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Abstract

Purpose of Review Myofibroblasts represent matrix-producing effector cells which both
produce and maintain the pro-fibrotic microenvironment in scleroderma and other fibrotic
diseases. This review first explores the origins, function, regulators, interactions, and
death of myofibroblasts in fibrotic tissue and then utilizes this information to guide
understanding of current and future treatments which may target these cells.
Recent Findings. Beyond existing immunomodulatory therapy for SSc, there are an increas-
ing number of anti-fibrotic therapies which are either under clinical study or development
which may be able to effectively target myofibroblasts.
Summary The role of myofibroblast modulation in treatment of scleroderma is a promising
field with data supporting multiple new agents which may modulate myofibroblasts as
anti-fibrotic therapy.

Introduction

Systemic sclerosis (SSc, scleroderma) is a complex dis-
ease with a pathogenic triad of autoimmunity, vasculop-
athy, and fibrosis which can involve the skin and multi-
ple internal organs [1•]. Fibrosis, a destructive scarring

process, is the hallmark of SSc and frequently causes
significant organ dysfunction and can lead to both dis-
ability and death [2]. Fibrosis is mediated by a variety of
cellular and molecular processes, but the myofibroblast
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represents the cell which both promotes and maintains
the fibrotic micro-environment and therefore is a critical
mediator of SSc disease course and understanding and
targeting the myofibroblast in SSc is a critical

undertaking [3, 4••]. This review will focus on under-
standing myofibroblast biology with an emphasis on
SSc disease relevance and emerging data on how current
and future therapies may target these critical cells.

Myofibroblasts: definition, structure, origins, function

Myofibroblasts were first described in 1971 [5] as cells in wound beds having
both the secretory features of fibroblasts and the contractile features of smooth
muscle cells. Additional key factors defining these cells include their having a
greater rate of extracellular matrix (ECM) secretion than fibroblasts, expression
of alpha smoothmuscle actin (ASMA), resistance to apoptosis, and constitutive
expression of a variety of cytokines, chemokines, and cell surface receptors [6•].

The contractile properties of myofibroblasts come from their expression of
microfilaments and particularly those expressing ASMA [7]. Normal wound
healing probably represents the best evolutionarily definedmyofibroblast func-
tion. In animal models of wound healing, ASMA expression is absent for up to
4 days after wound formation, increases from days 6 to 15, and then dissipates
completely by day 30 [8]. During this process, fibroblasts in the wound bed
undergo a two-stage differentiation. Two to 4 days after wound initiation,
under mechanical stress, fibroblasts transition to intermediate proto-
myofibroblasts which begin to express contractile cytoplasmic stress fibers
which terminate in focal adhesion complexes [9]. A combination ofmechanical
and biochemical stresses promotes the differentiation of proto-myofibroblasts
into myofibroblasts which then form more developed stress fibers and express
ASMA and have organized fibronectin fibrils which allow them to generate
greater contractile force, particularly via integrin-mediated focal adhesions and
cadherin-mediated adherens junctions in which their actin cytoskeleton is
anchored to the surrounding ECM [10].

Along with their contractile properties, myofibroblasts also produce extra-
cellular matrix proteins including collagens I and III, and fibronectin [4••]. The
organization of fibronectin (particularly the EDA isoform) is particularly im-
portant in promoting matrix stiffness [11]. Once activated, myofibroblasts also
become very active secretory cells and produce cytokines like TGF-b, vascular
endothelial growth factor (VEGF), endothelin-1, connective tissue growth factor
(CTGF), MCP-1, IL-1, IL-6, IL-8, all of which help in promoting the wound
healing process [6•].

The origins of myofibroblasts are diverse and there is still controversy about
the origins of somemyofibroblasts [12]. As described earlier, themain source of
myofibroblasts is tissue-resident fibroblasts which differentiate in response to
pro-fibrotic stimuli. Other sources include pericytes [13], bonemarrow–derived
mesenchymal stem cells termed fibrocytes [14], adipocytes [15•], and epithelial
and endothelial cells which may undergo epithelial-mesenchymal transition
(EMT) [16•] and endothelial-mesenchymal transition (EndoMT) [17] respec-
tively (Fig. 1).

Pericytes play a central role in microvascular integrity and function, both
regulating and being regulated by the endothelial cell. Pathologic changes in the
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endothelium can likely have profound influences on pericyte phenotype and
function. It was shown that in the early stages of SSc, pericytes become activated
and express PDGF receptors [18]. While direct lineage tracing studies have not
been performed in skin as they have in kidney where it has been shown that
pericytes give rise to myofibroblasts [19], the shared expression of surface
markers between these cells in SSc has led to the suggestion that pericytes are
a progenitor which transdifferentiate into myofibroblasts in SSc [13]. Another
cell type which can give rise to myofibroblasts is the fibrocyte. Fibrocytes are a
circulating cells of myeloid origin that rapidly invade wounds and, in contrast
to other myeloid cells, produce ECMmolecules [20]. After arrival, they are able
to differentiate into a myofibroblast-like phenotype under the influence of
factors including TGF-β. Whilemany authors have described these cells as being
important in wound healing and fibrosis, their relevance in vivo remains
controversial [21]. In addition to the aforementioned cells, adipocytes are
another potential source ofmyofibroblasts. Adipocyte mesenchymal transition,
which we first described during skin fibrosis [15•], has now been described in a
variety of fibrotic contexts [22] (Fig. 2).

EMT is well described in lung fibrosis [23]. In this process, myofibroblasts
arise when epithelial cells lose their intercellular adhesion molecules including
E-cadherin and cytokeratin and differentiate into a mesenchymal phenotype
with fibrogenic potential [24]. Repression of E-cadherin leads to the loss of the
typical polygonal morphology of epithelial cells and causes them to acquire a
spindle-shaped mesenchymal morphology and express markers that are

Fig. 1. Myofibroblast origins and pathway activation during fibrosis. The primary source of myofibroblasts is tissue-resident
fibroblasts which are activated to become proto-myofibroblasts and eventually evolve to a more contractile phenotype as
myofibroblasts. Other sources of myofibroblasts include epithelial cells via epithelial-mesenchymal transition (EMT), endothelial
cells via endothelial mesenchymal transition (EndoMT), adipocytes via adipocyte mesenchymal transition (AMT), and pericytes.
Myofibroblasts produce and are associated with extracellular matrix (ECM, fibrillar lattice-like structure) and ECM interacts with
proteins including integrins and TGF-β to lead to intracellular Rho/ROCK signaling and activation of the TGF-β/SMAD pathway.
Other relevant intracellular pathways include the Wnt, YAP/TAZ, and PDGFR/AKT pathways. IL-6 and IL-4/13 represent key
profibrotic cytokines which signal through JAK/STAT pathways to activate myofibroblasts. Figure made with Biorender
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associated with the mesenchymal cell state, including N-cadherin, vimentin,
and fibronectin [16•]. EMT is regulated by EMT-inducing transcription factors
(EMT-TFs), which induce gene expression to promote the mesenchymal cell
state while repressing the epithelial state [25]. EndoMT is a similar trans-
differentiation process in which endothelial cells lose the ability to express their
phenotypic markers as well as their morphology and express mesenchymal cell
markers [26], and has been better described in SSc [27–29].

Regulation of myofibroblast activation

Once formed, myofibroblast function is influenced by a variety of cellular,
biochemical, and mechanical cues. Cellular interactions include direct interac-
tions with endothelial cells, macrophages, lymphocytes, and epithelial cells
which may activate or suppress matrix formation based on their context. This
section will focus on biochemical factors which include paracrine and autocrine
cytokines/chemokines/growth factors which can either promote or inhibit
myofibroblast differentiation and activity.

Myofibroblast-inducing factors
Among the most important pro-fibrotic secreted factors include TGF-β,
endothelin-1, connective tissue growth factor (CTGF), platelet-derived growth
factor (PDGF), IL-6, IL-4, and IL-13 [4••].

TGF-β is the prototypic and probably most influential growth factor in its
ability to induce myofibroblast differentiation [30]. There are three isoforms of
TGF-β, and while all have effects of fibrotic processes, the TGF-β1 isoform has
been most closely associated with fibrosis [31]. TGF-β1 is usually bound to
latency-associated protein (LAP) which keeps it inactive. By binding cytokines
[32] or myofibroblast contraction [33], LAP dissociates and TGF-β becomes
active such that signal passes through the membrane and phosphorylates the
intracellular SMAD2/3 proteins which subsequently enables transcription of
pro-fibrotic genes. TGF-β’s role in fibrosis, SSc, and the myofibroblast pheno-
type is extensive and has been reviewed elsewhere [34, 35•].

Beyond TGF-β, developmental pathways like the Wnt/ β-catenin pathway
are upregulated in fibrotic tissue and have found to promote fibroblast prolif-
eration and myofibroblast differentiation through both TGF-dependent and
TGF-independentmechanisms[36–38]. Other pathways like Hedgehog [39, 40]
and Notch [40, 41] are also found to be over-expressed in systemic sclerosis
fibroblasts and are thought to contribute to the myofibroblast phenotype.
Another critical pro-fibrotic pathway is the YAP/TAZ signaling pathway which
drives profibrotic signaling through matrix synthesis, contraction, and prolifer-
ation, particularly in the context of a stiff matrix [42, 43].

IL-4, IL-6, IL-11, IL-13, and IL-17 have all been deemed pro-fibrotic cyto-
kines. IL-6 is a potent inducer of matrix production in fibroblasts by increasing
TGF-β expression, TIMP-1 synthesis, and myofibroblast differentiation, result-
ing in collagen accumulation [44–46]. IL-4 has been demonstrated to be a pro-
fibrotic cytokine participating in cutaneous, cardiac fibrosis, pulmonary fibro-
sis, and hepatic fibrosis, and has been shown to induce fibroblast proliferation,
myofibroblast differentiation, and collagen production in vitro [47, 48]. IL-13 is
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increased in the serum and lesional tissue of patients with SSc, an in vitro
stimulates fibroblasts both to proliferate and increase ECM synthesis [47, 49].
IL-17 levels are increased in the peripheral blood and tissue of SSc patients, and
IL-17 treatment enhances the proliferation and differentiation of fibroblasts,
although its influence is more nuanced and also has the potential to participate
in protection from fibrosis depending onmolecular and organ context [50, 51].
IL-11 has recently been described as a potent mediator of both inflammation
and fibrosis [52], and has been found to be upregulated in SSc lung fibroblasts
[53]. It is highly expressed on stromal, epithelial, and polarized cells, and non-
canonical IL-11 signaling leads to myofibroblast activation and inhibition of
tissue regeneration [53].

Connective tissue growth factor (CTGF) is a cysteine-rich secreted
matricellular protein of the CCN family of extracellular matrix proteins which
has several roles in wound repair and fibrosis and is induced by TGF-beta and
endothelin-1 [54, 55]. Overexpression of CTGF in fibroblasts accelerates fibro-
sis in the skin, lung, kidney, and vasculature [56]. CTGF-deficient mice show
resistance to bleomycin-induced fibrosis, primarily through a defect in myofi-
broblast recruitment [57].

Activation of PDGF/PDGFR signaling pathway has been observed in many
fibrotic diseases[58]. In SSc fibroblasts, it was found that PDGF-a synthesis is
driven by IL-1-α and PDGFR expression is upregulated in response to TGF-β
thereby creating an autocrine loop leading to expansion of fibroblast matrix
deposition. Blocking PDGF receptors inhibits myofibroblast formation and
PDGF has induced myofibroblast activation while blocking its action inhibits
myofibroblast activation [59].

Myofibroblast-inhibiting factors
There are fewer bonafide anti-fibrotic cytokines and growth factors than pro-
fibrotic, which represents a challenge in targeting the myofibroblast therapeu-
tically. A few of the described molecules that inhibit myofibroblast differenti-
ation or function include TGF-β3, PPAR-γ FGF2, and interferon-γ.

While TGF-β1 and TGF-β2 are among the most important pro-fibrotic
cytokines, TGF-β is often inhibitory as it has been shown to exert
myofibroblast-suppressing and generally antifibrotic effects [60].

PPAR-gamma is a critical regulator of adipogenesis and is also a key anti-
fibrotic regulator [61, 62]. Multiple studies have shown that PPAR-γ pathway
expression is decreased in SSc and other fibrotic diseases, and that loss of PPAR-
γ signaling is pro-fibrotic [63, 64].

Fibroblast growth factor 2 (FGF2) has also been implicated as a key sup-
pressor of fibrosis; it reduces ASMA expression and antagonizes TGF-b1 signal-
ing [65]. In fact, multiple FGF family members including FGF1, FGF2, and
FGF9, and FGF10 can antagonize TGF-β1-induced myofibroblast differentia-
tion and collagen production and thus may represent a class of anti-fibrotic
molecules [66].

Interferon (IFN)-γ is an important pro-inflammatory cytokine produced by
T cells and interestingly also has been shown to suppress ASMA expression in
fibroblasts [67]. The myofibroblast-suppressing effect of IFN-γ appears to be
mediated by activation of the repressor protein YB-1, which translocates to the
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nucleus and interferes with Smad3-mediated transcription of TGF-β1-induced
genes [68].

Matrix stiffness effects on the myofibroblast

Matrix stiffness significantly contributes to myofibroblast differentiation and
function: contraction of collagen into scar tissue is a primary function of
myofibroblasts needed tomaintain the mechanical integrity of damaged tissue.
A mature scar is stiffer than the normal ECM and thus provides resistance to
mechanical challenges. When fibroblasts move to a soft scaffold, their fibrils
align, resulting in a denser ECM with increased stiffness [69]. Specifically, the
mechanism of mechanotransduction in fibroblasts responds to matrix stiffen-
ing with changes in actin dynamics that favor filamentous actin polymerization,
and this can be mediated by MKL1 a serum response factor coactivator which
promotes the expression of ASMA [70].

The stiffness of the ECM also plays an important role in TGF-β activation.
There is a requirement for ECM strain in order for TGF-β1 to be activated, and
this serves as amechanical checkpoint for the evolution of tissue repair. As ECM
is slowly contracted by fibroblasts, it achieves a level of organization sufficient
to activate latent TGF-β1. The available TGF-β1 can then further differentiate
fibroblasts into myofibroblasts when remodeling of the strained and stiffened
ECM requires increased force [71•].

A keymolecular pathway related tomechano-signaling is the integrin family
[72]. Integrins are upregulated in response to tissue stiffness and play an
important role in regulating the fibroblast/mesenchymal cell-to-myofibroblast
differentiation. The expression of both av and α1 integrins increases upon TGF-
β1 treatment and blocking these integrins prevents TGF-β induced myofibro-
blast differentiation [73]. Mechanotransduction results in rapid changes in
cellular mechanics by affecting gene expression, which requires integrin-
dependent RhoA signaling and downstream actin dynamics. Mechanical stretch
on integrins activates FAK and Src family kinases and induces cell stiffening.
RhoA subsequently promotes stress fiber formation through the activation of
Rho-associated coiled-coil containing protein kinase (ROCK) [72].

YAP (Yes-associated protein) and TAZ (transcriptional coactivator with
PDZ-binding motif) are important transcription factors in the Hippo family
that translocate to nucleus in response to matrix stiffening [74]. Increased ECM
stiffness promotes nuclear localization of YAP and TAZ and upregulation of
their target genes, with actin cytoskeleton tension resulting frommanipulations
of rigidity representing a link between ECM stiffness and YAP/TAZ activation.
High ECM stiffness promotes cell spreading and subsequently leads to actin
cytoskeleton tension, which in turn results in nuclear translocation of YAP/TAZ,
at least partially through RhoA which functions as an ECM stiffness sensor [74].

Apoptosis in myofibroblasts

Apoptosis is the process by which cells undergo programmed death, and
relative to fibroblasts, myofibroblasts have traditionally been viewed as resis-
tant to this process. Myofibroblasts evade apoptosis by remaining activated
after pro-survival biomechanical and growth factor signals from the fibrotic
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microenvironment. However, there is a growing literature that suggests that
myofibroblasts are actually primed for apoptosis when survival pathways are
inhibited and that theymay therefore not need to be resistant to apoptosis [75•,
76•].

Apoptosis can be mediated by both an intrinsic and an extrinsic pathway
[77]. The intrinsic pathway is triggered by stimuli such as DNA damage,
oxidative stress, radiation, nutrient damage and induces apoptosis by promot-
ing mitochondrial outer membrane permeabilization and cytochrome-c-
dependent activation of caspases, and is regulated by BCL-2 proteins. The
extrinsic pathway is activated by binding of extracellular death ligands such as
FAS, TNF receptors, and other death receptors which then signal via caspases to
initiate apoptosis by cleavage and activation of pro-caspase 3.

The expression of pro-apoptotic and pro-survival molecules determines
mitochondrial priming, the degree to which mitochondria approach the apo-
ptotic threshold [75•]. In myofibroblasts, TGF-b acts as a key regulator of
apoptosis by inhibiting the intrinsic pathway by activation of ABL signaling
which promotes pro-survival proteins and also by inhibiting the pro-apoptotic
protein BCL-2 by FAK-P13K-AKT signaling. TGF-β also inhibits extrinsic path-
way by inhibiting sphingomyelinase which thereby protects the cells from
FASL-induced apoptosis. Biomechanical signaling also inhibits intrinsic path-
way by signaling through the TGF-β, FAK, YAP-TAZ, BCL-XL and ROCK, MRTF,
BCL-2 pathways [76•]. Matrix stiffness can also induce the expression of
microRNAs miR-21 and miR-29a that promotes the survival of myofibroblasts
by increasing expression of BCL-2 and reducing the expression of pro apoptotic
BAX mRNA [78, 79].

Impact of immunomodulatory drugs used in SSc on
myofibroblasts

In SSc, until the recent advent of antifibrotic agents, immunomodulation has
been themainstay of therapy for the treatment of organ fibrosis.While there not
a lot of mechanistic studies which clearly identify the roles of immunomodu-
lation in treating fibrosis, there are some data which suggest that immunomod-
ulatory agents used in SSc may have some anti-fibrotic and therefore anti-
myofibroblast properties.

Mycophenolate
Often, the first-line agent for skin and lung fibrosis, myophenolate mofetil
(MMF), has some preclinical evidence of inhibition of myofibroblast function.
In a rat model of renal injury after subtotal nephrectomy, mycophenolate
treatment led to a significant reduction in myofibroblast infiltration and reduc-
tion in renal type III collagen deposition [80]. In vitro, mycophenolate was also
found to decrease the expression of ASMA and decreasing the myofibroblast
contractility and scar formation [81]. Moreover, MMF also exhibited a dose-
dependent decrease in fibroblast proliferation.
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Tocilizumab
Tocilizumab (TCZ) is an interleukin-6 (IL-6) receptor blocker. SSc patients were
treated with tocilizumab for 24 weeks in the phase 2 faSScinate study [82••]. In
this study, while the primary endpoint was not achieved, the subset of patients
with interstitial lung disease (ILD) with elevated acute phase reactants showed a
significant trend toward improvement, and this data has led to an FDA approval
for tocilizumab for SSc-associated ILD [83]. A sub-study was performed in
which skin biopsies from patients in the faSScinate trial were assessed [45],
and dermal fibroblasts from patients treated with TCZ showed a variety of
improvements suggesting that there was an anti-fibrotic effect. These included
a decrease in migration and contractility, as well as a substantially altered the
genomic phenotype with normalization of gene expression profiles dominated
by TGFβ-regulated genes and molecular pathways including the interleukin
6/STAT3 cluster.

Cyclophosphamide
Cyclophosphamide (CYC) is an immunosuppressive agent that acts via its
metabolite mustard to create DNA crosslinks and induce cell apoptosis which
has efficacy in SSc-related interstitial lung disease.Whilemechanistic studies are
lacking, a study assessed its role in skin fibrosis and showed that SSc patients
treated with CYC had reduced myofibroblast numbers and reduced hyalinized
collagen compared to placebo-treated patients [84].

Abatacept
Abatacept is a fusion protein of the extracellular domain of CTLA-4, a
costimulatory T-cell co-stimulatory molecule, and an IgG1 Fc fragment.
Pre-clinically, abatacept in reduced bleomycin induced dermal fibrosis in
mice [85]. It was found that abatacept-treated mice had reduced T-cell
activation, decreased resident fibroblast activation, decreased TGF-β sig-
naling leading to reduction in myofibroblasts counts by 41%, dermal
thickness by 48%, and hydroxyproline content of skin by 63% as com-
pared to controls. A similar anti-fibrotic effect was seen in the chronic graft
versus host disease–induced model of skin fibrosis [85]. In mice lacking T-
cells, these effects were not observed suggesting that abatacept acts via T
cells to exert its anti-fibrotic effects. The phase 2 ASSET trial [86] assessed
the efficacy of abatacept in reducing skin fibrosis in patients; while the
study did not meet its primary endpoint of changes in modified Rodnan
skin score (MRSS) at 12 months, secondary outcome measures including
gene expression studies which found that a subset of patients improved on
abatcept, particularly those who had an inflammatory intrinsic gene
subset.

Tofacitinib
Tofacitinib is an inhibitor of JAK1 and JAK3 which has been suggested as a
potential treatment for SSc and is in clinical trials. In a study evaluating the JAK/
STAT pathway in renal fibrosis, tofacitinib-treated mice exhibited fewer
myofibroblasts and fewer fibrotic changes in mice after initiation of unilateral
ureteral obstruction-induced kidney fibrosis [87].
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Emerging anti-fibrotic therapy

Beyond immunomodulatory agents, there has been an increasing focus on
trying to develop therapies which are truly anti-fibrotic. Data suggesting the
efficacy of nintedanib [88••] and pirfenidone [89] for idiopathic pulmonary
fibrosis (IPF) has ushered in a new class of agents and made anti-fibrotic
therapy a potential primary or at least an adjunctive treatment strategy in SSc.

Pulmonary fibrosis and interstitial lung disease (ILD) in systemic sclerosis
(SSc) are a major cause of morbidity and mortality. Increased numbers of
smooth-muscle alpha-actin-positive myofibroblasts are found in the early fi-
brotic lung process and may be detected via bronchoalveolar lavage [90, 91].
These myofibroblasts produce significant extracellular matrix along alveoli,
impairing gas exchange and damaging normal pulmonary architecture [4••].
They also may increase pulmonary arterial pressures directly by damaging
arterioles and indirectly via release of endothelin-1, a potent vasoconstrictor
[4••].

Nintedanib
Recently, nintedanib (a.k.a. BIBF 1120) has emerged as treatment for SS-
associated ILD. Nintedanib inhibits the receptor tyrosine kinases fibroblast
growth factor receptor (FGFR)-1, vascular endothelial growth factor receptor
(VEGFR)-2, and platelet-derived growth factor receptor (PDGFR)-α and β [92].
In vitro studies of human pulmonary fibroblasts treated with nintedanib found
it was antiproliferative, decreased TGF-β-induced transformation to
myofibroblasts, and decreased TGF-β-induced collagen deposition [93]. It also
may have in vitro anti-angiogenic properties [94].

The clinical efficacy of nintedanib was first demonstrated in idiopathic
pulmonary fibrosis. In a phase II trial in patients with IPF, 52 weeks of

Fig. 2. Existing and emerging targets for myofibroblast-directed therapy. In addition to existing therapies which target cytokines
such as IL-6, newer anti-fibrotic compounds such as nintedanib represent multi-potent growth factor inhibitors. In addition to
these classes, emerging therapies are poised to target the myofibroblast by inducing apoptosis and phagocytosis, as well as
blocking intracellular signaling. Figure made with Biorender
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nintedanib therapy resulted in a decreased reduction in forced vital capacity
(FVC) decline and acute disease exacerbations [95]. Two phase III trials further
studied nintedanib in IPF [96, 97]. The results confirmed that nintedanib
therapy over 52 weeks decreased the decline in FVC in both phase III trials
and decreased acute exacerbations in the second phase III trial [97]. Amajor side
effect of nintedanib in the trials was diarrhea, which occurred in over 60% of
users, but lead to discontinuation of the medication in less than 5% [97].
Following these trials, Nintedanib was studied in SSc-associated ILD. A phase
III trial showed that 52 weeks of therapy with nintedanib resulted in a mild
decrease in the rate of decline in FVC (− 52.4 ml per year vs − 93.3 ml per year
in the placebo group), without improvement in the modified Rodnan skin
score or St. George’s Respiratory Questionnaire [88••]. Nintedanib received US
Food and Drug Administration (FDA) approval for SSc-associated ILD in
September 2019.

Tyrosine kinase inhibitors
Inhibition of other tyrosine kinases have been potential targets for treatment of
TGF-β induced fibrosis [98]. The pathophysiology of tyrosine kinases in SSc has
recently been reviewed in detail, and there is good rationale for these agents as
potentially anti-fibrotic [99]. Imatinib mesylate (a.k.a STI571) was noted to
decrease bone marrow fibrosis when used for treatment chronic myelogenous
leukemia (CML), suggesting it had an antifibrotic effect [100]. Early studies with
imatinib demonstrated that it inhibited TGF-β-mediated c-Abl kinase in a
mouse model of bleomycin-mediated lung fibrosis further suggesting it may
have a therapeutic role in fibrotic lung disease [101]. In dermal fibroblast
models of SSc, imatinib decreased TGF-β-mediated extracellular matrix protein
deposition and myofibroblast transformation [102, 103]. Multiple small open-
label trials of imatinib, testing various doses and durations of treatment, have
been conducted in patients with SSc with varying results [104–108]. Significant
edema and gastrointestinal side effects limited tolerability in many of these
studies. Two small double-blind placebo-controlled trials have been conducted.
One discontinued after enrollment of 10 patients due to medication intolera-
bility without findings of improvement in skin disease [109]. The other en-
rolled 28 patients and failed to find improvement in skin or lung disease after
6 months of treatment [110].

Another tyrosine kinase inhibitor, dasatinib, also showed promise to have
antifibrotic effects. It inhibits multiple proteins, including c-kit, BCR-Abl,
PDGFR, ephrin-A receptor kinases, and Src, which is common to both PDGF
and TGF-b pathways [99]. In an open-label trial of 31 SSc-associated ILD
patients, there was no improvement overall in skin disease or pulmonary
function tests, but lung fibrosis stabilized in about two-thirds of subjects as
measured by high-resolution CT scan [111]. However, drug-induced pulmo-
nary hypertension is a known complication of dasatinib, and this potential side
effect limits its use in SSc patients who are already at risk for this manifestation
[112].

Nilotinib is another tyrosine kinase inhibitor ofmultiple proteins, including
BCR-Abl, c-Kit, ephrin-A receptor kinases, and PDGF kinases [99]. In a small
open-label trial in 10 early or active diffuse SSc patients, nilotinib treatment
improved skin disease after 6 and 12 months of treatment; however, two
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patients discontinued the trial due to QTc prolongation on electrocardiogram
and one discontinued due to worsening cardiac disease [113]. Future larger
scale studies of nilotinib may be warranted but cardiac adverse events will need
to be monitored closely.

Pirfenidone
Pirfenidone is another medication used to treat fibrotic lung disease. Its mech-
anism of action is not completely understood, but it is a derivate of pyridine
[114]. It attenuates profibrotic pathways by decreasing expression of TGF-β1,
downstream mediators of TGF-β1 (including SMAD3, α-SMA, tenascin-c, fi-
bronectin, chaperone HSP47), TNF-α, PDGF, bFGF, collagen gene expression,
MMP-9, TIMP1, and MMP-2 [114, 115]. Additionally, pirfenidone has anti-
inflammatory effects with studies demonstrating that it decreases activation of
dendric cells, macrophages, and T-lymphocytes, as well as reduces levels of
proinflammatory cytokines TNF-α, IL-6, IL-10, and IFN-γ [114].

Clinical trials with pirfenidone as treatment for IPF found it to decrease the
rate of decline in FVC and death related to IPF [89, 116]. Pirfenidone was
approved by the US FDA in 2014 for treatment of IPF and in March 2020
received a breakthrough therapy designation for unclassifiable interstitial lung
disease. However, its use in SSc-associated ILD trials has not demonstrated
benefit to-date. A phase II trial assessing tolerability of pirfenidone in SSc-
associated ILD did not find significant change from baseline in FVC, DLCO,
or skin thickening at 16 weeks of treatment [117]. A recent small trial in SSc-
associated ILD did not find an improvement in lung function or skin disease
with pirfenidone treatment compared to placebo at 6 months, although 94%of
SSc subjects had stabilization of FVC [118]. This study was limited by its small
sample size and statistical power. Additional clinical trials are ongoing in SSc-
associated ILD in China and the USA to assess if pirfenidone has role as an
antifibrotic treatment (ClinicalTrials.gov Identifier: NCT03856853,
NCT03221257).

Fresolimumab
Fresolimumab is a human IgG4 monoclonal antibody with the ability to
neutralize all isoforms of TGF-β. In a trial looking at its effects on skin fibrosis
in SSc [119], it was observed that treatment with fresolimumab led to decreased
TGF-b-regulated gene expression of skin biomarker genes including NOX4,
CTGF, and PAI-1. These changes correlated with decrease in skin thickness
(MRSS) suggesting that this was a drug-induced anti-fibrotic effect. Beyond
fresolimumab, other anti-TGF-β treatments are in the developmental pipeline.

CD47 blockade and fibroblast phagocytosis
c-Jun-mediated fibrosis has been shown to be an important pathway which
maintains fibroblasts’ persistently activated state, and blockade of CD47, the so-
called don’t eat me signal on myeloid cells, has been shown to reverse this
process [120]. Recently, studies in both skin [121] and lung [122•] fibrosis have
shown promising anti-fibrotic effects of combination therapy using both anti-
IL-6 therapy and anti-CD47 antibodies to allow macrophages to phagocytose-
activated fibroblasts/myofibroblasts. This approach therefore has the potential
to address both immune and stromal components of SSc and target persistently
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activated myofibroblasts in diseased tissue. Given recent success with anti-
CD47 antibodies in combination with biologics in lymphoma and other
malignancies [123, 124], this approach has potential clinical utility.

Regulators of myofibroblast apoptosis
Another emerging mechanism to counter myofibroblast proliferation in SSc is
the induction of apoptosis in these cells with multiple different agents being
investigated. One compound is ABT-262 [76•]. This agent inhibits BCL-XL, an
antiapoptotic protein continually expressed in myofibroblasts [76•]. Blockage
of BCL-XL with ABT-262 results in myofibroblast apoptosis and improvement
in dermal fibrosis in amousemodel of SSc [76•]. Another agent is TLY012. This
compound is an engineered human TNF-related apoptosis-inducing ligand
(TRAIL) and is able to induce apoptosis in cells expressing its cognate death
receptors [125•]. In a mouse model of SSc, TLY012 was shown to induce
apoptosis in myofibroblasts and reduce dermal fibrosis [125•]. Given the
normal apoptosis resistance of fibrotic myofibroblasts, these therapies are
thought to represent a novel targetedmyofibroblast-specific therapy with better
safety profiles than more non-specific anti-fibrotic agents like tyrosine kinase
inhibitors.

Conclusion

Myofibroblasts are dynamic cells which both promote andmaintain the fibrotic
micro-environment in SSc. They are diverse in origin, have variable activation
states driven by multiple canonical signaling pathways, are influenced by a
variety of soluble factors and mechanical forces, and their persistence is critical
to the progression or resolution of clinical disease. Moreover, increased under-
standing of the molecular pathways influencing myofibroblast biology has
provided a number of new potential targets for treatment in SSc. Current
immunomodulatory therapy has at least a secondary impact on myofibroblast
function, and emerging anti-fibrotic therapies have shown that a variety of
approaches that more specifically target myofibroblasts has the potential to
create more targeted and effective therapies for SSc and other fibrotic illnesses.
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