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Abbreviations

and Acronyms

ADAM 12 =a disintegrin and
metalloproteinase 12
CAF=carcinoma-associated
fibroblasts (also sometimes
termed TAF=tumor-associated
fibroblasts)

CCN =family of cytokines; name
is acronym derived from three of
the family members, C for CTGF,
C for Cyr-61, and N for Nov

ECM = extracellular matrix
EMT = epithelial to
mesenchymal transition
FAK=focal adhesion kinase
FERM =F for 4.1 protein, E for
ezrin, R for radixin, and M for
moesin
FN =fibronectin

(continued)

Significance: Myofibroblasts are responsible for wound closure that occurs in
healed acute wounds. However, their actions can result in disfiguring scar
contractures, compromised organ function, and a tumor promoting stroma.
Understanding the mechanisms regulating their contractile machinery, gene
expression, and lifespan is essential to develop new therapies to control their
function.

Recent Advances: Mechanical stress and transforming growth factor beta-1
(TGF-f1) regulate myofibroblast differentiation from mesenchymal progeni-
tors. As these precursor cells differentiate, they assemble a contractile appa-
ratus to generate the force used to contract wounds. The mechanisms by which
mechanical stress promote expression of contractile genes through the TGF-f1
and serum response factor pathways and offer therapeutic targets to limit
myofibroblast function are being elucidated.

Critical Issues: Emerging evidence suggests that the integration of mechanical
cues with intracellular signaling pathways is critical to myofibroblast function
via its effects on gene expression, cellular contraction, and paracrine signaling
with neighboring cells. In addition, while apoptosis is clearly one pathway that
can limit myofibroblast lifespan, recent data suggest that pathogenic myofi-
broblasts can become senescent and adopt a more beneficial phenotype, or may
revert to a quiescent state, thereby limiting their function.

Future Directions: Given the important role that myofibroblasts play in pa-
thologies as disparate as cutaneous scarring, organ fibrosis, and tumor pro-
gression, knowledge gained in the areas of intracellular signaling networks,
mechanical signal transduction, extracellular matrix biology, and cell fate will
support efforts to develop new therapies with a wide impact.

SCOPE
IN NORMAL ACUTE WOUNDS, myofi-
broblasts are transiently present and

fibroblast function and persistence,
focusing on recent evidence that
these cells respond to mechanical
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orchestrate time limited and spa-
tially restricted scarring. However,
when myofibroblasts persist at sites
of pathogenic scarring, organ fibrosis,
or within the tumor stroma, exuber-
ant deposition and contraction of ex-
tracellular matrix (ECM) occur.
Here, we will review data on the cel-
lular mechanisms that govern myo-

ADVANCES IN WOUND CARE, VOLUME 2, NUMBER 4

Copyright © 2013 by Mary Ann Liebert, Inc.

signals and are the mechanically
active cells responsible for wound
contraction.

TRANSLATIONAL RELEVANCE
Given their central role in scarring
and fibrosis, and the tumor microen-
vironment, myofibroblasts are impor-
tant therapeutic targets. To succeed in

DOI: 10.1089/wound.2012.0393
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developing therapies to limit myofi-
broblast function, we must understand
the extracellular inputs and intracel-
lular signaling networks that govern
myofibroblast function, in vitro and
in vivo. A recent important develop-
ment has been the recognition that
myofibroblasts are mechanically re-
sponsive cells and that mechanical
forces influence important determi-
nants of myofibroblast formation,
function, and fate, such as growth
factor activation extracellularly and
transcription factor regulation
intracellularly.

CLINICAL RELEVANCE

Scarring and fibrosis, when taken
together as a clinical entity, are re-
sponsible for a remarkably large dis-
ease burden, which by some estimates
is some 45% of all chronic diseases in
the western world.! Excessive scarring
following cutaneous injury results in
conditions such as hypertrophic scars
(HTS), burn contractures, and keloids;
while palmar fibromatosis (Dupuy-
tren’s disease) results in contracture
and scarring of the palmar fascia in
the absence of an initiating injury.
Myofibroblasts are central determi-
nants of the course of fibrosis and
there are currently no therapies that
are effective in preventing or reversing
myofibroblast function.

DISCUSSION OF FINDINGS
AND RELEVANT LITERATURE
Myofibroblasts: what is good
and what is bad?

What are they and where are
they? Normal connective tissues fi-
broblasts are embedded in a collagen-
rich ECM and maintain tissue
homeostasis by synthesizing intersti-
tial collagens, proteoglycans, and ad-
hesive non-collagenous proteins and
by exerting mild contractive force on
this ECM. These resting connective
tissue fibroblasts are also shielded from
“routine” external mechanical pertur-

bations in the skin by the collagen-rich
ECM that they have assembled.? Very
low levels of growth factors, cytokines,
and blood plasma proteins percolate
through this microenvironment and
this rather placid setting maintains the
fibroblast in a quiescent state.

Normal dermal fibroblasts experi-
ence dramatic changes in their mi-
croenvironment after injury. These
include changes in the complement of
growth factors and cytokines, alter-
ations in the mechanical microenvi-
ronment and importantly, conversion
of the formerly collagen-rich dermal
ECM into one that is predominantly
comprised of fibrin and fibronectin.
These conditions are thought to be
required for conversion of the fibroblast
through an intermediate (“proto-
myofibroblast”) and into a differen-
tiated myofibroblast.? Myofibroblasts
express smooth muscle alpha-actin
(SM «-actin), the actin isoform found
in vascular SM cells, larger adhesion
sites (termed “focal adhesions”), and
pronounced actin-myosin containing
stress fibers.>® These components are
obvious when myofibroblasts are dif-
ferentiated on a rigid, planar surface
(e.g., coverslip or culture dish) but
take on a different morphology when
myofibroblasts are enmeshed in a
collagen gel (Fig. 1). Compared with
fibroblasts, myofibroblasts express
increased amounts of Type I and Type
III collagen, proteoglycans, specific
forms of fibronectin, and a plethora of
proteins including contractile pro-
teins, growth factors, cytokines, ma-
tricellular proteins, and proteins that
regulate the cell cycle and cell fate.®

Recent studies have also demon-
strated that in addition to normal
connective tissue fibroblasts, there
are other sources of myofibroblast
progenitors. These progenitor cell
types include a disintegrin and
metalloproteinase-12  (ADAM-12)-
positive perivascular cells, fibrocytes,
and cells derived from an epithelial—
mesenchymal transition (EMT).”®

Abbreviations

and Acronyms (continued)
Hic-5=hydrogen peroxide-
inducible clone-5 (also called
TGFB1I1)

HTS =hypertrophic scar

LAP =latency-associated
peptide

LLC=large latent complex
LTBP-1=latent TGF-$1-binding
protein

MCP-1=monocyte chemoat-
tractant protein-1
MMP = matrix
metalloproteinase

MRTFA/B = myocardin-related
transcription factor A/B

p38 MAPK=p38 MAP kinase

PDGF = platelet-derived growth
factor

PGE, =prostaglandin E,
ROCK=Rho kinase

SM «-actin = smooth muscle
alpha-actin

SRF=serum response factor

TGF-p1=transforming growth
factor beta-1

TSP-1=thrombospondin 1

VEGF=vascular endothelial
growth factor




124 VAN DE WATER ET AL.

IE' FIBROBLAST

MYOFIBROBLAST

1) Cortical meshwork of actin
microfilaments (Red)
2) Cytoplasmic B- and y-actin

1) Stress fibers (Red)

2) Fibronexus adhesion complexes (Green)

3) Fibronectin fibers (blue)

4) Cytoplasmic f and y-actin, smooth muscle a-actin

Figure 1. Morphology of the myofibroblast. (A, B) Cartoons depicting the morphology and cytoskeletal components of a fibroblast (A) versus a myofibroblast
(B). For more detail, see text. (C, D) Immunofluorescence images showing the stress fiber organization (red-phalloidin staining) and focal adhesion proteins
(A, green-Hic-5 immunostaining; B, green-vinculin immunostaining) of a myofibroblast on a glass coverslip (C) or in a collagen gel (D). Scale bars: (C) 50 um;

(D) 40 um.

While it is clear that these cells have the potential
to form myofibroblasts, their total contribution to
the myofibroblast population that forms in an acute
wound is unclear.

Although for the purposes of this review we will
focus on the myofibroblast phenotype in cutane-
ous wounds, pathogenic scars, organ fibrosis, and
tumor stroma, it is important to note that cells with
features of myofibroblasts are also found in some
developing tissues and specialized normal adult
tissues (Table 1).'°2! Their role in these normal
tissue settings is not clear, but given the promi-
nence of the contractile apparatus in myofibro-
blasts this likely involves a mechanical component.
An important concept that has become increasingly
clear is that under some circumstances myofibro-
blasts are “good,” as in normal acute wounds and
some normal tissues and under pathogenic settings
myofibroblasts are “bad,” depositing and contract-
ing excessive scar and elaborating growth factors
and cytokines that perpetuate the pathology.

Functions at the acute wound site. During
normal acute wound healing, the myofibroblast
dramatically upregulates collagen and fibronectin

deposition over an interval of ~7-14 days in the
rodent models commonly employed (Fig. 2).2272°
However, the duration of myofibroblasts varies
depending on the size and type of cutaneous
wound, and the animal species.>?*® Importantly,
exuberant expression and deposition of a collagen-
rich ECM is a prominent feature of scarring and
fibrosis, which is closely associated with the pres-
ence of SM «-actin—positive myofibroblasts.?’

Table 1. Fibroblastic cells of normal organs with myofibroblastic
features

Localization Reference

Glasser and Julian (1986)"
Toccanier-Pelte et al. (1987)"

Uterine submucosa
Reticular cells of lymph notes and spleen

Intestinal pericryptal cells
Intestinal villous core
Testicular stroma

Theca externa of the ovary
Periodontal ligament
Adrenal-gland capsule

Hepatic perisinusoidal cells
Lung septa

Bone-marrow stroma

Capillary and venular pericytes

Sappino et al. (1989)"2

Kaye et al. (1968)"

Skalli et al. (1986)"
Czernobilsky et al. (1989)"
Beertsen et al. (1974)'°
Bressler (1973)"

Yokoi et al. (1984)'®

Kapanci et al. (1992)"
Charbord et al. (1990)°
Lindah! and Betsholtz (1998)'
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Figure 2. Type | collagen mRNA expression in normal dermis versus wound tissue. Paraffin sections of normal rat skin (A) or an 8-day wound (B) were
reacted with an **S-labeled transcribed RNA probe reactive with Type | Collagen. Note that normal dermal fibroblasts (arrows) in the reticular dermis (A) are
modestly labeled with the probe while fibroblasts in the wound (B) are heavily labeled. Photographic emulsion was exposed for the same length of time. Scale

bar: 50 um.

Guillio Gabbiani identified wound fibroblasts as
the prominent cell type likely to exert contractive
force in wounds and in ex vivo granulation tissue
experiments.?®?? The SM a-actin isoform has been
reported to mediate the increased intracellular
tension observed in myofibroblasts enabling these
cells to exert increased force on the ECM, thereby
serving to remodel the wound matrix.?° However,
SM z-actin is not strictly required for wound con-
traction because mice lacking this actin isoform
close wounds normally, potentially by the compen-
satory function of other muscle actin isoforms.?!
Importantly, in healing acute wounds, the action of
the myofibroblast results in imperfect healing that
optimizes the need to rapidly repair defects in skin
or other organs thereby maximizing rapid recovery
of function. However, this comes at the expense of
mechanical integrity, because the scar does not re-
store the connective tissue to a mechanical resi-
lience akin to the original tissue.? This is certainly
important in the skin and critically important in
the heart following a myocardial infarction. The
scar that heals myocardial infarctions restores the
cardiac architecture, albeit imperfectly.3%33

Impact of persistent myofibroblast function: con-
tractures and excessive scarring. While myofi-
broblast function is temporally and spatially
limited in normal acute wounds, this is not true of
the pathogenic scarring observed in HTS, burn
contractures, and keloids. The abnormal appear-
ance and persistent myofibroblast is now a
well-established feature of fibrotic lesions in skin
disorders including Dupuytren’s disease (palmar

contracture) and scleroderma in skin in addition to
organs that undergo fibrotic reactions, including
lung, liver, and kidney.>3*73% This prodigious ECM
deposition and excessive contraction of the wound
matrix is thought to be the result of feed-forward
loops in myofibroblasts in fibrotic lesions and
pathogenic scars (Figs. 3 and 4).

Chronic wounds and myofibroblasts. While
myofibroblast persistence is characteristic of
pathogenic scarring and organ fibrosis, there ap-
pears to be a paucity of myofibroblasts in chronic
wounds such as diabetic ulcers and venous stasis
ulcers, in which robust granulation tissue is not
evident.?’” The compromised granulation tissue
formation that is characteristic of these wounds is
likely the consequence of persistent bacterial bio-
film formation, reduced epidermal barrier func-
tion, impaired growth factor production, and
compromised angiogenesis in the wound bed.384°
The deficiency in angiogenesis is, in turn, thought
to result in a chronically hypoxic microenviron-
ment within these chronic wounds. These condi-
tions of prolonged low oxygen tension have recently
been shown to decrease myofibroblast formation
and wound contraction in a rodent experimental
model.*! Importantly, expression of SM «-actin is
markedly reduced, in vitro, when myofibroblasts
are subjected to hypoxic conditions (2% O).*? This
is an important and understudied area of myofi-
broblast biology owing in part to the fact that in-
vestigators have traditionally cultured cells in the
lab under conditions of ambient oxygen tension
(21% 0O3), which are hyperoxic conditions for most
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Figure 3. Trichrome stain of normal rodent wound and human HTS. Paraffin sections of a normal rat 14 day wound (A) or human HTS (B) were stained with
Massons Trichrome. Note that red color that predominates in the wound bed (A) represents a cell-rich and less pronounced ECM. The deep blue color in the
HTS is a result of prominent collagen deposition. Also, the cells within the wound (A, arrow) are linearly arrayed, while in the HTS they are organized into a
nodule (dotted line). Scale bars: 100 um. ECM, extracellular matrix; HTS, hypertrophic scar.

cells including wound fibroblasts and do not reflect
the ischemic wound microenvironment.*® Im-
portantly, the paucity of myofibroblasts in chronic
wounds may be secondary to the impaired vascu-
lature. Indeed, recent fate-mapping experiments
show that ADAM-12—positive perivascular cells
are an important source of collagen producing
myofibroblasts following injury.” A failure to gen-
erate ADAM-12—positive precursors may be due to
the compromised vasculature and could contribute
to the deficiency of myofibroblasts observed in
chronic wounds.

Figure 4. Burn injury resulting in scar contracture across the wrist. Ex-
istence of myofibroblasts following a burn injury can deposit excessive
ECM and contract the resulting scar leading to a pathologic contracture. As
observed in this individual, the wrist is held in permanent flexion by the
contracture that resulted from a burn injury. (Courtesy of Dr. Jaysheela
Mudera, University College, London. Reprinted with permission from To-
masek et al?)

Myofibroblasts in tumor stroma. Clinicians and
pathologists have known that certain types of tu-
mors are distinctly hard on palpation (“desmo-
plastic’) and may in some instances contract
neighboring tissues to the point of retracting skin
visibly.?* These “scirrhous” tumors result from an
abundant fibrous stroma, which is now known to be
attributable to the myofibroblasts’ deposition and
contraction of a collagen-rich ECM by cancer-as-
sociated fibroblasts (CAFs, also termed tumor-as-
sociated fibroblasts [TAFs]).***¢ Importantly,
CAFs are heterogeneous and include FSP-1-
positive cells that are SM «-actin—negative or
positive.*® These myofibroblast functions, while
aiding diagnosis by palpation, also underlie an
important feature because this tissue stiffness has
recently been shown to support tumor progression
that in turn promotes further myofibroblast dif-
ferentiation.*”*® CAF's play a central role in this
“feed-forward” loop, which is a recurring theme in
fibrotic settings and provide important paracrine
signals to tumor cells.®®*° The concept that
the microenvironment of tumors and wounds share
important features was originally proposed by
Dvorak and has served as an important impetus
for recent work in this area.?%5!

In summary, myofibroblasts or related “activat-
ed” fibroblasts are present in certain normal tis-
sues and transiently in acute wounds where they
deposit ECM and exert functionally appropriate
mechanical tension on the tissue microenviron-
ment thereby promoting homeostatic mechanisms.
However, the extracellular and intracellular net-
work of signals supporting this homeostasis can be



THERAPEUTICALLY TARGETING MYOFIBROBLAST MECHANICS 127

disrupted in a spectrum of pathologies. As a result,
feed-forward loops are established that can lead to
inappropriate mechanical and paracrine signals
that perpetuate pathologies such as contractures,
tumor growth, and fibrosis. We will now take a
closer look at the mechanisms that support the
genesis and longevity of myofibroblasts.

Myofibroblasts and their formation, function,
and fate during wound healing

There have been a number of excellent reviews in
recent years that emphasize different aspects of the
signals that induce myofibroblast differentiation,
including the role of inflammatory cells,’ mechan-
ical signals,®®°? the ECM,® and the pro-fibrotic
growth factor, transforming growth factor beta-1
(TGF-$1).2:3536:53 We will highlight those aspects
that we believe are important determinants of
myofibroblast differentiation, function, and fate.

The proto-myofibroblast. In early granulation,
tissue fibroblasts adopt a phenotype characterized
by increased bundles of actin—myosin stress fibers
and more prominent focal adhesions structures.’*5
Typically, these cells, termed proto-myofibroblasts,
do not express SM «-actin.? Although we are cur-
rently limited by the lack of specific cell surface
markers with which we can isolate and characterize
the proto-myofibroblast, this group of cells provides a
mechanistic intermediate that is useful in under-
standing the process through which myofibroblasts
differentiate and potentially regress.

When dermal fibroblasts are explanted into a
culture dish in the presence of growth medium con-
taining serum, a large proportion of the cells display
obvious focal adhesions and prominent stress fibers
and express “cellular” fibronectins (FNs), but most
cells under these conditions are SM «-actin—negative
proto-myofibroblasts.? Early in situ hybridization
studies demonstrated that the FN mRNAs that are
present in uninjured dermal fibroblasts are largely
devoid of alternatively spliced segments, termed
EDA (or EIIIA) and EDB (EIIIB).?* When these cells
are explanted and cultivated in vitro they undergo a
change in their FN mRNA pattern of alternative
splicing and include the EDA and EDB domains in a
form of FN termed “cellular” FN.2%:2%:56

What are the conditions that fibroblasts en-
counter after injury and how might this initiate
their transformation to proto-myofibroblasts? The
fibroblastic precursor cells residing in the collagen-
rich dermal ECM closely adjacent to the wound are
abruptly confronted with a dramatic change in
signals from the ECM, growth factors, and me-
chanical features of the ECM.?” The provisional

matrix that is established in the first few minutes
following injury results from hemorrhage of sev-
ered blood vessels and then by extravasation of
plasma proteins over several days after injury.
Extravasation is actively mediated by vascular en-
dothelial growth factor, a potent vascular perme-
ability factor.’®®® Extravasated plasma proteins
are thought to maintain the provisional matrix
during the inflammatory and early granulation
tissue phases of wound healing.?” This provisional
matrix is initially highly mechanically compliant
with a Young’s modulus of <1,000 Pa (defined in
Table 2)°%%° and contains a complex mixture of
growth factors, including platelet-derived growth
factor (PDGF) that is thought to be one important
factor that promotes fibroblast migration into
the granulation tissue.®“*2 Importantly, dramatic
changes in inflammatory state mediated in part by
immune cells also impact the microenvironment

Table 2. Definition of terms in biomechanics

Tension is a pulling force tending to stretch or elongate. It is the reaction force
exerted by a stretched string (or similar object) on the objects that stretch it.
Tension also develops within a material when it is stretched beyond its slack
length and begins to resist elongation. Tension is the magnitude of a force and is
measured in newtons (N).

Compression is the opposite of tension; a force tending to shorten or compress.

Stress is a measure of the area-normalized internal pressure forces acting within
a deformable material. It represents the average force per unit area of a sur-
face within the material on which the internal forces act. It is measured in units of
pressure, that is, force per unit area typically expressed in S| units of pascals (Pa);
(1 Pa=1N/m?).

Strain is a normalized measure of deformation representing the ratio of the

change in length to the original length of a material; it is dimensionless mea-
sure and is typically expressed as a decimal fraction or a percentage.

Elasticity describes the ability of materials to return to their original shape after
applied stresses are removed. Young's modulus is a measure of the stiffness of an
elastic material. It is the ratio of stress over strain, measured units of force per unit
area per strain, typically expressed in pascals. It is an intrinsic property of the
material, unaffected by specimen geometry.

Stiffness describes the extent to which an object resists deformation in re-
sponse to an applied force. Stiffness is a property of a structure; elastic modulus is
a property of the constituent material. Stiffness is a measure of resistance offered
by an elastic body to deformation and is measured in units of force per change in
length (newtons/m). It is an extrinsic property of the elastic body, influenced by
both the material and specimen geometry.

Compliance is the inverse of stiffness.

Young's modulus for wounded tissues:

Fibrin clot 10-1,000 Pa
7 day rat wound granulation tissue ~18kPa
8 day rat wound granulation tissue ~25kPa
9 day rat wound granulation tissue ~30kPa
12 day rat wound granulation tissue ~50kPa
Young's modulus for cellular events

Formation of proto-myofibroblast (stress fibers) 3-5kPa
Activation of TGF-f1 from latent ECM complex 5-9kPa
Formation of myofibroblast (stress fibers with SM «-actin) 16—20kPa

Modified from Hinz (2010)°? and Yu et al. (2011).%°
ECM, extracellular matrix; SM «-actin, smooth muscle alpha-actin.



128 VAN DE WATER ET AL.

during this interval.! One important determinant,
recently identified, is the switch in macrophage
“class” from the M1 (inflammatory) phenotype to
the M2 (resolution) phenotype.®?

Fibroblasts migrating in the provisional matrix
of the early granulation tissue exhibit increased
F-actin staining and EDA-positive FN staining a
few days ahead of the appearance of SM «-actin—
positive cells and resemble proto-myofibroblasts.®
Although the exact mechanisms through which
this proto-myofibroblast phenotype is acquired are
unclear, it is currently thought that this is caused
by the increased stiffness induced by tractional
forces accompanying fibroblast migration within
the fibrin-rich provisional matrix and newly made
collagen.??5%54 This view is consistent with the
well-known fact that fibroblasts can reorganize
collagen gels and increase gel stiffness in vitro.%*
Focal adhesion size increases with increasing
stiffness and this is accompanied by clustering of
integrins within focal adhesions and increases in
prominent actin-rich stress fibers in a process that
is driven by Rho GTPase.®® The expression of SM
o-actin and its incorporation into actin-containing
stress fibers does not occur until a threshold stiffness
is sensed by the proto-myofibroblast.” However,
measuring bulk changes in wound mechanical fea-
tures is difficult, and it is generally accepted that the
actual stiffness “felt” by individual fibroblasts and
proto-myofibroblast within the wound microenvi-
ronment is unknown. Additionally, how changes in
growth factors, the ECM including FN isoforms and
collagen—fibrin mixtures at changing compliances
govern proto-myofibroblast maturation is currently
unclear, but it is an area for additional research be-
cause it offers opportunities to therapeutically target
the progression to fully differentiated myofibroblasts
(reviewed recently by Klingberg et al.).%

Differentiation of myofibroblasts. As indicated
above, differentiated myofibroblasts are critical
cellular elements that deposit scars in normal
acute wounds and in pathogenic settings such as
fibrotic lesions and tumors. Accordingly, the
mechanisms promoting their differentiation have
been intensively studied and there are a number of
excellent reviews on this subject.?35:36:5253 The key
factors that have been identified in the process of
myofibroblast differentiation include TGF-f1, suf-
ficient mechanical stiffness, and the presence of
specific isoforms of FN (Fig. 5).%-25:64.67

TGF-f1 is released from cells in a large la-
tent complex (LLC) that is comprised of TGF-f1, a
latency-associated peptide (LAP) and a latent TGF-
pl-binding protein (LTBP-1). LTBP-1 is capable of

binding to ECM proteins including FN, vitronectin,
and fibrillin and in doing so anchors the LLC in the
ECM where it is thought to serve as a ready res-
ervoir of latent TGF-$1.%® Importantly, TGF-$1 can
be liberated from the LLC by a number of mecha-
nisms that include proteolysis of peptide sequences
within LAP and/or LTBP-1 by matrix metallopro-
teinases (MMPs)-9 and serine proteases including
plasmin.®® These proteases are particularly rele-
vant to wound healing.®®" For example, active
MMP-9 can be docked at the cell surface, where it
can efficiently activate latent TGF-$1."*
Interactions between the LLC and thrombos-
pondin 1 (TSP-1) also are known to promote release
from and activation of TGF-$1.”2 TSP-1 is a mem-
ber of a group of “matricellular proteins” that bind
within the ECM but have regulatory roles rather
than structural roles.”® Active TGF-f1 release from
the LLC can be induced by a short synthetic pep-
tide derived from TSP-1 and the interaction is
thought to occur via the LAP within the latent
complex.”® Recent data have also revealed an im-
portant mechanically induced mechanism that
promotes TGF-f1 activation.”*” In brief, several
integrins (o f5, % B 0vf3, and o,fls) have been
shown to interact with LAP within the latent com-
plex-ECM."76 These integrins, coupled to a con-
tractile cytoskeleton, tug on the latent complex, and
it is thought that in doing so induce a conformation
change in the latent complex resulting in the re-
lease of TGF-f1. Importantly, as shown by Wipff
et al., this requires a threshold level of mechanical
stiffness (Young’s modulus >5,000 Pa) in the ECM
that resists the tugging by myofibroblast cytoskel-
eton, thereby opening up the latent complex.”
Despite this clear link between mechanical
stress and TGF-f1 activation, the addition of ex-
ogenous active TGF-f1 to fibroblasts in a compliant
mechanical environment is not sufficient to pro-
mote the differentiation of myofibroblasts.>%” On
the other hand, blockade of active TGF-f1 signal-
ing in a stiff mechanical environment blocks
differentiation.?3%%* Hence, while active TGF-f1 is
required, there must be other important mechani-
cally sensitive components within the signaling
networks controlling myofibroblast differentiation.
Indeed, application of increased mechanical stress
to healing wounds promotes more rapid myofibro-
blast formation and, conversely, loss of mechanical
stress in a granulation tissue model results in a loss
of SM u-actin from myofibroblasts.?® When studied
in culture, myofibroblasts elaborate large focal
adhesions and prominent stress fibers, and when a
threshold focal adhesion size is attained the cells
gain expression of SM w-actin.*® Under conditions
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collagen fibril 5

<r fibroblast

“S=E2e ifferentiated myofibroblast
® blood vessel G

proto-myofibroblast

apoptotic fibroblast

Figure 5. Model of myofibroblast differentiation and wound contraction. (A) In normal tissues, fibroblasts are shielded from “routine” external mechanical
perturbations in the skin by the collagen-rich ECM that they have assembled, such that the organization of a contractile cytoskeleton is not stimulated (light
pink area of dermis). Following a full-thickness dermal injury, the wound is filled with a provisional matrix comprised of fibrin and fibronectin and a complement
of newly released growth factors and cytokines. Fibroblasts, along with blood vessels, are stimulated to migrate into this pro-migration microenvironment and
over time replace the provisional matrix with an ECM comprised of collagen and cellular FNs to form granulation tissue. (B) Tractional forces accompanying
fibroblast migration are responsible for local areas of increased stiffness in newly made collagen. Focal adhesion assembly is increased with increasing
stiffness and this is accompanied by clustering of integrins within focal adhesions and increased stress fiber assembly resulting in fibroblast acquisition of the
proto-myofibroblast phenotype. Tensional forces and growth factors stimulate proto-myofibroblasts to secrete transforming growth factor-betal (TGF-f1) and
increased levels of ED-A FN. (C) In response to TGF-f1, a threshold of mechanical stiffness and the presence of specific isoforms of FN proto-myofibroblasts
differentiate into myofibroblasts. Feed-forward pathways, including TGF-£1, the mechanical environment, actin dynamics, SRF/MRTF transcriptional activation,
and Hic-5, are responsible for myofibroblast function and persistence. At the same time, differentiated myofibroblasts deposit collagen and other ECM
components, and produce proteases. This complex process of remodeling results in shortening of the collagen matrix with corresponding wound closure. (D)
During normal acute wound healing, these feed-forward mechanisms are temporally limited and myofibroblast numbers diminish as a result of apoptosis and/or
senescence. (E) In pathological situations, such as HTS formation, these feed-forward pathways presumably persist allowing for continued myofibroblast
presence resulting in continued ECM deposition and remodeling. In conclusion, myofibroblasts, far from being a “bad” cell type, are functionally essential cells.
It is their dysregulation that is the cause of tissue dysfunction. (Modified from Fig. 9, Tomasek et al?). FN, fibronectins; SRF, serum response factor; MRTFA/B,
myocardin-related transcription factor A/B.

of low extracellular stiffness, focal adhesions are
small; while on stiff substrates, focal adhesions and
stress fibers grow.””’® Importantly, Rho GTPase—
dependent networks are central to these adhesion
maturation processes.®® In addition, ECM pro-
teins, focal adhesion complexes, and SM ¢-actin all
serve as mechanical transducers in cells.”

The mechanically sensitive processes discussed
above have important implications for the patho-
genesis of exuberant scar formation. When splints
are applied to wounds for long intervals a HTS
phenotype is observed in mice, presumably by in-
creasing mechanical stress and promoting myofi-
broblast differentiation, but also by impacting
inflammatory cells.®>®! Similarly, the increasing
stiffness of the tumor microenvironment contributed

by the tumor stroma ECM promotes myofibroblast
differentiation.®® This apparent feed-forward mech-
anism promotes myofibroblast persistence by activat-
ing TGF-f1, increasing Rho activation, cytoskeletal
stiffening and stress fiber stabilization, FN and
collagen expression and deposition that in turn in-
crease the stiffness of the microenvironment. Im-
portantly, work from Tschumperlin’s group has
identified a mechanically sensitive threshold at
which lung fibroblasts cultured on substrata at or
above ~1kParesulted in increased proliferation and
collagen synthesis, and decreased apoptosis, pro-
tease gene expression, cyclooxygenase-2 expression
and prostaglandin E, (PGE5) production.82 PGE,
is an inhibitor of the fibrotic response and these
data support a model in which increased matrix
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Figure 6. Dermal fibroblasts generate contractile force sufficient to deform silicone substrates when stimulated with serum. Normal primary dermal
fibroblasts were cultured on a deformable silicone substrate (PDMS). Serum stimulation is sufficient to generate wrinkling (A); wrinkling is lost upon removal of
serum (B), demonstrating reversibility of contractile forces. Cells are viewed under phase microscopy. Scale bars: 100 um.

stiffening enables a positive feedback loop that
promotes fibrosis.

Many intriguing unknowns remain for future
study. When fibroblasts are dispersed into culture
on rigid surfaces (e.g., glass or plastic) in the
presence of exogenous active TGF-f$1, why does it
typically take 3-5 days for differentiation into
myofibroblasts? In the absence of exogenous TGF-f1,
why do some fibroblasts isolated from some locations
and species display a low percentage of cells expres-
sing SM o-actin, while fibroblasts from other locations
or species display a high percentage of cells expres-
sing SM c¢-actin? Why does culturing fibroblasts at
low density promote myofibroblast formation?®® Why
do only a proportion of fibroblasts form myofibro-
blasts, even in the presence of exogenous TGF-£1?
Intriguingly, when fibroblasts or myofibroblasts are
grown under these conditions and then cloned to
single cells, the cloned population has a similar
percentage of cells expressing SM o-actin suggest-
ing cell autonomous processes are engaged.?*

Function of myofibroblasts. Myofibroblasts in
wounds, fibrotic lesions, and the tumor microenvi-
ronment deposit the collagen-rich ECM that is then
remodeled by contractile forces and by ECM matrix
modifying proteins, including proteases and ma-
tricelluar proteins.?3%%° Myofibroblasts also are
central elements in an intricate network of para-
crine signaling between epithelial cells—wound
keratinocytes and carcinoma cells in tumors—and
inflammatory cells and endothelial cells.*5-6286:87

Scar contractures are irreversible and occur in part
as the result of reversible contraction by myofibro-

*Tomasek JdJ: Clonal analysis of Dupuytren’s myofibroblasts.
University of Oklahoma Health Sciences Center, Oklahoma City,
OK, 2005 (unpublished).

blasts. And yet, the process of scar contracture is
distinct from muscle contraction. How is this possi-
ble? As with muscle, myofibroblast contraction is
driven by the interaction between actin and myosin
and is reversible (Fig. 6). In myofibroblasts, myosin II
and actin are within stress fibers linked to focal ad-
hesions, thereby providing functional continuity be-
tween the intracellular contractile force and the
ECM. When fibroblasts are cultured in collagen gels
they contract the gels. When cytochalasin D (a drug
that induces disruption of filamentous actin) is added
early in the time course, the collagen relaxes. How-
ever, if cytochalasin D is added at later times relax-
ation is not complete, suggesting the presence of a
residual matrix tension.®®®® The collagen in this
model and, by extension the wound ECM, is thought
to undergo a progressive shortening in a “ratchet
mechanism.”?61-6689 Rather than collagen fibers
sliding past each other, the collagen matrix is inter-
connected into a network that is stabilized by
covalent and non-covalent interactions. The inter-
connectedness of the wound collagen mesh (or net-
work) amplifies the relatively small-scale single cell
contraction (on the order of tens of microns) into
large-scale contracture through a network effect
within the structure of the wound ECM.?° As the
myofibroblast contracts this matrix the contraction is
stabilized by the aforementioned associated ECM
proteins and reversibility becomes limited leading to
a contracture.>6>%° This has important therapeutic
implications for fibrotic lesions suggesting that it may
be productive to target mechanisms that stabilize the
wound ECM rather than the myofibroblasts them-
selves. One such promising target is the enzyme,
lysyl oxidase, which cross-links collagen fibrils.?!

Myofibroblast fate and persistence in fibrosis
(apoptosis, reversion, and senescence). Although
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Figure 7. Decorative scarring. Ornate welts of raised scar tissue are a
mark of beauty on the back of an individual from Mozambique. (Photo by
Volkmar K. Wentzel/National Geographic Stock; all rights reserved.*?) To see
this illustration in color, the reader is referred to the web version of this
article at www.liebertpub.com/wound

the thrust of research in the areas of scarring and
fibrosis is to develop new therapies for these dis-
eases, scarring has also been used for decorative
purposes in some cultures, particularly continental
Africa, to denote social standing or to mark signif-
icant milestones in one’s life (Fig. 7).°2 Although
the practice is fading in traditional tribal cultures
its use is increasing in western cultures. Whether
traditional or modern, scars are made with inci-
sions followed by repeated application of irritants
such as charcoal in traditional cultures and min-
eral or herbal irritants.® The resulting decorative
scars resemble HT'S or keloids.

The mechanisms promoting persistent myofi-
broblast function, whether pathogenic or decora-
tive, are not well understood but likely involve
feed-forward loops (Fig. 8). The presence of per-
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Figure 8. Feed-forward pathways that support myofibroblast persistence. Active TGF-f1 induces many pathways but we highlight here Rho-dependent
processes that include increases (light gray arrows left) in actin polymerization, dissociation of MRTF-A from G-actin, and translocation of MRTF-A to the
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sistent inflammation—which could result from
chronic irritants—and prolonged production and
activation of TGF-f1 are important components as
are the aforementioned feed-forward mechanisms
resulting from increased mechanical stiffness.’3¢
Moreover, HT'S myofibroblasts elaborate an auto-
crine, positive feedback loop in which latent TGF-
p1 is produced.’® A focal adhesion protein, termed
Hic-5 (also called TGFB1I1) and a homologue of
paxillin, has been shown to be necessary and suf-
ficient for the production of latent TGF-$1 and
maintenance of the myofibroblast phenotype.®”
Genetically silencing Hic-5 reduces the cardinal
features of myofibroblasts including SM «-actin,
focal adhesion size, Collagen I (alpha 2) production,
and collagen contraction.’® Some of these functions
(i.e., Collagen I and latent TGF-f1 production) re-
quire Hic-5 and others (e.g., SM «-actin expression
and collagen contraction) are secondary to Hic-5—
dependent regulation of TGF-f1 production. The
Hic-5—-dependent production of latent TGF-$1
could coordinately work with the contraction de-
pendent activation of TGF-1.7°

Hic-5 also has been shown to be both necessary
and sufficient for the TGF-f1 regulated cell cycle in
normal dermal fibroblasts and hypertrophic scar
myofibroblasts.?® Hic-5, unlike paxillin, is induced
by TGF-f$1 and remains constitutively high in hy-
pertrophic scar myofibroblasts in the absence of
exogenous TGF-$1.%¢ Inhibiting Hic-5 expression
in pathogenic myofibroblasts in culture—by addi-
tion of either TGF-f1 antagonists or Hic-5 siRNA—
reduces Hic-5 levels and relieves the inhibition of
proliferation by downregulating the expression of
p21¢P! a CDK inhibitor that governs the G1/S
transition of the cell cycle.®*%® Hic-5, again differ-
ing from its homologue paxillin, translocates to and
can be retained in the nucleus under conditions of
high reactive oxygen species and serves as a tran-
scriptional coregulator of a number of genes, in-
cluding p21°Pr9719% Hijc-5 is expressed by
myofibroblasts in prostate tumor stroma, HTS, and
Dupuytren’s disease.?%:f

During normal acute wound healing, the TGF-
p—dependent feed-forward mechanisms are likely
temporally limited and SM «-actin—positive myofi-
broblast numbers diminish over time. It has been
known for nearly 20 years that myofibroblast
numbers are reduced in normal wounds and the

"Van De Water L and Tomasek JJ: The TGF-f1-inducible focal
adhesion protein Hic-5 (TGFB1I1) is expressed in myofibroblasts
in Dupuytren’s disease. Albany Medical College, Albany, NY, and
University of Oklahoma Health Sciences Center, Oklahoma City,
OK, 2012 (unpublished).

proportion of apoptotic fibroblasts increase as the
proliferative, granulation tissue phase of wound
healing wanes.'®® The mechanisms that dictate
when and which myofibroblasts undergo apoptosis
are not clear, although several important leads
have been found recently. Thannickal’s group has
discovered a mechanism in which TGF-f1 elicits an
apoptosis-resistant phenotype through separate
but converging pathways. One pathway trans-
duces cell adhesion signals through a SMAD3 and
focal adhesion kinase (FAK)-dependent pathway;
the other pathway utilizes a p38 MAPK and
PI3 kinase/Akt—dependent signaling.!?*71%¢ These
pathways converge to support TGF-f1-dependent
resistance to apoptosis and anoikis, a form of pro-
grammed cell death induced by loss of adhesion-
dependent signaling.

Recent data have suggested mechanisms other
than apoptosis may regulate myofibroblast persis-
tence. The CCN family of matricellular proteins
include CCN1 (Cy61), CCN2 (CTGF), and CCN3
(NOV) and have been shown to regulate myofibro-
blast fate.!°”19® The CCN proteins have binding
sites that interact with ECM proteins, including
FN, decorin, perlecan, and vitronectin, in addition
to integrins osf1, %gf1, % f3, and o 5. CCN proteins
through integrins and other receptors can sy-
nergize with intracellular signaling pathways that
involve TNF-o, NADPH oxidase 1, Jun kinase, and
p38 and, depending upon which, can promote ap-
optosis or myofibroblast senescence. For example,
CCN1 via its binding to «gf$; integrins and proteo-
glycans can induce reactive oxygen species in cells
via NADPH oxidase 1 and induce a p53 and Rb
protein—dependent senescence.'®” Induction of the
senescent state in myofibroblasts results in a de-
crease in the wound ECM and fibrosis, in part
because of decreased collagen production and in-
creased matrix-degrading enzymes.'® Indeed,
mice engineered to express a defective CCN1 ex-
hibit exaggerated fibrosis in the skin.'°” Increasing
the production of CCN1 therapeutically to induce
the senescent state in myofibroblasts holds promise
as a means to limit fibrosis.

Although washing away or blocking the action of
TGF-f1 in myofibroblast cultures is sufficient to
reverse the phenotype in vitro,>%* until recently
the reversibility of the myofibroblast phenotype
has not been demonstrated in animals. Using a
carbon tetrachloride model of liver fibrosis model
and a fluorescent protein fate mapping approach,
Kisseleva et al. demonstrated that when car-
bon tetrachloride is removed and fibrosis sub-
sides, ~50% of the myofibroblasts do not undergo
apoptosis.'% Instead, the myofibroblast reverts to
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a phenotype that resembles an activated form of
the quiescent hepatic stellate cell, the myofibroblast
progenitor cell in liver. Earlier work had shown, in
agreement with the studies mentioned above, that
myofibroblasts in fibrotic liver also can undergo
apoptosis and/or senescence.!'® Taken together,
these studies provide new avenues to therapeuti-
cally blunt myofibroblast life span and functional
state. More work is needed to determine whether
the pathways governing the fate of myofibroblasts
depend upon the fibrotic setting or are universally
applicable to disease as it occurs in different organ
systems and tumors.

Impact of myofibroblast intracellular tension
and contraction on function

Research over the past decade has begun to il-
luminate the subtle interplay between mechanical
signals, growth factors, ECM, and their roles in
dictating myofibroblast function. We will now ex-
pand on what is known about how myofibroblasts
sense alterations in the mechanical microenviron-
ment and translate these into changes in gene ex-
pression and contraction.

How myofibroblasts sense and adapt to changes in
the mechanical microenvironment. It now appears
that ECM, the integrins that bind these pro-
teins, focal adhesions, and the cytoskeleton form
a linear “train” of functional modules that re-
spond to mechanical stress.'**~''3 Importantly,
although these structures appear static when
viewed in the microscope, it has also become clear
that many—but likely not all—of the molecular
components within each module (e.g., ECM, focal
adhesions, etc.) undergo dynamic assembly and
disassembly and rapid associations with other
proteins.”®

ECM and integrins. Because plasma and cellu-
lar FNs are prominent in healing wounds at dif-
ferent times after injury, FNs serve as particularly
relevant models for ECM proteins that are re-
sponsive to mechanical forces. This adhesive gly-
coprotein is comprised of FN Type III repeats,
which have been found through both simulations
and laboratory measurements to undergo revers-
ible unfolding when force is applied.'** Individual
FN molecules bind to integrins and then are as-
sembled into fibrils in a process that is mechani-
cally regulated. Tugging on FN by integrins on the
cell opens up cryptic sites within FN (notably in a
segment called FN III-1) that facilitate the addition
of more FN molecules and assembly into a fibrillar
array.''®11® Recent studies have described other
domains within FN that appear to be “cryptic.”*!”

These additional domains may also release activi-
ties when subjected to mechanical tension, al-
though proof of this is currently lacking. FN serves
as a useful model, but there are many other ECM
components within the wound that modulate
myofibroblast function (reviewed by Klingberg
et al.).%®

The structure of integrins has been worked out
in molecular detail and has yielded a wealth of data
as a foundation for mechanistic studies (see also
the article by Leask, this issue, p. XXX).118-121 A].
though the details are beyond the scope of this
article, several important concepts should be
mentioned. Integrins undergo a conformation
change that results in a transition from an inactive
(bent) to an active (upright) form with potential
intermediate conformations also possible. When in
the active conformation, integrin complexes at ad-
hesions sites can transduce to the cell a “sense” of
the extracellular tension. This sensing mecha-
nism involves increases in the apparent affinity of
integrins for ECM molecules and the binding
of associated proteins (e.g., talin).'?? Increased ex-
tracellular rigidity imposed on regions of the cell,
strengthens the linkage between integrins and the
ECM resulting in “adhesion strengthening.”'23-12
This apparent increased affinity in ligand binding
by integrins is reinforced by recruitment of talinl
that unfolds under mechanical force, thereby re-
cruiting vinculin and engaging the actin cytoskele-
ton resulting in enlarged focal adhesions that serve
to keep the force per unit area constant and support
increased force generation.'?6-128 Maturation of fo-
cal adhesions into the larger macromolecular struc-
tures is characteristic of myofibroblasts.®?5%94
Recently, an engineered vinculin “tensiometer” has
enabled measurements of force generated at the le-
vel of a single vinculin molecule.'?® Vinculin is a key
element in the link between the ECM, integrins, and
the cytoskeleton because it both stabilizes focal
adhesions under force and registers increases and
decreases in force as they occur within the focal
adhesion. While focal adhesions are prominent
and intensively studied mechanical signal trans-
ducers, it is now clear that stretch-sensitive ion
channels also mediate fibroblast and myofibroblast
responses, 122130

Focal adhesions and cell contraction. “Super-
mature” focal adhesions are a distinctive feature of
myofibroblasts on mechanically stiff surfaces and
reflect the intimate link between focal adhesions
and the cytoskeleton.*®* Focal adhesion matu-
ration is blocked by contractility inhibitors (e.g.,
Rho kinase [ROCK] and myosin II inhibitors) and
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the growth of focal adhesions controls tension-
dependent recruitment of SM w-actin.**% Focal
adhesions are complexes of hundreds of molecules—
in addition to integrins, talin, and vinculin
discussed above—including receptors, scaffolding
proteins, kinases, and phosphatases that interact
combinatorially, serving as signaling centers that
activate networks of “downstream” kinases regu-
lating cell functions.’'' Recent data have high-
lighted several of these components as potentially
important in governing or contributing to the
myofibroblast phenotype. FAK undergoes confor-
mation changes induced by mechanical stress that
relieve the inhibition of its kinase activity by the
internal FERM domain.'®! Recently, control mice or
mice in which fibroblasts were null for FAK were
tested with incisional wounds under prolonged me-
chanical stress, conditions that in normal mice ex-
hibit a “hypertrophic scar” phenotype. FAK null
mice did not elaborate this pathologic scarring and
importantly, this was mediated by markedly re-
duced levels of gene products, notably monocyte
chemoattractant protein 1 (MCP-1) that mediates
recruitment of macrophages among other func-
tions.?! Indeed, there were many other changes ob-
served on cDNA arrays underscoring the capacity of
FAK to govern paracrine functions during wound
healing. Additional support for a central role for
FAK in the myofibroblast phenotype was obtained in
scleroderma fibroblasts knocked down for FAK or
treated with a FAK phosphorylation inhibitor.*?

Paxillin and Hic-5 are closely related focal adhe-
sion proteins that serve as scaffolds for signaling and
have important, but reciprocal functions in regulat-
ing tumor cell migration.'®® There is a competitive
relationship between Hic-5 and paxillin with the
former promoting mesenchymal-like movement and
the latter ameboid movement.’®® In two-dimen-
sional cultures both paxillin and Hic-5 localize to
focal adhesions, however, paxillin is associated with
active vinculin in relatively immature focal com-
plexes at the cell periphery in a process governed by
Rac, while Hic-5 associates with active vinculin in
maturing focal adhesions driven by Rho GTPase.'3*
When Hic-5 is knocked down in pathogenic myofi-
broblasts, collagen contraction is dramatically re-
duced, potentially because of the loss of mature focal
adhesions.”” These studies suggest that Hic-5 may
have important roles in regulating the maturation of
focal adhesions, and the generation of tension in
contracting myofibroblasts and potentially mechan-
ical activation of TGF-f1 (Fig. 8).

Mechanoregulation of myofibroblast genes. The
serum response factor (SRF) pathway is now

known to serve as a central regulator of this pro-
cess linking the assembly of actin to gene tran-
scription. SRF is constitutively present in cells, but
by itself is a weak transcription factor.'®*!36 The
myocardin-related transcription factor (MRTF)
family includes myocardin that is constitutively
present in the nucleus of SM cells but also
MRTF-A that associates with the G-actin mono-
mers and is transcriptionally inactive when com-
plexed with G-actin.'®” When actin polymerization
occurs G-actin dissociates from MRTF-A as it be-
comes incorporated into growing actin filaments.
Upon its disassociation from G-actin, MRTF-A
translocation to, and retention in the nucleus is
favored. Once nuclear, MRTF-A docks with SRF on
promoters to regulate the expression of up to 100
genes.'®® Interestingly, many of the contractile
genes regulated by MRTF-A, which are condition-
ally expressed in myofibroblasts, including SM
o-actin and Hic-5, are constitutively expressed in
SM cells and are regulated by myocardin.'®® The
differential utilization of SRF cofactors may elab-
orate a key difference in the way in which me-
chanical environment impinges upon contractile
gene expression in myofibroblasts, whereas these
genes in constitutively contractile cell types such
as SM cells may be less mechanically influenced.

Crider et al. recently reported that MRTF-A/B,
SRF cofactors, are required for differentiation of
myofibroblasts and for establishing the contractile
phenotype in myofibroblasts.'*® They observed
that the expression of SM «-actin and SM y-actin,
SM22-u, hl-calponin, and vinculin required MRTF-
A/B and that overexpression of MRTF-A was suffi-
cient to drive upregulation in the absence of TGF-f1.
Knocking down MRTF-A/B also resulted in the loss
of super-mature focal adhesions and a reduction
in contractile force generation.

Given the effects of ECM stiffness on actin po-
lymerization and as a consequence MRTF-A/B lo-
calization, these findings fit well with earlier data
showing that the compliance of collagen gels
was an important factor in regulating SM «-actin
expression.®*%” When collagen-coated magnetite
beads were pulled with a magnet, after binding to
osteoblastic cells, the SM «-actin promoter activity
was increased in a mechanism that required an
intact SRF promoter element (“CarG box”).'*!
Huang et al. reported that induction of SM «-actin
was dependent upon environmental stiffness and
required activation of the Rho-ROCK pathway and
MRTF-A interactions with the promoter.'*? In-
deed, MRTF-A translocation to the nucleus, a
critical regulatory step in activating the SRF-
MRTF-A pathway has been reported to be depen-
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Figure 9. Mechanical environment regulates transcriptional activity of MRTF-A via actin dynamics. Stress fibers and filamentous actin (F-actin) are stabilized under
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dent upon a critical stiffness when 3T3 cells are
cultured in collagen gels of various compliances.'*?
These findings are likely to have important rele-
vance for the fibrotic process. Mice that are null for
MRTF-A show reductions in the expression of
contractile proteins, including SM «-actin and SM-
22 alpha and interstitial collagens and reductions
in scarring and fibrosis in a model of myocardial
infarction.'** Importantly, other pathways likely
counterbalance the SRF-MRTF-A-dependent in-
duction of the contractile phenotype. For example,
during EMT, TGF-f—dependent activation of
SMADS results in inhibition of MRTF-A stimulat-
ing activity at the CArG elements in the SM «-actin
promoter.'*® This inhibition by SMAD3 can be
tempered by f-catenin.'*6

Taken together, these findings support a model in
which MRTF-A is central to establishing and main-
taining the myofibroblast phenotype in response to
mechanical tension (Figs. 8 and 9).14° Interestingly,
targeting the SRF-MRTF-A “CarGome” pathway
may be more effective in reducing myofibroblast
function than targeting SM o-actin itself.

FUTURE DEVELOPMENTS OF INTEREST

We now briefly discuss potential approaches
for therapy in which myofibroblast function and
longevity are targets. The reader is referred to other
articles in this issue that address additional thera-
peutic approaches for fibrosis and wound contrac-

tures (see also the articles in this issue by Levinson,
p. 149, and by Sharpe and Martin, p. 167).14%148

Nonhealing wounds

In nonhealing wounds the formation of myofi-
broblasts is compromised, owing in part to the
hypoxic conditions in chronic wounds. Because

proper, but temporally limited, myofibroblast
function is necessary for normal acute wound
healing, therapeutic approaches should include
steps to reverse the chronic hypoxic state.®®*3
Promising data indicate that promoting a suitable
mechanical microenvironment in the context of an
ECM scaffold and stem cells will be beneficial.**?
This ECM scaffold would likely include Type III
collagen—the predominant collagen in granulation
tissue—and a mixture of proteoglycans and alter-
natively spliced cellular FNs. In addition, a source
of active TGF-f1is necessary and could be provided
by encoding “constitutively active” TGF-f1 in an
adenoviral vector, thereby providing a transient
transduction for temporally limited expression.
Alteration of the mechanical environment may also
assist in healing of chronic wounds; negative-
pressure wound therapy using a vacuum dressing
to apply frequency-dependent loading on the
wound and surrounding tissue has been demon-
strated, in certain studies, to assist with chronic
wound closure.®®!®! The underlying cellular
mechanisms for this response are unclear and de-
serve further study. In addition, given what we
know about the pronounced inhibition of healing
caused by persistent biofilms, it will be important
to treat these to make an environment permissive
for robust healing.

Pathological scarring and contractures

Presently therapies to reverse preexisting scar-
ring and fibrotic lesions in which myofibroblasts
have matured, reverted, or disappeared must be
deferred until sophisticated methods for remodel-
ing collagen-rich scars are developed. However, the
goal of modulating myofibroblast function, differ-
entiation, or lifespan in developing scars seems
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more attainable currently. One prom-
ising therapeutic approach may be to
target wounds with decorin, a small
leucine-rich proteoglycan that is reduced
in pathogenic scarring, including HTS.??
Decorin has a high affinity for interstitial
collagen and null mice show defects in
collagen fibrillogenesis and exhibit skin
fragility.'®® Intriguingly, decorin may
therefore have important effects on the
ability of collagen fibers to transmit me-
chanical signals. Moreover, decorin
tightly interacts with TGF-f, seques-
tering it and thereby downmodulating
TGF-fi—~dependent wound processes
and decorin null mice exhibit enhanced
liver fibrosis.'®*1%® One recent novel ap-
proach is to use targeting peptides to
deliver decorin to the wound microenvi-
ronment.'*® Another approach may be
to promote myofibroblast apoptosis or
senescence to force these cells out of
the feed-forward loops that maintain
their pathologic function. Certain ma-
tricellular proteins (i.e., CCN1) promote
the ability of fibroblasts to attain a se-

TAKE-HOME MESSAGES

Myofibroblasts are the cell type responsible for wound closure in normal
acute wounds and when persist can result in fibrosis and tissue
contracture.

While plentiful in normal acute wounds, myofibroblast numbers are
depleted in chronic wounds.

Myofibroblasts differentiate from normally quiescent fibroblasts through
a process that requires active TGF-f1, ECM proteins, and mechanical
stiffness.

The myofibroblast response to these extrinsic signals is coupled by the
cell to intrinsic intracellular mechanisms involving actin and myosin
structures. These are intricately linked to key processes such as con-
traction—the motive force in wound contraction—and gene expression
that endows the cell with contractile and ECM proteins.

The mechanisms that govern myofibroblast disappearance during normal
acute wounds but persistence in fibrosis are poorly understood.

Myofibroblast persistence is requlated by “feed-forward” pathways that
integrate the mechanical environment, extracellular growth factor ac-
tivation and signaling, and intracellular tension and gene expression
together.

Uncovering the cellular processes that regulate myofibroblast contrac-
tion, gene expression and long life spans at sites of injury will provide
important new avenues for therapies to modulate the robust scarring and
wound contracture that affect patients with a wide range of these
pathologies.

nescent phenotype and this “senescence-
associated secretory phenotype” is one in
which upregulation of ECM degrading enzymes
and downregulation of the ECM genes occurs.'*® It
may also be possible to promote apoptosis of myo-
fibroblasts by targeting anti-apoptotic genes in
these cells or by modulating the protective effects of
the p53 and Rb pathways, although specificity may
be a concern. Increased intracellular tension is a
characteristic of the differentiated myofibroblast,
but evidence from a variety of experiments suggest
that relaxing environmental tension may reverse
the formation or prominence of stress fibers within
cells and potentially induce fibroblast apoptosis.*®”

Given the role of mechanical tension in promot-
ing and maintaining the feed-forward loops (Fig. 8)
that sustain myofibroblasts, reducing tension in
the tissues surrounding the wound could provide
an important therapeutic tool (see the article by
Wong et al., this issue, p. 185).1°® This approach
could have the potential to blunt ongoing TGF-1
activation, which as we have discussed is a me-
chanically sensitive process for the myofibro-
blast.?® Because there is a clear link between focal
adhesion size and the growth of stress fibers, tar-
geting components within focal adhesions may also
provide a means to modulate stress fiber formation
and SM o-actin incorporation.® Conversely, block-
ing SM o-actin incorporation into stress fibers with

an amino terminal peptide has been shown to re-
duce intracellular tension.*®~*¢! Importantly, one
outcome of reducing intracellular tension (perhaps
by modulating wound stiffness) would be to reverse
the steady state polymerization of G-actin into
F-actin, thereby reducing or blocking the tran-
scriptional activity of the MRTF-A/B-SRF path-
ways regulating contractile gene expression.'*°
Because Rho GTPase and its “downstream” effector,
ROCK, are important components that promote
actin polymerization, directly targeting ROCK
may prove to be an important therapeutic avenue.
Recently, a ROCK inhibitor (Y-27632) was used to
reduce granulation tissue contraction, in situ.'®?
There are currently ROCK inhibitors in clinical
trials (e.g., Fasudil) for cardiovascular diseases.'%?
However, because Rho GTPase and ROCK are
critical components in pathways that regulate
fundamental cell functions, targeting them may
have serious side effects. Finally, an alternative
approach to reduce the tension within the scar may
be to target the ECM, potentially by modulating
FN function or by antagonizing lysyl oxidase, the
enzymes that cross-link collagen tropocollagen and
fibrils, thereby affecting collagen fiber structure.'%*

In summary, recent work has revealed a great
deal about the myofibroblast and its roles in
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governing the normal wound healing response and
its pathological role in cases where myofibroblasts are
not present or are overly active. This growing foun-
dation of information will provide us with important
new “nodes” within the network of signals that gov-
ern myofibroblast function. These nodes will likely
provide the means to target myofibroblasts thera-
peutically with more specificity then may be possible
by blocking “pleiotropic” growth factors like TGF-f1.
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