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Abstract

Purpose of review

The persistence of myofibroblasts is a key feature of fibrosis and in fibrotic diseases including
scleroderma. This review evaluates the emerging concepts of the origins and cell populations that
contribute to myofibroblasts and the molecular mechanisms that govern phenotypic conversion,
that highlight opportunities for new interventional treatments in scleroderma.

Recent Findings

Studies have defined heterogeneity in fibroblast-like cells that can develop into myofibroblast in
normal wound healing, scarring and fibrosis. Characterising these distinct cell populations and their
behaviour has been a key focus. In addition, the overarching impact of epigenetic regulation of
genes associated with inflammatory responses, cell signalling and cell communication and the ECM
has provided important insights into the formation of myofibroblast and their function. Important
new studies include investigations into the relationship between inflammation and myofibroblast
production and further evidence has been gathered which reveal the importance of ECM

microenvironment, biomechanical sensing and mechanotransduction.

Summary

This review highlights our current understanding and outlines the increasing complexity of the
biological processes that leads to the appearance of the myofibroblast in normal functions and in
diseased tissues. We also focus on areas of special interest in particular, studies which have

therapeutic potential in fibrosis and scleroderma.
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Introduction

The myofibroblast is an activated mesenchymal cell-type associated with normal tissue repair as well
as scarring and fibrosis and is characterised by collagen secretion and the expression of a-smooth
muscle actin (aSMA). aSMA form prominent filament bundles known as stress fibres which
reinforce the cell cytoskeleton and promote contractile force generation (1).

Persistent activation to myofibroblast is one of the key aspects of pathological fibrosis that
distinguishes it from controlled wound healing during tissue repair after acute injury. The persistent
response of myofibroblasts to soluble factors, abnormal extracellular matrix (ECM) cues and
dysregulated cellular communication, can lead to further matrix deposition and fibrosis (2). Many
have argued that inhibiting myofibroblast formation may represent an effective way to attenuate
the fibrotic process or even halt or reverse established fibrosis. Therefore, targeting the formation,
function and survival of myofibroblast has been the objective of many studies in fibrotic diseases
such as scleroderma (3). Scleroderma is an inflammatory, autoimmune, fibrotic connective tissue
disease that has long been associated with persistent activation of fibroblasts and other progenitor
cell types towards the myofibroblasts phenotype via the action of Transforming Growth Factor

(TGFPB) and excessive deposition of ECM such as collagen and fibronectin (4).

A complex biological network of processes and factors is known to affect myofibroblast formation
and myofibroblast persistence within tissues (Figure 1). In the past, the best described pathways to
myofibroblast production were centred on activation by TGFB and/or Platelet Derived Growth factor
(PDGF). In recent years, it has emerged that other processes, such epigenetic regulation,
inflammation, inter and intra-cellular communication/miscommunication and alteration in
biomechanics and the ECM, are critical in normal and disease-associated myofibroblast
differentiation. These factors form intricate and elaborate pathways that underpin regulatory
control. Epigenetics influences act on the ECM and the altered stiffness and associated forces it

presents, is exerted on resident fibroblasts, as well as on inflammatory signals and their effect on



fibroblast signalling and cellular functions such as differentiation, proliferation, migration and
survival. An additional facet of an already complex picture, is the identification of fibroblast
heterogeneity. Resident fibroblast subpopulations with varying functionality are likely to have a
profound influence on the morphological and functional heterogeneity of myofibroblasts in both
normal and diseased tissues. In this review, we highlight some of the more recent findings and new
concepts under investigation, as well as discuss the opportunities for novel therapies that arise from

these studies.

Fibroblast Origins and Heterogeneity

The notion of fibroblast heterogeneity and the presence of subpopulation in tissues is not new.
Fibroblast diversity has preoccupied researchers of wound healing and various fibrotic diseases from
as early as the 1980s where work by Klaus Bayreuther (5) identified eleven fibroblast-like cell types
in human skin. Advances in cell phenotyping and genetic markers for lineage tracking has greater
increased our appreciation of fibroblast subsets. In addition, in order to understand the
fibroblast/myofibroblast relationship and functionality, researchers have looked to the origins of
these cells in tissues (6). Potential sources of myofibroblast cell types include the resident tissue
fibroblasts, epithelial cells, bone marrow derived progenitor stem cells, endothelial cells, pericytes,

smooth muscle cells, resident mesenchymal progenitors, and adipocytes (1,7,8).

In 2013, Driskell et al presented a comprehensive mouse skin study which supported the idea that
resident tissue fibroblasts may be a heterogeneous group of cells with specialised functions that
regulate the ECM and coordinate neighbouring cell function (9). These authors demonstrated that
spatial distribution in the upper and lower dermis correlates with distinct lineages. Elegant cell
tracking studies using the developmental homeobox transcription factor engrailed 1 also identified
an intrinsic fibroblast lineage, exhibiting surface expression of CD26 (DPP4; dipeptidyl peptidase-4),
and responsible for healing and fibrosis, when explored in in vivo models (10). There is now good

evidence suggesting that DPP4(CD26) can regulate inflammatory responses, defines a pro-fibrotic



fibroblast population and suggests that DPP4(CD26) inhibition may be a potential treatment of

fibrosis in the skin and other organs (11).

Recent studies have also identified distinct human fibroblast lineages and a variety of sub-
populations that may result in pro-fibrotic phenotypes. Using single-cell RNA sequencing on healthy
skin fibroblasts, Tabib et al identified two major fibroblast populations defined by expression of
SFRP2/DPP4(CD26) and FMO1/LSP1 and 5 minor populations with different functional roles in
inflammation and regulation of ECM deposition (12). A different study exploring human dermal
fibroblasts, identified at least four distinct subpopulation were identified based on of lin-CD90,
CD39, RGS5 and DPP4(CD26), each with distinct morphology and cellular function in terms of WNT

signalling and interferon responsiveness (13).

Other recent studies have highlighted different sources of fibrosis-associated myofibroblasts. A
perivascular mesenchymal stem cell-like population expressing the hedgehog transcriptional
activator Glil is a myofibroblast source of solid organ and bone marrow fibrosis (14,15). Inhibition of
Glil directly or indirectly has therapeutic potential in targeting a particular pro-fibrotic myofibroblast

population in organ-based fibrosis (16).

Inflammation and the myofibroblast

Inflammation can trigger a range of signalling pathways which ultimately result in tissue fibrosis.
Both chronic inflammatory responses and the impairment of resolution of inflammatory cues can

result in pro-fibrotic signalling.

Interleukin-6 (IL-6) is critical in the activation of fibroblasts in scleroderma (17). Taking advantage of
the ‘faSScinate’ study in which scleroderma patients were treated with tocilizumab (an IL-6 receptor
blocking antibody), Denton et al investigated the effects of IL-6 on fibroblast biology in vivo. They
used explant dermal fibroblast cultures to demonstrate a profound effect of IL-6 on myofibroblast

activation, highlighted the interactions between the TGFf and IL-6 pathways, proposed IL-6 blockade



as a way to regulate TGFB-induced fibrotic pathways in addition to inflammatory pathways and

raised the interest in IL-6 antagonism as a possible treatment for scleroderma (17).

Increased Toll-like receptor (TLR) activation has been demonstrated during injury and in patients
with persistent tissue fibrosis. Subsequently, a range of studies have identified ways to
therapeutically target TLR signalling. A novel function of the ubiquitin-editing cytosolic enzyme and
major TLR negative regulator, A20, has been shown to attenuate TGFB and lipopolysacharide-
induced fibrotic responses. Thus, adiponectin, which upregulates A20 expression and reduces
collagen expression, aSMA and other pro-fibrotic gene expression by antagonising intracellular
TGFB/Smad signalling, has been proposed as a potential anti-fibrotic treatment (18). TLR4 activation
is also affected by the EDA but not EDB splice variant of fibronectin , and a continuous exposure of
resident fibroblasts to the EDA variant is thought to cause the persistent cutaneous fibrotic
phenotype through a TLR4/TGFB signalling cascade (19). Similarly to fibronectin, only one of the two
splice variants of the glycoprotein tenascin-C has been positively correlated with SSc skin biopsies
and TLR4 activation after RNA-Seq (19). Targeting specific splice variants of fibronectin and tenascin-
C leads to a reduction in fibrotic responses as T5342126, a compound which blocks association of
TLR4 with its co-receptor MD2, was shown to prevent myofibroblast differentiation, collagen 1
stimulation and to reverse organ fibrosis in mice, highlighting the role of TLR4 in myofibroblast and

fibrosis (20).

NLRP3 inflammasome-driven collagen production is another process that characterises persistent
skin fibrosis. Interleukin 1 (IL-1)-induced miRNA-155 has been shown to modulate fibrosis by
upregulating NLRP3 inflammasome-driven collagen production. Potential inhibitors of IL-1 signalling

(i.e. Rilonacept), have thus been proposed as potential scleroderma therapies (21).

Epigenetic effects on fibroblast activation




Epigenetic regulation of several key wound healing processes and ECM components ensures tissue
homeostasis (22). However, epigenetic alterations in patients with organ fibrosis, thought to be
triggered by persistent inflammation and pro-fibrotic cytokine signalling, can promote myofibroblast

phenotype and aid the initiation and establishment of fibrosis (23,24).

Various epigenetic modifications, such as DNA methylation, histone modifications and microRNAs
cause or enhance the fibrotic phenotype. Friend-leukemia Virus Intergation 1 (FLI1) and Kriippel-like
factor 5 (KLF5), are both epigenetically silenced due to their hypermethylation in scleroderma, while
double heterozygous mice (FLI1*", KLF5") spontaneously develop fibrotic hallmarks in the skin and
oesophagus, such as impaired collagen fibril structure, and characteristic cytokine and chemokine
expression profiles (25). FLI1 downregulation has also been found to contribute to autoimmune
response activation by activating autoimmune regulator (AIRE) expression in the thymus, connecting
epigenetic modulation and the control of inflammatory processes during the fibrotic reaction (25).
Methyl-CpG-binding protein 2 (MeCP2) has been identified as an anti-fibrotic epigenetic regulator,
as it can inhibit fibroblast trans-differentiation, migration and proliferation as well as modulate pro-
fibrotic genes such as COL1A1 and a-SMA. Mediators like NID2, PLAU and ADA can be regulated to
overexpress MeCP2 in scleroderma fibroblasts and thereby attenuate pro-fibrotic responses (26).
Pharmacological or genetic inactivation of Jumonji domain-containing protein 3 (JMJD3) — a histone
demethylase with an increased TGFB-dependent expression in scleroderma — can also lead to anti-

fibrotic effects on fibroblasts, mediated by the downregulation of the transcription factor FRA2 (27).

Poly(ADP-ribose) polymerase-1 (PARP-1) negatively regulates the canonical TGFp signalling cascade
in skin fibroblasts by inhibiting TGFB/Smad3 signalling. In SSc, TGFB signalling silences PARP-1 by
hypermethylating its promoter region, leading to enhanced skin fibroblast activation and collagen
production. The use of small molecule inhibitors for DNA methyltrasnferases has already been
approved for clinical use (i.e. 5-azacytidine) and could also be applied to de-methylate PARP-1 and

facilitateblocking of TGFB/Smad signalling (28).



Histone deacetylase (HDAC) inhibitors have also emerged as potential anti-fibrotic therapies.
Scriptaid, a recently identified HDAC inhibitor, has shown anti-fibrotic properties through blocking
TGFB-induced fibrotic responses in fibroblasts, reducing ECM deposition, contractility and stiffness
(29). Furthermore, Akamata et al (27) have identified the mitochondrial deacetylase sirtuin3 (SIRT3)
as a target for fibroblast activation in scleroderma and other fibrotic diseases (30). These authors
demonstrated that SIRT3 has anti-fibrotic functions in skin and lung fibroblasts and these
propertiesare impaired in scleroderma and using a novel SIRT3 agonist (hexafluoro) inhibits TGFj-

induced responses in vitro and in vivo.

Cell signalling and myofibroblast differentiation

TGFB signalling has long been established as an important driver of both myofibroblast
differentiation in fibrosis and in scleroderma. Apart from the canonical TGFB-induced activation
through SMADs and non-canonical activation involving MAPK, Rho, JNK, PI3K/AKT and Focal
Adhesion Kinase (FAK) pathways, TGFB orchestrates effects of other critical pathways such as the
WNT/B-catenin and Hippo pathways (7,31) which have important roles in cell growth and survival
metabolism, phenotypic modulation, epithelial-mesenchymal transition (EMT) and Endo-

mesenchymal transition (EndoMT).

Recently, Wei et al investigated the role of the non-neuronal cyclin-dependent kinase (CDK5) and its
activator p35 (CDK5R1) in persistent myofibroblast production and fibrosis in scleroderma (32). They
demonstrated that CDK5 is up-regulated by TGFB and expression is elevated in scleroderma dermal
fibroblasts resulting in increased profibrotic gene expression. The specific CDK5 inhibitor
Roscovitine, attenuated the myofibroblast phenotype and reduced collagen levels in scleroderma

fibroblasts (32).

A new pathway involves the action of the protein tyrosine phosphatases PTP4Al, found to be

overexpressed in scleroderma dermal fibroblasts, where PTP4A1l promotes TGFB signalling by



enhancing extracellular regulated kinase (ERK) activity and stimulating SMAD3. PTP4A1, which also
interacts with and inhibits SRC kinase basal levels and activity, may be a selective therapeutic target
for TGFB-induced fibrosis (33). Bosutinib, a third generation Src kinase inhibitor has also been tested
in vivo, validating its anti-fibrotic effects as a result of Src/c-Abl kinase suppression and their inability
to control TGFB signalling, resulting in a dose-dependent decrease in skin fibrosis, collagen
deposition, hydroxyproline levels, connective tissue growth factor (CTGF) , ERK1 & 2 as well as other

pro-fibrotic genes (34).

Another novel signalling pathway was reported by Tomcik at al who demonstrated enhanced
expression of the tribbles homologue 3 (TRB3) pseudokinase through TGFp signalling to bind and
activate Smad3 transcription factors in order to increase collagen secretion and induce a positive

TGFB/Smad3 signalling feedback loop to regulate fibroblast activation (35).

Aberrant metabolic processes that lead to the Warburg effect, mitochondrial dysfunction and
oxidative stress, have been described in both fibrosis and scleroderma (36). In a recent study,
Goodwin et al demonstrated how hypoxia induced glycolytic reprogramming promotes lung
myofibroblast differentiation (37) and suggested that targeting glycolysis may be a therapeutic

alternative for patients with pulmonary fibrosis.

Responses to the ECM

Extensive ECM deposition is another hallmark of fibrosis which has long been thought of as just the
consequence of a fibrotic state. However, one fundamental aspect of pro-fibrotic environment is
the regulation of fibroblast mechanoactivation towards the myofibroblastic phenotype, a process
that is controlled largely by matrix stiffness (38). Fibroblasts can probe, interrogate and ‘sense’ the
ECM by interactions with their integrin-bound focal adhesion complex. Fibroblast can then integrate
these mechanical cues into specific intracellular signalling pathways depending on ECM stiffness. In a

stiff fibrotic environment, myofibroblasts persist, producing and crosslinking ECM components



excessively, through multiple feed-forward loops and mechanotransduction pathways which

promote the establishment of fibrosis (39).

Many studies aim to dissect the mechanotransduction pathways in organ fibrosis and how the ECM

micro-archecture is involved, in order to identify targets to develop novel therapeutic strategies.

The HIPPO pathway appears the only identified mechanosensing pathway that negatively regulates
fibrosis by blocking Yes Associated Protein (YAP) nuclear localisation via its phosphorylation and
degradation. Liang et al have recently shown that myofibroblast trans-differentiation occurs as a
result of YAP activation in response to altered ECM stiffness, forming a feed-forward loop resulting
in kidney fibrosis through the Hippo mechanosensing pathway (40). The use of verteporfin in mouse
unilateral ureteral obstruction (UUO) models was also found to prevent UUO-induced matrix
deposition and fibrosis through blocking YAP/TEAD association and consequently nuclear localisation
(40). Other studies have found that, bleomycin-induced skin fibrosis in mice was prevented with the
use of dimethyl fumarate, where YAP/TAZ nuclear localisation is blocked through the inhibitory
phosphorylation of phosphatidylinositol 3 kinase/protein kinase B on the Akt/GSK3B/YAP/TAZ
mechanotransduction pathway (41). Downregulation of the Akt mechanosensing pathway has also
been achieved through the use of selexipag and ACT-333679, to reduce expression and production
of the ECM proteins collagen 1 and fibronectin, potentially interfering with the pro-fibrotic

myofibroblast activity in scleroderma (42).

Collagen bundle alignment is another important characteristic of the fibrotic matrix and has recently
been correlated to the directed cell migration of fibroblasts towards the ECM and inhibited cell

division via the upregulation of Arhgdib (Rho GDP-dissociation inhibitor 2) (43).

Notably, the use of KW6002 a selective antagonist of the Adenosine A,, Receptor which upon

stimulation promotes the production of collagens 1 and 3, has been studied in the murine model of

10



bleomycin-induced dermal fibrosis. KW6002 reduced skin thickness, myofibroblast accumulation and

collagen bundle alignment, through crosstalk with the WNT/B-catenin signalling pathway (44).

Finally, stiff matrix cell stimulation has been shown to block myofibroblast apoptosis and enhance
the fibrotic phenotype through the FAK/YAP/TAZ/BCLXL mechanotransduction pathway that affects
the expression of the BCL-XL (B-cell lymphoma-extra large) gene (45). As a result, it was shown that
apoptosis pathways can be re-activated through interrupting mechanotransduction signals using
navitoclax (ABT-263), a drug which blocks BCL-XL action leading to a reduction of fibrosis in

bleomycin mice (45).

Conclusion

Myofibroblasts are prevalent in most organs. They are metabolically active, contractile, regulate
connective tissue homeostasis and are pivotal coordinators of tissue repair. The identification of
mesenchymal progenitor populations and fibroblast heterogeneity suggests myofibroblasts may
arise from diverse developmental origins. In fibrosis, critical changes in myofibroblast phenotype
and function, such as matrix production, growth factor secretion and increased survival and
persistence are regulated by aspects of inflammation, epigenetic modifiers, cell signalling and ECM
composition and architecture alterations. Recent studies delineating the key regulatory pathways
and networks involved have revealed potential new and innovative targets for improved and

effective treatment of fibrosis.

Key Points

e Recent studies strongly suggest that the origins of myofibroblast may reside in diverse cell
populations and progenitors cell types.

e Resident dermal fibroblast are highly heterogeneous cell populations with distinct
development origins and exhibiting different intrinsic transcriptional programmes and

functional properties in tissue maintenance, repair and fibrosis
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e Exciting data highlight the role of several epigenetic regulatory pathways in governing the
extent, tempo and severity of tissue fibrosis

e ECM stiffness and biomechanical cues are critical drivers and regulators of fibrosis and there
are specific cell signalling pathways that are involved in sensing the extracellular
microenvironment

e New studies focus on distinct, selective and innovative treatment modalities for fibrosis
centred around evidence-based pathobiology targeting aspects of inflammation, cell
signalling pathways, epigenetics regulators/modulators and critical interactions with the

stromal environment.
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Figure legends

Fig 1. Myofibroblast activation.

Key factors affecting the establishment of myofibroblasts include the origin of subpopulations within
tissues, epigenetic regulation of critical cellular processes involved in tissue remodelling such as

inflammatory responses and cell interactions with ECM and its biomechanical properties.
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Myofibroblasts modify the ECM and can themselves induce alterations in these processes which

result in persistent and sustained activation (red arrows).
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