. JAMIESON et al. [90] recently illustrated that the stiffness of collagen fibres governed the propensity of
an airway to contract in the presence of a stimulus. Cross-linking of collagen fibres, reflecting the
remodelled ECM found in an asthmatic airway, resulted in a stiffer airway wall that constricted to a greater
degree and at a faster rate. Similarly, MAARSINGH et al. [91] showed, using precision cut lung slices from
COPD and non-COPD donors, that small airway hyperresponsiveness reflected the altered ECM
mechanical properties in COPD, with exaggerated stiffness differences of the ECM surrounding the airway
being central in controlling these responses.

The high stiffness of the ECM in an IPF tissue is a typical example of how the ECM negatively instructs
cells via mechanosignalling (figure 5). If pulmonary fibroblasts isolated from healthy lungs are cultured on
ECM derived from IPF lung, these adopt a pro-fibrotic phenotype (figure 5) [30]. When the fibroblasts are
exposed to substrates of increasing stiffness, ranging from that of normal lung physiological stiffness up to
the gigapascal range of tissue culture plastic, an advancing profile of increasing adhesion rate, proliferation
and migratory capacity is observed [92]. Such findings are reflective of knowledge generated in the tumour
literature, where the stiffer ECM environment is advantageous for tumour growth [66]. The cross-linking
enzymes that regulate the stiffness of the collagen fibres are essential in the regulation of these
micro-environmental changes, as illustrated by the blockade of LOX family member activity resulting in

Physical cues

Quiescent

fibroblast

Activated

fibroblast

Activated

fibroblast
TGF-β
CTGF

PDGF

ECM stiffness

FIGURE 5 Self-propelling, stiff extracellular matrix (ECM)-induced lung fibrosis. Initially, growth factor-activated
fibroblasts (dark green) progress to fully activated fibroblasts (red) that increase stiffness through excessive
collagen cross-linking, which provides physical cues to activate fibroblasts. TGF-β: transforming growth factor-β;
CTGF: connective tissue growth factor; PDGF: platelet-derived growth factor. Figure partially created using
BioRender.com.
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reductions in stiffness in model systems [54, 66, 93]. Dysregulation of these and other cross-linking
enzymes in chronic lung diseases may be instrumental in contributing to the altered stiffness in these
tissues. While a clinical trial in 2017 targeting LOX-like 2 in IPF was stopped early due to a lack of
efficacy [94], this family of enzymes continues to receive attention as potential vehicles for modulation of
tissue stiffness in fibrosis [93, 95]. Further research in this area is warranted to understand the mechanisms
that lead to increased tissue stiffness and possible ways to alleviate these changes in chronic lung diseases.

Highlights: ECM stiffness
1) The mechanical properties of the tissue, both at a macroscopic and a microscopic level, have key roles
in determining the lung function and cellular responses within these tissues. 2) IPF tissues have increased
stiffness compared with control tissues. 3) Micro-environmental stiffness regulates cell adhesion, migration
and proliferation. 4) ECM cross-linking enzymes, e.g. LOX family enzymes, are crucial for regulating
stiffness.

Discussion
Through its multiple biochemical and biomechanical elements of influence, the ECM constitutes a
bioactive functional parameter that enables multicellularity and multifunctionality in our organs [96]. The
interconnectivity of the ECM elements discussed in this review illustrates the complex role of the ECM in
maintaining tissue homeostasis or directing disease development and/or progression (figure 6). In the years
ahead the challenge will be to separate the individual contributions of each element to the processes that
drive lung diseases in vivo.

The conundrum remains as to which is the chicken and which is the egg when we think about ECM
changes and disease processes in the lung. In asthma the remodelling is evident in very young children
well before asthma symptoms are evident [97, 98], while population-based health screening studies
illustrate interstitial lung abnormalities (structure changes), as detected by high-resolution computed
tomography, in the lungs well before lung function impairment is evident [99]. Just as the ECM is a
driving force in developmental processes, it is now becoming clear that the ECM also drives development
of disease. However, it is not too late to stop the chicken from flying the coop. The evidence presented in
this review indicates that such ECM changes will alter cell behaviours, mechanistically adding to the

1
1a

1a

6

2

3

7

5

4
1b

ITG

FA

FIGURE 6 Extracellular matrix (ECM) molecules influence cell behaviour via integrin (ITG) binding and
activation of focal adhesions (FAs) (1). Mechanically, cells are influenced by topography (2) and forces (pulling/
compression) (3). In response, the ECM is turned over (1a, 1b), while degradation products (matrikines) also
regulate cells (4). The combined result varies from migration (5), proliferation and survival (6) to phenotypic
changes (7).
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disease perpetuation in lung diseases, thereby highlighting that future therapies should target ECM
remodelling as much as the underlying culprit cells.
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