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Abstract

Tissue repair and fibrosis, an abnormal form of repair, occur in most human organs in response to
injury or inflammation. Fibroblasts play a major role in the normal repair process by differentiating
into myofibroblasts that synthesize extracellular matrix (ECM) components and favor tissue
remodeling to reestablish normal function and integrity. However, their persistent accumulation at the
site of injury is a hallmark of fibrosis. Autophagy is a catabolic process that occurs in eukaryotic cells
as a stress response to allow cell survival and maintenance of cellular homeostasis by degrading and
recycling intracellular components. Recent advances identify autophagy as an important regulator of
myofibroblast differentiation, tissue remodeling, and fibrogenesis. In this mini-review, we provide an
overview of the interactions between autophagy, ECM, and fibrosis, and emphasize the molecular
mechanisms involved in myofibroblast differentiation. We also describe the emerging concept of
secretory autophagy as a new avenue for intercellular communication at the site of tissue injury and

repair.
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Introduction

Tissue repair refers to the restoration of tissue architecture and function after injury. The
capacity to repair damaged tissues in response to injury or inflammation is essential for the survival of
eukaryotes. Tissue repair occurs through two types of reactions: regeneration of injured tissue and
formation of scars that result from the excessive deposition of connective tissue. Repair leads to
complete tissue restoration without any lingering trace of the initial aggression and of the inflammatory
response that followed. This can be observed after limited destructive aggressions in tissues capable of
cell regeneration. In contrast, scar formation occurs when the damaged tissue cannot regenerate (e.g.
neurons or myocardial muscle cells) or when tissue destruction is extensive or prolonged [1]. The
repair process involves numerous growth factors and complex interactions between cells and the
extracellular matrix. Fibroblasts, alongside with endothelial cells [2], play a major role in the synthesis
of the extracellular matrix, which in turn helps maintain tissue integrity. Fibroblasts possess contractile
properties that allow them to migrate and invade the wound site [3]. Cytokines present at the site of
injury along with local modification in the extracellular matrix induce the differentiation of fibroblasts
into myofibroblasts. Myofibroblast can originate from mesenchymal cells, progenitor cells, smooth
muscle cells, and hepatic stellate cells. They can also originate from the epithelial to mesenchymal
transdifferentiation (EMT) of an epithelial cell. As fibroblasts is the best studied and most common
source of myofibroblasts, myofibroblast differentiation described in this review will refer to that of
fibroblasts. Differentiated myofibroblasts secrete extracellular matrix (ECM) components such as
collagen, elastin, fibronectin, and proteoglycans like perlecan and decorin [4] and acquire a contractile
phenotype through enhanced expression of alpha-smooth muscle actin and formation of stress fibers.
Myofibroblasts are essential effectors of normal tissue repair by promoting tissue remodeling and
wound closure. During fibrosis, a scarring type of repair, persistent myofibroblast accumulation at sites

of injury fuels inappropriate ECM deposition and tissue contraction, culminating in organ and/or tissue
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dysfunctions [5]. Thus, the presence of myofibroblasts at the injury site is a normal finding, while their

unabated accumulation is a hallmark of scarring and fibrosis.

Autophagy is a stress response of eukaryotic cells that allows the degradation and recycling of
intracellular components. It behaves as an adaptive response allowing cell survival in the absence of
nutrients. It also helps maintain cellular homeostasis allowing the recycling of proteins and non-
functional organelles. Various conditions such as ischemia, fasting, birth, and exercise induce
autophagy [6]. Three main types of autophagy have been described: macroautophagy, microautophagy,
and chaperone-mediated autophagy. Macroautophagy is characterized by the sequestration of part of
the cytoplasm, including organelles, in a vacuole formed by a double membrane called autophagosome.
The latter fuses with the lysosome to form an autolysosome where its content is degraded. Autophagy
related (ATG) proteins are key players in the regulation of autophagy. More than 30 ATG proteins
have been identified so far and are involved in the biogenesis, elongation, and closure of the
autophagosome membrane. Among these ATG proteins, ATG7 allows the activation and
ubiquitination of the Microtubule Associated Protein 1 Light Chain 3 Beta (LC3) followed by
conjugation to ATG3. This will then allow the lipidation of LC3 and its recruitment to the
autophagosome membrane [7]. ATG7 may also allow the formation of the ATG12-ATG5-ATG16
complex which determines the LC3 lipidation site [8]. During chaperone-mediated autophagy, proteins
carrying a specific sequence are recognized by the chaperone Hsp70. This complex associates with the
lysosome membrane protein Lamp2 inducing its oligomerization. The targeted protein is then
translocated in the lysosome using Hsp70 and Lamp2 where it is degraded. Microautophagy is
characterized by the sequestration of part of the cytoplasm by the lysosome membrane directly [9]. All
three types of autophagy converge towards the lysosome which allows the degradation of proteins by
lysosomal hydrolases. Emerging data suggest that autophagosome components can also be released

instead of being degraded, suggesting that autophagy can sometimes behave as a non-classical



80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

secretion pathway [10-12]. The autophagy process described in this review refers to macroautophagy
(Figure 1A). In recent years, findings of dysregulated autophagy in association with development of
fibrosis have fueled an increasing interest on the molecular cross-talk between both pathways. In this
review, we summarize recent advances in our understanding of the molecular pathways controlling

interactions between the ECM, autophagy, myofibroblast differentiation and fibrosis.

Molecular crosstalk between autophagy and myofibroblast differentiation

Both activation and inhibition of autophagy have been associated with myofibroblast
differentiation in various stress conditions highlighting the potentially diverse roles of autophagy in
the different phases of stress response and tissue repair (Tables 1 and 2). In a rat skin model,
spatiotemporal analysis of the autophagic marker LC3 during the wound healing process showed that
functional changes in fibroblasts correlate with alteration of the autolysosomal degradation system
[13]. Multiple studies in different organs have shown a positive correlation between activated
autophagy and myofibroblast differentiation during tissue regenerative processes. Plating adult rat
cardiac fibroblasts on a non-compressible substrate was associated with the mechanical induction of
autophagy and induction of a myofibroblast phenotype. Autophagy induction correlated with the
inhibition of the p38 mitogen-activated protein kinases (MAPK) signaling pathway [14]. In a
laminectomy model in rats, effective tissue regeneration and control of epidural scar hyperplasia were
associated with autophagy. In this study, laminectomy sites presenting scattered epidural scar tissue
featured an increase in autophagy-related protein expression [15]. Studies of fibroblast activation
dynamics in human fibroblasts derived from oral mucosa or gingiva from healthy tissue demonstrated
a causal role for autophagy in myofibroblast differentiation. In this setting, oral mucosa fibroblasts
displayed higher a-SMA and collagen deposition after surgical incision along with autophagy

activation. In contrast, gingiva fibroblasts lacking the capacity to mount an autophagic response failed



103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

to differentiate into myofibroblasts [16]. These studies highlight the need for fine control of autophagy

in specific tissue fibroblasts to allow normal tissue repair without fibrosis and scar formation.

Modulation of autophagy has also been associated with the development of fibrosis and
myofibroblast differentiation of hepatic stellate cells (HSC) (reviewed in Ref. [17, 18]). Autophagy-
dependent activation of HSC into fibrogenic myofibroblasts is considered the central driver of hepatic
fibrosis. Autophagy induces myofibroblast differentiation of HSC by generating fatty acids from the
cleavage of retinyl esters stored in lipid droplets [19]. Blocking autophagy using pharmacological
inhibitors and knockdown of ATG7 attenuated fibrogenic activity [20]. Autophagy counteracts
fibrogenesis in the liver by favoring cellular homeostasis in hepatocytes, macrophages, and liver
endothelial cells [21]. These results highlight the need to take into consideration cell type-specific
autophagy programs and different kinetics of autophagy activation that may contribute either to normal

tissue repair or to perpetuation of myofibroblast differentiation and fibrosis.

Autophagy also plays a pivotal role in fibrogenesis associated with inflammation where its
inhibition suppressed myofibroblast phenoconversion in tlr4-activated cardiac fibroblasts [22].
Autophagy is also essential for the activation of renal interstitial fibroblasts in hyperuricemia-induced
kidney injury. In this model, autophagy inhibition decreases renal accumulation of ECM proteins and
fibroblast activation [23]. We reported that human embryonic lung fibroblasts with prolonged
autophagy induced by serum starvation produce increased levels of connective tissue growth factor
(CTGF) which in turn induces myofibroblast differentiation. Interestingly, myofibroblast
differentiation was induced by TGFB-independent pathways, as demonstrated by the absence of
SMAD signaling and failure of TGFB neutralizing antibodies to prevent autophagy-induced
myofibroblast differentiation [24]. CTGF is a matricellular protein involved in extracellular matrix
remodeling [25] and is upregulated in various chronic fibrotic disorders [26, 27]. It functions as a

downstream effector of TGFB’s fibrogenic actions [28], but can also induce myofibroblast
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differentiation and fibrosis through TGFB-independent pathways [29, 30]. TGFB also regulates
autophagy and myofibroblast differentiation, although the various levels of regulation and cross-talk
between the two pathways remain ill-defined. Some studies have demonstrated in different fibroblast
systems that TGFB promotes autophagy, while others suggested the opposite. TGFB favors kidney
fibroblast differentiation by inducing autophagy through PKCa and S473-Akt activation, two important
downstream targets of the mammalian target of rapamycin complex 2 (MTORC?2) [31, 32]. Another
study also showed that autophagy induction is a requisite for TGFB-induced fibrogenesis in primary
human atrial fibroblasts by targeting ATGS and 7 [33]. Interestingly, many studies suggesting that
autophagy plays a protective role in myofibroblast differentiation used rapamycin as an autophagy
inducer. They concluded that the induction of autophagy inhibits myofibroblast activation and
alleviates TGFB-induced fibrogenesis. It should be noted that these studies did not investigate the
effect of rapamycin per se on the respective activity of mTORC1 and mTORC2 [34-37]. Recent and
mounting evidence suggests a key role for mMTORC?2 in the regulation of myofibroblast differentiation
[24, 38-40]. TGFB has also been shown to reduce autophagy by repressing the expression of several
ATGs, including ATGS and 7, and p62 in normal lung fibroblasts [41]. Inhibition of autophagy with
knockdown of LC3B and ATGS also increased the expression of myofibroblast markers in fibroblasts
extracted from samples of patients with idiopathic pulmonary fibrosis (IPF) [42]. IPF fibroblasts
naturally displayed a persistent decrease in autophagy which was associated with a propensity towards

fibrogenesis [43].

These conflicting results on the role of autophagy in fibrogenesis could be explained by a
number of factors. The duration of autophagy and the environmental conditions may explain why the
knock-down of ATG7 in normal lung fibroblasts under normal conditions promoted the expression of
aSMA and Coll [43], while inhibiting myofibroblast differentiation during persistent serum starvation

[24, 38]. Conflicting studies using rapamycin also suggest sophisticated interactions between
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autophagy and MTORCI1/MTORC2 complexes. MTOR is a serine/threonine-protein kinase and a
member of the phosphoinositide 3-kinase (PI3K)-related kinase family. It is part of two different
protein complexes: MTORCI and MTORC2. MTORCI1 complex is composed of MTOR, the
regulatory-associated protein of mammalian target of rapamycin (RAPTOR), proline-rich Akt
substrate 40kDa (PRAS40), mammalian lethal with sec-13 (mLST8/GBL), DEP domain-containing
mTOR-interacting protein (DEPTOR), Ttil and Tel2. MTORC2 complex contains, in addition to
MTOR, mLST8, DEPTOR, Ttil, and Tel2 which are common to both complexes, rapamycin-
insensitive companion of mTOR (RICTOR), mammalian stress-activated map kinase-interacting
protein 1 (mSinl), and protein observed with rictor 1 and 2 (protor1/2) [44]. MTORCI1 was originally
described as the target of rapamycin, while the MTORC2 complex was defined as being insensitive to
rapamycin (hence the name RICTOR for rapamycin-insensitive companion of mammalian target of
rapamycin) [45]. However, subsequent studies demonstrated that the MTORC2 complex can be
inhibited by rapamycin, under certain conditions, and in certain cell types. Prolonged exposure to
rapamycin prevents the formation of new MTORC2 complexes, thereby inhibiting its activity [46].
MTORCI is mostly known to regulate mRNA translation and cell proliferation via the phosphorylation
of p70 S6 kinase 1 (S6K1) and eukaryotic translation initiation factor 4E binding protein 1 (4E-BP1).
MTORC?2 activation regulates cell survival and reorganization of the actin cytoskeleton via the
phosphorylation of serum and glucocorticoid-induced protein kinase 1 (SGK1), protein kinase C-a
(PKCa), and Akt at Ser473 [44, 47]. However, it was demonstrated that MTORC?2 is also involved in
the expression of stress and hypoxia-induced proteins of potential importance in controlling cellular
adaptation to external stress [48] (Figure 1B). Some studies showed that MTORCI1 was the primary
MTOR complex driving myofibroblast differentiation in IPF fibroblasts, consistent with a protective
role for autophagy in these conditions [49, 50]. However, a growing body of evidence also points to a
central role of MTORC?2 in the modulation of myofibroblast activation (Table 3). It was demonstrated

that the dual inhibition of MTORC1/2 disrupted TGFB-induced myofibroblast phenotype in lung
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fibroblasts [39] and selective inhibition of MTORC2-Akt-S473 axis in pterygium fibroblasts impeded
TGFB-induced myofibroblast differentiation [40]. Moreover, strong MTOR expression and aberrant
activation of S473-Akt has been seen in IPF lung, suggesting a potential role for MTORC2 in this
fibrotic disorder [51, 52]. It has also been shown that MTORC?2 signaling can mediate ECM deposition
in mesenchymal cells upstream of MTORC1 only in fibrotic conditions through an S473-Akt feedback
loop [53]. How autophagy is related to MTORC?2 activation remains unclear. Our group demonstrated
a distinct pattern in MTORC2 signaling in starved fibroblasts, where Akt phosphorylation rapidly
decreased upon starvation followed by spontaneous reactivation after 2 days. The inhibition of
autophagy by silencing ATG7 abolished myofibroblast differentiation driven by MTORC?2, thus
identifying autophagy as an upstream regulator of MTORC?2 [24, 38]. Positive regulation of MTORC2
by autophagy has also been described in colorectal cancer cells, where autophagy mediates receptor
tyrosine kinase (RTK) phosphorylation via regulation of mTORC?2 [54]. Our group identified reactive
oxygen species (ROS) as important mediators of autophagy-induced MTORC?2 activation and
myofibroblast differentiation [38]. Starvation by glutamine-depletion was also shown to induce ROS-
dependent MTORC?2 activation in non-small cell lung cancer cells [55]. Aside from being activated by
ROS, MTORC?2 is also involved in ROS metabolism by regulating the redox state [56]. The levels of
crosstalk between autophagy, ROS production, and MTORC?2 activation are complex and incompletely
defined but dependent on cellular origin and environmental clues and stress that contribute to, and

regulate, myofibroblast differentiation, ECM deposition, and fibrosis.

Impact of the ECM in the regulation of autophagy and fibrogenesis

Excessive ECM deposition is a hallmark of fibrotic disorders. In the last decade, there has been
a growing focus on the impact of ECM components on autophagy and downstream myofibroblast
differentiation. A variety of matrix constituents, such as collagen, decorin, endostatin, and perlecan,

have emerged as regulators of autophagy. These matrix-derived products modulate both autophagy and
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fibrogenesis. While other articles have reviewed ECM-driven autophagy in different cell types, [57,
58], here we present the impact of ECM constituents on the regulation of autophagy in fibroblasts and

their role in myofibroblast differentiation.

Decorin, a small leucine-rich proteoglycan, can evoke autophagy in fibroblasts in a way similar
to what is found in endothelial cells. Decorin induces autophagy through interactions with the VEGFR2
receptor and concomitant activation of AMP-activated protein kinase leading to induction of paternally
expressed gene 3 (PEG3) expression [59]. Interestingly, autophagy induced by serum starvation in
mouse embryonic fibroblasts can also increase decorin expression. This work suggests that decorin
itself can be modulated by autophagic stimuli and initiate a potential positive feedback loop [60].
Whether decorin-induced autophagy modulates myofibroblast differentiation and fibrogenesis has yet
to be determined, but decorin is usually associated with anti-fibrotic properties in a number of animal

models [61, 62].

Endostatin, resulting from the C-terminal cleavage of collagen XVIII-al [63], inhibits TGFB-
induced myofibroblast differentiation by a PDGFR/ERK-dependent signaling pathway [64]. However,
the effect of endostatin on fibroblast autophagy remains ill-defined. Endostatin can induce autophagy
of endothelial cells through interactions with a5b1 integrins [65]. Whether this mechanism can also be

evoked in fibroblasts remains to be evaluated.

Collagen VI (ColVI), a major structural ECM component, plays a crucial role in tissue
homeostasis and function [66]. Recently, a study showed that extracellular collagen VI (ColVI)
modulates autophagy in murine embryonic fibroblasts. Lack of ColVI leads to a dysfunctional
autophagic flux with the accumulation of autophagosomes; adhesion of Col6al—/— fibroblasts onto
ColVI normalized the autophagic flux [67]. Coincidentally, it was demonstrated that Col VI
orchestrates a profibrotic phenotype in human myofibroblasts by increasing their secretion of

chemokines and enhancing their migration and contractility [68]. Denatured collagen I (Coll) also
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regulates autophagy and myofibroblast differentiation. Collagen denaturation occurs as a consequence
of mechanical stress and damage, enzymatic degradation, or matrix remodeling. Different studies
demonstrated that denatured Coll induces autophagy in fibroblasts [69], but also promotes
differentiation of human fibroblasts [70]. Whether myofibroblast differentiation triggered by ColVI
and denatured Coll occurs downstream of autophagy activation remains to be determined. It is
plausible that collagen reorganization and stress in damaged tissues could initiate a positive feedback
loop between myofibroblasts and their environment to promote wound healing or exacerbate fibrosis

[71].

Perlecan is a large, multi-domain heparan sulfate proteoglycan, embedded within the vascular
basement membrane [72]. The functional properties of perlecan in its native form and of perlecan
fragments such as endorepellin and LG3 have been shown to differ on a number of aspects
(angiogenesis, apoptosis, migration, etc). The regulation of autophagy by perlecan is no exception. In
its native form, perlecan acts as an autophagy inhibitor. Using conditional Hspg2 —/— mice, a study
showed that muscle tissue lacking perlecan display an increased number of autophagosomes in
association with inhibition of the MTOR pathway [73]. To date, there is no evidence that endorepellin
or the C-terminal LG3 domain can regulate autophagy in fibroblasts. However, endorepellin induces
autophagy in a way similar to decorin through VEGFR2 and PEG3 signaling in endothelial cells [74].
Our group also demonstrated that soluble LG3 released by apoptotic endothelial cells binds bl-
integrins on fibroblasts and activates an AKT-dependent pathway leading to myofibroblast
differentiation [75, 76]. We also demonstrated that LG3 injection fostered a fibroproliferative response

with the accumulation of aSMA-positive cells in an allograft vascular rejection model [77].

Periostin, a matricellular protein that binds both ECM components and cell surface receptors,
has been increasingly associated with fibrogenesis in various organs both in the context of development

and in disease states. Periostin was found to promote myofibroblast differentiation of lung fibrocytes
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[78] and fibroblasts in the skin [79] and heart [80]. For instance, the absence of periostin impairs a-
SMA expression and alters wound-closure kinetics; exogenous periostin on Postn—/— dermal
fibroblasts restores a myofibroblast phenotype [79]. Few studies have looked at the impact of periostin
on autophagy. Recently, it was shown that periostin impairs autophagy in tubular epithelial cells
therefore promoting renal fibrosis and inflammation in nephrectomized rats. Inhibition of periostin
using shRNA reduces renal fibrosis and inflammation along with the restoration of the autophagic flux
[81]. Whether periostin can also regulate autophagy in fibroblasts to promote fibrosis remains to be

defined.

Osteopontin is a multifunctional extracellular matrix protein expressed in the bone matrix and
in various organs. It can act both as a structural molecule and as a cytokine. Several studies using OPN-
/- fibroblasts highlighted the essential role of osteopontin in myofibroblast differentiation triggered by
TGF-B [82-84]. A recent study suggests that osteopontin-induced myofibroblast differentiation is

linked to inhibition of autophagy [85].

Fibronectin, as a core component of ECM, regulates cell activities mainly through interaction
will cell surface integrin receptors. In fibroblasts, binding of fibronectin with integrins mediates
fibroblast survival [86, 87]; whereas lack of binding leads to autophagy [88]. Studies suggest that
fibronectin could inhibit autophagy through the activation of AKT/MTOR signaling pathway [89, 90].
However, its role in fibrosis may differ dependent on the organ and its splice variant. It was
demonstrated that fibronectin promotes fibrosis and myofibroblast differentiation whereas the
inhibition of its polymerization attenuates myofibroblast differentiation in cardiac fibroblasts and
fibrosis secondary to myocardial ischemia in mice [91]. The alternatively spliced domain A (EDA)-
fibronectin also induces myofibroblast differentiation of lung fibroblasts through a4b7-integrin-
binding [92]. In contrast, fibronectin attenuates stellate cells-induced liver fibrosis by controlling the

availability of active TGF-B [93].
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Collectively, these various pieces of work demonstrate a pivotal role for ECM components in
the regulation of stress responses such as autophagy and myofibroblast differentiation, which could, if
not properly balanced, favor the development of fibrosis (Figure 2 and Table 4). It also highlights the
importance of integrins as key communicators between the extracellular environment, autophagy, and
myofibroblast differentiation. Further studies are needed to better characterize the complex levels of
molecular cross-talk between ECM components, integrin-dependent signaling, and downstream

regulation of autophagy and tissue repair.

Senescence interplays with autophagy to regulate myofibroblast differentiation

Cellular senescence refers to a stable arrest of the cell cycle. Several stimuli are known to
induce senescence, including activated oncogenes, telomere shortening, and oxidative stress [94].
DNA repair pathways converging towards the activation of the TP53-CDKNI1A/p21WAF1 and
CDKN2A/p16INK4a-RB pathways are important inducers of senescence-related cell cycle arrest.
Senescent cells also present an increase in senescence-associated GLBI1/beta-galactosidase (SA-
GLB1/B-gal) activity in lysosomes [95]. Mounting evidence suggests that senescence contributes to
tissue repair while dysregulated senescence favors scarring or fibrogenesis [3, 96-99]. Fibrosis has
been linked to both enhanced [100] and decreased [101, 102] cellular senescence. Genetic invalidation
of the central senescence gene TP53 increased liver fibrosis in a murine model of liver injury. Mice
with deletion of the matricellular protein CCN1 in hepatocytes developed fibrosis concomitantly with
a deficit in cellular senescence [101]. CCN1 knockout mice presented decreased p16- and p53-pathway
activation after injury and enhanced fibrosis in a cutaneous wound healing model. It was showed that
CCN1 induced senescence in skin fibroblast by an a6b1 integrin-mediated ROS generation mechanism
leading to a decreased expression of type I collagen [103]. Similarly, in a COPD-like in vitro model,
oxidative stress induced by the herbicide paraquat triggered senescence in parenchymal lung

fibroblasts. Consequently, it resulted in a significant decrease in the expression of several ECM
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components such as type I collagen, elastin, and fibronectin, along with the inhibition of the
myofibroblast markers, aSMA. [104]. In contrast, studies using senescent fibroblasts derived from IPF
patients showed increased levels of ECM genes, notably, type I collagen in association with
overexpression of aSMA [105-107]. These conflicting outcomes likely suggest that the duration of the
senescence process, the cell types involved and the downstream pathways triggered by senescence
result from complex molecular interactions that may be either beneficial or harmful to normal tissue

repair.

Senescence and autophagy have generally been considered two distinct cellular stress
responses, but mounting evidence suggests that the two are functionally interconnected [108, 109].
Autophagy impairment, by depletion of ATG7 and 12, and lysosomal-associated membrane protein 2
(Lamp2) in human fibroblasts, induced premature senescence in a TP53-dependent and ROS-
dependent manner [110]. Recent work also suggested an inverse relationship between senescence and
autophagy. Autophagy inhibition was associated with the upregulation of senescence in TGFB-induced
myofibroblast differentiation of IPF-derived human fibroblasts [111]. However, the actual conclusion
derived from this work is that senescence and autophagy are associated, but not necessarily opposed.
Indeed, autophagy was assessed in this study using only the LC3 marker. It is now appreciated that the
amount of lipidated LC3 at a given time point is not a reliable marker of autophagic flux [112]. In other
studies, autophagy and senescence were found to be interconnected; inhibition of autophagy with
ATGS or 7 silencings resulted in delayed oncogene-induced senescence in human lung fibroblasts
[113]. Fibroblasts overexpressing ATG16L1 to activate autophagy showed induction of senescence
markers such as p21 and p19 coupled with b-gal activity [114]. Likewise, ROS-induced autophagy
controlled senescence through increased expression of p21 by a p38 MAPK-dependent pathway in
human embryonic fibroblasts. Interestingly, the MTORC?2 downstream target, S473-AKT was not

inhibited during the process [115]. There is also evidence that modulation of senescence can influence
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autophagy and fibroblast phenotype; induction of cellular senescence by hyperoxia in human fetal lung
fibroblasts resulted in impaired autophagy, shown by a decrease in LC3-II and beclin-1 protein

expression, and increased ECM deposition, as collagen IV [116].

Recently, our group demonstrated that sustained autophagy in serum-starved fibroblasts
enhances ROS production leading to enhanced MTORC?2 activity and concurrent activation of
senescence and myofibroblast differentiation. However, at the cellular level, senescence and
myofibroblast differentiation were mutually exclusive; myofibroblasts lacking senescent markers and
vice-versa. In the long term, however, senescence triggered a positive activation feedback loop
sustaining MTORC?2 activation while at the same time preventing myofibroblast differentiation [38].
How MTORC2 activation induced by autophagy-dependent-ROS controls the fate of fibroblasts
toward either senescence or myofibroblast differentiation remains to be determined. However, this
work highlighted the existence of molecular crosstalk between autophagy, senescence, and
myofibroblast differentiation and helped reconcile studies where both activation and inhibition of

autophagy is associated with myofibroblast differentiation (Figure 3).

Autophagy, non-conventional secretion, and ECM proteolysis

Emerging data suggest that autophagy can behave as an unconventional secretion pathway.
Traditionally, the autophagic machinery leads to the degradation of the autophagosome content after
its fusion with lysosomes. Unlike classical autophagy, secretory autophagy leads to the release of
autophagosome constituents instead of their degradation and controls the secretion of proteins that lack

peptide signals.

The ECM, through its functions and integrity, is vital for tissue and organ homeostasis as well
as for appropriate tissue repair. ECM proteolysis is orchestrated by multiple remodeling enzymes, of

which the matrix metalloproteinases (MMP) and cathepsins (CTS) are best characterized. A number
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of studies have identified autophagy as an important player in the secretion of these enzymes.
Autophagy was found to play a crucial role in ECM proteolysis and oncogenic invasion. Autophagy
inhibition by ATG7 or ATG12 depletion reduces MMP2 secretion in conditioned media from
MCF10A cells impairing their RAS-driven invasion [117]. It was also shown that autophagic flux
regulates the secretion of CTS in macrophages where knockdown of ATG genes and 3-MA treatment
decreased CTS secretion [118, 119]. Whether the secretion of these proteases by autophagy also plays

a role in tissue repair and fibrosis remains to be determined.

Secretory autophagy has also been implicated in the secretion of extracellular vesicles (EVs)
[120, 121], membrane-bound vesicles secreted by most cells under physiological or pathological
conditions. EVs vary widely in size from 50 nm to 5 pm and have a wide range of protein, nucleic acid,
and lipid content [122]. EVs generated by the budding of the plasma membrane of a live cell are
referred to as microvesicles or ectosomes. Invagination of the inner leaflet of multivesicular bodies
(MVB) followed by their fusion with the cell membrane leads to the release of exosomes [123]. Studies
have reported that autophagy can promote the secretion of both microvesicles and exosomes [124,
125]. Secretory autophagy occurs often in the context of inflammation and tissue remodeling, hinting
at a potential role in tissue repair and fibrogenesis [126]. For instance, tribbles pseudokinase 3 (TRIB3),
a stress protein, redirected the autophagic machinery toward a secretory pathway and stimulated
exosome secretion from hepatocytes. Uptake of these EVs by hepatic stellate cells resulted in the
accumulation of fibrosis-promoting factors, secretion of aSMA, and deposition of Coll thereby
promoting the development of liver fibrosis [125]. Furthermore, we demonstrated that nutrient-
deprived apoptotic endothelial cells can release extracellular vesicles containing autophagic
components [10, 11, 127]. In recent years, our group also identified a novel type of EVs, apoptotic
exosome-like vesicles (ApoExo0), secreted by apoptotic endothelial cells downstream of caspase-3

activation. ApoExo differ from classical exosomes by their content and biological functions [128-131].
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We showed that soluble LG3 is released in ApoExo by apoptotic endothelial cells and that autophagy
was crucial in perlecan cleavage and loading of the LG3 fragment within ApoExo [12](Unpublished
results). Whether LG3 within ApoExo is responsible for neointimal thickening observed in a murine
model of transplant vasculopathy remains to be determined. However, we showed previously that
increasing circulating LG3 levels in this model by intravenous injections of recombinant LG3 hastens
neointima formation and accumulation of aSMA positive cells in a similar way to what was observed
with the injection of ApoExo [131, 132]. These emerging data unveil a potential new role for autophagy

in degradation and secretion of ECM components of importance in fibroproliferative responses.

Conclusion

Fibrosis is a chronic and progressive alteration in tissue architecture and function due to
excessive accumulation of ECM. Autophagy is increasingly considered an important regulator of tissue
remodeling during normal tissue repair and fibrosis, although its impact and specific role may differ
dependent on the organ and duration of the triggering insult. Cellular senescence, another means of
responding to stress, has also been linked to myofibroblast differentiation, tissue repair, and fibrosis.
Autophagy and senescence both regulate myofibroblast differentiation and mounting evidence
identifies MTORC2 as a converging signaling pathway to both autophagy and senescence of
importance in determining the fate of fibroblasts toward pro- or anti-fibrotic phenotypes. ECM
components also play an important role in the regulation of various stress responses including
autophagy and senescence. Considering the complex levels of crosstalk between ECM components,
autophagy and senescence, it will be crucial to gain further insights into the molecular effectors of
cross-talk during normal tissue repair and abnormal scarring processes. For instance, how MTORC2
targets mutually exclusive signaling pathways leading to either senescence or myofibroblast
differentiation remains to be determined. Therefore, characterizing the detailed molecular interplay

between autophagy and senescence during normal repair and fibrosis should help provide a framework



391

392

393

394

395

396

397

398

399

400

401

402

403

of druggable targets of potential benefits in preventing maladaptive tissue repair and fibrosis. Finally,
the emerging concept of autophagy contributing to the release of remodeling enzymes and EVs
containing autophagosome and lysosome constituents opens new avenues for assessing the importance

of ECM degradation and intercellular communication at sites of tissue injury and repair.

Acknowledgments

This work was supported by research grants from the Canadian Institutes of Health Research (CIHR,
MOP-123436 and PJT-148884) to MJH, Shire Chair in Nephrology, Transplantation and Renal
Regeneration of Université de Montréal. MJH is the Co-Director of the Canadian Donation and
Transplantation Research Program (CDTRP). The authors thank the J.-L. Lévesque Foundation for
renewed support. The authors apologize for not referencing many valuable contributions due to space

limitations. Figures created with BioRender.com.

Disclosure

The authors declare no competing financial interests.



404

405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451

References

[1] K.P. Krafts, Tissue repair: The hidden drama, Organogenesis 6(4) (2010) 225-33.

[2] D.E. Anderson, M.T. Hinds, Extracellular matrix production and regulation in micropatterned
endothelial cells, Biochem Biophys Res Commun 427(1) (2012) 159-64.

[3] J.J. Tomasek, G. Gabbiani, B. Hinz, C. Chaponnier, R.A. Brown, Myofibroblasts and mechano-
regulation of connective tissue remodelling, Nature Reviews Molecular Cell Biology 3(5) (2002) 349-
363.

[4] F. Klingberg, B. Hinz, E.S. White, The myofibroblast matrix: implications for tissue repair and
fibrosis, J Pathol 229(2) (2013) 298-309.

[5] M. Zeisberg, R. Kalluri, Cellular mechanisms of tissue fibrosis. 1. Common and organ-specific
mechanisms associated with tissue fibrosis, Am J Physiol Cell Physiol 304(3) (2013) C216-25.

[6] A.M. Choi, S.W. Ryter, B. Levine, Autophagy in human health and disease, The New England
journal of medicine 368(7) (2013) 651-62.

[7]1 Y. Ichimura, T. Kirisako, T. Takao, Y. Satomi, Y. Shimonishi, N. Ishihara, N. Mizushima, I.
Tanida, E. Kominami, M. Ohsumi, T. Noda, Y. Ohsumi, A ubiquitin-like system mediates protein
lipidation, Nature 408(6811) (2000) 488-92.

[8] N. Mizushima, T. Yoshimori, Y. Ohsumi, The role of Atg proteins in autophagosome formation,
Annual review of cell and developmental biology 27 (2011) 107-32.

[9] P. Boya, F. Reggiori, P. Codogno, Emerging regulation and functions of autophagy, Nat Cell Biol
15(7) (2013) 713-20.

[10] I. Sirois, J. Groleau, N. Pallet, N. Brassard, K. Hamelin, I. Londono, A.V. Pshezhetsky, M.
Bendayan, M.J. Hebert, Caspase activation regulates the extracellular export of autophagic vacuoles,
Autophagy 8(6) (2012) 927-37.

[11] N. Pallet, I. Sirois, C. Bell, L.A. Hanafi, K. Hamelin, M. Dieude, C. Rondeau, P. Thibault, M.
Desjardins, M.J. Hebert, A comprehensive characterization of membrane vesicles released by
autophagic human endothelial cells, Proteomics 13(7) (2013) 1108-20.

[12] D. Beillevaire, F. Migneault, D. Gingras, E. Boilard, M. Dieud¢, M.J. Hébert, Autophagy
Regulates LG3 Maturation and Export in Apoptotic Exosome-Like Vesicles, Am J Transplant 17(suppl
3), (2017) 221-221

[13] E. Asai, M. Yamamoto, K. Ueda, S. Waguri, Spatiotemporal alterations of autophagy marker LC3
in rat skin fibroblasts during wound healing process, Fukushima J Med Sci 64(1) (2018) 15-22.

[14] S.S. Gupta, M.R. Zeglinski, S.G. Rattan, N.M. Landry, S. Ghavami, J.T. Wigle, T. Klonisch, A.J.
Halayko, .M. Dixon, Inhibition of autophagy inhibits the conversion of cardiac fibroblasts to cardiac
myofibroblasts, Oncotarget 7(48) (2016) 78516-78531.

[15] B.B. Wang, H. Xie, T. Wu, N. Xie, J. Wu, Y. Gu, F. Tang, J. Liu, Controlled-release mitomycin
C-polylactic acid film prevents epidural scar hyperplasia after laminectomy by inducing fibroblast
autophagy and regulating the expression of miRNAs, European review for medical and
pharmacological sciences 21(10) (2017) 2526-2537.

[16] E. Vescarelli, A. Pilloni, F. Dominici, P. Pontecorvi, A. Angeloni, A. Polimeni, S. Ceccarelli, C.
Marchese, Autophagy activation is required for myofibroblast differentiation during healing of oral
mucosa, Journal of clinical periodontology 44(10) (2017) 1039-1050.

[17] M. Allaire, P.E. Rautou, P. Codogno, S. Lotersztajn, Autophagy in liver diseases: Time for
translation?, Journal of hepatology 70(5) (2019) 985-998.

[18] P. Gual, H. Gilgenkrantz, S. Lotersztajn, Autophagy in chronic liver diseases: the two faces of
Janus, Am J Physiol Cell Physiol 312(3) (2017) C263-c273.

[19] Z. Zhang, S. Zhao, Z. Yao, L. Wang, J. Shao, A. Chen, F. Zhang, S. Zheng, Autophagy regulates
turnover of lipid droplets via ROS-dependent Rab25 activation in hepatic stellate cell, Redox biology
11 (2017) 322-334.



452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499

[20] V. Hernandez-Gea, Z. Ghiassi-Nejad, R. Rozenfeld, R. Gordon, M.I. Fiel, Z. Yue, M.J. Czaja,
S.L. Friedman, Autophagy releases lipid that promotes fibrogenesis by activated hepatic stellate cells
in mice and in human tissues, Gastroenterology 142(4) (2012) 938-46.

[21] R. Weiskirchen, F. Tacke, Relevance of Autophagy in Parenchymal and Non-Parenchymal Liver
Cells for Health and Disease, Cells 8(1) (2019).

[22] R. Yang, Z. Song, S. Wu, Z. Wei, Y. Xu, X. Shen, Toll-like receptor 4 contributes to a
myofibroblast phenotype in cardiac fibroblasts and is associated with autophagy after myocardial
infarction in a mouse model, Atherosclerosis 279 (2018) 23-31.

[23]J. Bao, Y. Shi, M. Tao, N. Liu, S. Zhuang, W. Yuan, Pharmacological inhibition of autophagy by
3-MA attenuates hyperuricemic nephropathy, Clinical science (London, England : 1979) 132(21)
(2018) 2299-2322.

[24] M. Bernard, M. Dieudé, B. Yang, K. Hamelin, K. Underwood, M.J. Hébert, Autophagy fosters
myofibroblast differentiation through MTORC2 activation and downstream upregulation of CTGF,
Autophagy 10(12) (2014) 2193-207.

[25] M. Ponticos, A.M. Holmes, X. Shi-wen, P. Leoni, K. Khan, V.S. Rajkumar, R.K. Hoyles, G. Bou-
Gharios, C.M. Black, C.P. Denton, D.J. Abraham, A. Leask, G.E. Lindahl, Pivotal role of connective
tissue growth factor in lung fibrosis: MAPK-dependent transcriptional activation of type I collagen,
Arthritis Rheum 60(7) (2009) 2142-55.

[26] A. Leask, S.K. Parapuram, X. Shi-Wen, D.J. Abraham, Connective tissue growth factor (CTGF,
CCN2) gene regulation: a potent clinical bio-marker of fibroproliferative disease?, Journal of cell
communication and signaling 3(2) (2009) 89-94.

[27] M.K. Phanish, S.K. Winn, M.E. Dockrell, Connective tissue growth factor-(CTGF, CCN2)--a
marker, mediator and therapeutic target for renal fibrosis, Nephron. Experimental nephrology 114(3)
(2010) e83-92.

[28] T. Mori, S. Kawara, M. Shinozaki, N. Hayashi, T. Kakinuma, A. Igarashi, M. Takigawa, T.
Nakanishi, K. Takehara, Role and interaction of connective tissue growth factor with transforming
growth factor-beta in persistent fibrosis: A mouse fibrosis model, J Cell Physiol 181(1) (1999) 153-9.
[29] P. Laplante, I. Sirois, M.A. Raymond, V. Kokta, A. Béliveau, A. Prat, A.V. Pshezhetsky, M.J.
Hébert, Caspase-3-mediated secretion of connective tissue growth factor by apoptotic endothelial cells
promotes fibrosis, Cell Death Differ 17(2) (2010) 291-303.

[30] K.H. Hong, S.A. Yoo, S.S. Kang, J.J. Choi, W.U. Kim, C.S. Cho, Hypoxia induces expression of
connective tissue growth factor in scleroderma skin fibroblasts, Clinical and experimental immunology
146(2) (2006) 362-70.

[31] X. Xue, J. Ren, X. Sun, Y. Gui, Y. Feng, B. Shu, W. Wei, Q. Lu, Y. Liang, W. He, J. Yang, C.
Dai, Protein kinase Calpha drives fibroblast activation and kidney fibrosis by stimulating autophagic
flux, J Biol Chem 293(28) (2018) 11119-11130.

[32] J. Li, J. Ren, X. Liu, L. Jiang, W. He, W. Yuan, J. Yang, C. Dai, Rictor/mTORC2 signaling
mediates TGFbetal-induced fibroblast activation and kidney fibrosis, Kidney Int 88(3) (2015) 515-27.
[33] S. Ghavami, R.H. Cunnington, S. Gupta, B. Yeganeh, K.L. Filomeno, D.H. Freed, S. Chen, T.
Klonisch, A.J. Halayko, E. Ambrose, R. Singal, .M. Dixon, Autophagy is a regulator of TGF-betal-
induced fibrogenesis in primary human atrial myofibroblasts, Cell Death Dis 6 (2015) e1696.

[34] W. Zheng, Y. Qian, S. Chen, H. Ruan, C. Fan, Rapamycin Protects Against Peritendinous Fibrosis
Through Activation of Autophagy, Front Pharmacol 9 (2018) 402.

[35] N. Wu, L. Chen, D. Yan, M. Zhou, C. Shao, Y. Lu, Q. Yao, H. Sun, Y. Fu, Trehalose attenuates
TGF-betal-induced fibrosis of hSCFs by activating autophagy, Mol Cell Biochem 470(1-2) (2020)
175-188.

[36] J. He, H. Peng, M. Wang, Y. Liu, X. Guo, B. Wang, L. Dai, X. Cheng, Z. Meng, L. Yuan, F. Cai,
Y. Tang, Isoliquiritigenin inhibits TGF-B1-induced fibrogenesis through activating autophagy via



500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548

PI3K/AKT/mTOR pathway in MRC-5 cells, Acta biochimica et biophysica Sinica 52(8) (2020) 810-
820.

[37] J. Cosin-Roger, F. Canet, D.C. Macias-Ceja, L. Gisbert-Ferrandiz, D. Ortiz-Masia, J.V.
Esplugues, R. Alos, F. Navarro, M.D. Barrachina, S. Calatayud, Autophagy Stimulation as a Potential
Strategy Against Intestinal Fibrosis, Cells 8(9) (2019).

[38] M. Bernard, B. Yang, F. Migneault, J. Turgeon, M. Dieud¢, M.A. Olivier, G.B. Cardin, M. El-
Diwany, K. Underwood, F. Rodier, M.J. Hébert, Autophagy drives fibroblast senescence through
MTORC?2 regulation, Autophagy (2020) 1-13.

[39] K.T. Ferguson, E.E. Torr, K. Bernau, J. Leet, D. Sherris, N. Sandbo, The Novel mTOR Complex
1/2 Inhibitor P529 Inhibits Human Lung Myofibroblast Differentiation, J Cell Biochem 118(8) (2017)
2241-2249.

[40] S.W. Kim, H.I. Kim, B. Thapa, S. Nuwromegbe, K. Lee, Critical Role of mMTORC2-Akt Signaling
in TGF-B1-Induced Myofibroblast Differentiation of Human Pterygium Fibroblasts, Investigative
ophthalmology & visual science 60(1) (2019) 82-92.

[41] M.L. Sosulski, R. Gongora, S. Danchuk, C. Dong, F. Luo, C.G. Sanchez, Deregulation of selective
autophagy during aging and pulmonary fibrosis: the role of TGFB1, Aging cell 14(5) (2015) 774-83.
[42] J. Araya, J. Kojima, N. Takasaka, S. Ito, S. Fujii, H. Hara, H. Yanagisawa, K. Kobayashi, C.
Tsurushige, M. Kawaishi, N. Kamiya, J. Hirano, M. Odaka, T. Morikawa, S.L. Nishimura, Y.
Kawabata, H. Hano, K. Nakayama, K. Kuwano, Insufficient autophagy in idiopathic pulmonary
fibrosis, Am J Physiol Lung Cell Mol Physiol 304(1) (2013) L56-69.

[43] Y. Romero, M. Bueno, R. Ramirez, D. Alvarez, J.C. Sembrat, E.A. Goncharova, M. Rojas, M.
Selman, A.L. Mora, A. Pardo, mTORCI activation decreases autophagy in aging and idiopathic
pulmonary fibrosis and contributes to apoptosis resistance in IPF fibroblasts, Aging cell 15(6) (2016)
1103-1112.

[44] M. Laplante, D.M. Sabatini, mTOR signaling in growth control and disease, Cell 149(2) (2012)
274-93.

[45] D.D. Sarbassov, S.M. Ali, D.H. Kim, D.A. Guertin, R.R. Latek, H. Erdjument-Bromage, P.
Tempst, D.M. Sabatini, Rictor, a novel binding partner of mTOR, defines a rapamycin-insensitive and
raptor-independent pathway that regulates the cytoskeleton, Current biology : CB 14(14) (2004) 1296-
302.

[46] D.D. Sarbassov, S.M. Alj, S. Sengupta, J.H. Sheen, P.P. Hsu, A.F. Bagley, A.L. Markhard, D.M.
Sabatini, Prolonged rapamycin treatment inhibits mMTORC2 assembly and Akt/PKB, Mol Cell 22(2)
(2006) 159-68.

[47] D.D. Sarbassov, D.A. Guertin, S.M. Ali, D.M. Sabatini, Phosphorylation and regulation of
Akt/PKB by the rictor-mTOR complex, Science (New York, N.Y.) 307(5712) (2005) 1098-101.

[48] B.K. Nayak, D. Feliers, S. Sudarshan, W_.E. Friedrichs, R.T. Day, D.D. New, J.P. Fitzgerald, A.
Eid, T. Denapoli, D.J. Parekh, Y. Gorin, K. Block, Stabilization of HIF-2a through redox regulation
of mMTORC?2 activation and initiation of mRNA translation, Oncogene 32(26) (2013) 3147-55.

[49] E.M. O'Leary, Y. Tian, R. Nigdelioglu, L.J. Witt, R. Cetin-Atalay, A.Y. Meliton, P.S. Woods,
L.M. Kimmig, K.A. Sun, G.A. Gokalp, G.M. Mutlu, R.B. Hamanaka, TGF-beta Promotes Metabolic
Reprogramming in Lung Fibroblasts via mTORC1-dependent ATF4 Activation, Am J Respir Cell Mol
Biol (2020).

[50] B. Selvarajah, 1. Azuelos, M. Platé, D. Guillotin, E.J. Forty, G. Contento, H.V. Woodcock, M.
Redding, A. Taylor, G. Brunori, P.F. Durrenberger, R. Ronzoni, A.D. Blanchard, P.F. Mercer, D.
Anastasiou, R.C. Chambers, mnTORC1 amplifies the ATF4-dependent de novo serine-glycine pathway
to supply glycine during TGF-B(1)-induced collagen biosynthesis, Sci Signal 12(582) (2019).

[51] J.S. Park, H.J. Park, Y.S. Park, S.M. Lee, J.J. Yim, C.G. Yoo, S.K. Han, Y.W. Kim, Clinical
significance of mTOR, ZEB1, ROCK1 expression in lung tissues of pulmonary fibrosis patients, BMC
Pulm Med 14 (2014) 168.



549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
5901
592
593
594
595
596
597

[52] H. Xia, D. Diebold, R. Nho, D. Perlman, J. Kleidon, J. Kahm, S. Avdulov, M. Peterson, J. Nerva,
P. Bitterman, C. Henke, Pathological integrin signaling enhances proliferation of primary lung
fibroblasts from patients with idiopathic pulmonary fibrosis, J Exp Med 205(7) (2008) 1659-72.

[53] N.M. Walker, E.A. Belloli, L. Stuckey, K.M. Chan, J. Lin, W. Lynch, A. Chang, S.M. Mazzoni,
D.C. Fingar, V.N. Lama, Mechanistic Target of Rapamycin Complex 1 (mTORC1) and mTORC?2 as
Key Signaling Intermediates in Mesenchymal Cell Activation, J Biol Chem 291(12) (2016) 6262-71.
[54] A. Lampada, J. O'Prey, G. Szabadkai, K.M. Ryan, D. Hochhauser, P. Salomoni, mTORCI-
independent autophagy regulates receptor tyrosine kinase phosphorylation in colorectal cancer cells
via an mTORC2-mediated mechanism, Cell Death Differ 24(6) (2017) 1045-1062.

[55] J.K. Byun, Y.K. Choi, J.H. Kim, J.Y. Jeong, H.J. Jeon, M.K. Kim, I. Hwang, S.Y. Lee, Y.M. Lee,
LK. Lee, K.G. Park, A Positive Feedback Loop between Sestrin2 and mTORC2 Is Required for the
Survival of Glutamine-Depleted Lung Cancer Cells, Cell Rep 20(3) (2017) 586-599.

[56] K. Masui, W.K. Cavenee, P.S. Mischel, mTORC2 in the center of cancer metabolic
reprogramming, Trends Endocrinol Metab 25(7) (2014) 364-73.

[57] T. Neill, L. Schaefer, R.V. Iozzo, Instructive roles of extracellular matrix on autophagy, Am J
Pathol 184(8) (2014) 2146-53.

[58] T. Neill, S. Buraschi, A. Kapoor, R.V. lozzo, Proteoglycan-driven Autophagy: A Nutrient-
independent Mechanism to Control Intracellular Catabolism, J Histochem Cytochem (2020)
22155420937370.

[59] T. Neill, C.G. Chen, S. Buraschi, R.V. lozzo, Catabolic degradation of endothelial VEGFA via
autophagy, J Biol Chem 295(18) (2020) 6064-6079.

[60] M.A. Gubbiotti, T. Neill, H. Frey, L. Schaefer, R.V. lozzo, Decorin is an autophagy-inducible
proteoglycan and is required for proper in vivo autophagy, Matrix Biol 48 (2015) 14-25.

[61] C. Vial, J. Gutiérrez, C. Santander, D. Cabrera, E. Brandan, Decorin interacts with connective
tissue growth factor (CTGF)/CCN2 by LRR12 inhibiting its biological activity, J Biol Chem 286(27)
(2011) 24242-52.

[62] T.A.H. Jarvinen, E. Ruoslahti, Generation of a multi-functional, target organ-specific, anti-fibrotic
molecule by molecular engineering of the extracellular matrix protein, decorin, Br J Pharmacol 176(1)
(2019) 16-25.

[63] Y.P. Chau, S.Y. Lin, J.H. Chen, M.H. Tai, Endostatin induces autophagic cell death in EAhy926
human endothelial cells, Histol Histopathol 18(3) (2003) 715-26.

[64] Y. Li, H.T. Ren, Endostatin inhibits fibrosis by modulating the PDGFR/ERK signal pathway: an
in vitro study, Journal of Zhejiang University. Science. B 18(11) (2017) 994-1001.

[65] T.M.B. Nguyen, [.V. Subramanian, X. Xiao, G. Ghosh, P. Nguyen, A. Kelekar, S. Ramakrishnan,
Endostatin induces autophagy in endothelial cells by modulating Beclin 1 and B-catenin levels, 13(9b)
(2009) 3687-3698.

[66] M. Cescon, F. Gattazzo, P. Chen, P. Bonaldo, Collagen VI at a glance, J Cell Sci 128(19) (2015)
3525-31.

[67] S. Castagnaro, M. Chrisam, M. Cescon, P. Braghetta, P. Grumati, P. Bonaldo, Extracellular
Collagen VI Has Prosurvival and Autophagy Instructive Properties in Mouse Fibroblasts, Front Physiol
9(2018) 1129.

[68] L.M. Williams, F.E. McCann, M.A. Cabrita, T. Layton, A. Cribbs, B. Knezevic, H. Fang, J.
Knight, M. Zhang, R. Fischer, S. Bonham, L.M. Steenbeek, N. Yang, M. Sood, C. Bainbridge, D.
Warwick, L. Harry, D. Davidson, W. Xie, M. Sundstrém, M. Feldmann, J. Nanchahal, Identifying
collagen VI as a target of fibrotic diseases regulated by CREBBP/EP300, Proc Natl Acad Sci U S A
117(34) (2020) 20753-20763.

[69] Y. Su, M. Li, X. Wang, Z. Wang, L. Yi, Denatured Collagen Could Increase the Autophagy Level
and Inhibit Apoptosis of Fibroblasts to Help Cell Survival and Influence Wound Healing, The
international journal of lower extremity wounds (2020) 1534734620925942.



598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645

[70] Z.Y. Wang, J. Wei, B. Yuan, X.Q. Wang, Y.K. Liu, J.Y. Dong, F. Song, Y.Z. Jiang, S.L. Lu, The
change of break modulus drives human fibroblast differentiation in 3D collagen gels, Frontiers in
bioscience (Landmark edition) 19 (2014) 727-33.

[71]M.W. Parker, D. Rossi, M. Peterson, K. Smith, K. Sikstrom, E.S. White, J.LE. Connett, C.A. Henke,
O. Larsson, P.B. Bitterman, Fibrotic extracellular matrix activates a profibrotic positive feedback loop,
The Journal of clinical investigation 124(4) (2014) 1622-35.

[72] J.F. Cailhier, I. Sirois, P. Laplante, S. Lepage, M.A. Raymond, N. Brassard, A. Prat, R.V. lozzo,
A.V. Pshezhetsky, M.J. Hébert, Caspase-3 activation triggers extracellular cathepsin L release and
endorepellin proteolysis, J Biol Chem 283(40) (2008) 27220-9.

[73] L. Ning, Z. Xu, N. Furuya, R. Nonaka, Y. Yamada, E. Arikawa-Hirasawa, Perlecan inhibits
autophagy to maintain muscle homeostasis in mouse soleus muscle, Matrix Biol 48 (2015) 26-35.
[74] C. Poluzzi, J. Casulli, A. Goyal, T.J. Mercer, T. Neill, R.V. lozzo, Endorepellin evokes autophagy
in endothelial cells, J Biol Chem 289(23) (2014) 16114-28.

[75] P. Laplante, M.-A. Raymond, G. Gagnon, N. Vigneault, A.M.-J. Sasseville, Y. Langelier, M.
Bernard, Y. Raymond, M.-J. Hébert, Novel Fibrogenic Pathways Are Activated in Response to
Endothelial Apoptosis: Implications in the Pathophysiology of Systemic Sclerosis, 174(9) (2005)
5740-5749.

[76] P. Laplante, M.A. Raymond, A. Labelle, J. Abe, R.V. lozzo, M.J. Hébert, Perlecan proteolysis
induces an alpha2betal integrin- and Src family kinase-dependent anti-apoptotic pathway in fibroblasts
in the absence of focal adhesion kinase activation, J Biol Chem 281(41) (2006) 30383-92.

[77] M. Soulez, E.A. Pilon, M. Dieude, H. Cardinal, N. Brassard, S. Qi, S.J. Wu, Y. Durocher, F.
Madore, C. Perreault, M.J. Hebert, The perlecan fragment LG3 is a novel regulator of obliterative
remodeling associated with allograft vascular rejection, Circ Res 110(1) (2012) 94-104.

[78] S.L. Ashley, C.A. Wilke, K.K. Kim, B.B. Moore, Periostin regulates fibrocyte function to promote
myofibroblast differentiation and lung fibrosis, Mucosal immunology 10(2) (2017) 341-351.

[79] C.G. Elliott, J. Wang, X. Guo, S.W. Xu, M. Eastwood, J. Guan, A. Leask, S.J. Conway, D.W.
Hamilton, Periostin modulates myofibroblast differentiation during full-thickness cutaneous wound
repair, J Cell Sci 125(Pt 1) (2012) 121-32.

[80] H. Wu, G.N. Li, J. Xie, R. Li, Q.H. Chen, J.Z. Chen, Z.H. Wei, L.N. Kang, B. Xu, Resveratrol
ameliorates myocardial fibrosis by inhibiting ROS/ERK/TGF-f/periostin pathway in STZ-induced
diabetic mice, BMC cardiovascular disorders 16 (2016) 5.

[81] X. Bian, Y. Bai, X. Su, G. Zhao, G. Sun, D. Li, Knockdown of periostin attenuates 5/6
nephrectomy-induced intrarenal renin-angiotensin system activation, fibrosis, and inflammation in
rats, J Cell Physiol 234(12) (2019) 22857-22873.

[82] Y. Lenga, A. Koh, A.S. Perera, C.A. McCulloch, J. Sodek, R. Zohar, Osteopontin expression is
required for myofibroblast differentiation, Circ Res 102(3) (2008) 319-27.

[83] J. Dong, Q. Ma, Osteopontin enhances multi-walled carbon nanotube-triggered lung fibrosis by
promoting TGF-B1 activation and myofibroblast differentiation, Particle and fibre toxicology 14(1)
(2017) 18.

[84] 1. Abdelaziz Mohamed, A.P. Gadeau, A. Hasan, N. Abdulrahman, F. Mraiche, Osteopontin: A
Promising Therapeutic Target in Cardiac Fibrosis, Cells 8(12) (2019).

[85]R. Lin, S. Wu, D. Zhu, M. Qin, X. Liu, Osteopontin induces atrial fibrosis by activating Akt/GSK-
3B/B-catenin pathway and suppressing autophagy, Life Sci 245 (2020) 117328.

[86] Z. Zhang, K. Vuori, J.C. Reed, E. Ruoslahti, The alpha 5 beta 1 integrin supports survival of cells
on fibronectin and up-regulates Bcl-2 expression, Proc Natl Acad Sci U S A 92(13) (1995) 6161-5.
[87] E. Farias, M. Lu, X. Li, L.M. Schnapp, Integrin alpha8betal-fibronectin interactions promote cell
survival via PI3 kinase pathway, Biochemical and biophysical research communications 329(1) (2005)
305-311.



646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693

[88] F. Lin, X.D. Ren, Z. Pan, L. Macri, W.X. Zong, M.G. Tonnesen, M. Rafailovich, D. Bar-Sagi,
R.A. Clark, Fibronectin growth factor-binding domains are required for fibroblast survival, J Invest
Dermatol 131(1) (2011) 84-98.

[89] Y.X. Liao, Z.P. Zhang, J. Zhao, J.P. Liu, Effects of Fibronectin 1 on Cell Proliferation, Senescence
and Apoptosis of Human Glioma Cells Through the PI3K/AKT Signaling Pathway, Cell Physiol
Biochem 48(3) (2018) 1382-1396.

[90] Y. Cao, X. Liu, W. Lu, Y. Chen, X. Wu, M. Li, X.A. Wang, F. Zhang, L. Jiang, Y. Zhang, Y. Hu,
S. Xiang, Y. Shu, R. Bao, H. Li, W. Wu, H. Weng, Y. Yen, Y. Liu, Fibronectin promotes cell
proliferation and invasion through mTOR signaling pathway activation in gallbladder cancer, Cancer
Lett 360(2) (2015) 141-50.

[91] L. Valiente-Alandi, S.J. Potter, A.M. Salvador, A.E. Schafer, T. Schips, F. Carrillo-Salinas, A.M.
Gibson, M.L. Nieman, C. Perkins, M.A. Sargent, J. Huo, J.N. Lorenz, T. DeFalco, J.D. Molkentin, P.
Alcaide, B.C. Blaxall, Inhibiting Fibronectin Attenuates Fibrosis and Improves Cardiac Function in a
Model of Heart Failure, Circulation 138(12) (2018) 1236-1252.

[92] M. Kohan, A.F. Muro, E.S. White, N. Berkman, EDA-containing cellular fibronectin induces
fibroblast differentiation through binding to alphadbeta7 integrin receptor and MAPK/Erk 1/2-
dependent signaling, Faseb j 24(11) (2010) 4503-12.

[93] N. Kawelke, M. Vasel, C. Sens, A. Au, S. Dooley, I.A. Nakchbandi, Fibronectin protects from
excessive liver fibrosis by modulating the availability of and responsiveness of stellate cells to active
TGF-B, PLoS One 6(11) (2011) e28181.

[94] M. Collado, M. Serrano, The power and the promise of oncogene-induced senescence markers,
Nature reviews. Cancer 6(6) (2006) 472-6.

[95] C.M. Beauséjour, A. Krtolica, F. Galimi, M. Narita, S.W. Lowe, P. Yaswen, J. Campisi, Reversal
of human cellular senescence: roles of the p5S3 and p16 pathways, The EMBO journal 22(16) (2003)
4212-22.

[96] L. Van De Water, S. Varney, J.J. Tomasek, Mechanoregulation of the Myofibroblast in Wound
Contraction, Scarring, and Fibrosis: Opportunities for New Therapeutic Intervention, Advances in
wound care 2(4) (2013) 122-141.

[97] S. Atkuru, G. Muniraj, T. Sudhaharan, K.H. Chiam, G.D. Wright, G. Sriram, Cellular ageing of
oral fibroblasts differentially modulates extracellular matrix organization, Journal of periodontal
research (2020).

[98] P. Hiebert, M.S. Wietecha, M. Cangkrama, E. Haertel, E. Mavrogonatou, M. Stumpe, H.
Steenbock, S. Grossi, H.D. Beer, P. Angel, J. Brinckmann, D. Kletsas, J. Dengjel, S. Werner, Nrf2-
Mediated Fibroblast Reprogramming Drives Cellular Senescence by Targeting the Matrisome, Dev
Cell 46(2) (2018) 145-161.e10.

[99] D.W. Waters, K.E.C. Blokland, P.S. Pathinayake, J.K. Burgess, S.E. Mutsaers, C.M. Prele, M.
Schuliga, C.L. Grainge, D.A. Knight, Fibroblast senescence in the pathology of idiopathic pulmonary
fibrosis, Am J Physiol Lung Cell Mol Physiol 315(2) (2018) L162-1172.

[100] T. Kodama, T. Takehara, H. Hikita, S. Shimizu, M. Shigekawa, H. Tsunematsu, W. Li, T.
Miyagi, A. Hosui, T. Tatsumi, H. Ishida, T. Kanto, N. Hiramatsu, S. Kubota, M. Takigawa, Y.
Tomimaru, A. Tomokuni, H. Nagano, Y. Doki, M. Mori, N. Hayashi, Increases in p5S3 expression
induce CTGF synthesis by mouse and human hepatocytes and result in liver fibrosis in mice, The
Journal of clinical investigation 121(8) (2011) 3343-56.

[101] K.H. Kim, C.C. Chen, R.I. Monzon, L.F. Lau, Matricellular protein CCN1 promotes regression
of liver fibrosis through induction of cellular senescence in hepatic myofibroblasts, Molecular and
cellular biology 33(10) (2013) 2078-90.

[102] V. Krizhanovsky, M. Yon, R.A. Dickins, S. Hearn, J. Simon, C. Miething, H. Yee, L. Zender,
S.W. Lowe, Senescence of activated stellate cells limits liver fibrosis, Cell 134(4) (2008) 657-67.



694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741

[103] J.I. Jun, L.F. Lau, The matricellular protein CCN1 induces fibroblast senescence and restricts
fibrosis in cutaneous wound healing, Nat Cell Biol 12(7) (2010) 676-85.

[104] R.R. Woldhuis, M. de Vries, W. Timens, M. van den Berge, M. Demaria, B.G.G. Oliver, [.H.
Heijink, C.A. Brandsma, Link between increased cellular senescence and extracellular matrix changes
in COPD, Am J Physiol Lung Cell Mol Physiol 319(1) (2020) L48-160.

[105] D. Alvarez, N. Cardenes, J. Sellarés, M. Bueno, C. Corey, V.S. Hanumanthu, Y. Peng, H.
D'Cunha, J. Sembrat, M. Nouraie, S. Shanker, C. Caufield, S. Shiva, M. Armanios, A.L. Mora, M.
Rojas, IPF lung fibroblasts have a senescent phenotype, Am J Physiol Lung Cell Mol Physiol 313(6)
(2017) L1164-11173.

[106] A. Pardo, M. Selman, Lung Fibroblasts, Aging, and Idiopathic Pulmonary Fibrosis, Annals of
the American Thoracic Society 13 Suppl 5 (2016) S417-s421.

[107] H. Yanai, A. Shteinberg, Z. Porat, A. Budovsky, A. Braiman, R. Ziesche, V.E. Fraifeld, Cellular
senescence-like features of lung fibroblasts derived from idiopathic pulmonary fibrosis patients, Aging
(Albany NY) 7(9) (2015) 664-72.

[108] R.W. Goehe, X. Di, K. Sharma, M.L. Bristol, S.C. Henderson, K. Valerie, F. Rodier, A.R.
Davalos, D.A. Gewirtz, The autophagy-senescence connection in chemotherapy: must tumor cells
(self) eat before they sleep?, The Journal of pharmacology and experimental therapeutics 343(3) (2012)
763-78.

[109] D.A. Gewirtz, Autophagy and senescence: a partnership in search of definition, Autophagy 9(5)
(2013) 808-12.

[110] H.T. Kang, K.B. Lee, S.Y. Kim, H.R. Choi, S.C. Park, Autophagy impairment induces premature
senescence in primary human fibroblasts, PLoS One 6(8) (2011) 23367.

[111]J. Milara, G. Hernandez, B. Ballester, A. Morell, I. Roger, P. Montero, J. Escriva, J.M. Lloris,
M. Molina-Molina, E. Morcillo, J. Cortijo, The JAK2 pathway is activated in idiopathic pulmonary
fibrosis, Respir Res 19(1) (2018) 24.

[112] N. Mizushima, T. Yoshimori, How to interpret LC3 immunoblotting, Autophagy 3(6) (2007)
542-5.

[113] A.R. Young, M. Narita, M. Ferreira, K. Kirschner, M. Sadaie, J.F. Darot, S. Tavar¢, S. Arakawa,
S. Shimizu, F.M. Watt, M. Narita, Autophagy mediates the mitotic senescence transition, Genes Dev
23(7) (2009) 798-803.

[114] C. Capparelli, C. Guido, D. Whitaker-Menezes, G. Bonuccelli, R. Balliet, T.G. Pestell, A.F.
Goldberg, R.G. Pestell, A. Howell, S. Sneddon, R. Birbe, A. Tsirigos, U. Martinez-Outschoorn, F.
Sotgia, M.P. Lisanti, Autophagy and senescence in cancer-associated fibroblasts metabolically
supports tumor growth and metastasis via glycolysis and ketone production, Cell Cycle 11(12) (2012)
2285-302.

[115] Y. Luo, P. Zou, J. Zou, J. Wang, D. Zhou, L. Liu, Autophagy regulates ROS-induced cellular
senescence via p21 in a p38 MAPKa dependent manner, Experimental gerontology 46(11) (2011) 860-
7.

[116] K. You, P. Parikh, K. Khandalavala, S.A. Wicher, L. Manlove, B. Yang, A. Roesler, B.B. Roos,
J.J. Teske, R.D. Britt, Jr., C.M. Pabelick, Y.S. Prakash, Moderate hyperoxia induces senescence in
developing human lung fibroblasts, Am J Physiol Lung Cell Mol Physiol 317(5) (2019) L525-1536.
[117] R. Lock, C.M. Kenific, A.M. Leidal, E. Salas, J. Debnath, Autophagy-dependent production of
secreted factors facilitates oncogenic RAS-driven invasion, Cancer discovery 4(4) (2014) 466-79.
[118] T. Ohman, L. Teirild, A.M. Lahesmaa-Korpinen, W. Cypryk, V. Veckman, S. Saijo, H. Wolff,
S. Hautaniemi, T.A. Nyman, S. Matikainen, Dectin-1 pathway activates robust autophagy-dependent
unconventional protein secretion in human macrophages, J Immunol 192(12) (2014) 5952-62.

[119] T. Kimura, J. Jia, S. Kumar, S.W. Choi, Y. Gu, M. Mudd, N. Dupont, S. Jiang, R. Peters, F.
Farzam, A. Jain, K.A. Lidke, C.M. Adams, T. Johansen, V. Deretic, Dedicated SNAREs and



742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784

785

786

specialized TRIM cargo receptors mediate secretory autophagy, The EMBO journal 36(1) (2017) 42-
60.

[120] J. Xu, R. Camfield, S.M. Gorski, The interplay between exosomes and autophagy - partners in
crime, J Cell Sci 131(15) (2018).

[121] S. Buratta, B. Tancini, K. Sagini, F. Delo, E. Chiaradia, L. Urbanelli, C. Emiliani, Lysosomal
Exocytosis, Exosome Release and Secretory Autophagy: The Autophagic- and Endo-Lysosomal
Systems Go Extracellular, Int J Mol Sci 21(7) (2020).

[122] M. Mathieu, L. Martin-Jaular, G. Lavieu, C. Théry, Specificities of secretion and uptake of
exosomes and other extracellular vesicles for cell-to-cell communication, Nat Cell Biol 21(1) (2019)
9-17.

[123] E.R. Abels, X.0O. Breakefield, Introduction to Extracellular Vesicles: Biogenesis, RNA Cargo
Selection, Content, Release, and Uptake, Cellular and molecular neurobiology 36(3) (2016) 301-12.
[124] J. Gao, B. Wei, T.M. de Assuncao, Z. Liu, X. Hu, S. Ibrahim, S.A. Cooper, S. Cao, V.H. Shah,
E. Kostallari, Hepatic stellate cell autophagy inhibits extracellular vesicle release to attenuate liver
fibrosis, Journal of hepatology (2020).

[125] X.W. Zhang, J.C. Zhou, D. Peng, F. Hua, K. Li, J.J. Yu, X.X. Lv, B. Cui, S.S. Liu, J.JM. Yu, F.
Wang, C.C. Jin, Z.N. Yang, C.X. Zhao, X.Y. Hou, B. Huang, Z.W. Hu, Disrupting the TRIB3-
SQSTMI1 interaction reduces liver fibrosis by restoring autophagy and suppressing exosome-mediated
HSC activation, Autophagy 16(5) (2020) 782-796.

[126] V. Deretic, S. Jiang, N. Dupont, Autophagy intersections with conventional and unconventional
secretion in tissue development, remodeling and inflammation, Trends Cell Biol 22(8) (2012) 397-
406.

[127] L. Sirois, M.A. Raymond, N. Brassard, J.F. Cailhier, M. Fedjaev, K. Hamelin, I. Londono, M.
Bendayan, A.V. Pshezhetsky, M.J. Hebert, Caspase-3-dependent export of TCTP: a novel pathway for
antiapoptotic intercellular communication, Cell Death Differ 18(3) (2011) 549-62.

[128] F. Migneault, M. Dieudg¢, J. Turgeon, D. Beillevaire, M.P. Hardy, A. Brodeur, N. Thibodeau, C.
Perreault, M.J. Hébert, Apoptotic exosome-like vesicles regulate endothelial gene expression,
inflammatory signaling, and function through the NF-xB signaling pathway, Sci Rep 10(1) (2020)
12562.

[129] M.P. Hardy, E. Audemard, F. Migneault, A. Feghaly, S. Brochu, P. Gendron, E. Boilard, F.
Major, M. Dieude, M.J. Hebert, C. Perreault, Apoptotic endothelial cells release small extracellular
vesicles loaded with immunostimulatory viral-like RNAs, Sci Rep 9(1) (2019) 7203.

[130] M. Dieude, J. Turgeon, A. Karakeussian Rimbaud, D. Beillevaire, S. Qi, N. Patey, L.A. Gaboury,
E. Boilard, M.J. Hebert, Extracellular vesicles derived from injured vascular tissue promote the
formation of tertiary lymphoid structures in vascular allografts, Am J Transplant (2019).

[131] M. Dieude, C. Bell, J. Turgeon, D. Beillevaire, L. Pomerleau, B. Yang, K. Hamelin, S. Qi, N.
Pallet, C. Beland, W. Dhabhri, J.F. Cailhier, M. Rousseau, A.C. Duchez, T. Levesque, A. Lau, C.
Rondeau, D. Gingras, D. Muruve, A. Rivard, H. Cardinal, C. Perreault, M. Desjardins, E. Boilard, P.
Thibault, M.J. Hebert, The 20S proteasome core, active within apoptotic exosome-like vesicles,
induces autoantibody production and accelerates rejection, Sci Transl Med 7(318) (2015) 318ra200.
[132] E.A. Pilon, M. Dieudé, S. Qi, K. Hamelin, L. Pomerleau, D. Beillevaire, Y. Durocher, M. Zutter,
D. Coutu, C. Perreault, M.J. Hébert, The perlecan fragment LG3 regulates homing of mesenchymal
stem cells and neointima formation during vascular rejection, Am J Transplant 15(5) (2015) 1205-18.



787

788

789

790

791

792

793

794

795

796

797

798

799

800

Figure 1. Autophagy and MTOR signaling pathways. (A) Mechanistic presentation of the different
types of autophagy. (1) Macroautophagy, (2) Chaperone-mediated autophagy and (3) Microautophagy.
(B) Molecular depiction of the two distinct MTOR protein complexes MTORC1 and MTORC2 and

their respective downstream targets.

Figure 2. Impact of extracellular matrix components on autophagy and myofibroblast
differentiation. Multiple matrix constituents modulate both autophagy and myofibroblast

differentiation through different signaling pathways. * observed in other than fibroblast cell type

Figure 3. MTORC2 activation determines the fate of cells either toward senescence or
myofibroblast differentiation. Stress signal induces autophagy. Sustained autophagy fosters
MTORC?2 activation in fibroblasts. MTORC?2 activation determines the fate of fibroblasts either
toward senescence or myofibroblast differentiation. Senescence concomitantly maintains MTORC2

activation while suppressing myofibroblast differentiation.



Table 1. Role of autophagy in fibrosis and myofibroblast differentiation

Myofibroblast

Cell source Tissue differentiation Markers Signaling Reference
L Heart (atria, ) ) L
Rat cardiac fibroblasts . promotes a-SMA, fibronectin p38 MAPK inhibition [14]
ventricles)
L Heart (atria, . .
Mouse cardiac fibroblasts . promotes a-SMA TLR4 signaling pathway [22]
ventricles)
NRK-49F Kidney promotes a-SMA, collagen | - [23]
Oral mucosa fibroblasts Oral .mu.cosa, promotes a-SMA, collagen | - [16]
Gingiva
a-SMA, collagen |, TGFB-independent
WI-38, NHLF, MEF Lung, Embryo promotes collagen I, stress fibers MTORC?2 activation [24]
NRK-49F Kidney promotes a-SMA, fibronectin, TGFB-deper.\de.nt MTORC2 [31]
collagen activation
Human cardiac fibroblasts, Heart (atria) promotes fibronectin, collagen | TGFB-depa.end.ent SMAD [33]
MEF activation
NIH-3T3, rat tenocytes Tendons impedes a-SMA, collagen |, - [34]
collagen IlI
Human subconjunctival Conjunctiva impedes a-SMA, fibronectin, ) [35]
fbroblasts collagen |
. a-SMA, fibronectin, inhibition of
MRC-5 Lung impedes collagen | PI3K/AKT/mTOR pathway [36]
Human intestinal Intestine .
fibroblasts (colon) impedes collagen [, collagen I - [37]
WI-38, romotes ivati
Lung P a-SMA MTORC2 a(.:tlvatlc.m [38]
NHLF impedes senescence induction
NHLF Lung impedes a-SMA, collagen | - [41]
NHLF Lung impedes a-SMA, collagen | - [42]

NHLF : normal human lung fibroblasts, WI-38: WI-38 normal human fibroblasts, MEF: mouse embryonic fibroblasts, MRC-5: human fetal lung
fibroblast cell line, NIH-3T3: embryo murine fibroblasts, NRK-49F: Rat renal interstitial fibroblasts



Table 2. Models used to manipule autophagy in fibroblasts and fibrosis

Autopha Impact on
Cell source Model phagy myofibroblast ~ Reference
modulation . L
differentiation
Rat cardiac . S )
fibroblasts Pharmacological (Baf-A1, CQ) inhibition impedes [14]
Mouse cardiac Pharmacological (3-MA) inhibition imped [22]
fibroblasts 9 impedes
NRK-49F Pharmacological (3-MA) inhibition impedes [23]
Oral mucosa Pharmacological (CQ) inhibition imped [16]
fibroblasts 9 impedes
Serum starvation activation
WI-38, NHLF, ) - promotes
MEE Pharmacological (Baf-A1, CQ, 3-MA, LY) inhibition impedes [24]
Genetic (siATG7) inhibition impedes
Pharmacological (CQ, 3-MA, Go inhibition i
NRK-49F o (_ ) o impedes [31]
Genetic (siPKCa) inhibition impedes
Human cardiac Pharmacological (Baf-A1, 3-MA) inhibition impedes
fibroblasts, Genetic (shATG7, ATG5 KO) inhibition impedes [33]
MEF Pharmacological (Rapa) activation promotes
Pharmacological (Rapa) activation i
NIH-3T3, rat ) . impedes
Pharmacological (3-MA) inhibition promotes [34]
tenocytes
Genetic (siATG5) inhibition promotes
Human . Pharmacological (TRE, Rapa) activation impedes
subconjunctival . o [35]
foroblasts Pharmacological (CQ) inhibition promotes
Pharmacological (ISL, Rapa activation i
MRC5 9. ( pa) ctivat impedes [36]
Pharmacological (3-MA, LY) inhibition promotes
.Hum‘an Pharmacological (Rapa) activation impedes
intestinal . o [37]
fibroblasts Pharmacological (Baf-A1, 3-MA) inhibition promotes
Serum starvation activation
WI-38, ] e promotes
NHLF Pharmacological (3-MA, LY) inhibition impedes [38]
Genetic (siATG7) inhibition impedes
Pharmacological (CQ) inhibition promotes
Pharmacological (RSV, Torin1, Tat- L j
NHLF ) activation impedes [41]
beclin 1) .
activation impedes

Serum starvation

Baf-A1: bafilomycin-A1, CQ: chiroquine, 3-MA: 3-methyladenine, LY: LY294002, Go: Go6976, Rapa: rapamycin, TRE: trehalose,
ISL: isoliquiritigenin, RSV: resveratrol



Table 3. Role of MTOR pathway in fibrosis and myofibroblast differentiation

Myofibroblast

Cell source Tissue MTOR pathway . . Markers Reference
differentiation
WI-38, NHLF, lung, MTORC2 romotes a-SMA, collagen |, [24]
MEF embryo (pS473-Akt) P collagen lll, stress fibers
. MTORC2 a-SMA, fibronectin,
NRK-49F kidney (PKCa, pS473-Akt) promotes collagen [31]
. MTORC2 a-SMA, fibronectin,
NRK-49F kidney (PKCa, pS473-Akt) promotes collagen | [32]
MTORC2 promotes
WI-38, NHLF lun a-SMA 38
9 (pSA473-Akt) impedes 18]
MTORC1 (S6K1, 4E-BP1), a-SMA, fibronectin,
NHLF lung MTORC2 (pS473-Akt) promotes collagen |, stress fibers [39]
human pterygium coniunctiva MTORC2 romotes a-SMA, fibronectin, [40]
fibroblasts ) (pS473-Akt) P collagen |
NHLF lung MTORC1 promotes a-SMA, collagen | [49]
MTORC1
NHLF lung (4E-BP1) promotes a-SMA, collagen | [50]
mesenchymal lun MTORC1 (S6K1, 4E-BP1), romotes collagen | (53]
cells 9 MTORC2 (pS473-Akt) P 9




Table 4. Impact of ECM constituents on the regulation of autophagy and myofibroblast differentiation in fibroblasts

Autophagy  Myofibroblast

ECM components . . - Reference
P modulation  differentiation
Decorin activation - [59]
- impedes [61, 62]
. - impedes [64]
Endostatin L
activation® - [65]
activation - [67]
Collagen VI
- promotes [68]
activation - [69]
Denatured collagen |
- promotes [70]
Perlecan (native) inhibition* - [73]
Perlecan T
(endorepellin) activation - [74]
Perlecan (LG3) - promotes [75-77]
L inhibition* promotes [81]
Periostin
10st - promotes [78-80]
. inhibition promotes [85]
Ost t
steopontin - promotes [82-84]
inhibition - [89, 90]
Fibronectin - promotes [91, 92]
- impedes [93]

* not in fibroblast



