
Fibrosis in DMD 
Federica Montanaro, Ph.D. 

MVIMG# 7470: Fundamentals of Muscle Biology: Duchenne 
Muscular Dystrophy 

April 3, 2014 



What is fibrosis? 

¤  Basic response of any organ that undergoes repetitive 
injury and inflammation. 

¤  Characterized by the excessive deposition of 
extracellular matrix proteins (mainly collagens I and III, 
fibronectin) thus creating a scar. 

¤  Leads to a disordered tissue structure, disruption of organ 
function, and ultimately organ failure. 

¤  Major cause of mortality worldwide. 

¤  No available FDA- or EMEA- approved anti-fibrotic 
therapies. 



Impact on disease progression in 
DMD 
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Endomysial fibrosis is the main histopathological parameter 
that correlates with poor motor outcome in DMD patients 
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Consequences of Endomysial Fibrosis 



Consequences of Endomysial Fibrosis 

¤  Loss of tight association between muscle fibers and 
capillaries → decreased oxygenation and nutrients 

¤  Decreased number of satellite cells  
     → impaired regeneration 

Control DMD 

CD31 staining (brown) 
of capillaries 
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tissues had a similar mode of action to SM cells, their
anatomical effects would mean that they would have to
produce synchronous, prolonged contraction to
oppose the tensile forces from massive skeletal-muscle
blocks (FIG. 6). The implication that accumulations of
myofibroblasts could achieve such an opposition is
untenable on the simplest of energetic grounds.
Instead, connective-tissue contracture involves incre-
mental, anatomical shortening of the ECM material114.
On an anatomical basis, it is clear that myofibroblasts
do not need to generate enormous forces to temporar-
ily deform their immediate collagen matrix, as skeletal
muscles spend most time under low basal tension (for
example, during sleep). Indeed, contractures of only a
few tens of µm per day might occur. This argues
against simultaneous or coordinated cell contraction,
but rather supports an average effect of independent,
local pericellular shortening events. These would be
defined through cytomechanics rather than tissue
mechanics. A similar misconception underlies the idea
that cell cooperativity is needed to produce shortening
in a particular plane. The force that is generated in tis-
sues could be non-directional, as the pre-existing
matrix shape and properties will largely dictate the
resultant vectors. By analogy, the shape of a balloon is
dictated by its envelope, but the inflating force is non-
directional. Once achieved, such ‘contracture’ shorten-
ing does not require the continuing action of myofi-
broblasts as the shortened ECM restrains the
surrounding tissues. The visible appearance of contin-
uous tension in pathological contractures is simply a
consequence of this changed anatomical relationship.

So, how is the contractile force that is generated by
myofibroblasts translated into a shortened collagen
matrix that no longer requires active cell contraction to
maintain a tissue tension? So far, the mechanism for
this has been ascribed simply to collagen crosslinking,
but the permanency of this covalent bonding is irrec-
oncilable with the dynamic nature of the process.
Matrix shortening and increased stiffness indicates that
the resident cells have locked a tension into the colla-
gen structure, but in an interstitial, incremental man-
ner115. This represents a ‘slip and ratchet’ theory for
contracture (FIG. 7), but it can only realistically occur as
a localized, dynamic and incremental process that is
not consistent with massive breakdown, re-assembly
and crosslinking. Related concepts in which collagen
fibrils slip past one another locally and are then re-
linked whereas adjacent fibrils are, in their turn,
unbonded and slipped have been proposed116–119. It is
noteworthy that in granulation tissue of a normal heal-
ing wound or in fibrocontractive diseases, collagen
type I is replaced to a great extent by collagen type III,
which is known to be present in remodelling tissues
(for example, during development) or in normal tis-
sues that are subject to mechanical stress120 (for exam-
ple, arteries).

Any remodelling process inevitably involves the
removal of matrix molecules, and is largely mediated
by matrix METALLOPROTEINASES (MMPs). Which MMPs
are used will depend on the matrix components that

Figure 7 | Model of extracellular-matrix-remodelling phase of matrix contracture.
Matrix contracture is mediated by myofibroblasts. How is the contraction of myofibroblasts
translated into functional collagen-network shortening? The following working hypothesis
serves to define some basic mechanisms. a | Myofibroblasts are embedded in a collagen
network. These cells bind to collagen fibrils through fibronexus adhesion complexes that are
linked to intracellular stress fibres. b | Cytoskeletal or signalling events in one of these
myofibroblasts leads to stress-fibre contraction, which results in a local matrix contraction,
shortening and bundling of the surrounding pericellular collagen network. As this is a local
effect, its consequences are incremental, and affect at most a few surrounding cells and
matrix. c | New matrix components are added to stabilize the new collagen organization,
relative to its neighbours. The addition of collagen would potentially increase collagen density
and orientation. d | The myofibroblast that contracted originally, as well as other surrounding
myofibroblasts, can repeat the process so that this small incremental collagen-matrix
remodelling can result in tissue contracture.

a Adjacent myofibroblasts attach to collagen network

b Myofibroblast B contracts, deforming network B

c New collagen secretion stabilizes contracted structure of 
     network B, relative to network A

d Cell re-spreads and process is repeated

A

B

New collagen
secretion
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remodel and lay down the shortened ECM. The lim-
ited understanding of the relationship between myofi-
broblast contraction and ECM remodelling makes it
very difficult to define how this process occurs.

Some recent insights into the process of connec-
tive-tissue contracture might be emerging from the
collagen lattice model as outlined in FIG. 8. This model
identifies an in vitro form of contracture. This sup-
ports the importance of the changing material prop-
erties of the collagen matrix on overall cell and tissue
function130,131. Recently, it has been shown that, with
time, there is a progressive increase in matrix stiffness
that occurs while the matrix is under tension131. As
this occurs, the shortening/compaction of the colla-
gen network ceases to depend on cell-generated
forces, as the increased stiffness and ability to carry
load is built into the matrix material and is present,
even after the loss of cell contraction115. In terms of
cytomechanics, this increase in stress occurs a result of
the process of matrix contracture (FIG. 7). This
mechano-remodelling of collagen is a key component
of the cycle that links cytomechanical control, altered
load transmission by asymmetric matrix structures
and production/revision of that structure by resident
cells, of which myofibroblasts and associated cell
types are the central components.

Conclusions and perspectives
Although the model that is summarized in FIG. 9 pro-
vides a framework for understanding connective-tis-
sue contraction and contracture, several important
aspects of this complex process remain to be deter-
mined. Some of those points are discussed here.

Although it is well established that mechanical
stress can promote the assembly of stress fibres26,43,53,
little is known about how this signal is transduced to
induce the early actin polymerization in fibroblasts
after wounding and its association with myosin and
other proteins to assemble these structures. The for-
mation of specialized adhesion sites probably has an
important role in this process. Recent work has indi-
cated that Rho-kinase activity might be important for
the generation of a relatively strong and long-lasting
force by stress fibres108, but many details still remain to
be discovered about the regulation of contractile activ-
ity of these structures.

Mechanical stress is necessary for the formation of
the proto-myofibroblast; however, whether TGF-β1 also
has a role in promoting proto-myofibroblast formation
remains speculative. It is clear that both TGF-β1 and
ED-A-fibronectin interaction with the cell surface are
necessary for the formation of the differentiated
myofibroblast but the signal pathways that are acti-
vated by these interactions remain elusive.

Furthermore, although it has been shown that the
amino-terminal sequence Ac-EEED of α-SM actin is
important for α-SM actin polymerization90, nothing is
known of how expression of this specific actin isoform
results in increased force generation.

Collagen shortening and remodelling is the key part
of tissue contracture. At present, the mechanisms by

need to be removed to allow slippage, and this is a key
area of uncertainty. Several candidates have been con-
sidered in analogous models, including PROTEOGLYCANS

such as decorin121,122, collagen types V and XIV (REFS

123,124), and procollagen N-propeptide (itself dictated
by levels of procollagen N-protease)125, and non-col-
lagenous proteins such as lumican and fibromod-
ulin126. The identity of the MMPs that might be
involved in the breakdown of linkage that is impor-
tant in contractures is presently unknown, although
combinations of, for example, MMP3, MMP2 and
MMP9 would be expected to degrade proteoglycans
and non-collagenous proteins. The simplest mecha-
nism probably requires no inter-fibril linker, but relies
on a collagenase, such as MMP1, to ‘skim’ the outer-
most layer of collagen, which mechanically separates
two neo-fibrils. In this instance, re-fixing the fibrils
after spatial rearrangement would need only an inter-
posed layer of freshly synthesized collagen for re-
crosslinking. Interestingly, this system would become
dependent on the ubiquitous gelatinases (MMP2 and
MMP9), as re-apposition of adjacent fibrils would
require clearance of partly degraded collagen frag-
ments from their surfaces127.

The ability of the myofibroblast to generate and
maintain contractile force is essential for tissue con-
tracture. It is during the stage of ECM remodelling
that the load that is normally carried by the ECM is
now carried by the contracted myofibroblast. Once a
new shortened matrix is laid down, the myofibroblast
is stress-shielded by the load-carrying ECM (FIG. 7).
The myofibroblast can either disappear by apopto-
sis128,129 or contract again to continue the process of
ECM shortening. It should be emphasized that
although force generation is mostly mediated by the
myofibroblast, it is possible that a second cell could

Figure 8 | Contracture in three-dimensional collagen lattices. The schematic force–time plot
represents three phases of force generation in the culture force monitor. Uncertainty and overlap
between the end of one phase and start of the next is indicated by the dotted sections of the
bars. Addition of CYTOCHALASIN D shortly after the force plateau is reached in the contraction
phase results in a total loss of force51,52. By contrast, addition of cytochalasin D much later in the
putative contracture phase (arrow) results in residual tension remaining in the matrix (REF. 131; R.
A. Brown and M. Marenzana, unpublished observations). This residual tension is due to
irreversible remodelling-shortening of the collagen network, as would be expected with
contracture.
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CYTOCHALASIN D

A fungal compound that
specifically interferes with actin
polymerization.

METALLOPROTEINASE 

A proteinase that has a metal ion
at its active site.

PROTEOGLYCAN

Any glycoprotein that contains
glycosaminoglycans as the
carbohydrate unit.

Consequences of Endomysial Fibrosis 

¤  Tissue contracture 

¤  Increased tissue stiffness 

→ inhibits the proliferation and differentiation of 
satellite cells 

→ Enhances production of matrix proteins by 
fibrotic cells 

→ Interferes with muscle contraction 

Tomasek et al., 2002, Nature Reviews 3: 349 



Genetic modifiers of fibrosis 

Variability in the rate of disease progression among patients, 
even if they have the same genetic mutation in the DMD 
gene or lack of dystrophin protein expression 





The Fibroblast 

¤  Versatile in shape 

¤  Versatile in gene expression 

¤  Versatile in function 
¤  Developing muscle: 

¤  Promote slow muscle 
myogenesis 

¤  Fetal to adult switch 
¤  Myoblast fusion 

¤  Adult muscle 
¤  Regulation of satellite cell self-

renewal and differentiation 
¤  Tissue integrity 

components1 by cytokines locally released from inflam-
matory and resident cells9 or from malignant epithelial
cells.4 Another important stimulus for this phenotypic
transition is the change of the mechanical microenviron-
ment; whereas fibroblasts in intact tissue are generally
stress-shielded by the crosslinked ECM, this protective
structure is lost in the continuously remodeled ECM of
injured tissue.8 In response to mechanical challenge,
fibroblasts acquire contractile stress fibers that are first
composed of cytoplasmic actins,8 hallmarking the “pro-
tomyofibroblast.” Stress fibers are connected to fibrous
ECM proteins at sites of integrin-containing cell-matrix
junctions10 and between cells via de novo established
N-cadherin-type adherens junctions.11 These features
closely resemble those of cultured fibroblasts that have
been mechanically activated by the rigid plastic sub-
strate, whereas stress fibers do not form on very soft
culture substrate hydrogels or in compliant collagen gels
(Figure 1).10

In culture, the protomyofibroblast is a stable pheno-
type, representing an intermediate step in most in vivo
conditions where it proceeds toward the “differentiated
myofibroblast” that is characterized by de novo expres-
sion of !-smooth muscle actin (!-SMA), its most com-

monly used molecular marker. Expression of !-SMA in
stress fibers confers to the differentiated myofibroblast at
least a twofold stronger contractile activity compared with
!-SMA-negative fibroblasts in culture.12 It is still unclear
how !-SMA generates higher contraction compared with
other actin isoforms, but the !-SMA-specific N-terminal
amino acid sequence AcEEED plays an important role in
this mechanism. Cytoplasmic delivery of this sequence
as a peptide selectively removes !-SMA from persisting
"-cytoplasmic actin stress fibers and reduces in vivo and
in vitro myofibroblast contraction.13

At least three local events are needed to generate
!-SMA-positive differentiated myofibroblasts: 1) accumu-
lation of biologically active transforming growth factor
(TGF) "1, 2) the presence of specialized ECM proteins
like the ED-A splice variant of fibronectin, and 3) high
extracellular stress, arising from the mechanical proper-
ties of the ECM and cell remodeling activity.8 Mechano-
perception is mediated by specialized cell-matrix junc-
tions, called “fibronexus” in vivo and “supermature focal
adhesions” (FAs) in vitro.10 Analogously, small N-cad-
herin-type cell-cell adhesions develop into larger OB-
cadherin (cadherin-11)-type junctions during generation
of the differentiated myofibroblast in vitro and in vivo.11

It has become increasingly accepted that ECM rigidity
determines the size of the cell’s anchors, which in turn
limits the level of tension generated within stress fibers.10

Only when substrate stiffness permits formation of super-
mature FAs (8 to 30 #m long), and thus generation of
approximately fourfold greater stress compared with
the usual FAs (2 to 6 #m long), does !-SMA become
incorporated into pre-existing "-cytoplasmic actin stress
fibers; hence, !-SMA can be considered a mechanosen-
sitive protein14,15 (Figure 1). The myofibroblast cytoskel-
eton may function as a mechanotransducer translating to
biochemical signals involving tyrosine phosphatase and
kinase pathways.16 Mechanical force-induced p38 phos-
phorylation seems to be dependent on an !-SMA stress
fiber-dependent pathway that uses a feed-forward ampli-
fication loop to synergize force-induced !-SMA expres-
sion with p38 activation.15 Cell adhesion signaling via
focal adhesion kinase may represent another central
pathway through which biochemical and biophysical
ECM signals as well as soluble growth factor signals are
integrated.14,17 The main myofibroblast inducer TGF"1
up-regulates expression of fibronectin and its integrin
receptors in lung fibroblasts; this is closely linked to the
activation/phosphorylation of focal adhesion kinase es-
sential for the induction of myofibroblast differentiation.17

At the end of tissue repair, the reconstructed ECM again
takes over the mechanical load and myofibroblasts dis-
appear by massive apoptosis8; stress release is a pow-
erful promoter of myofibroblast apoptosis in vivo.18 Thus,
interrupting the mechanical feedback loop of myofibro-
blast contraction and gradually increasing ECM tension
at the level of stress perception (ie, cell-ECM contacts) is
one promising strategy to prevent tissue contracture.

An alternative strategy to decrease tissue contracture
consists in preventing myofibroblast formation in the first
place, requiring knowledge of the myofibroblast origin.
Depending on the type of tissue to be remodeled, myo-

Figure 1. ECM compliance controls development of the myofibroblast phe-
notype in three-dimensional collagen gels. Differentiated rat lung myofibro-
blasts were grown in mechanically restrained collagen gels produced very
soft with a concentration of 0.5 mg/ml (A, B) and comparably stiff with 3.5
mg/ml (C, D). Cells were immunostained after 36 hours for !-SMA (A, C: red;
B, D: blue), "-cytoplasmic actin (A, C: green; B, D: red), focal adhesion
protein vinculin (B, D: green), and nuclei (A, C: blue) and observed by
confocal microscopy. Note that cells in soft gels attain a dendritic morphol-
ogy with cortical actin distribution and point-like small adhesion sites; !-SMA
is not organized in stress fibers (A, inset). In stiff collagen, myofibroblasts
develop !-SMA-positive stress fibers (C, inset) that terminate in supermature
FAs. Bars: 25 #m and 10 #m (insets).

1808 Hinz et al
AJP June 2007, Vol. 170, No. 6

Lung fibroblasts 
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Stiff 

Hinz et al, 2007, American Journal of Pathology, 170(6): 1807. 
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activated fibroblast 

Alpha- Smooth muscle actin 



Fibroblast activation 

Phenotype	
 Tissue homeostasis	
 •  Migratory cell 
•  Matrix protein production, 

including specific forms of FN 
•  Production of TGF-β	


•  Contractile cell 
•  High matrix protein production 
•  Production of TGF-β 	

•  Production of ROS 

Fibroblast Proto-myofibroblast  Differentiated myofibroblast 

Apoptosis 

Injury	




Myofibroblasts are the key pathogenic cells in all 
fibrotic diseases 
 
Research has focused on identifying: 
 

 the factors that activate myofibroblasts 
 

 the mechanisms that contribute to 
 myofibroblast apoptosis 

 
 the cellular origins of myofibroblasts 

 



Fibroblast activation 

•  Stiff substrate 
•  Specific FN isoforms 
•  TGF-β	


•  Immune cell released 
cytokines and TGF-β	


•  PDGF 

Stimulus	


Phenotype	
 Tissue homeostasis	
 •  Migratory cell 
•  Matrix protein production, 

including specific forms of FN 
•  Production of TGF-β	


•  Contractile cell 
•  High matrix protein production 
•  Production of TGF-β 	

•  Production of ROS 

Fibroblast Proto-myofibroblast  Differentiated myofibroblast 

Apoptosis 



Fibroblast activation – impact of 
immune cells 

Desguerre et al, 2009, J. Neuropathol. Exp. Neurol., 68(7): 762. 

Duffield et al, 2013, Ann. Rev. Pathol., 8: 241. 



Myofibroblast apoptosis 

Fibroblast Proto-myofibroblast 
 Differentiated 
myofibroblast 

Apoptosis 

TGF-β	


q SMAD3/FAK-dependent pathway 

q P38 MAPK/PI3 kinase/Akt dependent 
signaling 

CCN1	


q Synergizes with TNFα, Jun, NADPH 
oxidase 1, or p38 to induce senescence 
or apoptosis via p53 and Rb 

+ 

- 



Cellular origins of fibroblasts/
myofibroblasts 

¤  Circulating Fibrocytes 

¤  Endothelial to mesenchymal transition 

¤  Epithelial to mesenchymal transition 

¤  Mesenchymal progenitors/fibroblast and adipocyte precursors 

¤  Pericytes 



Ø  Genetic fate mapping experiments in several organs, including 

skeletal muscle, brain, kidney, lung skin and liver indicate that 

mesenchymal progenitors and pericytes are the precursors of 

myofibroblasts. 

Ø  Many parallel genetic fate mapping studies show little or no 

evidence of direct differentiation of epithelial cells, endothelial 

cells, or circulating fibrocytes into myofibroblasts 



Mesenchymal progenitors 

¤  Location: interstitium 

¤  Main markers: PDGFR-α, Sca-1, CD34 

¤  Differentiation potential: 
¤  Fibroblasts 

¤  Adipocytes 

¤  Osteogenic 

¤  Chondrogenic	




Uezumi et al. Mesenchymal progenitors in skeletal muscle

FIGURE 3 | Localization of PDGFRα+ mesenchymal progenitors in
regenerating muscle. (A) Fresh frozen section of regenerating muscle
subjected to immunofluorescence staining for M-cadherin (M-cad),
PDGFRα, and laminin α2, and subsequently to HE staining. Scale bar:
10 µm. (B) Schematic view of (A). Mesenchymal progenitors encircle the
sheath of basement membrane in which satellite cells undergo active
myogenesis. Mesenchymal progenitors stimulate satellite cell expansion
and promote satellite cell-dependent myogenesis. Factors responsible for
these effects remain to be identified.

this study. The authors also showed that specific ablation of satel-
lite cells resulted in a complete loss of regenerated myofibers,
and, importantly, misregulation of fibroblasts, leading to a dra-
matic increase in fatty and fibrous connective tissue (Murphy
et al., 2011). Thus, reciprocal interaction between the two types
of cells is critical for efficient and effective muscle regenera-
tion. A direct relationship between mesenchymal progenitors and
Tcf4+ fibroblasts remains to be demonstrated. However, Tcf4+

fibroblasts express PDGFRα (Murphy et al., 2011), a marker of
mesenchymal progenitors, and accumulating evidence suggests

that mesenchymal progenitors and so-called fibroblasts share
much more in common than previously recognized (Sudo et al.,
2007; Haniffa et al., 2009). Therefore, these cells might be largely
overlapping.

Heredia et al. reported that IL-4 signaling inhibits adipogenesis
and stimulates the support function of mesenchymal progeni-
tors for successful muscle regeneration (Heredia et al., 2013).
IL-4 signaling also elicited phagocytic activity in mesenchymal
progenitors and promoted the clearance of necrotic fibers by
mesenchymal progenitors (Heredia et al., 2013). This study pro-
vided the regulatory mechanism of mesenchymal progenitors
during muscle regeneration. IL-4 is also probably best known as
the canonical Th2 effector cytokine and a critical developmen-
tal determinant that promotes Th2 response but inhibits Th1
response (Swain et al., 1990). Genetic background is known to
greatly affect the nature of the Th cell response. BALB/c and
DBA/2 mice are well known as strains with a high Th2 bias
and as high producers of IL-4, and conversely, C57BL/6 and
C57BL/10 mice are well known as the strains with low Th2 bias
and as low producers of IL-4 (Reiner and Locksley, 1995; Bix
et al., 1998; Yagi et al., 2002; Okamoto et al., 2009). Genetic
background is also known to affect muscle regeneration poten-
tial. Importantly, BALB/c and DBA/2 mice show impaired muscle
regeneration with adipocyte infiltration even in the CTX model
that never induces fatty degeneration in C57BL/6 or C57BL/10
mice (Fukada et al., 2010). Therefore, muscle regeneration abil-
ity appears to correlate inversely with IL-4 production ability.
Although self-renewal capacity of satellite cells was diminished
in DBA/2 mice (Fukada et al., 2010), it still remains a mys-
tery why high IL-4-producing strains, BALB/c and DBA/2 mice,
readily develop fatty connective tissue after CTX-induced injury.
Elucidation of the detailed mechanisms by which the pheno-
type of mesenchymal progenitors is regulated during muscle
regeneration requires further investigation.

ROLES FOR NONMYOGENIC MESENCHYMAL PROGENITORS
IN STEADY STATE HOMEOSTASIS OF SKELETAL MUSCLE
Nonmyogenic mesenchymal progenitors may have roles in steady
state homeostasis of skeletal muscle. Collagen type VI, along
with the fibrillins, is one of the microfibrillar components of
the ECM. Collagen VI is found in a wide variety of extracellular
matrices, including muscle, skin, tendon, cartilage, interverte-
bral discs, lens, internal organs, and blood vessels. Collagen VI
consists of three products encoded by COL6A1, COL6A2, and
COL6A3. One of each of the three α-chain subunits encoded
by COL6A1, COL6A2, and COL6A3 combine to form the col-
lagen VI monomer. Within the cells, these monomers associate
to form dimers, which pair up into tetramers. These tetramers
are then secreted into the ECM, where they assemble to form
the microfibrillar structures (Bonnemann, 2011). Collagen VI
microfibrils interact with collagen I, collagen IV, and with a vari-
ety of proteoglycans such as biglycan and decorin (Voermans
et al., 2008). Collagen VI occurs in both the basal lamina and the
reticular lamina of muscle, and therefore is an important com-
ponent of endomysium and perimysium of skeletal muscle. The
functional significance of collagen VI in skeletal muscle is evident
as mutations in collagen VI genes cause Ullrich congenital mus-
cular dystrophy (UCMD) and Bethlem myopathy (Bonnemann,
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Acute muscle injury 

¤  Release trophic factors that 
support satellite cell expansion 
and myogenic differentiation 

¤   Phagocytose dead cells and 
cellular debris 

Uezumi et al., 2014, Frontiers in Physiology, Vol 5, Article 68, p2 



Uezumi et al. Mesenchymal progenitors in skeletal muscle

This study sophisticatedly demonstrated that endogenous mes-
enchymal progenitors are indeed the origin of profibrotic cells.
However, the study utilized a CTX muscle injury model. Because
skeletal muscle regenerates almost completely without develop-
ment of fibrotic scar tissue after CTX injection (Hawke and
Garry, 2001; Harris, 2003), this model reflects a reversible repair
process rather than irreversible fibrosis. Therefore, the behavior
of ADAM12+PDGFRα+ cells in a more pathologically relevant
model would be of considerable interest. Using single myofibers
isolated from Pax7-CreER/ROSA26 mice, a strain in which
tamoxifen administration leads to permanent β-galactosidase
expression only in Pax7+ satellite cells, satellite cells were shown
to become fibrogenic under the influence of aged serum (Brack
et al., 2007). The conversion ratio was around 10% in this context.
In contrast, nearly 100% of PDGFRα+ mesenchymal progeni-
tors were converted to fibrogenic cells when treated with TGF-β
at a concentration that had no effect on satellite cell myogeneity
(Uezumi et al., 2011). Although different experimental conditions
used in those studies make direct comparisons difficult, mes-
enchymal progenitors seem to be more prone to fibrogenic con-
version than satellite cells. However, further studies are needed to
elucidate which cell type—satellite cells or PDGFRα+ mesenchy-
mal progenitors—is the main source of fibrogenic cells in an aged
environment in vivo. The link between fibrogenesis and PDGFRα

signaling has been demonstrated by several studies. Olson and
Soriano generated mice in which mutant PDGFRα with increased
kinase activity was knocked into a PDGFRα locus (Olson and
Soriano, 2009). Thus, constitutively active PDGFRα signaling is
operative only in cells that express PDGFRα endogenously in
the mutant mice. The mice with mutant PDGFRα showed pro-
gressive fibrosis in multiple organs including skeletal muscle.
We showed that stimulation of PDGFRα signaling in PDGFRα+

mesenchymal progenitors promotes cell proliferation and upreg-
ulates the expression of fibrosis-related genes (Uezumi et al.,
2011). Imatinib, an inhibitor of several tyrosine kinases including
PDGFR, c-kit, and bcr-abl oncogene, was shown to ameliorate the
dystrophic symptoms of mdx mice (Bizario et al., 2009; Huang
et al., 2009; Ito et al., 2013). Importantly, imatinib treatment
decreased the phosphorylation level of PDGFRα in the dystrophic
muscle (Huang et al., 2009), and treatment of PDGFRα+ mes-
enchymal progenitors with imatinib inhibited PDGFRα-induced
proliferation and expression of fibrotic genes (Ito et al., 2013).
Taking these findings into account, the therapeutic effect of ima-
tinib exerted on dystrophic mice seems to be achieved at least in
part through targeting PDGFRα+ mesenchymal progenitors.

The contribution of mesenchymal progenitors to HO in skele-
tal muscle was exquisitely demonstrated by Goldhamer and col-
leagues. By crossing lineage-specific Cre mice with Cre-dependent
reporter mice, they generated several mouse lines in which spe-
cific lineage cells were permanently labeled, and showed that
skeletal myogenic cells including satellite cells or smooth muscle
cells do not contribute to BMP-induced HO. Instead, they found a
significant contribution of Tie2-lineage cells to HO in two mouse
models of dysregulated BMP signaling (Lounev et al., 2009). Tie2
is usually used as a marker of endothelial cells, but expression
of the Tie2 gene is also recognized in mesenchymal progeni-
tors (Uezumi et al., 2010). To clarify which cell type labeled

FIGURE 2 | The behavior of PDGFRα+ mesenchymal progenitors in
dystrophic muscle. Fresh frozen section of mdx diaphragm subjected to
immunofluorescence staining for laminin α2, PDGFRα, and collagen I, and
subsequently to HE staining. Scale bar: 20 µm.

by Tie2-Cre contributes to the development of HO, Wosczyna
et al. conducted further detailed research. Although endothelial
cells constitute a large part of the Tie2+ fraction, they did not
detectably contribute to HO. After careful cell fractionation by
FACS, PDGFRα+Sca-1+ cells within Tie2+ fraction were found
to be the predominant source of progenitors that give rise to
ectopic cartilage and bone (Wosczyna et al., 2012). Clonal anal-
ysis revealed that Tie2+PDGFRα+Sca-1+ progenitors are mul-
tipotent as colonies derived from single Tie2+PDGFRα+Sca-1+

cells exhibited both osteogenic and adipogenic differentiation
potentials.

As described above, several studies independently reported
nonmyogenic mesenchymal progenitors that contribute to the
pathogenesis of skeletal muscle. Progenitor cells described
by different groups share a common cell surface pheno-
type: CD31−CD45−Sca-1+PDGFRα+, and therefore seem to be
closely related to each other or represent the same cell popula-
tion. FAPs were so named because they did not differentiate into
osteogenic cells (Joe et al., 2010). But it is obvious that these pro-
genitors possess osteo/chondrogenic potential as demonstrated
in the studies by Goldhamer and colleagues. Because osteogenic
potential of FAPs was assessed only in in vitro condition with-
out BMP (Joe et al., 2010), their differentiation potential was
probably underestimated. Therefore, the name FAPs does not rep-
resent the nature of these progenitors adequately. Although Sca-1
is widely used to identify progenitor populations in mice, it is also
highly expressed in nonprogenitor cells such as endothelial cells.
Furthermore, there is no human homolog of Sca-1 (Holmes and
Stanford, 2007). Thus, this marker lacks relevance to the patho-
physiology of human skeletal muscle. In contrast, PDGFRα is
highly specific to mesenchymal progenitors (Uezumi et al., 2010)
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Muscular Dystrophy 

¤  Mesenchymal progenitors: 
¤  Produce collagens 

¤  Differentiate into fibroblasts and adipocytes 



Pericytes 

¤  Location: perivascular, around capillaries 

¤  Main markers: PDGFR-β, NG2  

¤  Activated by PDGF, VEGF, TGF-β	


¤  Main function: Microvasculature homeostasis 

¤  Differentiation potential: 
¤  Myogenic 

¤  Adipogenic 

¤  Osteogenic 

¤  Fibrogenic 
(Duloroy et al., 2012, Nat. Med., 18:1262) 



Pericyte activation 

Figure 5.
Schema of pericyte activation by a disease stimulus (based around kidney injury). In
response to injury, pericytes become activated and detach from capillaries. This process
requires bidirectional signaling between endothelial cells and pericytes. Epithelial cells can
also signal to pericytes, and it is unknown whether pericytes signal to epithelial cells. In the
presence of persistent injury, activated pericytes proliferate, migrate, and activate genes that
give them the myofibroblast phenotype, including upregulated expression of pathological
matrix genes, contractile machinery, and immune response genes. This process results in
pathological matrix deposition in the virtual interstitial space; recruitment of inflammatory
cells; and the loss of pericyte coverage of the endothelial cells, which causes an unstable
endothelium that in turn leads to dysangiogenesis and, potentially, rarefaction. Abbreviation:
CBM, capillary basement membrane.
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Fibrosis 

Compromised 
microvascular 
homeostasis 



Summary 

¤  Fibrosis is a major determinant of disease progression in 
DMD 

¤  Replaces muscle tissue and impairs the function of 
residual muscle fibers 
¤  Inhibition of satellite cell proliferation 
¤  Impaired interactions with the microvasculature 
¤  Stiffens the matrix 

¤  Tight relationship between fibrotic and immune cells 

¤  Treatment targets: 
¤  Immune modulation 
¤  Inhibition of differentiation of fibroblast progenitors 
¤  Inhibition of fibroblast differentiation into myofibroblasts 
¤  Induction of apoptosis/senescence of myofibroblasts 



Anti-fibrotic treatment targets in DMD 

¤  Inflammation 
¤  Nfk-B inhibition (Flavocoxid [Phase 1], VBP15 [preclinical])  
¤  TNF-α inhibition (BKT-104, cV1q, LMP420, etanercept [pre-

clinical]) 

¤  Pro-fibrotic pathways 
¤  TGF-β (ACE inhibitors, Myostatin inhibitors [MYO-029, ACE-031, 

Follistatin]  
¤  ROS (CoQ10 [Phase 2/3], Sunphenon Epigallocatechin-Gallate

[Phase 2/3], Catena) 

¤  Pro-regenerative pathways 
¤  IGF-1 [Phase 2] 
¤  Tissue vascularization (Tadalafil, Sildenafil, PDE inhibitors) 



Anti-fibrotic 
treatments are 
a challenge 
 

Matrix-producing myofibroblasts for treatment of fibrotic disease 283

Table 1. Therapeutics that are currently being tested or have been tested in fibrotic diseases (this list does not claim to be exhaustive)

Drug name Company Target/MOA Indication Phase/notes
Clinical Trials.gov

identifier

Pirfenidone Intermune p38/TGFβ inhibitor IPF Approved in Europe and
Asia, phase III in USA
(ongoing)

NCT01366209

Fresolimumab Sanofi Anti-TGFβ monoclonal
antibody

Diffuse systemic sclerosis Phase I (recruiting) NCT01284322

FSGS Phase II (recruiting) NCT01665391
IPF Phase 1 (completed) NCT00125385

LY2382770 Lilly Anti-TGFβ monoclonal
antibody

Diabetic kidney disease;
diabetic nephropathy,
diabetic
glomerulosclerosis

Phase II (recruiting) NCT01113801

STX-100 Biogen Idec Anti-avb6 monoclonal
antibody

IPF Phase II (recruiting) NCT01371305

Macitentan Actelion Endothelin receptor
antagonist ET-A and
ET-B

IPF Phase II (fail) NCT00903331

Bosentan Actelion Endothelin receptor
antagonist, ET-A and
ET-B

IPF Phase III (fail) NCT00631475

Digital ulcers in SSc
patients

Approved in EU NCT00077584
NCT00319696

Interstital lung disease
with SSc

Phase II/III (did not
improve outcomes
versus natural course)

NCT00319033

Ambrisentan Gilead Endothelin receptor
antagonist selective for
ET-A

IPF Phase III (fail) NCT00879229

RE-021 Retrophin Selective endothelin type
A receptor antagonist

FSGS Phase II (not yet open) NCT01613118

FG-3019 Fibrogen Anti-CTGF Liver fibrosis due to HBV Phase II (ongoing) NCT01217632
IPF Phase II (ongoing, with

promising preliminary
results)

NCT01262001

Adolescents and adults
with FSGS

Phase I (terminated) NCT00782561

Diabetic nephropathy Phase II (terminated) NCT00913393
Locally advanced or

metastatic pancreatic
cancer

Phase I (ongoing) NCT01181245

PF-06473871 Pfizer Antisense CTGF Hypertrophic skin scarring Phase II (recruiting) NCT01730339
RXI-109 RXi

Pharmaceuticals
CTGF RNAi Dermal scar prevention Phase I (ongoing) Phase I

(recruiting)
NCT01640912

NCT01780077
SAR156597 Sanofi Bi-specific IL-4/IL-13 mAB IPF Phase I/II (recruiting) NCT01529853
Tralokinumab MedImmune IL-13 inhibition IPF Phase II (recruiting) NCT01629667
QAX576 Novartis IL-13 inhibition Pulmonary fibrosis

secondary to SSc
Phase II -Terminated due

to SAE
NCT00581997

IPF Phase II (terminated) NCT01266135
Rilonacept Regeneron IL-1 trap SSc Phase I/II (recruiting) NCT01538719
CNTO 888 Centocor MCP-1(CCL2) inhibition IPF Phase II (completed) NCT00786201
Etanercept Pfizer/Amgen TNF inhibition IPF Phase II (fail) NCT00063869
Actimmune Intermune Human interferon-γ IPF Phase III (fail) NCT00075998
Interferon-α lozenge Amarillo

Biosciences
Oral IFNα IPF Phase II (completed) Phase

II (terminated)
NCT01442779

NCT00690885
PRM-151 Promedior Recombinant pentraxin-2 IPF Phase I (completed,

improvements in FVC
and 6MWT)

NCT01254409

Scarring in trabeculectomy Phase II (completed) NCT01064817
Belimumab GlaxoSmithKline Anti-BAFF mAB Membranous

glomerulnephritis
Phase II (recruiting) NCT01610492

Pomalidomide Celgene Multiple; anti angiogenic
and immunomodulatory

IPF Phase II (not yet
recruiting)

NCT01135199

SSc Phase II (recruiting) NCT01559129
IW001 United

Therapeutics
Collagen V solution as

immunomodulator
IPF Phase I (completed) NCT01199887
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Chronic inflammatory response persists when the
CD4+ T helper type 17 (Th17) cell type dominates over
the presence of T-regulatory cells (Tregs) [72]. The
Th17 cytokine profile includes IL-17A, IL-22 and IL-
23; however, IL-17A appears to be a primary initiator
of inflammation/fibrosis, as it has been implicated in
pulmonary, myocardial and hepatic fibrosis [6,78–80].
IL-17A is thought to be induced by IL-1β and in
some cases TGFβ may induce its production [81,82].
However, conflicting data suggest that IL-17A does not
have pro-fibrotic effects and may only play a role in
early inflammatory stages of tissue injury [83,84].

Profibrotic cytokine production is also characterized
by an increase in the presence of T helper type 2
(Th2) cells versus T helper type 1 (Th1) cells. The
Th2 cytokine profile is characterized by the increased
production of IL-4, IL-5, IL-10 and IL-13 [85]. Tissue
samples with an imbalance in the Th1/Th2 profile in
favour of Th2 resulted in impaired tissue repair and
promotion of the migration, proliferation and activa-
tion of myofibroblasts [86–88]. The Th1 profile is
characterized by interferon-γ and IL-12 and appears
to promote resolution of tissue inflammation and inhi-
bition of fibrosis [89]. Of the Th2 cytokines, IL-13
appears to be the main fibrotic effector in various mod-
els, including fluorescein isothiocyanate-induced pul-
monary fibrosis, systemic sclerosis, radiation-induced
fibrosis, Crohn’s disease-induced fibrosis and liver
fibrosis [90–93]. Profibrotic IL-13 signalling is primar-
ily mediated through IL-13Rα1 [94].

Tissue damage and injury also results in the recruit-
ment and infiltration of monocyte-derived cells, such as
macrophages and dendritic cells. These immune cells
have been shown to play a direct role in modulating the
initiation and progression of inflammation and fibrosis.
Either repression of macrophage activation or geneti-
cally targeted macrophage ablation alleviates the pro-
gression of fibrosis [95–97]. Macrophages can directly
remodel ECM and can also signal to myofibroblasts,
which can exacerbate tissue scarring. These delete-
rious macrophages have been identified in different
subsets, known as M1 or inflammatory macrophages
and M2a or profibrotic macrophages [6,98,99]. M2a
macrophages secrete a panel of cytokines, including
TGFβ1, PDGF, FGF2, CCL18 and galectin-3, that
can directly activate myofibroblasts and can serve as
biomarkers that correlate with progression of fibrotic
disease [100–103]. M1 macrophages produce a pro-
inflammatory effect on local tissue through the release
of various cytokines, including IL-1, IL-6, TNFα and
MCP-1 [104,105].

In addition to the M1 and M2a macrophage sub-
types, it has recently been appreciated that a sub-
set of macrophages, called regulatory macrophages
(MregM2c), can result in resolution of tissue fibro-
sis [106]. These non-fibrotic macrophages are defined
by secretion of IL-10 and their presence correlates
with reduced fibrosis and inflammation in various
organs [107,108]. Overall, the balance of these differ-
ent macrophage populations within injured tissue plays

Understanding Disease

Figure 4. Key regulatory pathways driving transdifferentiation
and expansion; growth factor signalling pathways important
in fibrogenesis discussed in this review. Schematic illustration
of platelet-derived growth factor (PDGF), transforming growth
factor-β (TGFβ), Wnt, Hedgehog (Hh), connective tissue growth
factor (CTGF), Notch and epidermal growth factor receptor (EGFR)
signalling pathways.

a critical role in influencing the outcome towards either
injury resolution or chronic inflammation and fibrosis.

Signalling pathways that promote fibrosis

A variety of pathways have been reported to reg-
ulate the transition of mesenchymal progenitors to
myofibroblasts. We focus here on recent developments
in seven signalling pathways (Figure 4): hedgehog
(Hh)–Gli; platelet-derived growth factor (PDGF); con-
nective tissue growth factor (CTGF); epidermal growth
factor (EGF); transforming growth factor-β (TGFβ);
Wnt; and Notch.

Hedgehog–GLI signalling
Members of Hh family of signalling proteins play
important roles in determining cell fate, prolifera-
tion, embryonic patterning and morphogenesis [109].
The three Hh family members include sonic hedge-
hog (Shh), Indian hedgehog (Ihh) and desert hedge-
hog (Dhh). Prior to secretion, Hh ligands undergo
intramolecular cleavage and lipid modification, and
both events are required for signalling activities. Hh
proteins act by binding to their membrane receptor
Patched (Ptc), thereby releasing a tonic inhibition of
Ptc on the transmembrane protein Smoothened (Smo).
The activation of Smoothened results in its transloca-
tion into the primary cilium, with an accumulation of
Supressor-of-fused (SUFU), Gli2 and Gli3, followed
by the dissociation of the Gli2–SUFU complex within
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