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progenitor cells and their fibrogenic progeny.

Introduction

As a group, fibrotic disorders of the heart, blood vessels, lungs,
kidney, liver, and other organs account for more than a third of
the annual death rate in industrialized countries (1). Fibropro-
liferation is integral to host defense. Rapid closure of an integu-
mentary or visceral wound is essential for restoration of tissue
and organ integrity. Control of resistant intracellular pathogen
infections is accomplished by formation of a dense circumferen-
tial scar. When fibroproliferation ensues after a single discrete
injury, the process can be reversible or result in a durable scar
comprising highly cross-linked collagens and other extracellu-
lar matrix (ECM) components. Examples of reversibility include
many instances of integumentary wounding (2) and acute lung
injury when the cause is controlled (3, 4). Durable fibrosis fol-
lows myocardial infarction (5) and tuberculosis (6). Sustained
fibroproliferation, commonly designated as aberrant wound
healing, frequently occurs after repetitive or persistent injuri-
ous stimuli. Examples include alcoholic cirrhosis, hypertension-
induced kidney fibrosis, autoimmune disease, and uncontrolled
chronic infection. In each of these circumstances, injury triggers
a canonical coagulation/innate/adaptive immune response (7).
Fibroproliferation ceases or regresses when the injurious stimu-
lus is successfully mitigated or terminated or when the immune
response is pharmacologically modulated or spontaneously
abates. However, studies of idiopathic pulmonary fibrosis (IPF),
arelentlessly progressive disorder, have revealed mechanisms of
fibrosis progression that can be self-sustaining once established
(8, 9). This indicates that fibrosis initiation and progression can
be uncoupled. As a relatively new concept in the field of fibrosis,
this Review will primarily focus on self-sustaining aspects of pro-
gressive fibrosis, emphasizing studies of the lung with examples
from other organ systems.
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The extracellular matrix (ECM) is dynamically tuned to optimize physiological function. Its major properties, including
composition and mechanics, profoundly influence cell biology. Cell-ECM interactions operate through an integrated set of
sensor and effector circuits that use several classes of receptors and signal transduction pathways. At the single-cell level,
the ECM governs differentiation, metabolism, motility, orientation, proliferation, and survival. At the cell population level,
the ECM provides higher-order guidance that is essential for physiological function. When pathological changes in the ECM
lead to impairment of organ function, we use the term “fibrosis.” In this Review, we differentiate fibrosis initiation from
progression and focus primarily on progressive lung fibrosis impairing organ function. We present a working model to
explain how the altered ECM is not only a consequence but also a driver of fibrosis. Additionally, we advance the concept that
fibrosis progression occurs in a fibrogenic niche that is composed of a fibrogenic ECM that nurtures fibrogenic mesenchymal

The ECM as a driver of fibrosis progression
Progressive fibrosis remains one of the most vexing problems in
modern medicine. Its seeming intractability does not result from
alack of scientific attention. Instead, we suspect that the formula-
tion guiding even the best studies may be incomplete. Most exper-
imental work has been guided by inferences from the advanced
state of knowledge about fibrosis that follows a discrete injury, not
by studies focused on self-sustaining progressive fibrosis as a dis-
crete entity. As is the case for cancer biology, conceptually sepa-
rating fibrosis initiation from fibrosis progression may enable the
field to move forward. An extensive body of work across several
organs implicates parenchymal cell injury with activation of the
TGF-B pathway in disease initiation (10-12). This line of investiga-
tion continues to provide increasingly precise information about
the molecular mechanisms leading to parenchymal cell attrition,
setting the stage for fibroproliferation (13, 14).

In parallel with our increased understanding of fibrosis ini-
tiation, we have learned that fibrosis progression involves both
cell-intrinsic/autonomous and ECM-driven mechanisms. Cell-
autonomous fibrogenicity was initially identified in studies
using primary mesenchymal cells from fibrotic tissue and organs
(15-20), corroborated in zebrafish and mouse xenograft models
(21, 22), and verified in mouse lineage tracing studies (23). The
discovery of fibrogenic mesenchymal progenitor cells (MPCs) in
the lungs of patients with IPF provided definitive proof in humans
(9, 24). A role for individual ECM components and fragments as
drivers of fibrosis progression has been firmly established for sev-
eral decades. Fragments of fibrin, fibronectin, and hyaluronan are
all potentially fibrogenic (25). More recent studies have provided
new insights into ECM-mediated positive-feedback loops using
decellularized lung ECM from patients with IPF (8, 26). In the
absence of exogenous cytokines, IPF ECM alone induces normal
lung fibroblasts to become activated myofibroblasts and to down-
regulate microRNA-29 (miR-29), a master negative regulator of
stromal genes. Once formed, IPF ECM sets up a profibrotic feed-
back loop that is capable of sustaining progressive fibrosis (Figure
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1). Increased substratum stiffness activates the mechanosensitive
Hippo pathway effector Yes-associated protein 1 (YAP). Active
YAP, in turn, upregulates ECM deposition and stiffness, consti-
tuting another positive-feedback loop (27). In MPCs, increased
stiffness mediates acquisition of mechanical memory by causing a
sustained increase of miR-21, a positive regulator of ECM deposi-
tion (28). Thus, although the evidence across all organs is incom-
plete, available data support the idea that progressive fibrosis in
the absence of ongoing injury occurs in a fibrogenic niche compris-
ing fibrogenic progenitors and their fibrogenic progeny residing in
an ECM that is itself fibrogenic.

In the text that follows, we consider the ECM in progressive
fibrosis as part of a fibrogenic niche and focus on ECM charac-
teristics that may generate and sustain fibrogenic mesenchymal
progenitors and their progeny. The ECM characteristics we con-
sider are composition and mechanical properties, both of which can
have profound effects on cell biology. Our goal is to help illumi-
nate a way forward toward a more complete understanding of
self-sustaining progressive fibrosis. The reader is referred to other
Reviews in this series for more details about the cell of origin in
fibrotic disorders (29). We also refer the reader to the many excel-
lent reviews of fibrosis initiation and fibrosis progression in the
wake of a sustained or repetitive injury; and to reviews detail-
ing the important emerging field of fibrosis reversibility (30, 31),
where studies of liver fibrosis reversal after eradication of hepati-
tis C virus are leading the way.

ECM composition in progressive organ fibrosis

The ECM microenvironment provides cells with physical support
for adhesion and cues that regulate position, cell cycle, metabo-
lism, and differentiated state (32). The ECM is a major source of
biochemical and biomechanical signals that are transduced and
integrated to determine tissue organization and function. In gen-
eral, excessive ECM production and aberrant ECM turnover char-
acterize progressive organ fibrosis. In addition, dysregulation of
ECM remodeling enzymes causes disorganization of ECM struc-
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Figure 1. ECM-mediated feedback loops during
fibrosis initiation and progression. (Upper) Tissue
injury leads to TGF-f activation and downstream
canonical and noncanonical signals that initiate
fibrosis. Once initiated, fibrosis can progress in the
absence of the initial stimulus. (Lower) The fibrotic
ECM can suppress miR-29, a master negative
regulator of stromal genes. This results in increased
ribosome recruitment to hundreds of stromal genes
and sustained deposition of ECM, thus constituting
a positive-feedback loop. Increased matrix stiffness
activates the Hippo pathway effector Yes-associated
protein 1 (YAP), which can drive ECM deposition

and matrix stiffening, constituting another
positive-feedback loop. Mesenchymal progenitor
cell mechanical memory of substratum stiffness

is mediated by miR-21, allowing these progenitors
to stably maintain their fibrogenic phenotype and
further stiffen the ECM.

Synthetic ECM

ture and ECM fragmentation, resulting in pathological cellular
functions that contribute to fibrosis progression (33). Since ECM
deposition and remodeling are dynamic processes during fibrosis
progression, a comprehensive understanding of the spatial and
temporal alterations in ECM composition is essential to fully eluci-
date the mechanisms underlying the progression of organ fibrosis.
To illustrate, we will focus on the spatial-temporal heterogeneity
of the ECM and cells characterizing the fibroblastic focus in IPF.

Myofibroblast core. Progressive fibrosis often has a character-
istic pattern in each organ (34-37). We will focus on the pattern
and polarity of fibrosis in the progressive fibrotic lung disease IPF,
where recent studies provide insight into mechanism. In IPF, mes-
enchymal cells and their ECM products expand the alveolar wall,
resulting in distortion and loss of the gas-exchange surface. The
process begins at the bases and subpleural regions of the lungs
and advances centripetally and apically (38). Studies of the IPF
matrisome using mass spectrometry indicate that the IPF ECM is
enriched for hyaluronan, latent TGF-B-binding protein 1, periostin,
versican, fibulin, fibrillin, and a variety of collagens (26). However,
how these alterations in ECM composition vary both regionally and
temporally as IPF progresses remains incompletely understood.

Current understanding of the spatial-temporal heterogene-
ity in the IPF lung has been inferred from immunohistochemical
analyses, which have been pivotal in elucidating regional differ-
ences in ECM composition and organization. More than 25 years
ago, a seminal morphological investigation using a monoclonal
antibody specific for pro-collagen I revealed that the myofibro-
blast core of the fibroblastic focus is the site of active ECM deposi-
tion (39). The myofibroblast core in IPF is enriched with fibrillar
type I and III collagens, extra domain A fibronectin (EDA fibro-
nectin), and fibrin; whereas the presence of type IV collagen varies
(40). The myofibroblast core is also enriched with type VI collagen
(41), the migratory moieties fascin and tenascin C (42), hyaluro-
nan (43), and TGF-B (44).

Building on this foundation, recent work clarifies some of the
molecular details in IPF. Indeed, the fibroblastic focus is a polar-
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Figure 2. Polarity of the IPF Fibroblastic Focus. (A) The fibroblastic focus in IPF is polarized. It
contains an active fibrotic front, which is a highly cellular region composed of proliferating fibrogenic
MPCs, and activated macrophages embedded in a hyaluronan-rich ECM. The myofibroblast core con-
tains noncycling myofibroblasts actively synthesizing collagen embedded in an ECM rich in collagen I/
I11/V1, fibronectin, fibrin, fascin, tenascin C, hyaluronan, and latent TGF-p. (B) An example of what is
likely a newly developing fibroblastic focus (boxed region) at the advancing fibrotic front at the inter-
face between fibrotic lung on the left and relatively uninvolved lung on the right. (C) Higher-power
image of the boxed region in panel B showing the myofibroblast core and the active fibrotic front.

At the periphery of the focus, thickened alveolar walls are juxtaposed between the active fibrotic
front and morphologically preserved thin alveolar structures (indicated by arrows). This appearance
supports a model of fibrosis progression in which cells in the active fibrotic front invade into contigu-
ous morphologically preserved alveolar structures, causing progressive fibrotic destruction of the
gas-exchange surface. The mesenchymal cells behind the fibrotic front (the progeny of IPF MPCs)
differentiate into myofibroblasts that constitute the fibrotic core. Images adapted from Xia et al. (9).

ized structure composed of a mitotically active fibrotic front con-
taining MPCs and their progeny, as well as a myofibroblast core
region containing noncycling myofibroblasts actively synthesizing
type I collagen (Figure 2 and ref. 9). The mechanism underlying the
excessive collagen deposition by myofibroblasts involves fibrotic
ECM-mediated suppression of miR-29, a master negative regula-
tor of ECM genes (8). Thus, once formed, fibrotic ECM sets up a
positive profibrotic feedback loop that stimulates further ECM pro-
duction. TGF-B is expressed within the myofibroblast core (39, 44),
and TGF-p stimulates the expression of EDA fibronectin, which
promotes myofibroblast differentiation (45). In addition to fibril-
lar collagen and EDA fibronectin, glycosaminoglycans (GAGs) and
versican are also abundant within the myofibroblast core (43). Ver-
sican is a chondroitin sulfate proteoglycan that promotes a variety
of fibrogenic cellular functions, including proliferation, motility,
and invasion (46). Importantly, the deposition of proteoglycans
and GAGs alters the viscoelastic properties of the lung ECM, which
in turn are capable of regulating fibroblast biology (47).
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The active fibrotic front. The active
fibrotic front is found at the perimeter of the
myofibroblast core in a highly cellular area
between the myofibroblast core and rela-
tively preserved alveolar structures. It con-
tains proliferating, fibrogenic MPCs and
their progeny together with activated mac-
rophages (9, 48). Hyaluronan is abundantly
expressed in the IPF lung (41), including
the progenitor-rich perimeter region, and
is known to be an important component
of the stem/progenitor cell niche in health
and disease. It is tempting to speculate that
in the IPF active fibrotic front, the presence
of hyaluronan might support the fibrogenic
MPC pool, thus serving as an integral com-
ponent of the fibrogenic niche. Expansion
of self-renewing MPCs and their transit-
amplifying progeny, together with recruit-
ment of immune-modulatory cells, might
lead to enlargement of adjacent alveolar
walls en route to forming another myo-
fibroblast core. In addition, hyaluronan
stimulates invasion and overexpression of
hyaluronic acid synthase 2 by mesenchy-
mal cells, which confers them with an inva-
sive phenotype (49). Disruption of CD44,
a major hyaluronan receptor, inhibits mes-
enchymal cell invasiveness. These data
support a model of fibrosis progression in
which hyaluronan nurtures MPCs and stim-
ulates mesenchymal cells within the active
fibrotic front to invade adjacent uninvolved
alveolar walls and mediate progressive
fibrotic lung destruction. As a group, these
studies highlight how regional differences
in ECM composition can create a niche that
regulates cellular phenotype and drives

¥
e
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fibrotic progression.

Although the ECM can direct cell biology in a manner that
either facilitates tissue repair or drives pathological remodeling,
there is also evidence that during fibrosis progression, mesenchy-
mal cells with autonomous behavior can emerge (50). Autono-
mous functions include the ability to elude physiological signals
that mediate negative feedback provided by the ECM. For exam-
ple, during physiological tissue repair, polymerized type I collagen
ligates the o, B, integrin to activate the antimitotic tumor suppres-
sor phosphatase PTEN to limit cell proliferation (51). In contrast,
in IPF, altered integrin signaling fails to increase PTEN, allowing
unfettered activation of the PI3K/Akt signaling pathway. This
permits IPF lung mesenchymal cells to escape the proliferation-
suppressive effects of polymerized collagen that normally termi-
nate collagen deposition by fibroblasts (17, 51) and activate apop-
tosis (52, 53). These data indicate that at some point during the
course of fibrosis progression, mesenchymal cells can acquire a
distinct and durable fibrogenic phenotype such that they no longer
respond to the ECM cues that would typically terminate a fibrotic
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response. Most of the molecular details of how a durable fibro-
genic phenotype is acquired remain to be elucidated; however, the
acquisition of fibrogenic mechanical memory in response to ECM
stiffness in a miR-21-dependent manner is one mechanism (28).
Thus, once in motion, fibrosis progression is biologically robust.
Fibrogenic ECM corrupts the miR-29 and miR-21 axes in cells
still dependent on exogenous signals, and cell-autonomous fibro-
genic MPCs produce fibrogenic daughter cells that differentiate to
become activated myofibroblasts.

There are intriguing parallels between the ECM compositions
of the invasive cancer front, the active fibrotic front, and the myo-
fibroblast core in IPF. Like in IPF, hyaluronan accumulates in can-
cer tissues, where it supports cancer stem cell function (54) and
cancer cell proliferation, motility, and viability (55). Hyaluronan
cross-links with a variety of other ECM molecules, including ver-
sican, which itself cross-links with type I collagen, fibulin, fibrillin,
and fibronectin to facilitate tumor cell invasion (56). The ECM of
the invasive breast cancer front is characterized by collagen depo-
sition, linearization, and thickening, together with an abundance
of activated macrophages and high TGF-f activity (57). These
findings support the view that during breast cancer progression,
collagen deposition and linearization are linked to immune cell
infiltration and activation of TGF-B. The similarities between the
ECM of the invasive cancer front and the active fibrotic front of
IPF align with the idea that common alterations in ECM compo-
sition and structure undetlie the progressive nature of these dis-
eases. Parallels with cancer remain to be explored in IPF and other
organs undergoing progressive fibrosis.

A possible fibrogenic niche in cirrhosis. The pattern of cirrhosis
following liver injury depends on the causative agent. Fibrosis
begins in the portal tracts in chronic hepatitis C virus (HCV)
infection and around the central vein in alcoholic liver disease.
In chronic HCV infection, fibrosis progression manifests as
fibrotic septa extending from portal tracts that connect to cre-
ate bridging fibrosis. Each bridge is composed of fibrotic rib-
bons that interconnect branches of portal tracts. A proteomics
approach applied to human HCV-infected liver has defined
the ECM composition of bridging fibrosis, the phase of the dis-
ease that characterizes the transition from moderate to severe
fibrosis (58). In cirrhosis, the space of Disse (the perisinusoi-
dal region containing plasma and hepatic stellate cells [HSCs])
and portal tracts are sites of myofibroblast accumulation and
ECM deposition. These myofibroblast-rich regions are replete
with fibrillar type I and III collagens (59), fibronectin (60), and
type V and VI collagen (61). Type IV collagen expression is vari-
able and codistributes with laminin (62, 63). Increased expres-
sion of the migratory marker tenascin C has been found within
the space of Disse and portal ducts (64). Hyaluronan is codis-
tributed with a-smooth muscle actin-expressing cells within
portal tracts (65), and TGF-B is expressed within fibrous septa
(66). These studies highlight similarities of ECM composition
within the myofibroblast-rich regions in lung and liver fibrosis,
consistent with the idea of some shared underlying mechanisms.

Although speculative, it is possible to extend the concept of
the fibrogenic niche to cirrhosis. Fate-tracing experiments suggest
that HSCs may be a source of fibrogenic fibroblasts in some liver
fibrosis models (67), although the evidence remains inconclusive
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(68, 69). Although not considered true progenitors, HSCs share
properties with mesenchymal progenitors, including the capacity
for tri-lineage differentiation (70, 71). HSCs reside in a perisinu-
soidal location in the space of Disse (72, 73), which, as a working
hypothesis, can be conceptualized as a putative fibrogenic niche.
Activated HSCs appear in increased numbers in regions of peri-
sinusoidal fibrosis and bridging fibrosis. Like IPF MPCs, HSCs
undergo differentiation to activated myofibroblasts in response to
cytokines (74) and increased ECM stiffness (35, 36).

ECM mechanical properties
A hallmark of fibrotic tissue is an increase in its elastic modulus
(stiffness). In human fibrosis of the lung (26, 27), liver (75, 76), kid-
ney (77, 78), and vasculature (79), the ECM on average becomes
stiffer than normal. Mechanotransduction of ECM stiffness plays
important biological roles. Mechanotransduction pathways impact
such critical cellular functions as proliferation, differentiation, and
migration (32). Here we focus specifically on how mechanotrans-
duction of ECM cues might influence fibrosis progression. The
reader is referred to another Review in this series for a more com-
prehensive consideration of mechanotransduction in fibrosis (80).
One prominent mechanism for mechanotransduction of
ECM stiffness operates through the Hippo pathway effector
YAP. This mechanism serves to illustrate some principles under-
lying mechanotransduction of ECM inputs. Cell-ECM and cell-
cell interactions play key roles in regulating YAP activity. Cell-
ECM interactions are mediated predominantly by integrins,
proteoglycan receptors, and their ligands at sites of focal adhe-
sions where a variety of sensor proteins (e.g., focal adhesion
kinase [FAK], talin, vinculin, the non-receptor tyrosine kinase
SRC) interpret ECM mechanics and elicit downstream signal-
ing responses (81). Cell-cell interactions operating through
E-cadherin at sites of adherens/tight junctions modulate a cas-
cade of protein signaling components that integrate and inter-
pret mechanical inputs (82). Increased ECM stiffness can drive
fibroblast ECM production in a YAP-dependent manner (27),
and YAP expression has been identified in fibrosis of the lung
(27), liver (83), and polycystic kidney disease (84) in humans.
Enforced YAP expression in experimental animal models of lung
fibrosis drives fibrosis progression (27). In addition, treatment
with a pharmacological inhibitor of YAP function inhibits fibro-
sis in a fibrogenic kidney injury model (85); and YAP suppres-
sion in liver injury models reduces fibrosis (83). In the context
of cancer stroma, cancer-associated fibroblasts express active
YAP, which is required for ECM stiffening and maintenance of
their pathological functions (86). These studies indicate that
mechanotransduction of ECM stiffness mediated through YAP
has the ability to serve as an integral component of the molecu-
lar mechanism for fibrosis progression.

ECM spatial heterogeneity and
mechanotransduction in fibrosis

On average, fibrotic tissue is stiffer than healthy tissue. However,
reassessment of reported stiffness of human fibrotic tissue com-
pared with healthy tissue reveals substantial overlaps in the dis-
tributions of elastic moduli; in some cases, these necessitate large
sample sizes to discern average stiffness differences in lung (26)
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and liver (87). One group reports nonsignificant elastic modulus
differences comparing healthy and fibrotic human kidneys (88).
In part, these data likely reflect the striking spatial heterogene-
ity of the ECM in fibrotic organs. This is relevant because cur-
rent efforts to test the importance of increased ECM stiffness in
fibrosis progression are hampered by the limited availability of
regional mechanical data. We currently lack information about
the mechanical properties of densely scarred regions versus the
myofibroblast core versus the active fibrotic front versus relatively
preserved areas in any form of organ fibrosis.

Cirrhosis assumes a variety of morphological patterns that are
dependent on etiology: portal-portal, portal-central, and central-
central septa (89). To date, few studies have used atomic force
microscopy (AFM) to measure the elastic modulus of human liver
tissue (90), and none have registered the mechanical properties of
the ECM to specific morphological patterns in the cirrhotic liver. It
will be important to understand the precise mechanical properties
sensed by each type of cell within each region of each morphologi-
cal pattern to develop the most clinically relevant models of fibro-
sis progression in an etiology- and pattern-specific manner.

IPF is composed of a multifocal network of fibroblastic foci
that stand as independent structures ranging from 1.3 x 10* to 9.9 x
107 m?® (91). Fibroblastic foci are polarized structures with a myofi-
broblast core that actively produce ECM adjacent to normal alveo-
lar structures (9). It is therefore likely that there are stiffness gradi-
ents along the fibroblastic focus, a steep stiffness gradient between
the focus and adjacent normal structures, and another gradient
between the focus and regions dominated by dense collections of
ECM. Available AFM data from the IPF lung indicate that stiffness
gradients span very short distances (26); however, there are no
published data systematically registering elastic modulus to specif-
ic morphological regions, the fibroblastic focus, transitional alveoli
with the earliest signs of thickening and cellular infiltration, adja-
cent uninvolved alveoli, or mature scar. The prevailing assump-
tion in the field is that the cells within the fibroblastic focus sense
a pathologically stiff ECM that drives fibrosis progression (26, 27,
92, 93). A critical knowledge gap in the field of progressive fibrosis
is the exact stiffness a cell senses in situ as fibrosis progresses and
which receptors and transduction pathways are involved.

Modeling ECM mechanotransduction in fibrosis
A seminal study showed that MSCs cultured on a stiff 2-
dimensional (2D) substratum activate YAP (94), spurring a line of
investigation that used a variety of biomaterials with well-defined
properties to model how cells respond to mechanical stimuli (95).
In addition to stiffness, key ECM properties that can modulate cell
biology include dimensionality, viscoelasticity, and cyclic stretch.
Moreover, cell-cell interactions can influence the response to both
static and dynamic mechanical properties. To focus the discus-
sion, control of YAP will serve as the example.

Dimensionality. In MSCs on a 2D substratum, ECM stiffness
drives YAP translocation from the cytoplasm (inactive YAP) to the
nucleus (active YAP) (94). However, in most tissues and organs,
the cells enveloped in a fibrotic ECM experience a 3D environ-
ment. To examine the impact of dimensionality, investigators cre-
ated hydrogels with tunable stiffness and cultured MSCs either on
a 2D planar surface or embedded within a 3D hydrogel (96). In the
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2D system, increasing stiffness drove YAP activation, whereas in
the 3D system, exactly the opposite occurred, with stiffness pro-
moting YAP inactivation. This report demonstrates the important
role played by substratum dimensionality in cellular mechano-
sensing of ECM stiffness.

Viscoelasticity. Not only do cells perceive the difference
between a 2D and a 3D environment, but they also sense changes
in ECM viscoelasticity (stress-relaxation), defined as the force
exerted by the ECM to maintain its original structure followed by
its relaxation. When MSCs are cultured in 2D or 3D hydrogels in
which both stiffness and viscoelasticity can be tuned, increasing
viscoelasticity inactivates YAP independent of elastic modulus
and dimensionality (97, 98).

Cyclic stretch. All organs undergo cyclic stretch with the peri-
odicity of pulsatile blood flow (1 to 3 Hz). The lungs have the
superimposed periodicity of the respiratory cycle, which varies by
nearly an order of magnitude comparing healthy lungs with late-
stage fibrotic lungs (0.1 vs. 1 Hz at rest). Thus, another mechanical
property to account for is the mechanical strain caused by stretch.
For example, mammary epithelial cells activate YAP in response
to cyclic stretch, which promotes their proliferation (99). Cyclic
stretch-compression can also regulate miR-29 and thereby colla-
gen expression in periodontal ligament cells (100).

Cell-cell interactions. A more complete model of how cells inter-
act with their ECM will account for cell-cell interactions. To illus-
trate, a hyaluronic acid hydrogel system was developed that enabled
the independent copresentation of the HAVDI adhesive motif from
N-cadherin (simulating cell-cell interactions) and the RGD adhesive
motif from fibronectin (simulating cell-ECM interactions) to MSCs
across a physiological range of ECM stiffness (101). An increase
in HAVDI ligation with RGD ligation held constant led to reduced
nuclear YAP localization with resultant modulation of cell prolifera-
tion and differentiation. Mechanistically, there was a reduction in
contractile force generation due to the ability of N-cadherin ligation
to dampen the Racl-GTP/myosin IIA /focal adhesion signaling axis
triggered by integrin ligation (101).

Mechanotransduction of ECM stiffness is one important
mechanical property in fibrosis progression. However, the stud-
ies cited above, which track YAP activity in the context of ECM
stiffness, dimensionality, viscoelasticity, cyclic stretch, and cell-
cell interactions, demonstrate the importance of accounting for
multiple parameters when constructing a model of the in vivo
biology of progressive fibrosis. It is important to note that other
mechanosensitive pathways also intersect with YAP signaling net-
works. For instance, mechanotransduction through Notch gen-
erates signals that form a positive-feedback loop with YAP. This
feedback loop can be inhibited by Wnt/p-catenin signaling (102).
It will be important to determine how other mechanotransduction
pathways (103), such as FAK, ROCK/RhoA, and actin cytoskeletal
rearrangements, are altered by ECM cues. Thus, a clinically rel-
evant model of ECM mechanosensing will need to account for a
network of inputs and signaling pathways.

Does ECM contribute to a fibrogenic niche in
progressive fibrosis?

One provisional model for the stereotypical anatomic patterns of
progressive fibrosis is that the actively developing lesions consti-
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Figure 3. Tissue atlas: 3-D reconstruction of a fibrogenic niche coregistering mechanics, ECM composition, cell identity, and cell biology. Shown is a con-
ceptual schematic of a tissue atlas using IPF as an example. Images adapted from Jones et al. (91). A comprehensive tissue atlas would combine — at both
the micron and millimeter scale of resolution — static and dynamic mechanical measurements, data regarding ECM composition and organization, cell
identity, cell differentiated state, and cell biology (e.g., proliferation markers, signaling footprints). These data would be registered region by region to key
morphological features: myofibroblast core and active fibrotic front. With such a data set, investigators would be positioned to generate testable models
that pinpoint targetable pathways critical to fibrosis progression based on (a) the precise mechanical properties a cell is sensing, (b) the ECM components
a cell is interacting with, and (c) the resulting cell biology as a function of those inputs. Addition of MALDI-imaging mass spectrometry to the picture could

provide unprecedented insights into progressive fibrosis (105, 106).

tute a fibrogenic niche. In our proposed model, these niches are to
be distinguished from regions dominated by highly cross-linked
type I collagen, and regions yet to be enveloped by fibrosis. The
ECM in the fibrogenic niche is compartmentalized, with its com-
position and mechanical properties organized in a manner that
nurtures, supports, and guides all of the cells that mediate fibrosis
progression: self-renewing MPCs, actively proliferating transit-
amplifying cells, and pathological myofibroblasts that persist and
actively secrete ECM. This model has been applied and tested in
IPF, in which all of these cell populations can be found in situ in
distinct regions of highly polarized fibroblastic foci. However, a
detailed analysis of the lung ECM in the niche compared with adja-
cent regions has not been conducted. In the liver, HSCs display
some progenitor cell characteristics (70, 71). Whether all HSCs
can serve this role or only a subpopulation can function as progeni-
tors remains to be determined. Similarly, whether the properties
of the ECM in the regions where HSCs undergo self-renewal dif-
fer from those where differentiation into activated myofibroblasts
occurs is an open question. We currently lack fine-mapping data
defining ECM composition, organization, and mechanics related
to their fibrogenic properties. Thus, we regard the concept of a dis-
tinct fibrogenic niche with fibrogenic progenitors as the source of
activated myofibroblasts in progressive lung and liver fibrosis not
as fact, but as one working model to guide future experiments.

A key feature of progressive fibrosis in all of these settings is
the robustness of the fibrotic process. Indeed, many of the forces
that initiate fibrosis persist as fibrosis progresses. These include
epithelial stress, activated TGF-B, activated macrophages, and

] -
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growth factors for fibroblasts. What may distinguish self-limited
fibrosis after injury (i.e., the canonical process of fibroproliferation
that is critical for repair and regeneration) from progressive fibro-
sis in the apparent absence of ongoing injury is an inflection point
or a singularity in an otherwise well-behaved negative-feedback
system. At this point of departure from negative feedback, many
or all of the canonical fibrosis drivers become dispensable. We
refer to this as cell-autonomy in the same sense as cancer is cell-
autonomous; the cells from these lesions are fibrogenic in fibro-
sis or tumorigenic in cancer. To extend the analogy, as in cancer,
in vivo progression in fibrosis is a pernicious dance between the
ECM and the intrinsically pathological cells. In both IPF and can-
cer, compelling data implicate cell-ECM collaboration as integral
to the robustness of disease progression.

A tissue atlas as a possible way forward

There is compelling evidence that fibrotic ECM is chemically,
topographically, and mechanically distinct from ECM in healthy
tissue. Fibrosis varies dynamically in time and space and assumes
stereotypical patterns of progression in each organ. Moreover, a
variety of cell types across a spectrum of proliferative, differenti-
ated, and activated states participate in fibrosis progression. What
are lacking are data to integrate all of this disparate but critical
information. To date, no study in any human fibrotic disorder has
coregistered ECM mechanical properties, orientation, and com-
position with cell identity and relevant parameters of cell biology.
Thus, despite advances in the field of fibrosis, we lack an agreed-
upon model of fibrosis progression. In our opinion, the database
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for such a model of fibrosis progression could take the form of a
tissue atlas. A comprehensive tissue atlas would combine static and
dynamic mechanical measurements, ECM composition and orga-
nization, cell identity, cell differentiated state, and cell biology
(e.g., proliferation markers, signaling footprints) at both micron
and millimeter resolution, registered region by region according
to key morphological features in human fibrosis (Figure 3).
Imaging technology and computing power have advanced to
the point where it is feasible to tackle this undertaking. As an exam-
ple, in studying the morphology of fibroblastic foci in IPF about a
decade ago, investigators used early-generation 3D reconstruc-
tion algorithms to conclude that fibroblastic foci in IPF formed
a large interconnected fibrotic reticulum (104). Recently, more
advanced 3D reconstruction approaches revealed that fibroblastic
foci are serpiginous independent structures, not interconnected
— a fact with important mechanical implications (91). Adding cell
biology and detailed ECM information to facilitate accurate mod-
eling of these lesions is one path toward a much deeper mecha-
nistic understanding of fibrotic progression. With such a data set,
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investigators would be positioned to generate testable models that
pinpoint targetable pathways critical to fibrosis progression based
on (a) the precise mechanical properties a cell is sensing; (b) the
ECM components that the cell interacts with; and (c) the result-
ing cell biology as a function of these inputs. Such a study could
pave the way forward for the creation of a model that recapitulates
the in vivo biology and generate data-driven hypotheses aimed at
unveiling the molecular mechanisms mediating fibrosis progres-
sion. We view this as one important step toward a strategic drug
discovery program designed to interdict progressive fibrosis.
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