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Abstract

The composition and mechanical properties of the extracellular matrix are dramatically altered
during the development and progression of pulmonary fibrosis. Recent evidence indicates that
these changes in matrix composition and mechanics are not only end-results of fibrotic
remodeling, but active participants in driving disease progression. These insights have stimulated
interest in identifying the components and physical aspects of the matrix that contribute to cell
activation and disease initiation and progression. This review summarizes current knowledge
regarding the biomechanics and dynamics of the ECM in mouse models and human IPF, and
discusses how matrix mechanical and compositional changes might be non-invasively assessed,
therapeutically targeted, and biologically restored to resolve fibrosis.

Homeostasis in Lung Extracellular Matrix Composition and Mechanics

The lung’s extracellular matrix (ECM) plays important roles in lung health from the earliest
stages of development and throughout adulthood. For example, during lung development
fibronectin deposition is essential to branching morphogenesis in utero (1), and elastin
deposition pivotal in alveologenesis (2). Reciprocal interactions between epithelium and
mesenchymal compartments are essential in forming the ECM scaffold that serves the local
physical and biochemical needs of the developing tissue (3-5). Beyond these early dynamic
phases of lung development, the lung continues to mature and eventually reaches a stable
state of homeostasis. Importantly, homeostasis does not imply the absence of ongoing matrix
synthesis; rather, it reflects the relative balance between synthesis, deposition, degradation
and clearance of matrix components (Figure 1). Such dynamic balance is emphasized by the
observation that both rapid turnover and stable collagen pools are present in the lung (6, 7),
with rapid turnover pools likely representing collagen that is degraded without ever being
deposited. While the rationale for such collagen turnover can only currently be speculated at,
it may provide a primed system ready to respond rapidly to injury, reflecting the dependence
of the lung on ECM for its integrity and function in conducting gases to and from the
delicate alveolar-capillary interface. The balance between matrix synthesis and degradation
in the healthy lung reflects a homeostatic system maintained by a vast array of pathways,
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proteases, anti-proteases (3, 4, 8, 9), and must include feedback mechanisms by which cells
sense the need for shifts in the balance to accommodate system perturbations. The control
system for matrix homeostasis remains far beyond our current understanding, but important
elements include cell-matrix adhesion signaling to interpret cues regarding the content and
mechanical properties of the matrix (10), as well as cell signaling mechanisms responsive to
proteolytic matrix products that reflect matrix degradation (11, 12). A major question in the
field is the nature of the defects in this homeostatic feedback system that allow the lung to
escape from balance and undergo chronic and progressive fibrotic and degenerative
remodeling processes.

The composition, architecture and mechanical properties of the extracellular matrix are not
uniform across the lung. Rather, they are adapted to the physiological and biomechanical
requirements that the matrix must serve within anatomical compartments. For example, the
alveolar compartment includes bands of collagen and elastin in alveolar ducts (13) that
likely bear stresses and maintain structural stability (14), while the alveolar walls themselves
exhibit shared basement membranes reflecting the need for close apposition of endothelial
and epithelial barriers to support efficient gas exchange (15). The conducting airways (16)
and vessels (17) of the lung exhibit more pronounced fibrous ECM structures of organized
collagen and elastin, with the vascular structures in particular demonstrating variations in
wall composition and thickness that reflect the position of the vessel within the vascular tree,
and hence the decreasing pressures to which it is exposed during the cardiac cycle as the
pulmonary vascular pressure decreases while transiting across the arteries, capillaries and
veins (17). These differences in ECM architecture are paralleled by variations in mechanical
properties across the anatomical compartments of the lung, including the airways (18),
vessels (19), alveoli, and pleura (20-22), with the airways and vessels demonstrating the
highest elastic moduli, followed by the pleura and finally the alveolar parenchyma. The
cellular programs controlling local ECM composition remain to be defined, and may be key
to understanding the local ECM signaling environments present in distinct anatomical
compartments of the lung, and how these environments are perturbed during lung injury,
repair, and fibrosis.

Pulmonary Fibrosis Effects on ECM Composition

Fibrillar collagen deposition is the dominant architectural feature of human lung fibrosis.
However, the application of proteomic approaches has opened a new perspective by defining
in broader terms the lung’s matrisome, those proteins composing or tightly associated with
the extracellular matrix compartment (23-26). These proteomic approaches have begun to
define how lung injury and fibrosis globally influences ECM composition. Early ECM
proteomic efforts assessed the matrix composition of the lungs from humans who were
asymptomatic or diagnosed with idiopathic pulmonary fibrosis (IPF) (27). More recently,
this general approach has been applied in a comprehensive fashion to characterize the
changing composition of the murine lung matrisome during the imitation, progression and
resolution of bleomycin-induced lung injury, fibrosis and repair (28). Further stimulating
efforts to decode the cues present in the ECM was evidence that the decellularized ECM of
the fibrotic lung is itself a dominant signal that promotes a matrix synthetic phenotype in
naive cells, including enhanced translation of collagen encoding genes, whether cells

Matrix Biol. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Haak et al.

Page 3

originated from healthy or fibrotic lungs (29). While powerful in the scope of information
provided, the proteomic characterization of the matrisome still must be regarded as largely a
hypothesis generating tool. Rigorous follow up work is required to determine the
localization of such matrisome components within the lung architecture and anatomical
compartments, and to understand how the heterogeneous disease process of fibrosis alters
ECM composition and distribution. Tissue clearance methodologies and multiplex analyses
may open the door to adding spatial information crucial to understanding how local ECM
cues are distributed in normal and pathological ECM (30). Beyond such descriptive work,
functional loss and gain of function studies are necessary to determine if the matrisome
components contribute to cellular or tissue level dysfunction. Alternatively, it must be
considered that some changes in both murine models and human disease are compensatory
in nature and essential to the survival of the host. Detailed mechanistic studies have begun to
reveal matrisome components that may contribute to the pathologic progression of
pulmonary fibrosis. These candidates include fibulin 1c (31-34), fibronectin (35, 36),
osteopontin (37, 38), and periostin (39, 40), with evidence pointing toward enhanced
expression of each in animal models or human IPF, and potential for each to augment
cellular activation and fibrosis. Further work is needed to define whether tractable strategies
can be developed to interrupt the signaling cues derived from such matrix components, with
the obvious challenges that therapeutics may need to cross epithelial or endothelial barriers
in order to reach their interstitial targets, and that such ECM targets may also be expressed
constitutively in areas of normal tissue.

An interesting aspect of the matrisome that has not received as much attention is the
components that may be lost as a function of pathologic tissue remodeling. Loss of basement
membrane integrity and continuity has been suggested as a “point of no return” that
separates reversible lung injury from pathological remodeling (41). Consistent with this
notion, early proteomic analyses of human IPF matrices demonstrated loss of alveolar
basement membrane components (27), including multiple laminin a,  and -y subunits, as
has a more recent analysis of lung ECM from subjects with systemic sclerosis-related
interstitial lung disease (42). Modeling pulmonary injury and fibrosis with bleomycin also
appears to generate a loss of basement membrane components during the injury phase, while
genetic deletion of basement membrane component a3 laminin in the lung worsens
bleomycin-induced fibrosis (43). Interestingly, expression of basement membrane
components appears to be regained at later time points as the fibrosis resolves, suggesting
that restoration of basement membrane is key to resolution (28) (Figure 1). The contrasting
fate of the mouse model, which exhibits spontaneous reversibility, and IPF, which while
highly variable in its course but generally progresses without improvement, remains an
unresolved mystery. Whether there are specific components or features of the ECM that
promote resolution with their return in mouse models remains very much a possibility. An
intriguing development from the field of cardiac regeneration lends some support to the
possibility that ECM can promote regenerative healing. The ECM protein agrin was recently
described as a component of the neonatal but not adult heart ECM; re-exposure of the adult
heart to this matrix component engaged adult cardiomyocyte proliferation and promoted
regenerative cardiac healing (44, 45), suggesting that developmental cues residing in the
matrix may have important implications for tissue repair and regeneration. Intriguingly,
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agrin was found to be lost from the ECM in both IPF and systemic sclerosis affected lungs
(27, 42). Along these same lines, a recent study of neonatal and adult lung matrices
identified fibrillin-2 and tenascin-C as enriched in enriched in neonatal lung ECM, and as
supportive of lung epithelial stem cell expansion (46). Together these studies implicate ECM
composition in tissue regeneration, and suggest that identification of ECM components that
are missing when injury transitions from normal tissue to pathological fibrosis may identify
important ECM components essential to non-scarring resolution of lung injury.

Pulmonary Fibrosis Effects on Lung Mechanics

Pulmonary mechanics in IPF are typically assessed non-invasively using pulmonary function
testing, such as by measurement of forced vital capacity (FVC), and changes in this metric
have been used for evaluation of experimental therapies (47). Reductions in FVC reflect the
reduced compliance (increased elastance) of the respiratory system. Such changes can occur
through changes in lung tissue mechanics, surface tension, or chest wall mechanics, though
in IPF such changes are typically ascribed to changes tissue mechanics. Pathological
remodeling of the ECM in IPF is heterogeneously distributed, with varying distribution and
proportion of normal and fibrotic appearing lung tissue (Figure 1). Hence global functional
assessments can fail to capture the full extent of localized mechanical changes. Recently,
invasive micro-scale mechanical characterization of lung tissue by atomic force microscopy
has been used to assess the degree of tissue and ECM stiffening in human IPF. General
agreement across multiple labs and publications demonstrates the highly compliant nature of
normal lung tissue and the highly heterogeneous increases in Young’s modulus (more
commonly referred to as stiffness) in IPF tissue, spanning a median of ~1.6 kiloPascals
(kPa) in normal lungs to a median of ~16 kPa in IPF tissues, with localized increases to 50—
100 kPa (20, 27). Comparison of intact and decellularized IPF matrices demonstrate
minimal differences, suggesting that the bulk of the changes in tissue stiffhess are accounted
for by alterations in the ECM (27). Interestingly, the murine bleomycin model, which
generates fibrosis within 14-21 days, is largely able to recapitulate the scope of changes in
ECM stiffness seen in human IPF, though without the extremes of very high localized
stiffness changes (48, 49). It should be noted that such measurements are not without
limitations, as they require isolation of the lung tissue from its physiologic pre-stressed and
perfused condition, and inherently disturb the surface tension forces present in the normal
lung (50). Nevertheless, this approach provides the most detailed picture of local changes in
the biomechanical properties of the lung ECM that occurs in IPF.

Measuring Lung Matrix Composition and Mechanics Non-Invasively

One of the major limitations in studying ECM composition and mechanics in pulmonary
fibrosis is the inability to assess changes non-invasively. This challenge becomes particularly
limiting when therapeutic interventions are being evaluated, especially those intended to
directly target the ECM. Moreover, given the highly heterogeneous nature of IPF tissue
destruction, non-invasive but organ wide assessments of lung ECM could be extremely
valuable in assessing disease progression, and ultimately regression.
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In the realm of non-invasive ECM imaging, recent efforts have described a number of
approaches that may provide insight into matrix deposition, accumulation and degradation.
To detect matrix deposition, the major focus has thus far been on detection of fibrillar type |
collagen deposition. Molecular probes for detection of type | collagen by magnetic
resonance (MR) imaging after intravenous injection have been described and validated to
correlate with hydroxyproline levels in a mouse bleomycin model (51). Translating this
approach to positron emission tomography (PET), a peptide-based probe (68Ga-CBP8) that
targets collagen type | has also been described and validated for high target specificity and
correlation with hydroxyproline levels, and also shows utility in tracking a response to
therapy (52). To assess active collagen formation and cross-linking, novel MR probes that
react with allysine, a necessary precursor of collagen crosslinks, have been described and
demonstrated to sensitively detect collagen deposition and therapeutic response (53, 54). On
the matrix degradation side, an activatable fluorescent probe that detects matrix
metalloprotease activity has been developed and tested in a murine bleomycin model and
can detect alterations in MMP activity that correlate with fibrosis status post-treatment (55).
Similarly, a small molecule probe for the cysteine cathepsins, intracellular proteases
implicated in fibrosis, has also been described and tested in a bleomycin model, and can
identify areas of active macrophages within human pulmonary fibrotic tissue using clinical
PET imaging (56). Together these studies open new prospects for non-invasively monitoring
ECM deposition and degradation.

Non-invasive measurements of lung ECM mechanics are also undergoing intensive
investigation, primarily using ultrasound and MR modalities. These approaches are
challenged by the inherently weak imaging signal the lung provides due to its normally air-
filled architecture. Ultrasound imaging has been applied in two approaches to characterize
alterations in lung mechanics at the lung’s pleural surface, taking advantage of the
predominant fibrosis formation at these sites and the limited depth of lung imaging available
with ultrasound. Ultrasound measurements on the pleural surface appear capable of
distinguishing mechanical strains occurring during respiration, and a proof of concept study
in an experimental fibrosis model demonstrated the capacity of this method to detect
reduced local compliance of the fibrotic lung (57). Lung ultrasound surface wave
elastography generates waves on the lung surface from a local harmonic vibration excitation
on the chest. The resulting surface wave propagation on the lung is detected using an
ultrasound probe through the intercostal space (58). The wave speed in tissue is directly
proportional to its elastic modulus, and this method also appear capable of discriminating
different wave speeds in healthy subjects and those with interstitial lung disease (59).

A more global assessment of lung tissue mechanics may be made using magnetic resonance
elastography. This approach uses MR imaging to detect the propagation of externally
applied mechanical deformations through the tissue, and has already demonstrated
substantial practical utility in the assessment of liver fibrosis (60). Overcoming the inherent
MR imaging and motion issues with the lung has proven challenging, but a series of studies
have now validated MR elastography approaches to assess lung mechanics non-invasively in
animal models and human tissue (61-63). In a recent study the suitability of this approach
for non-invasively assessing lung mechanics in IPF patients was validated (64). Interestingly,
this study documented the non-linear mechanical properties of the lung, with substantial
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increases in tissue stiffness noted at total lung capacity (at end of maximal inspiration)
versus residual volume (at end of maximal expiration). Also of note, the range of elastic
modulus measured in normal and IPF subjects was similar to prior AFM studies (20, 27),
though with lower mean and maximum levels, likely reflecting the heterogeneity in the
disease spatial distribution and the larger spatial averaging performed in the MR (mm scale)
vs AFM (um scale) imaging modalities. Further development of this methodology may
provide clinically relevant assessments of local changes in lung tissue mechanics relevant to
the study of disease progression and experimental assessments of the efficacy of therapeutic
strategies. Given the heterogeneous nature of IPF, the addition of such non-invasive and
organ-wide mechanical measurements could be a powerful addition to existing pulmonary
function testing and non-mechanical imaging modalities.

How Do ECM Alterations Contribute to IPF Progression?

While progressive changes in lung ECM and respiratory mechanics have long been
associated with pulmonary fibrosis, only recently has it been discovered that the biochemical
and mechanical changes in the ECM may contribute to disease progression. Studies with
decelluarized matrices from IPF lungs (29, 65), and reductionists approaches using
hydrogels (49, 66—68) have been instrumental in demonstrating key effects of ECM
composition and mechanics on the activation state of lung fibroblasts, the drivers of fibrotic
matrix deposition. We briefly review the effects of ECM composition and mechanics on lung
fibroblasts and other lung resident cell types that may support fibrogenesis, and then
consider a dynamic mechanism by which alterations in lung mechanical properties may
propagate injury and fibrosis progression.

As discussed above, injury and fibrosis profoundly alter the composition of ECM and
matrix-associated proteins in the lung (28). Decellularized IPF lung matrices promote
fibroblast expression of alpha-smooth muscle actin (27), and engage a pro-fibrotic program
of ECM gene expression via suppression of miR-29 (29) (Figure 1). Whether these
responses reflect alterations in matrix-associated pro-fibrotic growth factors, such as TGF-
beta or CTGF, signaling from matrix components themselves (69), or some combination of
biochemical and biophysical stimuli remains to be determined, though in the case of Booth
et al. the effect appeared to be independent of matrix-associated TGF-beta (27). ECM effects
on lung resident cells are not restricted to fibroblasts, as alveolar epithelial cells respond to
matrix cues with suppressed expression of epithelial markers and enhanced expression of
mesenchymal markers (48, 70). This process can contribute to injury and fibrosis through
the generation of paracrine fibroblast-stimulating signals (71), as well as through impaired
differentiation and function of the epithelium itself. The activation of mesenchymal gene
expression in alveolar epithelial cells requires interactions with ECM proteins such as fibrin
and fibronectin (48, 72), again reinforcing a potential role of altered cell-ECM interactions
in cellular signaling and the progression of fibrosis.

Beyond the compositional changes to the ECM, the mechanical properties of the ECM also
clearly influence resident cell functions in support of fibrosis. The detailed mechanisms by

which matrix stiffness signals to fibroblasts have been reviewed elsewhere (69, 73), and will
thus only be briefly summarized here. Cell matrix interactions occur through integrin-based
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adhesions (74), which assemble as multiprotein focal adhesions structures that exhibit innate
mechanosensitivity (75). Multiple integrins, including ag(76), ayfe (77, 78), a1 and a,,
integrins more generally (79, 80) have been implicated in fibrosis, and substantial potential
has been shown for strategies targeting these integrin to ameliorate fibrosis in experimental
model systems. Integrin-mediated mechanosensitivity is thought to arise through the
competing and reversible dynamics of integrin adhesion, talin recruitment, and talin-actin
interactions conferring matrix stiffness sensitivity (81). As scaffolding for a host of
adhesome proteins and signaling pathways, mechanosensitive assembly and recruitment of
proteins into these complexes, with additional force dependent effects on protein structure
and activity, generates intracellular biochemical signals (74, 82, 83). Downstream integration
of these signals confers mechanosensitive cellular activation via a number of transcriptional
effectors, including prominent contributions from myocardin-related transcription factors
(66) and the transcriptional co-factors YAP and TAZ (20, 84, 85), both individually and in
combination (86, 87). Matrix stiffness and mechanical forces also directly deform the
nucleus (88), and may mediate changes in gene expression via altered nuclear deformation
(89), altered transport of transcriptional effectors across the nuclear membrane (90), or as a
result of physical effects on nuclear chromatin state (91-93). Together, the matrix stiffness-
sensitive activation of these transcriptional pathways is necessary and sufficient to promote
fibroblast activation to a contractile, proliferative and matrix synthetic state (20, 66, 84, 85),
and also contributes to epithelial and endothelial phenotypes that may influence lung injury
and fibrosis (94-96). Myofibroblast contractility can further amplify cellular activation
through matrix stiffness and contractile force-dependent effects on TGF-beta activation from
the ECM (97). Together these signals generate robust mechanical signaling to sustain
fibrogenic activation. Direct targeting of these pathways can override mechanical activation
and restore fibroblast quiescence (20, 66, 68), while restoring mechanical properties to
normal compliance can similarly inactivate cells (67, 98), opening both ECM mechanics and
mechanical signaling as targets for therapeutic intervention.

A final mechanism to consider in linking ECM to the pathogenesis of pulmonary fibrosis is
the effect of non-uniform lung injury on the distribution of stresses within the lung tissue.
The heterogeneous distribution of injury and fibrosis within the lungs of individuals with
pulmonary fibrosis is well known, and evidence from AFM and MRE studies support the
mechanical heterogeneity of the fibrotic lung as well (20, 27, 64). The lung is a
mechanically active tissue, with distention of the tissue inherent in its gas exchange function.
The generation of non-uniform mechanical properties (i.e. locally stiff regions) within a
compliant surrounding lung has been analyzed in other contexts, with demonstration that
concentrations of high stress and deformation levels in such scenarios are localized at the
interface between stiff and compliant regions (99). Lung tissue is known to be sensitive to
large deformations which can disrupt epithelial and endothelial barrier function (100), and
the generation of lung injury and fibrosis after exposure to excessive tidal deformation of the
lung is also well known (101, 102). Vascular leak contributes to both lung injury and
pulmonary fibrosis (103), and high stretch levels can activate TGF-beta from the lung ECM
(104). Together, these observations suggest the possibility that localized high levels of
mechanical stress arising from the tidal stretching of heterogeneous and closely apposed
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fibrotic and relatively normal lung tissues may contribute to ongoing local lung injury and
pro-fibrotic signaling that propagates pulmonary fibrosis (Figure 1).

How might ECM mechanics and composition be restored?

The accumulating evidence that the ECM in pulmonary fibrosis contributes to the
progression of the disease has sparked interest in therapeutically targeting the matrix. Initial
efforts have focused on ECM crosslinking, with the rationale that crosslinking increases the
resistance of the ECM to proteolytic degradation and also contributes to increased matrix
stiffness. Identification of the collagen crosslinking lysyl oxidase family member LOXL2 as
a key enzyme in pathological matrix deposition led to development of an antibody-based
therapeutic approach that, while promising in pre-clinical models (105), was ineffective in a
clinical trial for IPF (106). Nevertheless, preclinical efficacy of LOXL2 and LOX inhibitory
strategies across a number of tissue contexts continues to stimulate interest (107-110),
including the development of small molecule LOXL?2 inhibitors (111).

While inhibiting ECM deposition and crosslinking is a reasonable goal to slow or arrest
progression of fibrosis, a more ambitious and potentially more clinically meaningful goal is
to degrade and clear the fibrotic matrix (112), and ultimately restore the ECM to a state that
better supports homeostasis and organ function (Figure 1). While the reversibility of fibrosis
in IPF remains very much in question, particularly in advanced disease, abundant evidence
from animal models, and from fibroproliferative human lung injury, now support the concept
that fibrotic ECM deposition in the lung can be reversed (113, 114). Based on the
heterogeneity of the fibrotic lung and the essential role of the ECM in supporting tissue
integrity and mechanical function, it is difficult to envision a direct and organ-wide
proteolytic strategy that could be therapeutically effective. Rather, the focus has been on
identifying the cellular and molecular mechanisms that locally degrade and clear ECM
proteins, with the goal of promoting these processes in support of resolving fibrosis.

Matrix metalloproteases are the major class of enzymes tasked with ECM degradation.
However, these multi-functional proteins have multiple substrates that extend far beyond the
ECM, and thus regulate cellular functions and pathobiology in diverse and sometimes
unanticipated ways (3, 8, 115-117). Macrophages express a wide variety of MMPs, and
have been shown to play a major role in collagen breakdown (118, 119), with a recently
described pivotal role for MMP10 in directing macrophages toward a matrix degrading state
(120). Further support for a functional role of macrophages in collagen turnover in the lung
comes from a study of the protein Mfge8 (milk fat globule epidermal growth factor 8), a
soluble glycoprotein shown to decrease the severity of pulmonary fibrosis by facilitating
macrophage binding and targeting of collagen for cellular uptake (121).

While macrophage roles in fibrosis progression and resolution have been the focus of intense
interest (122, 123), macrophages and fibroblasts can cooperate in managing matrix
degradation and resorption (124), and fibroblast possess their own proteolytic machinery
that can also contribute to matrix clearance. Cathepsin K is an intracellular protease unique
among the cathepsins in its ability to degrade type I collagen (125). Cathepsin K knockout
mice exhibit increased lung matrix deposition following bleomycin injury, and fibroblasts
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from cathepsin K deficient mice exhibit impaired collagenolytic activity, consistent with a
role for fibroblast intracellular proteolysis in managing ECM homeostasis after lung injury
(126) . Lung fibroblasts also possess potent extracellular collagenolytic activity through
MMP14, also known as MT1-MMP (127). Fibroblast MMP14 is essential for fibrosis
resolution in the dermis, and MMP14-deficient fibroblasts accumulate enhanced collagen
type | deposition in vitro without increased de novo synthesis, pointing to a selective role in
degradation (128). Expression of MMP14 and collagenolytic activity by lung fibroblasts
decreases on matrices of increasing stiffness (49, 129), suggesting that matrix stiffness can
impair fibroblast capacity to clear ECM, and that targeting the mechano-activation of
fibroblasts may reverse this phenotype. MMP14 also plays an essential role in collagen
phagocytosis into lysosomes for intracellular degradation (130). Linking extracellular
proteolysis and intracellular degradation are surface scavenger receptors expressed by
fibroblasts such as Endo180, also known as uPARAP (urokinase plasminogen activator
receptor-associated protein)(131-133). Loss of UPARAP in the lung enhances collagen
deposition and stiffens the lungs after bleomycin injury, suggesting roles for fibroblast
mediated collagen internalization in normal collagen clearance (131). Ongoing work
continues to identify novel mediators of collagen internalization and degradation (134),
potentially generating new avenues for therapeutic intervention. Despite the progress in
understanding ECM degradation and clearance mechanism, significant questions remain to
be resolved relating to the issues of cell-type and spatially and temporally appropriate
protease activation before therapeutic ECM clearance might be realized. As a cautionary
example, collagen degradation products in patient sera have been explored as IPF
biomarkers, with increasing degradation products indicative of increased disease severity
and progression (135), emphasizing the need to understand where, when, how and by which
proteases matrix degradation may be beneficial in the setting of pulmonary fibrosis.

Beyond clearance of the fibrotic ECM, true tissue repair will require restoration of normal
tissue architecture, requiring the re-generation of an ECM that supports homeostatic cell-cell
and cell-matrix interactions. As discussed above, pulmonary fibrosis is associated with
aberrant deposition of fibrillar collagens, and loss of epithelial and endothelial basement
membrane components (Figure 1). In parallel with clearance of fibrotic scar, restoration of
appropriate epithelial and endothelial basement membrane will likely be essential to
regenerative healing (41). Restoration of basement membranes will support normal healing
and function of these critical barriers, but also re-establish appropriate niches (136, 137) for
resident progenitor cells such as Krt5+/p63+ basal-like cells (138, 139) , type Il alveolar
epithelial cells (140) and Integrin alpha-6+ lung stem cells (141, 142) required to sustain
tissue homeostasis.

Key to efforts aimed at functional restoration of the ECM may be our growing understanding
of the mesenchymal resident populations of the lung and their roles as matrix producing and
paracrine signaling support cells. Multiple studies of lung organoids have demonstrated that
co-culture of lung epithelial progenitors with lung-derived mesenchymal cells promotes
clonal proliferation and tissue-specific epithelial differentiation (143-146). A prominent
example is that of Pdgfra+ lung fibroblasts, which in organoid culture promote type Il
alveolar cell self-renewal and differentiation into type I alveolar cells (140), and which in
vivo engage in dynamic and reciprocal epithelial-mesenchymal interactions critical for
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alveolar septation and compensatory lung growth (147). Efforts at lineage tracing
mesenchymal populations during experimental lung injury and fibrosis have identified
fibrosis-generating contributions from pericytes as well as resident fibroblasts (148), with
further study demonstrating reversible differentiation of ECM producing myofibroblasts
from lipofibroblasts (149, 150), a sub-population of interstitial cells thought to play critical
roles during lung development (151, 152). Further studies have continued to refine these
concepts, with the recent description of distinct Lgr5+ and Lgr6+ mesenchymal populations
that support alveolar and airway compartments respectively (153), and the description of
mesenchymal alveolar niche cells and Axin2+ myofibrogenic progenitor cells with
contrasting roles in alveolar homeostasis versus scar formation after injury (154). Continued
exploration of these mesenchymal cell subpopulations, their plasticity and control
mechanisms, and the molecular networks by which they engage cell-cell interactions and
deposit ECM will be critical in efforts to promote functional ECM restoration and resolution
of fibrosis.

Conclusions

While much remains to be learned, it is increasingly clear from the studies summarized
above that the ECM in pulmonary injury and fibrosis is an active contributor to cellular
activation and fibrosis progression, and a potential barrier to effective resolution and repair.
The ongoing development and refinement of tools to define local molecular scale changes in
ECM and to non-invasively track alterations in ECM biochemical and biomechanical states
offers new opportunities to delineate the cues and signals that drive disease, and to assess the
utility of therapeutic approaches targeting the ECM. Further investigation of the basic
mechanisms by which cells degrade and clear ECM, receive cues from the ECM that
promote fibrogenesis, and engage in reciprocal interactions to deposit and manage a
homeostatic ECM will dramatically enhance our understanding of lung injury and repair.
Ultimately these efforts will be essential to our efforts to not only arrest, but also reverse
fibrosis and restore lung function to individuals with pulmonary fibrosis.
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Highlights
. ECM composition and mechanics are dramatically and dynamically altered
during lung fibrosis.
. Changes in the fibrotic lung ECM promote cell activation and fibrogenesis,

prompting efforts to therapeutically target ECM-derived cues.

. Novel techniques are enabling the dynamic state of the lung ECM to be
quantified in vivo.

. Tantalizing evidence of fibrosis reversibility supports targeting fibrotic scar
clearance and ECM restoration.
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Figure 1.
Summary of ECM biochemical and biomechanical changes that accompany the shift from a

homeostatic ECM present in normal adult lung tissue to a fibrosis promoting ECM present
in individuals with pulmonary fibrosis. The hematoxylin and eosin stained histological
images shown are from control and bleomycin exposed mouse lungs, and emphasize the
heterogeneous appearance of fibrotic remodeling often observed in both mouse models and
human pulmonary fibrosis.
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