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Preface

Cardiac Fibrosis and Heart Failure: Cause or Effect?

Cardiac fibrosis is the abnormal expansion of the cardiac extracellular matrix
(ECM) due to excessive ECM protein deposition, which occurs in most types of
heart disease. It is widespread and is found in cardiac diseases including post-MI
heart failure, hypertension and diabetic cardiomyopathy. Remodeling of the cardiac
extracellular matrix has become a well-known modifier of cardiac performance
and on-going or chronic wound healing is closely tied to heart failure. The cardiac
ECM includes proteins that occupy the space between cells in the heart. Contractile
myofibroblasts are those cells that not only express a-smooth muscle actin, but
more importantly also exhibit formation of stress fibres, are the major players in the
secretion and physical remodeling of matrix. Myofibroblasts facilitate connections
from cell surface adhesions to the matrix itself, and progressive remodeling of the
matrix and cellular connections contributes to heart failure. Fibroblasts (defined as
fibroblastic cells without stress fibres) and myofibroblasts contribute to the normal
maintenance of matrix, wound healing, and to the pathology of cardiac fibrosis.
While limited wound healing is necessarily “a good thing”, the situation deteriorates
in runaway wound healing or fibrosis, which is marked by progressive deposition of
matrix proteins long after the acute wound healing phase is completed. In the early
1990s, and despite a widespread awareness of cardiac fibrosis, our interpretation
of its role in heart disease had stalled at the concept of cardiac fibrosis as a being
secondary result of disease, and not as a primary contributor to the development
of heart failure. Since then, major advances in our understanding have allowed us
to now identify cardiac fibrosis as being a primary and causal driver of disease.
This may be thought of as independent of cardiac muscle cell injury. Thus a
comprehensive treatise on this topic is well warranted.

Jeftrey T. Wigle, Ian M.C. Dixon
Winnipeg, Canada
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Cardiac Fibrosis and Heart Failure—Cause
or Effect?

Primary Contribution of Cardiac Fibrosis to Heart
Failure

Ian M.C. Dixon, Ryan H. Cunnington, Sunil G. Rattan and Jeffrey T. Wigle

Abstract Cardiac fibrosis is the pathological accumulation of cardiac extracellular
matrix (ECM or matrix), which occurs in most types of heart disease. Major recent
advances in our understanding have allowed us to identify cardiac fibrosis as a
primary disease independent of either cardiomyocyte injury or loss. New develop-
ments within this field are burgeoning, including research that points to multiple
sources for cardiac myofibroblasts participating in cardiovascular disease patho-
genesis, the feasibility of bioengineered matrix tissues as well as the identification
of novel targets to reduce the incidence and severity of cardiac fibrosis. A summary
of the state of knowledge of the regulation of the function of fibroblasts as well as
a synopsis of the current state of investigation to address the biology of cardiovas-
cular fibroblasts, valvular interstitial cells (VICs), and myofibroblasts is warranted.
This book will help to adapt the information that we have gathered in order to
translate it into treatments for fibrotic cardiac diseases and thus alter the course of
their progression.

Keywords Cardiac fibrosis + Heart disease * Fibroblast - Myofibroblast
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2 1. M. C. Dixon et al.

Cardiac fibrosis is the pathological accumulation of cardiac extracellular matrix (ECM
or matrix). It is generally held that fibrosis occurs in most types of heart disease where-
in cardiomyocytes are lost to necrotic cell death and is the end-point of a chronic or
excessive wound healing process [1]. While acute wound healing is both required and
necessary for the maintenance of the interconnectivity of the muscular parenchymal
syncytium of cardiomyocytes, cardiac fibrosis is by definition the pathological mani-
festation of the abnormal expansion of the cardiac interstitium or non-parenchymal
tissues with excessive matrix component protein deposition. Remodeling of the cardi-
ac extracellular matrix has become a well-known modifier of cardiac performance and
on-going or chronic wound healing is closely tied to heart failure [2]. The traditional
functional description of the cardiac matrix is limited to the tethering of myocytes
to effect the efficient transfer of contractile forces and to translate those forces into
cardiac pump function. However the cardiac matrix itself is diverse and dynamic as
it contains glycosaminoglycans, glycoproteins, matrikines, structural proteins, both
active and inactive cytokines and fibrogenic growth factors including TGF-B, (which
may be bound to docking proteins and therefore “held in reserve”) and also serves as
the scaffold for the most numerous cell type in the heart—cardiac fibroblasts [3—5].
The current usage of the term “fibroblast” may be a relative oversimplification in-
sofar as it groups together these mesenchymally derived cells from heart atria and
ventricles, as well as lung, kidney, skin etcetera, despite growing evidence that these
cells differ topographically within organs including the heart [6] and between different
organs [7]. We and others have previously shown that relatively quiescent atrial and
ventricular-derived cells rapidly phenoconvert in vitro and in vivo to become con-
tractile, hypersecretory myofibroblasts [8, 9]. These myofibroblast cells are the major
players in the secretion and physical remodeling of the connections from cell surface
adhesions to the matrix; this remodeled ECM contributes to heart failure (see Fig. 1).

s

— > T aSMA; T ED-A FN; T SMemb; T Collagen
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Fibroblast [ Myofibroblast

4

Injury diminution of myofibroblast
phenotype

Nuclear Ski

Fig. 1 Phenoconversion of fibroblasts to myofibroblasts. Activation of Ski in the nucleus of
myofibroblasts is associated with the diminution of the myofibroblast phenotype



Cardiac Fibrosis and Heart Failure—Cause or Effect? 3

The unique biology of cardiac fibroblasts, and especially cardiac myofibroblasts
[10], distinguishes them from other fibroblastic cells and this unique biology is only
beginning to be appreciated in the context of their contribution to heart failure. The
natural signals that stimulate and inhibit the process of cardiac fibrosis mediated
by these cells are not well understood. In the early 1990s, despite a widespread
awareness of cardiac fibrosis occurring in various etiologies of heart failure, our
interpretation of its role in heart disease had stalled at the concept of cardiac fibrosis
as being a secondary result of progressive heart failure [11, 12] Since then, major
advances in our understanding have allowed us to identify cardiac fibrosis as a
primary disease, which can be independent of either cardiomyocyte injury or loss
[13]. While other comprehensive treatises on this topic have been forthcoming [1],
the suggestion that cardiac fibrosis may be a primary contributor to heart failure has
only recently gained ground. For these reasons, a summary of the state of knowl-
edge of the regulation of the function of fibroblasts, including the synthesis and
secretion of ECM and focal adhesion proteins, as well as a synopsis of the current
state of investigation to address the biology of cardiovascular fibroblasts, valvular
interstitial cells (VICs), and myofibroblasts is warranted. New developments within
this field are burgeoning, including research that points to diverse sources for car-
diac myofibroblasts participating in cardiovascular disease pathogenesis, the feasi-
bility of bioengineered matrix tissues as well as the identification of novel targets
to reduce the incidence and severity of cardiac fibrosis. Among the latter are recent
studies to investigate endogenous inhibitors of cardiac fibrosis, including proteins
such as the Ski/Sno superfamily [9, 14]. For example, we have recently discovered
that Ski may strongly influence myofibroblast phenoconversion, possibly via the
regulation of a novel Smad interacting protein, Zeb2 [9] and induction of apoptotic
death (unpublished results), which may then influence the pathogenesis of cardiac
fibrosis.

The purpose of this compendium of work is to bring together the latest findings
in the investigation into matrix dysfunction in cardiovascular disease. The current
book will address the molecular mechanisms that control the synthesis and secre-
tion of the cardiac ECM. We will highlight work which sheds light on the pathogen-
esis of cardiovascular diseases including topics as diverse as atrial fibrillation and
fibrosis, putative pools or sources for myofibroblasts, cardiac aging, endogenous
inhibitors of fibrosis, autophagy and ER stress in fibrosis, and discussions to unify
mechanisms of matrix remodeling in valves, atria and ventricles. As the mecha-
nisms that underpin the stimulation of cardiac fibrosis are not fully understood,
it is not surprising that no specific agents currently exist in the clinical armament
to alleviate this pathology by acting specifically on cardiovascular fibroblasts and
myofibroblasts. Ultimately, we hope that this book will help to adapt the informa-
tion that we have gathered in order to translate it into treatments for fibrotic cardiac
diseases; this will allow us to alter the course of the progression of these diseases
and thus lessen their impact not only on patients with cardiovascular disease, but
also on society at large.
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Fibroblast Activation in the Infarcted
Myocardium

Amit Saxena and Nikolaos G. Frangogiannis

Abstract The adult mammalian heart contains abundant fibroblasts. Cardiac fibro-
blasts are versatile and dynamic cells that not only produce extracellular matrix
proteins, but may also serve important functions in myocardial inflammation, angio-
genesis and repair. Following injury, cardiac fibroblasts may maintain the integrity
of the extracellular matrix network preserving cardiac geometry and function. Myo-
cardial infarction induces dynamic alterations in fibroblast phenotype. During the
early stages of infarct healing, cardiac fibroblasts may serve as sentinel cells that
sense signals released by dying cardiomyocytes and activate the inflammasome,
secreting cytokines and chemokines. During the inflammatory phase, fibroblasts
exhibit a matrix-degrading phenotype; myofibroblast conversion may be delayed
by activation of Interleukin-1 (IL-1) signaling. Suppression of pro-inflammatory
signals and termination of IL-1-driven cascades during the proliferative phase
of infarct healing may allow unopposed actions of Transforming Growth Factor
(TGF)-B on cardiac fibroblasts, mediating myofibroblast transdifferentiation, matrix
synthesis and scar contraction. Angiotensin II, the mast cell proteases chymase and
tryptase, growth factors and specialized matrix proteins may co-operate to promote
a synthetic and proliferative myofibroblast phenotype. The maturation phase fol-
lows, as infarct myofibroblasts cross-link the surrounding matrix, become quiescent
and may undergo apoptosis. However, in the non-infarcted remodeling myocar-
dium, fibroblasts may remain activated in response to volume and pressure overload
promoting interstitial fibrosis. This chapter discusses the role of cardiac fibroblasts
in infarct healing and the mechanisms of their activation, suggesting potential thera-
peutic targets aimed at attenuating adverse post-infarction remodeling.
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1 Introduction

Fibroblasts are the most abundant interstitial cells in the adult mammalian myocar-
dium [1, 2]. There are no reliable and specific fibroblast markers, thus identifica-
tion of fibroblasts in mammalian tissues is based on morphological and functional
criteria. Traditionally, cardiac fibroblasts are described as elongated, spindle shaped
cells that lack a basement membrane and are responsible for maintaining the integ-
rity of the cardiac matrix network. It is increasingly recognized that fibroblasts do
not only serve as matrix-producing cells, but also play important roles in regulat-
ing inflammatory, immune, reparative and angiogenic responses [3—6]. Most car-
diac pathophysiologic insults activate cardiac fibroblasts. The specific fibroblast
responses triggered by various injurious stimuli are major determinants of the func-
tional and geometric consequences of the pathophysiologic condition. For example,
pressure overload and volume overload may activate distinct molecular programs in
cardiac fibroblasts, leading to different functional and morphologic abnormalities.
The infarcted heart provides a unique opportunity to study the dynamic changes of
cardiac fibroblasts and to appreciate their functional diversity in response to micro-
environmental changes [7]. Because the adult mammalian myocardium has negli-
gible endogenous regenerative capacity, loss of a large number of cardiomyocytes
leads to their replacement with a collagen-based scar.

Repair of the infarcted heart is dependent on a superbly orchestrated response
that can be divided into three distinct, but overlapping phases: the inflammatory,
the proliferative and the maturation phase [8, 9]. In the dynamic microenvironment
of the infarct, cardiac fibroblasts undergo dramatic phenotypic alterations and may
serve a wide range of functions. This chapter reviews evidence on the role of car-
diac fibroblasts in the phases of infarct healing and on their potential involvement in
activation and suppression of the inflammatory reaction, in matrix metabolism, and
in formation of a mature collagen-based scar. We will also discuss the key molecu-
lar signals directing the phenotypic transitions of fibroblasts during the phases of
cardiac repair and we will attempt to identify specific therapeutic targets to prevent
adverse remodeling following myocardial infarction.

2 Cardiac Fibroblasts in Normal Mammalian Hearts

The adult mammalian heart contains abundant fibroblasts (Fig. 1). Although it is of-
ten stated that cardiac fibroblasts may outnumber cardiomyocytes [10] robust docu-
mentation of this claim in human hearts is lacking. Moreover, the number of fibro-
blasts measured in experimental studies likely depends on the specific methodology
and the markers used for fibroblast identification. Species, strain and age may also
affect the relatively density of cardiac interstitial fibroblasts. Regardless of these
uncertainties, it is generally accepted that fibroblasts are the predominant interstitial
cells in mammalian hearts. Fibroblast studies have been hampered by the absence
of a fibroblast-specific surface marker. Vimentin, a cytoskeletal protein, has been
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identified as an intermediate filament protein expressed by most cells of mesen-
chymal origin and has been extensively used to identify fibroblasts in normal and
infarcted myocardium [11, 12]. Although useful in labeling fibroblasts in tissues,
vimentin lacks specificity. Despite its name, fibroblast-specific protein (FSP)-1 is
also known as S100A4, a calcium-binding protein which is expressed by activated
macrophages, lymphocytes and endothelial cells [13, 14]. Other markers of fibro-
blasts (such as a-smooth muscle actin (a-SMA) and periostin) appear to label only
activated cells upon acquisition of a matrix-synthetic myofibroblast phenotype. The
basic helix-loop-helix (bHLH) transcription factor TCF21 has been proposed as a
fibroblast-specific protein [15, 16]; however, its ability to specifically label cardiac
fibroblasts in normal and injured hearts has not been systematically tested.

Little is known regarding the role of fibroblasts in cardiac homeostasis. Em-
bryonic fibroblasts may promote cardiomyocyte proliferation through interactions
involving B1 integrin signaling [17]. A growing body of evidence suggests that fi-
broblasts and cardiomyocytes may contribute to cardiac homeostasis by intracellu-
lar communications known as connexins, which contribute to normal electrical and
mechanical function of the heart [18].

3 The Phases of Cardiac Repair

From the descriptive viewpoint, the reparative response following myocardial in-
farction can be divided into three overlapping but distinct phases: the inflammatory
phase, the proliferative phase and the maturation phase. Each phase is characterized
by recruitment/activation of specific cellular populations. Death of large numbers of
cardiomyocytes in the infarcted myocardium results in the release of danger signals,
triggering the activation of an inflammatory cascade. Neutrophils and inflammatory
monocytes infiltrate the infarct and clear the wound from dead cells and matrix
debris. Resolution of the inflammatory reaction is associated with activation and
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proliferation of mesenchymal cells; at this stage activated fibroblasts become the
dominant cell type in the infarct and deposit large amounts of structural and matri-
cellular matrix proteins. The maturation phase follows, as collagen is cross-linked
and the cellular elements of the scar undergo apoptosis. Each phase of cardiac repair
is associated with distinct phenotypic alterations of the fibroblasts.

4 Cardiac Fibroblasts During the Inflammatory Phase

4.1 Cardiac Fibroblasts as Inflammatory Cells Following
an Ischemic Insult

Although robust evidence on the fate of resident cardiac fibroblasts following myo-
cardial infarction is lacking, in vitro experiments suggest that fibroblasts may be
more resistant to ischemic insults than cardiomyocytes [19]. Due to their relative re-
sistance to ischemic death, their strategic location in the cardiac interstitium and po-
tential interactions with other myocardial cells, fibroblasts may function as sentinel
cells that sense injury and trigger an inflammatory reaction (Fig. 2). Because other
cell types (including vascular cells, mast cells and macrophages) are also capable of
releasing pro-inflammatory mediators, the relative role of fibroblasts as inflamma-

@ Neutrophil

N Endothelial cells

N

e

cytokines |
(IL-1beta, IL-6)

Fibroblast

Chemokines

Fig. 2 The “pro-inflammatory” fibroblast. During the inflammatory phase of infarct healing, car-
diac fibroblasts activate the inflammasome and may secrete matrix metalloproteinases (MMPs),
cytokines and chemokines. Reactive oxygen species (ROS), activation of Toll-like receptor (7LR)
pathways by matrix fragments (FN/fibronectin, Col/collagen, H/hyaluronan) and danger signals,
and pro-inflammatory cytokines (such as Interleukin (IL)-1 and Tumor necrosis factor (TNF)-a
may promote a pro-inflammatory and matrix-degrading fibroblast phenotype
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tory cells is unclear. However, extensive experimental evidence from animal mod-
els of myocardial infarction suggests that cardiac fibroblasts exhibit activation of
the inflammasome, the molecular platform responsible for caspase-mediated inter-
leukin (IL)-1 activation [20] and downstream IL-1 signaling. Moreover, fibroblasts
may serve as a source of chemokines in the infarcted myocardium.

Which molecular signals trigger pro-inflammatory activation of fibroblasts in
the infarcted heart? Induction of pro-inflammatory cytokines, such as IL-1, Tumor
Necrosis Factor (TNF)-a and members of the gp130 family, plays an important role
in acquisition of pro-inflammatory phenotype by cardiac fibroblasts during the ear-
ly stages following infarction. /n vitro, IL-1, TNF-a and oncostatin-M [21-23] exert
potent pro-inflammatory actions on cardiac fibroblasts. In vivo evidence suggests
that IL-1p may be prominently involved in inflammatory activation of fibroblasts
in the infarcted heart [24]. IL-1 signaling enhances collagenase expression by car-
diac fibroblasts promoting a matrix-degrading fibroblast phenotype that may also
be associated with accentuated inflammatory cytokine synthesis. In addition to its
pro-inflammatory actions, IL-1 also delays myofibroblast transdifferentiation sup-
pressing expression of a-SMA by cardiac fibroblasts [24] and may inhibit fibroblast
proliferation [25] by modulating expression of cyclins and their kinases [26]. Acti-
vation of IL-1 signaling during the early inflammatory phase of infarct healing may
prevent premature conversion of fibroblasts into matrix-secreting myofibroblasts at
a timepoint when the infarct environment may be hostile to reparative and contrac-
tile cells. As the wound is cleared from dead cells and matrix debris, suppression
and resolution of IL-1-driven inflammation may allow unopposed actions of growth
factors, leading to transdifferentiation of fibroblasts into synthetic myofibroblasts.
Angiotensin I and aldosterone also exert pro-inflammatory actions on cardiac fi-
broblasts in vitro [27, 28]; however, the in vivo significance of these actions during
the inflammatory phase of cardiac repair remains unknown. Cytokines and angio-
tensin II may exert their pro-inflammatory actions, at least in part, by promoting
generation of reactive oxygen species (ROS) [27, 28]. Matrix degradation products,
generated through the early activation of proteases in the infarcted heart may also
contribute to pro-inflammatory fibroblast signaling [29, 30]. In vitro studies suggest
that activation of Toll-like receptor (TLR) signaling by danger associated molecular
patterns (DAMPs) released from dead cells may also activate pro-inflammatory
responses in fibroblasts [31]. However, the potential role of TLR actions in inflam-
matory activation of cardiac fibroblasts in vivo has not been investigated.

4.2 Do activated Fibroblasts Participate in Resolution
of Post-Infarction Inflammation?

Effective post-infarction repair requires timely suppression of the inflammatory
response; negative regulation of chemokine and cytokine signaling prevents the
catastrophic consequences of uncontrolled inflammation on cardiac geometry and
function [8]. Suppression and resolution of the inflammatory reaction involves the
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timely activation of endogenous inhibitory pathways that inhibit inflammation. Var-
ious soluble mediators, such TGF-f and IL-10, and intracellular STOP signals (such
as Interleukin Receptor Associated Kinase-M) inhibit innate immune signaling [32]
and have been implicated in suppression and resolution of inflammatory infiltrate.
Although all cell types participating in repair following an ischemic result are likely
involved in suppression and resolution of inflammation the key cellular effectors in
mediating this transition have not been identified. While subsets of monocytes and
lymphocytes and macrophages have been shown to negatively regulate the post-
infarction inflammatory response [33—-35], whether fibroblasts can acquire an anti-
inflammatory phenotype, participating in resolution of inflammation in the healing
infarct remains unknown.

5 Cardiac Fibroblasts During the Proliferative Phase

5.1 Activated Fibroblasts as the Dominant Reparative Cells
in the Infarcted Myocardium

During the proliferative phase of infarct healing, cardiac fibroblasts undergo dra-
matic phenotypic changes acquiring a synthetic/proliferative myofibroblast-like
phenotype. Accumulation of activated myofibroblasts in the infarct border zone has
been demonstrated in experimental models of myocardial infarction (Fig. 3). The
transition from an inflammatory to a synthetic myofibroblast phenotype involves
the removal of pro-inflammatory signals (such as IL-1p), activation of growth fac-
tor-mediated signaling and generation of a plastic matrix network which promotes
myofibroblast transdifferentiation and stimulates responses to various growth fac-
tors through matricellular interactions (Fig. 4).

Fig. 3 During the prolifera-
tive phase, o-smooth muscle
actin (SMA)-expressing
myofibroblasts infiltrate the
infarct border zone. a-SMA
immunohistochemistry
identifies abundant myo-
fibroblasts in the infarcted
mouse heart (1h ischemia/7
days reperfusion), as elon-
gated cells (arrows) located
outside the vascular media.
a-SMA staining also labels
vascular smooth muscle cells
(arrowheads)




Fibroblast Activation in the Infarcted Myocardium 11

Angiotensin Il

|

O | o A |
\u/ y Fibroblast Proliferation

specialized
matrix protein

\ endothelin-1

FGFs, PDGFs \

Myofibroblast Transdifferentiation

Fig. 4 During the proliferative phase of infarct healing, fibroblasts become activated, transdif-
ferentiate into myofibroblasts, secrete matrix proteins and proliferate. A wide range of mediators
(including angiotensin II, TGF-B, growth factors, endothelin-1, tryptase, chymase and matricel-
lular proteins) are implicated in the activation process (see text)

5.2 Characteristics and Origin of Activated Fibroblasts
Following Infarction

Where do infarct myofibroblasts come from? In adult mammals, the abundant
cardiac interstitial cells can be activated in response to growth factor stimulation
and to alterations in their matrix environment, and may represent the most impor-
tant source of myofibroblasts in the healing infarct. In vivo evidence suggests that
blood-derived fibroblast progenitors and endothelial to mesenchymal transition
may also contribute to the myofibroblast populations in models of cardiac fibrosis
[36-38]. Additional sources of infarct fibroblasts may include epicardial cells, car-
diac pericytes and vascular smooth muscle cells [39]. The relative contribution of
each population remains unknown. Moreover, the infarct fibroblast population may
be heterogeneous; different subsets with distinct origins and functional properties
may contribute specialized roles in cardiac repair.
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5.3 Mpyofibroblast Transdifferentiation

Conversion of fibroblasts into synthetic myofibroblasts is the hallmark of the pro-
liferative phase of infarct healing. In the healing infarct, border zone myofibro-
blasts acquire some characteristics of smooth muscle cells, exhibiting formation
of contractile stress fibers [12, 40], and expression of a-SMA. Although de novo
synthesis of a-SMA characterizes the differentiated myofibroblast, it is important
to note that it is not a necessary criterion for myofibroblast identification: “pro-
to-myofibroblasts” form stress fibers without incorporation of a-SMA [41, 42].
Conversion of cardiac fibroblasts into myofibroblasts requires the cooperation of
growth factors (such as TGF-f3) and specialized matrix components (such as ED-A
fibronectin) [43, 44]. Recent evidence suggests that the calcium channel Transient
receptor potential canonical (TRPC)6 is critically involved in mediating the effects
of TGF-fB and angiotensin II on myofibroblast transdifferentiation [45, 46]. Dur-
ing the proliferative phase of healing, activation of TGF-B, deposition of ED-A
fibronectin and matricellular proteins in the provisional matrix network [47] and
removal of pro-inflammatory cytokines, such as IL-1f, create an environment that
potently stimulates myofibroblast conversion.

5.4 Role of TGF-p Signaling and its Importance in Fibrosis

TGF-B is a multifunctional, versatile and highly pleiotropic growth factor that
regulates a wide range of cellular responses (including cell migration, prolifera-
tion, differentiation and survival). TGF-f is found in many tissues in a latent form;
generation of small amounts of bioactive TGF-f is sufficient to trigger a maximal
cellular response. TGF-B3 expression is markedly augmented following infarction
and is predominately localized in the infarct border zone; platelets, inflammatory
leukocytes, fibroblasts, vascular cells and cardiomyocytes may contribute to the in-
creased levels of TGF-B. TGF-B1, B2 and 3 isoforms exhibit distinct time courses
of upregulation in myocardial infarction [48]: TGF-B1 and B2 are induced early,
whereas TGF-B3 expression is upregulated at a later stage. TGF-f induction in the
infarcted myocardium is associated with a marked increase in levels of phosphory-
lated Smad2/3 [49, 50], suggesting generation of bioactive TGF-f and downstream
activation of TGF-f/Smad signaling.

TGF-B has profound effects on fibroblast phenotype and function inducing
myofibroblast transdifferentiation [51], upregulating matrix protein synthesis and
stimulating synthesis of protease inhibitors, such as Tissue inhibitor of metallopro-
teinases (TIMP)-1 and Plasminogen activator inhibitor (PAI)-1 [44, 50]. TGF-B me-
diated activation of Smad3 signaling plays an important role in activation of infarct
fibroblasts; in the absence of Smad3, collagen deposition in the infarct, in the border
zone and in the remodeling non-infarcted myocardium is significantly attenuated.
The pro-fibrotic effects of Smad3 signaling are mediated, at least in part, through
upregulation of matrix protein synthesis and through stimulation of a-SMA expres-
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sion [52]. Our understanding of the role of non-canonical Smad-independent TGF-3
signaling pathways in cardiac repair remains limited. Although in other models of
tissue fibrosis, p38 mitogen-activated protein kinase (MAPK) and c-Abl tyrosine
kinase have been implicated in the fibrotic response [53, 54], their significance in
activation of reparative fibroblasts following infarction remains unknown. TGF-f3
activated kinase (TAK)-1 may also exert pro-fibrotic actions in the myocardium
[55]; however, direct evidence on its role in post-infarction repair is lacking.

5.5 Signals Regulating Fibroblast Migration in the Infarcted
Mpyocardium

Migration of fibroblasts into the healing infarct is essential for the reparative re-
sponse. Formation of a fibrin/fibronectin-based provisional matrix in the infarcted
area creates the environment necessary for cell migration. Despite the significance
of the migratory response in cardiac repair, understanding of the signals that stimu-
late fibroblast migration in the healing infarct is limited. Fibroblast migration in the
infarct is associated with the activation of tissue polarity genes, such as frizzled-2
[56]. Growth factor signaling and deposition of matricellular proteins likely regu-
late fibroblast migration; however, the specific pathways implicated in the process
are poorly understood. The migratory response is tightly regulated. Activation of
inhibitory anti-migratory signals, such as the anti-fibrotic chemokine CXCL10/
Interferon--inducible Protein (IP)-10 [57] reduces growth factor-induced fibroblast
migration preventing excessive fibrotic remodeling of the infarcted heart. The anti-
fibrotic effects of IP-10 are not mediated through activation of its main receptor
CXCR3 and may involve proteoglycan-mediated interactions [58].

5.6 The Renin Angiotensin Aldosterone System (RAAS) and
Growth Factors Regulate Fibroblast Function in the
Infarcted Myocardium

In the healing infarct, myofibroblasts become matrix-synthetic proliferative cells
and are responsible for formation of the collagen-based scar that replaces the dead
cardiomyocytes. Surviving cardiomyocytes, macrophages and mast cells may
contribute to activation of border zone myofibroblasts by secreting mediators that
regulate their proliferative activity and matrix synthetic capacity [59, 60]. Exten-
sive evidence suggests a crucial role for the RAAS system in activation of infarct
myofibroblasts. Both pharmacologic inhibition studies and genetic loss-of-function
experiments suggested that angiotensin II signaling increases the matrix synthetic
capacity of infarct myofibroblasts by activating type I (AT1) receptors [61]. Aldo-
sterone also induces expression of matrix proteins in cardiac fibroblasts [62]. The
fibrogenic effects of the RAAS are mediated, at least in part, through activation of
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growth factors, such as Fibroblast Growth Factors (FGFs), TGF-f, and Platelet-
derived growth factor (PDGF) [63, 64]. Endothelin-1 also activates cardiac fibro-
blasts, by inducing collagen synthesis and by stimulating proliferation [65, 66].
Moreover, the mast cell proteases tryptase and chymase are potent activators of
fibroblast proliferation and inducers of matrix protein synthesis [67—-69]. In addition
to its direct actions on cardiac fibroblasts, mast cell chymase may act as an impor-
tant alternative mechanism for angiotensin II generation [70].

5.7 The Extracellular Matrix as a Modulator of Fibroblast
Phenotype: The Matricellular Proteins

The extracellular matrix does not simply play a structural role, but also dynamically
regulates cellular phenotype and function in injured and remodeling tissues. Dur-
ing the proliferative phase of infarct healing, deposition of matricellular proteins
in the infarct dynamically modulates fibroblast phenotype, regulating cytokine and
growth factor responses. Several members of the matricellular family, including
thrombospondin (TSP)-1, TSP-2, osteopontin (OPN), Secreted protein acidic and
rich in cysteine (SPARC), periostin, tenascin-C and members of the CCN family are
upregulated in the infarcted myocardium and modulate fibroblast function, playing
an essential role in the reparative and remodeling response [47].

TSP-1, a prototypical matricellular protein is a potent angiostatic mediator with
an essential role in TFG- activation [71]. TSP-1 expression is selectively upregu-
lated in the infarct border zone; TSP-1 loss results in increased dilative post-in-
farction remodeling associated with prolonged and expanded inflammation [72].
TSP-1 has matrix-stabilizing effects; both direct actions of TSP-1 and its effects on
TGF-p activation may drive cardiac fibroblasts towards a matrix-preserving pheno-
type [73]. TSP-1 loss in a model of cardiac pressure overload was associated with
increased MMP activity, impaired myofibroblast transdifferentiation, and reduced
fibroblast-derived collagen synthesis [73].

Expression of Tenascin-C is also markedly upregulated during the proliferative
phase of healing [74] and facilitates fibroblast migration into the infarct [75, 76].
SPARC also critically regulates fibroblast phenotype and function in the remodel-
ing heart. SPARC loss in mice is associated with higher mortality following due to
defective healing, associated with disorganized granulation tissue formation and
deposition of immature collagen [77]. OPN upregulation is also consistently found
in animal models of myocardial infarction [78]. OPN can act both as a cytokine and
as a matricellular protein. Loss of OPN was associated with worse post-infarction
cardiac remodeling [79]. OPN has multifunctional effects on cell survival, prolif-
eration, adhesion and migration. /n vitro experiments suggested that proliferative
effects of angiotensin II in cardiac fibroblasts may be mediated by OPN [80]. Peri-
ostin is also highly upregulated in the infarcted heart and plays a critical role in
infarct fibroblast maturation and differentiation [81, 82].
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6 Cardiac Fibroblasts During the Maturation Phase
of Infarct Healing

As the scar matures, the extracellular matrix is cross-linked, while the cellular ele-
ments undergo apoptosis. Cardiac fibroblasts may contribute to formation of cross-
linked collagen by secreting enzymes such as lysyl-oxidase and tissue transgluta-
minase. Although cardiac fibroblasts appear to undergo dramatic changes during
the maturation phase, transitioning to a quiescent state and eventually disappearing
from the scar, very little is known regarding their fate, and the signals that may drive
suppression of their activity. In mature myocardial infarcts, myofibroblast density is
decreased [83, 84]; whether this decrease is due to loss of a-SMA expression and re-
versal of myofibroblast phenotype, or to apoptotic death, remains unclear. Removal
of matricellular proteins and growth factors from the infarct environment may be
responsible for fibroblast deactivation and apoptosis in the scar, depriving the cells
from key pro-survival signals [85].

7 Cardiac Fibroblasts in the Remodeling
Non-Infarcted Heart

While infarct myofibroblasts may be cleared through activation of apoptotic path-
ways, in the remote remodeling infarcted myocardium, fibroblasts may remain ac-
tivated due to pathophysiologic changes induced by pressure and volume overload.
In experimental models, pressure overload induces activation of matrix protein syn-
thesis, fibrosis and development of diastolic dysfunction. Persistent pressure over-
load ultimately leads to decompensation, chamber dilation and systolic dysfunction
[86]. Volume overload on the other hand is predominately associated with matrix
loss and cardiac dilation [87]. The phenotypic changes of interstitial fibroblasts in
the remote remodeling myocardium remain poorly understood.

8 Therapeutic Opportunities: Targeting the Cardiac
Fibroblast Following Myocardial Infarction

Remodeling of the infarcted heart is dependent on the mechanical properties of the
scar; thus, fibroblast-mediated actions on the infarcted and remodeling myocardium
have important functional implications. Because of their key role as inflammatory
and reparative cells, infarct fibroblasts are important therapeutic targets. Success of
several established pharmacologic strategies for patients with myocardial infarction
may be dependent, at least in part, on their effects on cardiac fibroblasts. Angioten-
sin Converting Enzyme (ACE) inhibitors and AT1 blockers decrease mortality in
patients with myocardial infarction and protect from heart failure. Although their
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beneficial effects are associated with attenuated cardiac fibrosis, [88], these agents
have a wide range of additional actions on the myocardium. Thus, the relative role
of their anti-fibrotic effects in improving clinical outcome remains unclear. Aldo-
sterone antagonists also reduce adverse remodeling and decrease circulating levels
of fibrosis-associated markers in patients with acute myocardial infarction [89].
However, because of the broad effects of aldosterone on all cell types implicated
in cardiac remodeling, the relative significance of anti-fibrotic actions in mediating
the observed clinical is unknown.

Investigations in animal models have identified several promising new ap-
proaches that may prevent adverse remodeling and protect from the development
of heart failure following myocardial infarction by targeting fibroblast functions [6,
90]. IL-1 antagonism may attenuate dilative post-infarction remodeling by limiting
fibroblast-mediated inflammatory and matrix-degrading activity [91]. On the other
hand, strategies targeting fibrogenic growth factors (such as TGF-B or FGF-2) may
hold promise in prevention of fibrotic cardiac remodeling [50, 92] and in attenuation
of diastolic heart failure. Because all inflammatory and fibrogenic mediators affect
all cell types implicated in cardiac repair, whether any beneficial effects of these
interventions may be due to modulation of fibroblast function is unclear. Moreover,
experience from experimental animal studies suggests caution when attempting to
interfere with matrix metabolism following myocardial infarction. Overactive ma-
trix-preserving pathways may result in excessive matrix deposition in the infarcted
heart, increasing chamber stiffness and causing diastolic dysfunction. In contrast,
accentuation of matrix-degrading signals (due to overactive inflammatory cascades
and/or enhanced protease activation) induces ventricular dilation and causes sys-
tolic dysfunction. Thus, perturbation of the balance between matrix synthesis and
degradation may have adverse consequences on myocardial geometry and function.

Implementation of anti-fibrotic strategies in patients with myocardial infarction
is particularly challenging due to the complexity of the pathophysiology of cardiac
remodeling in human patients. Patients surviving an acute myocardial infarction
exhibit significant pathophysiologic diversity that cannot be simulated in an ani-
mal model. Gender, age, genetic background, various co-existing conditions (such
as hypertension, and metabolic disease), the use of medications (including agents
targeting the RAAS or B-blockers) have important effects on fibroblast responses.
For example, aging is associated with impaired fibroblast responsiveness to growth
factors and results in formation of a defective scar with low collagen content [93].
In contrast, genetic predispositions or metabolic diseases (such as diabetes and obe-
sity) may accentuate fibrosis leading to development of diastolic heart failure [94].
Considering the heterogeneity of patients with myocardial infarction, biomarker-
based strategies or imaging-guided approaches are needed to develop personalized
therapeutic approaches for treatment of patients with myocardial infarction [90, 95,
96]. Assessment of inflammatory biomarkers (such as Monocyte Chemoattractant
Protein-1) may identify patients with myocardial infarction exhibiting prominent,
accentuated, or prolonged inflammatory responses who may benefit from anti-
inflammatory approaches. On the other hand, individuals with overactive TGF-f3
responses may be identified through measurement of biomarkers that reflect matrix
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synthesis, or through imaging studies assessing fibrotic remodeling; these patients
may benefit from inhibition of TGF-B/Smad signaling. Targeting the fibroblast may
also hold promise in treatment of infarct-related arrhythmias. Experimental studies
suggested that a-SMA-containing stress fibers contribute to the arrhythmogenic po-
tential of myofibroblasts. Thus, modulation of the myofibroblast cytoskeleton may
have anti-arrhythmic effects [97].

9 Conclusions

Cardiac fibroblasts are abundant and exhibit remarkable phenotypic plasticity. Fol-
lowing myocardial infarction cardiac fibroblasts are key effector cells in inflamma-
tion, repair and remodeling of the heart. /n vitro studies and animal model investiga-
tions have provided us important insights into the role of fibroblasts in myocardial
infarction. Unfortunately, the lack of specific and reliable fibroblast markers and
challenges in targeting fibroblasts in vivo have hampered our understanding of the
cell biological role of fibroblasts in healing infarction. Future studies need to fo-
cus on several important directions. First, identification of new fibroblast-specific
markers and characterization of fibroblast subpopulations that may play distinct
roles in cardiac repair and remodeling is crucial for understanding the role of fibro-
blasts in the infarcted heart. Second, dissection of the signaling pathways respon-
sible for activation and phenotypic modulation of fibroblasts following infarction is
essential in order to understand the pathophysiology of the reparative and fibrotic
response and to design new therapeutic strategies. Third, understanding the fate of
infarct myofibroblasts and the role of endogenous stop signals that may inhibit their
activation controlling the fibrotic response may identify new strategies for the treat-
ment of heart failure.
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Mechanical and Matrix Regulation of Valvular
Fibrosis

Mark C. Blaser and Craig A. Simmons

Abstract The aortic valve lies in, arguably, one of the more complex local mecha-
nobiological environments in the body. The inherent intricacy of this microenvi-
ronment results in multiple homeostatic mechanisms, but also a wide variety of
putative disease pathways by which valve function can be compromised. Aortic
valve disease (AVD) is a cell-mediated pathology whose initial stages are character-
ized by unchecked matrix dysregulation, leaflet thickening, and widespread fibro-
sis. The valve itself is composed of multiple cell populations, including endothelial
cells that are sensitive to blood flow-induced shear stresses and multipotent mes-
enchymal progenitors which are influenced by both the mechanical properties and
composition of the surrounding extracellular matrix. Dynamic mechanical loading
and shear stresses over the cardiac cycle, an irregular three-dimensional shape, and
a non-uniform matrix composition further influence these cellular responses. There
is also abundant biochemical signaling in the aortic root, with molecular factors
either produced by valve cells or transported to the root via blood flow. When these
mechanical/biochemical processes become deregulated as a result of insults to their
constituent components, resident valvular cells are driven to undergo myofibroblas-
tic differentiation, a program of valvular fibrosis sets in, and valve function is com-
promised. Valve dysfunction affects the cardiac environment as well, as impaired
opening and reductions in orifice area alter myocardial mechanics and often result
in hypertrophy and/or fibrosis of the left ventricle. In this chapter, we use the aortic
valve as a model tissue to discuss causative mechanisms of cardiovascular fibrosis,
including the contributions of mechanotransduction, matrix dysregulation, and bio-
chemical signaling.
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1 Introduction

Mechanical forces play a broad role in a variety of physiological processes. The
physical stresses in the external environment of the cell, the nature of the cell’s sur-
rounding extracellular matrix (ECM), and the properties of adjacent cells all con-
tribute to define the local biophysical environment. Mechanotransduction is the
means by which cells translate physical and mechanical stimuli into biochemical
signals, and it underpins cellular sensing of and responses to mechanical forces. In
development, responses to changes in tissue stiffness guide lineage specification of
mesenchymal stem cells [1], and are essential for proper maturation of the embryo
[2]. Mechanotransduction also has highly-conserved homeostatic roles: for example,
stretch-activated ion channels are expressed in bacteria, plants, and animals [3], as
are surface receptors (e.g., integrins) which transmit external forces across the cell
membrane [4]. Lastly, mechanotransduction is a key causative factor in a multitude
of diseases—blood flow-induced shear stresses in vascular diseases [5], impaired
cellular force transmission in muscular dystrophies [6], and diminished bone elabo-
ration in osteoporosis [7], to name a few. Indeed, a number of diseases and patholo-
gies that were previously thought to simply be “degenerative” or due to age-induced
“wear and tear” are now recognized as the result of active, mechanically-mediated
cellular differentiation and/or dysfunction. In this chapter, we detail how mecha-
notransduction, coupled with biochemical signaling, drives matrix dysregulation
and fibrosis in the complex microenvironment of the aortic valve. The concept of
valvular fibrosis as an active disease is still young, and so we also draw on studies
performed in other cardiovascular and connective tissues to provide further depth.

1.1 Aortic Valve Biology, Physiology, and Function

The aortic valve is one of four one-way valves in the vertebrate heart, and sits be-
tween the left ventricle and the ascending aorta. Like the pulmonary valve (which
is located between the right ventricle and pulmonary artery, and is the aortic valve’s
analogue on the right side of the heart), the aortic valve is made up of three semi-
lunar leaflets (or cusps) (Fig. 1). The curvature of these leaflets creates three aortic
sinuses on the aortic (“top”) side of the valve: the left and right coronary arteries
originate in the sinuses of the left coronary (LC) cusp and right coronary (RC) cusp
respectively, while no artery arises from the posterior aortic sinus formed by the
non-coronary (NC) cusp. Adult human valve leaflets are approximately 1 mm thick
[8], with size and structure generally well-conserved between mammalian species
of similar cardiac sizes, such as the pig [9]. This well-conserved structure is rather
complex, but uniquely suited to withstand the dynamic mechanical forces found in
the valvular microenvironment. Each leaflet is composed of three stacked layers,
each of which has unique mechanical properties that contribute to proper mechanical
function of the whole cusp. Layer-specific tissue mechanics are the result of differ-
ent mixes and organization of extracellular ECM components. The fibrosa layer rests
on the side of the valve closest to the ascending aorta and contains dense bundles of
circumferentially-oriented type I and type III collagen fibres [10, 11], whose high



26 M. C. Blaser and C. A. Simmons

Fibrosa

Aortic-facing Side

Spongiosa

Ventricularis

: Collagen Fiber (circumferential) & VSMC - :
i Elastin Fiber (radial) «— EC a» i
: Proteoglycan ¢ VEC &> |
| Blood Flow Pattern ———) vIC < !

Spongiosa

Ventricularis

|:| Collagen E] Proteoglycan - Nuclei/Elastin - Cytoplasm/Muscle Fiber
b

Fig. 1 Aortic valve cusp anatomy. a Illustration of an aortic valve cusp in cross-section, dem-
onstrating the tri-layer morphology and composition. Valvular interstitial cells (7ICs) are found
inside the cusps, while valvular endothelial cells ( VECs) line the surfaces. The fibrosa (aortic side)
is rich in collagen fibers which run in a circumferential direction, while strands of radial elastin
are contained in the ventricularis (ventricular side). The proteoglycan-rich spongiosa acts as a
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tensile strength provides the majority of the valve’s strength and resistance against
deformation while closed [12]. On the ventricular side of the leaflet, the ventricularis
is rich in collagen, but also has radially-oriented elastin which serves to control radial
strains as the valve opens and closes [13]. Between these two layers, the spongiosa
acts as a shock-absorber or linking buffer connecting the fibrosa and ventricularis. It
is rich in highly-hydrated glycosaminoglycans and proteoglycans, which serve to re-
sist compression and lubricate the differentially-directed shears (circumferential vs.
radial) of the outer two layers [14]. Recent work has discovered finely interweaved
elastin fibers in the spongiosa as well, which are oriented differently in the attach-
ment and leaflet tip regions (rectilinear) vs. the belly or middle of the cusps (radial
stripes) [15]. While the specific role of these elastin webs remains to be determined,
they are hypothesized to preload and prime the outer layers for recoil during valve
closure [15]. Differences in matrix composition between layers results in layer-spe-
cific matrix stiffness. Zhao and colleagues measured microscale, layer-specific me-
chanical properties of normal porcine aortic valve cusps at a number of points across
the leaflet surface via micropipette aspiration [16]. They identified significant spatial
heterogeneity in local matrix stiffness across both the fibrosa and ventricularis lay-
ers. However the fibrosa was, on average, significantly stiffer than the ventricularis.
In addition, there were a number of focal regions in the fibrosa which were always
stiffer than any part of the ventricularis [16]. A similar study using atomic force
microscopy identified comparable trends in relative leaflet layer stiffness, with the
spongiosa being the softest layer, followed by the ventricularis, while the fibrosa was
roughly two times stiffer than even the ventricularis [17].

The aortic valve leaflets contain two distinct types of cell populations, both of
which are responsible for cusp homeostasis and maintenance of valve health and
function. Valvular interstitial cells (VICs) inhabit all leaflet layers, and are plastic
and highly heterogenous. VICs from healthy valves are primarily quiescent fibro-
blasts, along with a small amount of activated myofibroblasts (~5 %) [18]. In a va-
riety of species, VICs also contain a large percentage of multipotent mesenchymal
progenitors (up to 48 % in porcine leaflets [19]) with myofibrogenic, osteogenic,
adipogenic, and chondrogenic potential [19-21]. This cell population likely contin-
uously synthesizes and degrades valvular ECM in a homeostatic manner, allowing
healthy matrix turnover and enabling the valve to respond to microenvironmental
changes [22]. Interestingly, new evidence suggests that there are even distinct cel-
lular phenotypes and differential responses to mechanical and biochemical stimuli
between VICs from different layers of the valve [23], along with clear differences
in expression of hundreds of genes between male and female VIC populations [24].

While VICs reside internally, the external (blood-facing) surfaces of the valve
leaflets are lined by a single layer of valvular endothelial cells (VECs), which share
many similarities with endothelial cells found elsewhere throughout the body’s vas-
culature, but are phenotypically distinct in several ways. Though vascular endothe-
lial cells (vascular ECs) align parallel to blood flow, contact guidance from underly-

linking buffer between the other two layers. b Cross-sectional histochemical staining (Movat’s
pentachrome) of porcine aortic valve demonstrates layer-specific extracellular matrix composi-
tion. Image in panel b kindly provided by Dr. Krista L. Sider, University of Toronto
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ing collagen fibers in the fibrosa or ventricularis causes VECs to orient circumfer-
entially on the leaflet surface [25]. Thus, VECs in vivo are frequently aligned and
extended perpendicular to the direction of blood shear in several areas of the valve.
Perpendicular alignment of VECs to flow without substrate guidance in vitro has
been reported in one study [26] but not others [27], so the true cause or mechanism
of altered endothelial alignment on the valve surface remains unclear. In culture,
VECs are much more proliferative than vascular endothelial cells [28], half of all
active genes in cultures of VECs and vascular ECs are unique to one cell type or
the other [28], gene expression profiles differ in response to shear [29], and VECs
preferentially adhere on different compositions of ECM than do vascular ECs [30].
As is the case with layer-specific differences in VIC phenotype, so to do differences
exist between VECs on the aortic (fibrosa) and ventricular (ventricularis) sides of
the aortic valve. In healthy porcine aortic valves, over 580 genes are differentially
expressed between sides, a number of which are clearly linked to susceptibility/
resistance to valvular disease development [31]. Others have shown multiple regu-
latory microRNAs (miRNAs) are up/downregulated side-to-side in human valves
[27]. Together, these findings imply that important phenotypic heterogeneity exists
not only between vascular and valvular ECs, but also within the VEC cell type itself.

Movement of the aortic valve over the cardiac cycle is passive, and occurs in
response to relative changes in pressure between the left ventricle and ascending
aorta. The valve opens as the left ventricle contracts to expel blood during systole,
and left ventricular pressure rises above that of the ascending aorta. The reverse
occurs at the beginning of diastole—as the left ventricle relaxes, its pressure drops
below that of the aorta, the leaflets are “sucked” back, they co-apt and close off the
aortic orifice [10]. In the majority of individuals, the aortic valve functions nor-
mally for their entire lifetime—typically opening and closing an average of 3.5 bil-
lion times [ 10]. This resistance to cyclic failure is particularly remarkable in light of
the mechanical forces to which the valve is subjected throughout the cardiac cycle.
During diastole, the 1 mm thick valve leaflets must withstand pressure gradients
of 80 mmHg (and well above 100 mmHg in those with hypertension) [32]. This
pressure gradient exerts significant radial strain (~20 %) on the valve leaflets, while
strain in the circumferential direction is roughly 10% [33]. As they open and close,
leaflets are subjected to elevated flexural stress: total diastolic stresses in a single
leaflet are estimated at 250 kPa for a 15% strain magnitude [10]. Blood flowing
through the valve also exerts significant hemodynamic force on the leaflets. Indeed,
blood is expelled through the valve during systole at a velocity of~1 m/s in healthy
humans, but can reach above 4 m/s in those with advanced valve disease [34]. Dur-
ing systole the ventricularis is exposed to laminar blood flow from the aortic jet
and a half-sinusoidal hemodynamic shear stress waveform forms which peaks at
7 Pa, with a brief reversal to retrograde shears of up to —50 dynes/cm? during the
final ~20 ms of systole; diastolic shears are negligible [35]. In stark contrast, the fi-
brosa experiences substantial oscillatory and disturbed flow along with formation of
eddies and recirculation zones [36]. Shear stress magnitudes are substantially lower
as well, peaking at 15 dynes/cm? during systole, but generally oscillating between
—2 and 5 dynes/cm? [37].
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1.2 Aortic Valve Fibrosis

The microenvironment of the aortic valve is, then, incredibly complex: multiple
cell types with progenitor potential, several layers of tissue with varied matrix com-
position and mechanical properties, high flexural stresses and pressure loads, and
extreme regional variations in blood flow shear stress regimes. Such an intricate
system is highly perturbable, and therefore prone in a number of ways to malfunc-
tion leading to disease development.

In 2011, the NIH National Heart, Lung, and Blood Institute Working Group on Cal-
cific Aortic Stenosis defined the term calcific aortic valve disease (CAVD) to cover a
wide range of valvular pathologies, from mild sclerosis (thickening of the leaflets) to
advanced and severe stenosis (compromised leaflet opening resulting in an impairment
of the valve function) [38]. Incidence rates are high: 25% of North Americans over
age 65 years have aortic valve sclerosis, and 2—4% of those are afflicted with valvular
stenosis [39]. Besides age, male sex is the most significant risk factor for CAVD—it is
associated with a 100% increase in incidence rates of valve disease vs. that of females
[40]. While sclerosis does not directly impact cardiac function until it has progressed to
stenosis, its presence is associated with a 50% increased risk for other cardiovascular
events [41]. Indeed, aortic valve dysfunction can be directly causative of cardiac hyper-
trophy, myocardial fibrosis, and eventual heart failure [42]. Up to 38 % of patients with
moderate or severe valvular stenosis develop midwall myocardial fibrosis and a more
advanced hypertrophic response [43].

Compounding the severity of this disease is the complete lack of any approved
pharmacological treatments. Drug classes effective against hypertension, heart
failure, and cardiomyopathy such as beta blockers, angiotensin receptor blockers
(ARBs), and angiotensin-converting enzyme (ACE) inhibitors have all been inef-
fective against valve disease pathogenesis to date [44, 45]. Retrospective trials of
anti-atherosclerotic lipid-lowering statins showed promise as putative treatments
for aortic stenosis [45, 46], but follow-up prospective clinical trials found no benefit
[47, 48]. At present, surgical replacement of a valve is thus required once it begins
to impair cardiac function—without replacement, 50 % of patients will not survive
two years after the onset of symptoms [49]. These surgeries have become prevalent
as CAVD cases increase (an estimated 275,000-370,000 replacements worldwide
per year [50]), but unfortunately they remain highly invasive, with significant side
effects and variable lifespans of replacement valves [51, 52].

Aortic valve disease is, then, a deadly and growing phenomenon. For many
years, onset and progression of this disease was believed to be simple age-related
degeneration of valvular tissues. In the past two decades however, a multitude of
in vitro and in vivo studies have clearly overturned this idea in favor of an active,
cell-mediated pathogenesis [38]. Valvular sclerosis is reflective of a thickened, stiff-
ened, and highly fibrotic disease state [8], with associated development of focal
(nodular) calcification (Fig. 2). These thickened, fibrotic, and calcified valve leaf-
lets fail to open and close properly, leading to stenosis and obstruction of blood flow
[8, 39, 53]. Fibrosis in the aortic valve occurs when a wide variety of pathogenic
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Fig. 2 Excised aortic valve specimens, viewed from parallel to the level of the valve with the
aortic root cut open. a Healthy human aortic valve whose leaflets are translucent and flexible.
Dashed lines denote the two edges of the single vertical cut used to open up the root. b Severely
diseased and stenotic human aortic valve which is thickened, fibrotic, and highly calcified, with
resultant impairment of cardiac function. Both panels reproduced with permission: Department of
Pathology, University of Alabama at Birmingham, PEIR Digital Library (peir.patj.uab.edu/library)

insults cause previously quiescent and fibroblastic VICs to become activated and
express a-smooth muscle actin (a-SMA) [54]. Incorporation of a-SMA in intracel-
lular stress fibers is indicative of myofibroblast differentiation [55] and associated
increased contractility and synthetic activity [56]. Myofibrogenesis is a key hall-
mark of valvular fibrosis, as myofibroblast content increases more than six-fold in
diseased valves with nearly one in three VICs displaying a-SMA-positive stress
fibers [57, 58]. In addition, VECs possess the potential for endothelial-to-mesen-
chymal transition (EndMT), where they lose expression of endothelial markers and
gain a contractile, aSMA-positive apparatus consistent with that of myofibroblasts
(reviewed in [59]). In response to inflammatory cytokines, VECs undergo EndMT,
and endothelium-derived mesenchymal valve cells are found in close proximity to
advanced valvular lesions in humans [60]. Together, VIC/VEC myofibrogenesis
results in dysregulation of the valvular matrix in two key manners. First, valvular
myofibroblasts synthesize large amounts of disorganized and deranged collagen
and elastin [61], which dramatically thicken (by two- to three-fold) and stiffen the
valve leaflets [8]. Second, they alter expression levels and activities of valvular
ECM remodeling enzymes. While both matrix metalloproteinases (MMPs) and
their inhibitors (tissue inhibitors of metalloproteinases, TIMPs) are upregulated in
human CAVD, higher elevation of TIMP expression tilts this ratio towards MMP
inhibition and resultant ECM buildup [62]. However, MMP-9 is upregulated more
than its inhibitory TIMP [63, 64], thereby also resulting in fragmentation of both
pre-existing and newly synthesized fibrotic collagen [63]. Fibrosis and matrix dys-
regulation occur along with the appearance of chronic inflammatory infiltrates [8],
oxidative stress [65], cholesterol build-up [66], cartilage formation [67, 68], and
calcification [8] (of which~80% is dystrophic mineralization, and the remainder
is active ectopic osteogenic elaboration of bone matrix [68]). The onset of disease
is side-dependent: VICs in the collagen-rich fibrosa, in close proximity to VECs
experiencing low and oscillatory shear stresses, are much more prone to myofibro-
genesis and calcific lesion development than those in the ventricularis [8, 53]. This
side-dependent susceptibility to disease development may hold clues as to patho-
biological mechanisms (reviewed in [69-71]).
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2 Fibrosis, Biomechanics and the Myofibroblast

Fibrosis may be described as an out of control wound healing response. Normally,
the ECM of healthy tissues is subjected to continuous remodeling and turnover,
which results in a steady-state balance of matrix synthesis and degradation [72].
After tissue injury, dead or damaged cells are replaced by cells of the same type
(the regenerative phase), then connective tissue replaces the damaged organ pa-
renchyma (fibroplasia phase) [73], resulting in restoration of the organ function.
However, if fibroplasia continues unrestrained and connective tissue homeostasis is
no longer tightly regulated, then overexpression of disorganized collagenous ECM
arises and fibrotic scar tissue develops [73, 74]. Fibrotic scars are typically perma-
nent, dramatically modify tissue mechanical properties, and contribute to lethality
in diseases of the heart, lung, liver, kidney, and skin [75]. Organ-level fibrosis is
intimately regulated by biomechanics at multiple size scales (tissue to molecular,
reviewed in [76]). Fibrotic scars are stiffer than their surrounding tissue, and these
mechanical properties induce pathological differentiation of local mechanosensitive
cells which go on to further stiffen, thicken, and contract the ECM in a system of
pathological positive-feedback [77]. Furthermore, fibrotic ECM fails to shield cells
from external mechanical forces, provoking further differentiation [55, 78].

Regardless of the tissue in which fibrosis occurs, there is a single cell type which
plays a central role in the initiation and progression of disease: the myofibroblast.
This cell was first identified over 40 years ago by Gabbiani and colleagues, who dis-
covered fibroblasts in dermal wounds with smooth muscle cell-like packed fibrillar
bundles, irregular nuclei (consistent with those found during cellular contracture of
smooth muscle and myocardial fibers), and peripheral attachment sites [79]. In the
intervening years, development of traction force and synthesis of ECM by myofi-
broblasts have been identified as key players in both physiological and pathological
connective tissue remodeling (reviewed in [74]). Myofibroblast activation is tran-
sient during normal tissue repair, as the majority of these cells undergo apoptosis
after their contraction contributes to rapid wound closure and mechanically stable
scar tissue [80]. Apoptosis in myofibroblasts has been shown to be triggered by sev-
eral factors: release from mechanical stress [81], loss of cell-cell OB-cadherin-type
adherens junctions after wound closure [82], and nitric oxide signaling [83]. Other
than cell death by apoptosis, the fate of the remaining myofibroblasts in a normally-
healing wound is typically de-differentiation (quiescence) to a non-contractile, non-
synthetic phenotype. Such quiescence has been established experimentally through
loss of transforming growth factor-B1 (TGF-B1) signaling [84, 85], culture on soft/
compliant substrates [86], and removal of underlying etiological agents (such as
CCl, in modeled liver fibrosis), which is associated with upregulation of anti-apop-
totic Hspala/b expression [87].

The real trouble occurs when myofibroblastic activity is not properly terminated
by apoptosis or de-differentiation—unchecked fibrotic ECM production and ten-
sion generation activate feedback loops leading to fibrosis and scarring, and eventu-
ally impact proper organ function. Myofibroblasts explanted from fibrotic (sclero-
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dermic) skin are resistant to Fas-induced apoptosis, likely due to Akt activation
[88] and/or autocrine TGF-B1-induced phosphorylation of focal adhesion kinase
(FAK) [89], whose downstream signaling regulates a-SMA expression in response
to mechanical force application [90]. The persistence of apoptosis-resistant myofi-
broblasts provides a basis for the pathogenesis of fibrosis in all of the body’s major
organs.

The cellular origins of myofibroblasts are well-defined and represent an extreme-
ly diverse spectrum. They develop primarily from local (interstitial) fibroblasts,
but pericytes, epithelial cells, endothelial cells, chondrocytes, osteoblasts, smooth
muscle cells, hepatic stellate cells, and bone-marrow derived circulating fibrocytes
have all demonstrated myofibroblastic potential (reviewed in [91]). Myofibroblast
differentiation follows a common two-stage process in all tissues. First, elevated
matrix stiffness and mechanical tension during injury repair causes precursor cells
to express non-muscle myosin ITa and IIb [92] and transition to actively synthetic
“proto-myofibroblasts,” which are negative for a-SMA but develop contractile
actin stress fibers and produce abundant collagen and the ED-A splice variant of
fibronectin [79, 93, 94]. Proto-myofibroblasts also alter how they anchor to the un-
derlying ECM: quiescent fibroblasts without stress fibers connect their cytoskeleton
to the external matrix through integrin receptor binding at small (~2 pm) “focal
complexes” [95], whereas proto-myofibroblasts begin to produce tension through
remodeled and larger (~6 pm) “classical” focal adhesions (FAs) which connect to
extracellular ED-A fibronectin [96].

During the second stage, tension force mediated by proto-myofibroblast actin
stress fibers releases TGF-B1 from the surrounding ECM [97], while ED-A fibro-
nectin activates MAPK-Erk1/2 and downstream focal adhesion kinase (FAK) sig-
naling [98]. Together, these stimuli act to drive a-SMA synthesis/incorporation into
stress fibers and to develop “supermature FAs,” which are up to 30 pum in size [96],
rich in FAK [99] and exert a four-fold higher traction stress (~ 12 kPa) than proto-
myofibroblasts with classical FAs [96, 100]. Differentiated myofibroblasts also gain
direct intercellular cytoplasmic connections with neighouring cells via gap junc-
tions, producing putative multicellular contractile units [101, 102]. This widespread
system of cell-cell and cell-matrix connections underlie the perception of substrate
stiffness and stress by myofibroblasts (reviewed in [103]), allowing dynamic re-
sponses to the biomechanics and biochemistry of the tissue microenvironment.

While a-SMA-positive stress fibers are therefore a specific marker of differenti-
ated myofibroblasts, they are not a unique one. Smooth muscle cells (SMCs) also
express 0-SMA, along with gap junctions [104]. This necessitates the use of a rela-
tively complex expression profile to definitively discriminate between fibroblasts,
myofibroblasts, and smooth muscle cells. Though only a-SMA is most often used
in practice, myofibroblasts are negative for desmin [104, 105], heavy chain smooth
muscle myosin (MyHC) [104—-106], smoothelin [ 104, 107], and N-caldesmon [108],
which are all expressed by SMCs. Unlike myofibroblasts, quiescent fibroblasts are
negative for a-SMA [105], SMemb [54], and MMP-13 [54, 58]. No single unique
myofibroblast marker has been identified to date.
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3 TGF-p-Mediated Mechanotransduction of Valvular
Myofibrogenesis

Control of myofibroblastic differentiation is a complex and multifaceted affair,
highlighted by the involvement of several classical and interconnected signaling
cascades. However, the prototypical myofibrogenic signaling pathway is perhaps
that which originates from profibrotic TGF-B1, and which is intimately associated
with mechanotransduction. TGF-B1 has key homeostatic and pathological roles in a
number of tissues and cellular processes, and regulates a wide variety of responses
including wound repair, proliferation, inflammation, and matrix synthesis (reviewed
in [109]). This molecule binds the TGF receptor type II (TGFBRII), which in turn
phosphorylates the TGFp receptor type I (TGFBRI). These two complexed serine/
threonine kinases then induce myofibrogenesis (upregulated a-SMA and collagen
synthesis) through canonical Smad signaling [110] (phosphorylation of Smad2/3,
nuclear translocation of a Smad2/3/4 complex, and action as transcription factors to
drive induction of profibrotic gene expression [111]).

Canonical TGF-B1 signaling is a key mechano-sensitive pathway in the stiffened
environment of fibrotic scars (reviewed in [55]). TGF-B1 is secreted extracellularly
in a non-bioactive form as part of a large latent complex (LLC), which consists of
inactivated TGF-B1 bound to latency associated peptide (LAP) and latent TGF-f1
binding protein-1 (LTBP-1) [112]. Both LAP and LTBP-1 contain integrin binding
domains [113], while LTBP-1 also binds components of the ECM such as fibrillins
and fibronectins [ 114]. Together, this results in a pool of latent extracellular TGF-f1
that is bound mechanically to both the ECM and the contractile cytoskeleton (via
integrins). This connection underpins force-sensitive TGF-B1 signaling: while the
release of biologically active TGF-B1 from the LLC can occur through a variety
of soluble factor/receptor interactions or through proteolytic cleavage [114], it has
been conclusively demonstrated that cellular traction forces are transmitted directly
to the LLC via integrins [114]. Indeed, in epithelial cells latent TGF-B1 can be
freed from the LLC without any proteolytic action whatsoever, but this requires the
cytoplasmic tail of the integrin to be intact and the actin cytoskeleton to be polym-
erized [115]; integrin/LLC interactions alone are insufficient to activate the latent
complex [112]. In a classical demonstration of TGF-f1 mechanotransduction in
myofibroblasts, Wipff and colleagues showed that external stretching and intracel-
lular tension directly activate TGF-B1 in this cell type through the integrins o, 8, and
a B [97] (Fig. 3). Importantly, LAP-integrin binding, myofibroblast contracture,
a-SMA-positive stress fibers, and a minimum substrate stiffness of >5 kPa were
all required for activation of latent TGF-B1, and the magnitude of this activation
grew with increases in substrate stiffness [97]. It is clear then, that a conformational
change in the LLC and subsequent activation of TGF-f1 requires the ECM to pro-
vide a threshold of resistance against the “pulling” of a contractile myofibroblast.
Interestingly, this 5 kPa stiffness is lower than the~15 kPa required for incorpora-
tion of a-SMA into stress fibers [99]. This may therefore explain how proto-myo-
fibroblasts can drive mechanical activation of TGF-B1 signaling and ECM remod-
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Fig. 3 Mechanotransduction leading to myofibroblast differentiation: integration of mechanics
and biochemical signaling. Myofibroblasts secrete latent TGF-f1 bound to the large latent com-
plex (LLC). When cells sit on a stiff ECM, mechanical forces from myofibroblast contracture are
transferred via integrins from the cytoskeleton to the LLC. This contractile force releases biologi-
cally-active TGF-B1 which binds to the TGFBRI & II receptors, activating canonical Smad signal-
ing. Integrin pulling also leads to activation of FAK, gelsolin, RhoA, and SRF/MRTF signaling.
Together, these pathways work to upregulate expression of a-SMA

eling/stiffening, which eventually results in a matrix stiff enough to support the
presence of fully differentiated a-SMA-positive myofibroblasts (reviewed in [75]).

Since TGF-B1 is positioned centrally in force-mediated myofibrogenesis, it is
then of little surprise that this molecule has been highly studied in the context of
valvular fibrosis. Stenotic human aortic valve leaflets are rich in TGF-B1 and con-
tain high levels of LAP, which together implicate force-induced myofibrogenesis in
the pathogenesis of CAVD [116]. The same early study found that TGF-f1 addition
to cultures of VICs drives aggregation, apoptosis, and calcification, all of which
are rescued by the addition of actin depolymerizing agents and/or pharmacologi-
cal inhibitors of apoptosis [116]. As in many other cell types, TGF-f1 promotes a
dose-dependent synthesis of a-SMA-positive stress fibers in cultured VICs [117].
Canonical TGF-B1 signaling via the Smad pathway is certainly a contributor to
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this myofibrogenesis: in cultured VICs, TGF-B1 drives Smad phosphorylation and
nuclear translocation of Smad3 [118]. When nuclear translocation of the Smads is
blocked by addition of basic fibroblast growth factor (FGF-2) to VICs, TGF-B1 is
no longer capable of inducing myofibroblastic differentiation, cellular contraction,
or formation of VIC aggregates [118]. Smad2/3 phosphorylation has also been im-
plicated as a mediator of VIC motility—TGF-1/Smad signaling regulates VIC ac-
tivation, migration, and monolayer wound repair by driving a-SMA synthesis [119].

The biomechanics, composition, and stiffness of the valvular matrix are inti-
mately involved in TGF-f1-mediated VIC myofibrogenesis (Fig. 4). Strikingly,
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Fig. 4 Drivers of valvular interstitial cell fibrosis. A number of classical myofibroblastic pathways
are at play in the aortic valve. TGF-B1 is highly present in diseased cusps, and the elevated leaflet
substrate stiffnesses that occur during disease pathogenesis appear to upregulate expression of its
downstream signaling pathway components, as well as potentiate cross-talk between TGF-f1 and
Whnt/B-catenin. Mechanically-mediated release of TGF-f1 from the valvular ECM is believed to
be due in part to this increase in cyclic stretch. Pathological levels of cyclic stretch also induce
expression of MMPs, elastolytic cathepsins, and osteogenic BMPs. Elevated cyclic stretch even
upregulates serotonin expression, which in turn will activate RhoA signaling, collagen synthesis,
and ENPP1-dependent mineralization in VICs. Lastly, the RhoA/ROCK effector cofilin is abun-
dant in sclerotic leaflets, as is MRTF nuclear translocation and concomitant myofibrogenesis
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TGF-B1 and mechanical force act synergistically in VICs to drive stress fiber-medi-
ated increases in cellular contractility [ 117]. At physiological levels of strain (15 %),
exogenous TGF-B1 and cyclic stretch drive synergistic expression of a-SMA in
cultured leaflets [120], possibly in part via mechanical release of bioactive TGF-f1
from the LLC [121]. Matrix composition is clearly involved in promoting this
phenomenon: when cultured on fibronection or heparin substrates known to bind
TGF-B1, VICs produce higher a-SMA levels than on collagen-coated control sub-
strates [122]. Interestingly, activated myofibroblastic VICs drive alignment and
reorganization of ECM fibronection fibrils by exerting force through FAs [117].
The stiffness of the surrounding matrix is of equal (or greater) importance to its
composition. VIC myofibrogenesis and a-SMA expression in response to TGF-f1
administration is dependent on matrix stiffness [18], as studied with both stiff
ECM substrates and with exogenous force applied to collagen-coated magnetite
beads. VICs grown on compliant (~25 kPa) collagen matrices are less sensitive to
TGF-B1 treatment than those grown on stiff (~ 110 kPa) matrices, which respond
to TGF-B1 by upregulating a-SMA, increasing cellular contractility, and producing
cellular aggregates [123]. Though production of TGF-f1 mRNA and TGFBRII by
VICs do not differ between compliant and stiff substrates, expression of TGFBRI
is over five-fold higher on stiff substrates [123]. Thus, matrix-stiffness-dependent
TGFBRI synthesis may partially underlie the differential impact of matrix rigidity
on VIC myofibrogenesis. The canonical Wnt signaling pathway has been shown
in VICs to interact with TGF-f/Smad signaling at the level of TGFBRI. When this
kinase is activated, it drives B-catenin nuclear translocation and VIC myofibrogen-
esis [124]. This crosstalk is also stiffness-dependent, and occurs only when VICs
are cultured on substrates whose stiffness mimics the disease-prone fibrosa layer
of the aortic valve leaflet, and not on softer matrices with stiffnesses similar to
that of the disease-protected ventricularis. Fibrotic regions of diseased aortic valve
fibrosa show colocalized expression of Wnt3A, B-catenin, TGF-f1, and phosphory-
lated Smad2/3, and cotreatment of cultured VICs with TGF-B1 and Wnt3A causes
synergistic myofibrogenesis and a-SMA expression [124]. Downstream inhibition
of TGF-B1 signaling may also be regulated by other molecules expressed with re-
gional specificity in the aortic valve. C-type natriuretic peptide (CNP) exerts anti-
fibrotic effects in other tissues such as the lungs [125], heart [126], and vasculature
[127]. In normal porcine aortic valve leaflets, CNP is expressed three-fold higher
on the disease-protected ventricularis side than the fibrosa side [31]. Expression
levels of CNP and its specific receptor natriuretic peptide receptor-B (NPR-B) are
all reduced in stenotic human aortic valves [ 128]. CNP-treated VICs are resistant to
TGF-B1- and stiffness-mediated myofibrogenesis [129, 130], likely through a direct
interaction between the activated forms of protein kinase G (PKG) and Smad2/3
which inhibits p-Smad2/3 nuclear translocation [131].

Though much work remains to be done, there are some important indications
that valve biomechanics are also capable of inducing endothelial-to-mesenchymal
transition in VECs. When VECs are cultured on 2D gels and subjected to 1 Hz
cyclic strain, the rate of a-SMA-positive EndMT is elevated two- to three-fold
compared with that of unstretched controls [132]. Remarkably, different signaling



Mechanical and Matrix Regulation of Valvular Fibrosis 37

pathways drive EndMT between low-strain (10 %) and high-strain (20 %) environ-
ments—canonical TGF-B1 signaling via phosphorylated Smads is upregulated at
10% strain, while Wnt/B-catenin signaling dominates at 20 % strain [132]. Others
have demonstrated that substrate stiffness can also exert control over mesenchymal
transition. In both canine kidney cells and murine mammary gland epithelial cells,
TGF-B1 treatment on soft substrates (< 1 kPa) induces apoptosis, but instead drives
EMT on stiffer substrates to produce a-SMA-positive cells via elevated PI3K/Akt
signaling (>5 kPa) [133]. VEC EndMT is also influenced by the biochemical milieu
of the valve microenvironment. TGF-B1 has been found to drive EndMT in aortic
VECs through the TGFBRII receptor, resulting in a-SMA-positive mesenchymal
cells negative for the smooth muscle cell marker MyHC [134]. EndMT is also pro-
moted by Notchl signaling in both embryonic and post-natal VECs [135], as does
treatment with the inflammatory cytokine tumor necrosis factor-a (TNFa) [136].
Regardless of the means through which these cells are transformed, they display
upregulated MMP, Notchl1, and TGF-B1 synthesis consistent with myofibrogenesis
[136].

4 Mechanical Control of Valvular Myofibroblast
Differentiation Independent of TGF-

While TGF-B1 signaling plays a critical role in myofibroblastic differentiation,
mechano-sensitive control of a-SMA promoter activity and resultant o-SMA syn-
thesis is regulated in many other ways. Indeed, it appears that the very incorpora-
tion of cytosolic a-SMA into the actin cytoskeleton requires mechanical stress—if
differentiated myofibroblasts are cultured on soft substrates, a-SMA is dislodged
from B-actin filaments [99]. The implication here is that a-SMA is not a structural
component of the myofibroblast cytoskeleton [76]. Instead, tension likely exposes
cryptic cysteines on stress fibers, enabling a-SMA binding to sites that are only ac-
cessible when the cytoskeleton is mechanically loaded [137].

Another major pathway which mediates mechanical control of myofibrogenesis
signals through the small GTPase RhoA and its downstream effector Rho-asso-
ciated protein kinase (ROCK). RhoA activity is regulated by a collection of gua-
nine nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs)
that lie in close proximity to the cytoskeleton and which are regulated by force
transduction (reviewed in [138]). Long-term contraction and tension generation in
myofibroblasts is achieved when RhoA maintains phosphorylation of myosin light
chain (MLC) by actively inhibiting myosin phosphatase [139]. Mechanosensitive
RhoA/ROCK signaling is stimulated by force transfer via integrins [140], and acts
to phosphorylate LIM kinase and cofilin. Activated cofilin mediates an increase in
the stability and formation rate of actin filaments [141]; as the ratio of actin fila-
ments to monomeric G-actin rises, so too does serum response factor (SRF) activ-
ity [142]. The translocation of SRF and its transcriptional co-activator myocardin-
related transcription factor-A (MRTF-A) is driven by integrin pulling [ 140], and the
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resultant binding of SRF to a CArG-B element in the a-SMA promoter contributes
substantially to myofibrogenic a-SMA expression [143]. Partial redundancy is en-
abled in this system, since force applied to myofibroblast integrins also activates
focal adhesion kinase (FAK) [90]. Phosphorylated FAK promotes MRTF-A nuclear
translocation and recruits gelsolin, which (along with RhoA) drives ROCK/LIM ki-
nase/cofilin activity [90]. Lastly, the actin-binding protein mammalian Diaphenous-
related formin (mDia) likewise exerts control over SRF expression, MRTF-A nu-
clear translocation and a-SMA promoter activity [144]. Together, these components
combine to initiate stress fiber assembly, and offer further force-sensitive control of
myofibrogenesis (Fig. 3).

There is substantial evidence of a role for RhoA/ROCK mechanotransduction in
mediating aortic valve fibrosis (Fig. 4). RhoA and ROCK activity is significantly
elevated in myofibroblastic aggregates of cultured VICs, and pharmacological in-
duction of RhoA activity drives further myofibrogenesis and a-SMA expression
[145]. As would be expected, treatment with ROCK inhibitors impairs aggregate
formation, a-SMA-positive stress fiber production, and gene expression related to
myofibroblast activity (TGF-f1, MMP-1/13, etc) [145]. The RhoA effector protein
cofilin is almost completely not expressed in normal porcine aortic valves, but is
dramatically upregulated as these leaflets become sclerotic where it co-localizes
with a-SMA in fibrotic focal clusters [18]. In cultured VICs, cofilin is highly up-
regulated during myofibrogenesis, is required for a-SMA incorporation into stress
fibers, and contributes significantly to VIC myofibroblast contractile force genera-
tion [18]. Addition of the bioactive lipid sphingosine-1-phosphate (S1P, involved in
a variety of cardiovascular pathophysiologies) to VICs in culture promotes RhoA
activation and myofibrogenic aggregate development, which is reversed with phar-
macological inhibition of S1P receptors, RhoA, and/or ROCK [146]. RhoA/ROCK
signaling has also been implicated in mediating VIC calcification in response to
15% mechanical strain by facilitating export of ectonucleotide pyrophosphatase/
phosphodiesterase (ENPP1, a promoter of apoptotic VIC mineralization highly ex-
pressed in stenotic aortic valves [147]) to the plasma membrane, where it medi-
ates accumulation of spheroid mineralized microparticles [148]. While the HMG-
CoA reductase inhibitor simvastatin protects against atherosclerosis by impairing
cholesterol biosynthesis, it appears to have pleiotropic effects in the aortic valve
and instead suppresses ROCK activation, thereby preventing formation of apop-
totic and calcified VIC aggregates in culture [149]. Most recently, a clear role for
the RhoA/G-actin/SRF/MRTF axis in promoting VIC myofibrogenesis has been
described [150]. When RhoA activity is reduced and the VIC G/F-actin ratio is in-
creased through administration of the polyunsaturated fatty acids (PUFAs) docosa-
hexaenoic acid and arachidonic acid, so too is nuclear translocation of MRTF [150].
PUFA treatment suppresses VIC contractility and ameliorates a-SMA expression in
explanted aortic valves—implying that therapeutic reversal of VIC myofibrogen-
esis may be feasible via interference with RhoA/MRTF signaling.

While cyclic stretch has clear impacts on valvular TGF-B1 signaling (see above),
it also drives valve fibrosis through other means. When excised porcine aortic valve
leaflets are subjected to ex vivo circumferential stretch with near-physiological
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Fig. 5 Cardiac fibrosis and aortic valve disease. a Aortic valve stenosis increases pressure after-
load and ventricular wall stress, stimulating left ventricular hypertrophy. Resultant myocyte injury/
apoptosis and ventricular stiffening lead to myofibroblast infiltration and myofibrogenic differen-
tiation of interstitial cardiac fibroblasts. Diffuse myocardial interstitial fibrosis, along with larger
regions of midwall fibrosis follow. b Left ventricular histochemical staining (Masson’s trichrome)
of aged female patient with advanced calcific aortic stenosis demonstrates myocyte hypertrophy
(arrowhead) and diffuse myocardial interstitial fibrosis (arrow). ¢ Large and extensive midwall
fibrotic lesions (white tissue, arrows) pervade these gross horizontal sections of the hypertrophic
left ventricle from a patient with calcific aortic stenosis. Panels b and ¢ reproduced with permis-
sion: Department of Pathology, University of Alabama at Birmingham, PEIR Digital Library (peir.
patj.uab.edu/library)

loading curves at 15 % strain, they develop upregulated levels of collagen, a-SMA,
MMP-1/2/9, and the elastolytic proteases cathepsin S and K (which are also impli-
cated in development of valve disease [151]) [64, 152]. Further work has demon-
strated that cyclic stretch promotes expression of bone morphogenic protein-2/4
(BMP-2/4) [153], molecules with pro-osteogenic activity in stenotic aortic valves
[154]. Finally, cyclic stretch upregulates both serotonin (5-HT) [155] and its recep-
tor 5-HT,, in VECs [156]. Together, they are responsible for cyclic-stress-induced
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collagen synthesis, VIC proliferation, and increased leaflet stiffness, which may
in turn drive further VIC myofibrogenesis [155]. Interestingly, serotonin has been
shown to activate RhoA in vascular tissues [157] and to drive expression of TGF-f1
by VICs [158], placing it at a nexus between two key mechanosensitive regulators
of valvular myofibrogenesis.

5 Impact of Aortic Valve Disease and Biomechanics on
Cardiac Fibrosis

As valvular fibrosis develops and worsens, its impact spreads beyond just the mi-
croenvironment of the aortic root. A substantial portion of morbidity and mortality
associated with aortic valve disease is due to CAVD-induced changes to myocardial
health and, thus, cardiac function (Fig. 5). Some of the first studies to identify al-
terations in the composition and function of the myocardium in patients who had
developed chronic aortic valve stenosis described hypertrophic cardiomyocytes
surrounded by fibrous tissue [159, 160]. In later decades, a number of studies in
humans identified cardiac muscle fiber enlargement, reduced myofibril volume
fraction, reduced ejection fraction, and prolonged relaxation time constant in pa-
tients with aortic stenosis [161], and that some of these pathological changes to the
left ventricle (fibrous content, muscle mass, cellular hypertrophy) were partially re-
versible after replacement of the aortic valve [162]. However, ventricular structure
remained somewhat fibrotic and function continued to be significantly impaired
even 6—7 years after valve replacement [162].

Hypertrophic myocyte enlargement and wall thickening occur in response to the
increased pressure afterload and ventricular wall stress created by deficits in aortic
valve function [163, 164]. Though it initially preserves ventricular function, much
of this hypertrophy is increasingly believed to be maladaptive: when controlling
for valve narrowing, mortality was increased in those subjects with the highest in-
creases in left ventricular mass [42]. These patients were most prone to develop-
ment of heart failure, due to myocyte apoptosis and unchecked ventricular fibrosis
[165]. There are two distinct forms of cardiac fibrosis which transpire in response
to stenosis-induced hypertrophy: discrete midwall lesions [43] and diffuse intersti-
tial fibrosis [166]. Midwall fibrosis appears to be driven by hypertrophy-induced
myocyte apoptosis [167], while interstitial fibrosis is thought to be the result of
altered mechanical loading of cardiac fibroblasts in the pressure-overloaded heart
(reviewed in [168]). In either case, myocytes/interstitial cardiac fibroblasts differen-
tiate to myofibroblasts, initiating the classical fibrotic cycle of dysregulated matrix
synthesis and resultant stiffening.

Mechanotransduction as it relates specifically to cardiac fibrosis is a relatively
recent and growing field. Early indications of this mechanosensitivity were appar-
ent when it was discovered that cardiac myofibroblasts in post-MI scars align in the
direction of mechanical stresses caused by cyclic contraction of the surrounding
viable myocardium [169]. When cultured cardiac fibroblasts are subjected to cyclic
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strain, they increase fibrotic collagen III mRNA expression after as little as 12 h
[170], and elevate procollagen a,(I) synthesis after 48 hours [171]. Cell spreading
and MMP-2/-9 expression are increased in both cardiomyocytes and cardiac fibro-
blasts when these cells are cultured on substrates of increasing stiffnesses from~46
to~1000 kPa [172], as are attachment, proliferation, and expression of thicker,
denser, a-SMA-positive stress fibers on substrates from 140 to 590 kPa [173].

The mechanosensitivity of cardiac fibroblasts (reviewed in [174]) and their pro-
fibrotic response to mechanical forces are mediated by molecular pathways similar
to those in the valve and other cardiovascular tissues. Over/under-expression of
TGF-B1 respectively drives and attenuates cardiac fibrosis in aged mouse hearts
[175, 176], while competitive antibody-mediated inhibition of TGF-f1 signaling
in pressure-overloaded rat hearts reduces collagen mRNA production, prevents in-
terstitial myocardial fibrosis, and rescues ventricular function [177]. Most recently,
Sarrazy and colleagues showed that the integrins a B, and o, B, are expressed in the
heart, are upregulated in myofibroblast-rich fibrotic cardiac lesions, and drive car-
diac fibroblast myofibrogenesis/a-SMA expression by contributing to mechanical
stress-induced activation of latent TGF-f1 [178]. Other prototypical mediators of
myofibroblast differentiation have also been implicated in cardiac fibrosis—for ex-
ample, canonical Smad signaling is elevated in hypertensive heart failure and fibro-
sis [179], TGF-B1 activates RhoA/ROCK signaling and induces MRTF-A nuclear
translocation in cardiac fibroblasts [180], and MRTF-A knockout mice are resistant
to fibrosis post-MI [180]. Others have demonstrated that applied mechanical force
stimulates RhoA and drives MRTF-A nuclear localization and a-SMA expression in
cultured cardiac fibroblasts [140].

Thus, the mechanisms that regulate myofibrogenesis are highly conserved be-
tween the valves and heart. Interestingly, many genetically-induced murine models
of aortic valve sclerosis and stenosis also develop cardiac hypertrophy, midwall/
interstitial fibrosis, and deficits in systolic function, [181-185]. To date however,
there has been little effort to specifically separate and dissect whether there are
genetic pre-dispositions in humans that are causative of aortic valve disease and
cardiac hypertrophy/fibrosis, or solely causative of the former, with the latter oc-
curring naturally as a secondary pathology. Conditional tissue-specific knockouts
are difficult to achieve in valvular tissue due to the heterogeneity of the interstitial
population [19], but would be one means of answering this question. The notion
of valve and cardiac fibrosis being linked by underlying genetic susceptibilities
is further supported by the knowledge that after aortic stenosis onset, myocardial
function is more likely to be preserved in females than in males [186]—this ap-
pears to be related to the elevated prevalence of initially restorative left ventricular
hypertrophy in women [187]. LV diameter is reversed more frequently in females
after valve replacement, a phenomenon speculated to be the result of differential
collagen synthesis patterns in response to the sex hormone estradiol between male
and female cardiac fibroblasts [187]. Regardless, careful study of shared vs. tissue-
specific pathological mechanisms in the valve and heart is needed to enable effica-
cious treatment of both diseases.
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6 Conclusions

Myofibroblastic differentiation of previously quiescent valvular interstitial cells,
ECM dysregulation, and resultant unchecked synthesis of stiffened collagenous
matrix are cornerstones of valvular fibrosis. VIC myofibrogenesis is driven by a
number of causes, including valve stiffness increases, pathological hemodynamic
shear, elevated cyclic stress, biochemical signaling, and mechanistic crosstalk and
feedback therein. Valve fibrosis and associated calcification hinder leaflet motion
and impair proper valve function. Compensatory remodeling of the left ventricle as
a result of increased pressure afterload from the diseased valve can result in hyper-
trophy, fibrosis, and failure of the myocardium.

A number of gaps still exist in our knowledge of valvular fibrosis mechanobi-
ology. First and foremost, the early pathogenesis of aortic valve disease is poorly
understood and dramatically understudied. Little is known about the instigating fac-
tors that first induce myofibroblastic differentiation of VICs. A number of putative
pathogenic insults have been identified in vitro and in vivo, but a consensus mo-
lecular mechanism of disease initiation has yet to be widely accepted. Characteriza-
tion of valvular fibrosis biomechanics in humans and animal models of valvular
sclerosis and stenosis is also largely absent [188], though a number of methods have
recently been developed that enable accurate in vivo [189], ex vivo [16, 17], and in
vitro [190] quantification of tissue or cellular mechanical properties. Importantly,
fibrosis and calcification do not arise consecutively in the valve, but rather appear
to develop in parallel. Even as prominent myofibrogenesis occurs during the initial
stages of fibrosis, noticeable mineralization is also detectable [8]. It has therefore
been difficult to separately study the relative contributions of these two phenotypes
in regards to leaflet stiffening, functional impairment, and further fibrosis/calcifica-
tion.

Surgical valve replacement is the only therapeutic option at present, primarily
because valve disease is typically only diagnosed once functional impairments are
apparent on ultrasound scans [191]. As functional impairment typically occurs only
after a substantial calcific burden has developed, diagnosis and intervention are
limited to the advanced stenotic forms of this disease at present [192]. Were it not
for the stalled nature of valvular diagnostics, the fibrotic stage of aortic valve dis-
ease would appear ripe for pharmaceutical intervention (reviewed in [193]). Studies
in mice have demonstrated that aggressive lipid-lowering can reverse pre-calcific
forms of valve disease, including myofibroblast activation and fibrosis [194]. How-
ever, this lipid-lowering is unable to rescue function once the valve undergoes any
significant calcification [195]. There is some evidence of the same occurring in
humans: early administration of statins to asymptomatic patients with valve fibro-
sis/sclerosis (identified by rigorous, time-consuming, and challenging echocardio-
graphic quantification of leaflet thickness) slowed progression to aortic stenosis
by ~409% [196]. Other anti-fibrotic therapeutic strategies may target myofibroblas-
tic VICs themselves, through specific disruption of TGF-B1/Smad, RhoA/ROCK,
or integrin-dependent signaling. Regardless, accurate earlier diagnosis of valvular
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fibrosis will require both an improved understanding of early valvular mechanics-
mediated pathobiology, new biomarkers of early disease, and a leap forward in non-
invasive imaging or detection technologies [197, 198].

Experimental systems designed to integrate a wide variety of putative patho-
logical insults in a combinatorial and high-throughput manner will be necessary in
order to fully characterize how individual mechanical forces and biological signals
integrate together in the valvular microenvironment during disease development
[32]. Organ-on-a-chip microsystems may enable these sorts of high-throughput
studies in vitro [199], and could reveal novel opportunities/pathways for diagnosis
and therapeutic intervention. These microfabricated devices can incorporate multi-
ple cell types, ECM compositions, biochemical factors, and more recently, complex
mechanical forces [200, 201], although none yet models a heart valve. Ultimately,
multi-organ microdevices currently under development [202] will allow simultane-
ous study of the valve and myocardium and their interactions in vitro, providing
new insights into the intricate and coupled mechanobiological bases of valvular and
cardiac fibrosis.
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Bone Marrow-Derived Progenitor Cells,
micro-RNA, and Fibrosis

Alison L. Miiller and Darren H. Freed

Abstract Excessive extracellular matrix protein deposition, termed fibrosis, is a
multi-faceted process that can exacerbate numerous cardiovascular pathologies and
lead to heart failure. Classically thought to be the result of myofibroblasts activated
from interstitial fibroblasts endogenously present within the heart, recent research
has found that there are numerous cell sources contributing to fibrosis, including
various stem cell lineages found in the heart and in the bone marrow. Mesenchymal
stem cells recruited to the heart in response to inflammation in a variety of cardio-
vascular diseases have been directly implicated in extracellular matrix protein depo-
sition. Circulating fibrocytes, which, in addition to expressing both hematopoietic
and mesenchymal lineage markers, also express fibroblast markers, and have been
shown to aggravate fibrosis. In many cardiovascular disorders that lead to fibro-
sis, these cells differentiate rapidly to the myofibroblast phenotype in response to
injury, a process that is both facilitated and guided by microRNA. The putative role
of microRNA has been implied in both the differentiation of bone marrow-derived
stem cells and interstitial fibroblasts to myofibroblasts. The significant potential
for a link between miRNA and the differentiation of various progenitor cell-types
and their contribution to cardiac fibrosis will be explored in this book chapter. This
topic invites further consideration for therapeutic potential to combat pathological
cardiovascular remodeling.
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1 Introduction

The international burden of cardiovascular disease is exacerbated by the exces-
sive extracellular matrix (ECM) protein deposition phenomenon known as fibrosis.
This process is multi-faceted and can drive numerous cardiovascular pathologies
towards heart failure, the fastest growing subclass of cardiovascular diseases [1, 2].
A prominent trigger of cardiovascular fibrosis is acute cell death, which triggers an
inflammatory reaction similar to what occurs during a myocardial infarction (MI)
[3]. Pathological fibrosis can also occur in the context of systemic hypertension,
aortic stenosis, hypertrophic and dilated cardiomyopathies, and heart transplanta-
tion, which impairs survival [2—7]. In addition, aging results in increased levels of
interstitial ECM protein production which can stiffen the myocardium and impair
overall cardiac function [8].

Traditionally, fibrosis was presumed to be solely the result of myofibroblasts de-
rived from interstitial resident fibroblasts within the heart; however, recent research
has found that there are numerous cell sources contributing to fibrosis, including
various cell lineages found in the bone marrow [6, 9-13]. Cells of bone-marrow
origin include both mesenchymal and/or hematopoietic lineages and contribute to
pathological ECM protein deposition in a variety of cardiovascular diseases in both
animal models and patients [12, 14—18]. A cell type of particular interest has re-
cently been named fibrocytes, which are derived from bone marrow mesenchymal
progenitor cells and express a distinct combination of markers found separately
on leukocytes, hematopoietic progenitor cells, and fibroblasts [19-21]. These cells
appear to be ubiquitously involved in both physiological and pathological fibrosis
within the human body, including the cardiovascular system [19-22]. Other cell
sources include endothelial cells undergoing endothelial-to-mesenchymal (Endo-
MT) transition [12, 23, 24] and epithelial cells undergoing epithelial-to-mesenchy-
mal transition (EMT) [25, 26].

Although a variety of scientific tools have been used to discover the culprits
responsible for cardiovascular fibrosis, it is crucial to be able to understand various
aspects of bone marrow derived cells in an in vitro setting to better interpret their
physiology. This allows easier manipulation and targeted study of these cells to bet-
ter elucidate the mechanisms behind beneficial fibrosis required for normal wound
healing, and how it differs from pathological fibrosis that impairs cardiac function-
ality. In vitro analysis comparing primary human atrial fibroblasts (hAF) with pri-
mary human bone marrow-derived progenitor cells (hBMPCs) within the same pa-
tient was recently published [27]. It was found that hBMPCs rapidly acquire a myo-
fibroblastic phenotype in culture, the primary cell responsible for cardiac fibrosis,
evidenced by expression of a-smooth muscle actin, non-muscle myosin isoforms
and EDA-fibronectin. These cells also functionally behave like myofibroblasts, evi-
denced by contraction of collagen gels at baseline, as well as in response to TGF-f3
stimulation [28]. Additionally, other research groups can induce these cells to ac-
quire a myofibroblast-like phenotype in culture, particularly through administra-
tion of TGF-B1 [29-32]. Understanding how bone marrow-derived progenitor cell
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differentiate to myofibroblast-like cells could reveal therapeutic targets to prevent
overzealous differentiation in a cardiovascular disease environment.

One mechanism that could be influential in the differentiation of various cells
to pro-fibrotic phenotypes is microRNA (miRNA). These 20-25 nucleotide-long
sequences prevent targeted messenger-RNA (mRNA) from forming proteins and
have been shown to influence cell differentiation [33, 34]. Because they can simul-
taneously interact with multiple mRNA targets, miRNA molecules can act as a mas-
ter switch to regulate multiple cellular processes, including differentiation. Many
different miRNA molecules have been implicated in cell differentiation; however,
miR-21, miR-24, miR-29, miR-133, miR-145, and miR-208 have been found to
be the most influential in regulating cardiac fibrosis either through controlling
myofibroblast differentiation or altering ECM protein deposition [35-40]. Due to
the potential role of miRNA in regulating numerous protein targets, for example
ECM proteins, miRNA represents an exciting potential avenue for therapeutic tar-
gets in preventing, possibly even reversing, pathological fibrosis in the heart.

2 Cell Sources of Fibrosis

The classic cellular source of fibrosis within the cardiovascular system is the myo-
fibroblast, which is derived from resident fibroblasts present within tissue that re-
spond to an inflammatory, pro-fibrotic signal [32]. However, there is a significant
portion of ECM protein deposition that is a result of a variety of cells derived from
the bone marrow. Numerous studies have been done with various cell-tracing tech-
niques and bone marrow transplant models to understand the relative contribution of
myofibroblasts from the bone marrow compartment [9-12, 22, 41]. Using enhanced
green fluorescent protein (eGFP)-transgenic mice, two independent groups have
shown the contribution of bone marrow-derived cells to cardiac fibrosis [41, 42].
Both studies found that approximately 20-24 % of the myofibroblast cells within
the scar expressed eGFP 7 days post-infarct, indicative of their bone-marrow ori-
gin. Another comprehensive study used gender mismatched bone marrow transplant
mice and evaluated the number of Y chromosome-positive cells in aortic banded
and sham female hearts [12]. This study revealed that the banded hearts had 13.4
and 21.1% of the cells being Y-chromosome FSP-1 and/or a-SMA double posi-
tive, respectively, indicating that these cells expressing fibroblast and myofibroblast
markers originated in the bone marrow. Interestingly, in sham hearts, there were
no FSP-1 positive cells with a Y chromosome; however, about 3.4 % of cells with
a'Y chromosome were also a-SMA positive which indicates that, even in normal
hearts, bone marrow cells contribute to the fibroblast population within the heart.
A similar study was performed in heart transplant patients with gender mismatched
hearts, who suffered a myocardial infarction post-transplant, allowing tracking of
cells into the transplanted heart [15]. As early as 2—4 weeks after infarction, almost
6% of all cells were non-inflammatory cells. These could either be fibroblasts and/
or mesenchymal progenitor cells out of which 24.1 % of the cells were derived from
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the organ host compared to only 5.3 % of cells in patients without an infarction [15].
These numbers are lower than those found in animal studies, which might indicate
that it may take longer for cells to be recruited from the bone marrow to contribute
to scar formation in transplant patients as a result of additional complications and/or
medications that may interfere with the wound healing process. It is not enough to
show that these bone marrow-derived cells are present within the heart post-injury,
but also that they directly contribute to ECM protein deposition. To evaluate this,
van Amerongen MG et al. [42] utilized a bone marrow transplant model with mice
expressing pro-Col1 A2 (coding for the 02 chain of pro-collagen I) promoter fused
to both luciferase and B-galactosidase. Analysis of in vivo luciferase and in vitro
[-galactosidase activity showed that cells derived from the transplanted pro-Co-
11 A2 transgenic mice bone marrow were present in the post-MI heart and actively
expressed collagen.

The studies previously discussed have found that the proportion of these cells
significantly increases solely as a result of injury. As injury is attended by inflam-
mation and fibrosis is intimately associated with inflammation [7], it is important
to consider how the heart recruits these bone marrow-derived cells. There are dis-
tinct profiles of chemokines, cytokines, growth factors, and ECM structure, in heart
tissue that is healthy, injured, inflamed, or fibrotic. These profiles are unique and
can actually create a specific myocardial signaling milieu that can cause varied
differentiation of administered multi-lineage progenitor cells at different stages
of myocarditis [11, 43]. Analysis of ischemic heart disease models indicates that
bone marrow-derived recruited or administered progenitor cells differentiate into
hematopoietic cell types [44—46]. One lab has investigated the importance of the
chemokine receptor CCR2 [27], which is found in to be expressed in >80 % of bone
marrow-derived fibroblast precursors. They showed that when CCR2-KO mice are
given an angiotensin-II (AnglI) infusion, there is a decrease in collagen accumula-
tion and Coll and fibronectin mRNA expression in the heart in comparison to wild-
type controls. They also showed that bone marrow derived fibroblast precursors
identified as Coll+and CD34+/CD45+were increased in Angll-treated wild-type
mice, but these numbers were significantly lower than CCR2 KO mice. Interest-
ingly, there was no difference in cardiac hypertrophy or hypertension between these
two groups indicating a unique mechanism for recruitment of bone marrow-derived
fibroblasts [27]. Cells expressing CD133 have also been observed infiltrating the
myocardium [47], indicating bone marrow-derived hematopoietic lineage origins.
These cells also express SDF-1a [48], a common chemokine for hematopoietic pro-
genitor cells, which was found to be significantly up regulated in the myocardium of
Angll-exposed animals as early as day one of treatment [17]. Finally, the CXCR4-
CXCLI12 axis is instrumental in the homing of bone marrow-derived progenitor
cells [49], as CXCR4 is a crucial chemokine receptor in stem cell trafficking, and
the differential expression of CXCL12 within various tissues allows for trafficking
CXCR4+ cells in a gradient-dependent manner to ensure tissue specificity [49, 50].
These studies illustrate the importance of the immune system in cell recruitment, as
immunodeficient mice showed no bone marrow-derived cell contribution to fibro-
sis [51]. This is because the response of the immune system has been shown to be
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imperative in not only facilitating the migration of bone marrow-derived progenitor
cells to fibrogenic areas, but also encouraging their differentiation into pro-fibrotic
cells [52].

2.1 Mesenchymal Progenitor Cells (MPCs)

There are two distinct lineages of progenitor cells that reside within the bone mar-
row that can differentiate into myofibroblasts in vitro: hematopoietic stem cells
(HSCs) and mesenchymal progenitor cells (MPCs) [53]. MPCs have been shown to
share many features with myofibroblasts, which is why their contribution to fibrosis
has been studied extensively [27, 29, 30, 54-56]. They are a rare cell population
that make up a mere 0.001-0.01 % of bone marrow [57] that can contribute to fi-
brosis, not only in response to injury or acute inflammation, but also as a result of
aging [58]. MPCs are also known to be precursors for cells that can actively form
ECM proteins, namely fibroblasts and smooth muscle cells [53]. When comparing
MPC:s to fibroblasts, it is important to note that initially, MSCs were identified as
colony-forming unit fibroblast-like cells [9] and that known fibroblast cell lines,
specifically HS68 and NHDF, were screened using a phenotype panel of 22 CD
surface markers against MPCs and were found to be identical [24]. A study co-
culturing human MPCs with human dermal fibroblasts found that there was MPC-
induced fibrosis as a result of the differentiation of the MPCs into myofibroblasts
with well-organized a-SMA filaments [59]. MPCs have even been found to possess
basal levels of contraction similar to cardiac fibroblasts and respond in a similar
way to TGFf-1 treated cells by strengthening their ability to contract [60] through
co-expression of aSMA [61]. During culturing on plastic dishes, MPCs were found
to produce collagen, although this level of production did not increase in response
to TGF-B1, unlike that observed with human myofibroblasts obtained from atrial
tissue [60, 62, 63]. TGF-B1 is an important ligand to consider as it induces the dif-
ferentiation of fibroblasts to collagen-forming myofibroblasts [61]. Human MPCs
have also been found to differentiate into fibroblasts by cyclic mechanical stimula-
tion, in addition to many other growth factors such as connective tissue growth fac-
tor and fibroblast growth factor-2 [64—67]. A unique feature of MPC:s is their ability
to have an intercellular connection with resident cardiomyocytes via connexin 43,
which is also shown to occur with cardiac fibroblasts [68—70]. This allows for elec-
trical signal transduction that further emphasizes the similarities between these cell
types, as well as allowing for the potential for endogenous differentiation of MPCs
to myofibroblasts [71, 72].

2.2 Fibrocytes

Recently a unique cell type contributing to cardiac fibrosis was identified, shar-
ing the cell markers of leukocytes, hematopoietic progenitor cells, and fibroblasts
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(collagen+/CD13+/CD34+/CD45+) [21, 73]. Within the literature, these cells have
been given a variety of names including telocytes, CD34+ stromal cells, and fibro-
cytes [74]. For the purposes of this chapter we shall refer to these cells as fibrocytes,
which originate from immature mesenchymal cells within the peripheral blood but
express the hematopoietic lineage marker CD34+ [74]. They are ubiquitously pres-
ent throughout the body and have been found to be involved in synthesizing sub-
strates, immunomodulation, providing scaffolding support for other cells, phago-
cytosis, parenchymal regulation, as well as synthesizing and remodeling ECM
[74]. Although classified as a subset of fibroblasts, they have also been found to
be able to differentiate into adipogenic, osteoblastic, and chondrogenic lineages
[75]. They have been discovered in animal models of atherosclerosis [76], within
the fibrous cap of human carotid artery plaques [77], in patients with atrial fibrosis
in the context of chronic atrial fibrillation [78], and in patients with hypertrophic
cardiomyopathy [79]. Repetitive episodes of ischemia-reperfusion inducing fibrotic
cardiomyopathy resulted in an increase in fibrocytes, as indicated by expression
of collagen-1, aSMA, CD34, and CD45 [9]. The presence of these cells in various
cardiovascular pathologies, accompanied by fibrotic remodeling, indicates that they
are potentially a key target in ameliorating detrimental ECM remodeling. They have
shown to be robustly active in producing ECM proteins including collagen I, col-
lagen 11, and vimentin, in addition to secreting matrix metalloproteinases (MMPY),
key regulators of cardiac ECM remodeling [80, 81]. As previously discussed in
this chapter, immunomodulation is an important factor in promoting fibrosis and
fibrocytes uniquely contribute by being a source of inflammatory cytokines, che-
mokines, and growth factors. During wound healing, fibrocytes express IL-1f, IL-
10, TNF-a, MIP1o, MIP1p, MIP-2, PDFG-A, and TGFf1 and actually localize to
granuloma formation and connective matrix deposition [80]. Studies have shown
that fibrocytes are released from the bone marrow into the peripheral blood to hone
into zones of inflammation via a CCR2-mediated pathway [27]. Fibrocytes also
have the ability to undergo phenotypic changes by being proliferative, synthetic,
and/or contractile and, by expressing markers such as endosialin and integrin recep-
tors, they can bind to fibronectin and fibrin to situate themselves in close proximity
with resident fibroblasts [82, 83].

2.3 Other Differentiating Cell Sources

Although bone marrow-derived progenitor cells contribute significantly to fibrosis,
they are not the only cell-type capable of changing their identity to become pro-fi-
brotic. Endothelial-to-mesenchymal transition (EndMT) has been shown to contrib-
ute to fibrosis by forming fibroblasts [12, 84]. In a cardiac context, the endothelial
cells making up the endocardium in development form heart valve progenitor cells.
During development, some of these cells undergo EndMT in order to form valve
interstitial cells that then further mature into valve mesenchymal cells and valve
leaflets [85]. An important factor in triggering this cell transformation in an embry-
onic context is TGF-P [86], which is also found extensively in fibrotic areas of the
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heart and is responsible for fibroblast activation [87]. In a lineage tracing analysis
utilizing LacZ irreversibly labelled endothelial cells, Ziesber et al. [12] found that
in mice exposed to pressure-overload for 5 days, nearly 33 % of their cardiac fibro-
blasts originated from the endothelial layer. Not only do EndMT cells further com-
plicate fibrosis by forming fibroblasts, but there is also a net loss of endothelial cells
that needs to be considered. In a study investigating the role of endothelial cells
in chronic kidney injury, it was found that reduced bioavailability of nitric oxide
synthesized by endothelial cells causes further endothelial dysfunction where there
was up-regulation of collagen, increased TGF-f and rarefaction of capillaries [88].

Another key cellular transformation process that occurs during embryonic heart
development is epithelial-to-mesenchymal transition. This mechanism has also
been implicated in pathological ECM remodeling of the heart by up-regulating a
number of genes encoding growth factors including VEGF, FGF2, TGF-B2, and
MCP1 which promote angiogenesis and might be beneficial in reducing heart injury
post-MI [89]. In addition, epithelial cells of the epicardium also have the ability to
differentiate into fibroblasts [90] and, although this has been established to be a key
source of fibroblasts during fibrosis in kidney [91], liver [92], and lungs [93], it is
yet to be determined if it contributes to pathological fibrosis in the heart.

In addition to progenitor cells found within the bone marrow, a distinct popula-
tion of cardiac stem cells has been found residing in the heart [94]. They were found
to be negative for various hematopoietic lineage markers (such as CD34, CD45,
CDS) but are positive for c-kit, a stem cell marker. Although these cells are being
evaluated for their potential to become functional cardiomyocytes for therapeutic
purposes [94, 95], there is currently no information available about the potential
of these cells to differentiate into myofibroblasts or any other cell type that could
contribute to cardiac fibrosis.

3 Influence of miRNA on Cell Differentiation
and Fibrosis

When injury occurs in the body, cells have to respond in a promptly in order to initi-
ate healing and prevent further damage. We have established that there are numer-
ous cells within the body that undergo a phenotype change in order participate in
fibrosis and that inflammation is responsible for guiding these cells to the damaged
area to promote ECM remodeling. In many circumstances, this change has to occur
rapidly where the cell essentially “switches” phenotype. As it would take time for
a cell to undergo complete protein translation based off of extracellular signaling
causing the activation of transcription factors, there has recently been discovered
a molecule that could rapidly facilitate this “switch”, known as miRNA. This mol-
ecule is made up of 20-25 nucleotides derived from mostly non-coding regions of
the genome that target mRNA to fine-tune protein translation [33, 96]. The first
miRNA was discovered during the adult stage of Caenorhabditis elegans where
loss of the miRNA, let-7, caused reiteration to larval cell fates indicating that let-7
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is necessary for the differentiation of adult cells [33]. Furthermore, let-7 has also
been shown to be important in the development of adult fibroblasts in adult MPCs
[97]. In a study evaluating the effect of Dicer, which processes miRNA permitting
them to function, Dicer KO MPCs retained their mesenchymal identity. This shows
that miRNAs do not necessarily govern cell identity but that miRNA processing
is required for active differentiation, suggesting its presence critical for cell state
transition [97]. This data supports additional findings that demonstrate the impor-
tance of miRNAs in regulating cellular transitions and physiological robustness in
various model systems [98, 99]. MiRNAs have also shown to be central in the de-
differentiation of human fibroblasts. As Yamanaka demonstrated, fibroblasts can
be reprogrammed back to an embryonic-like state [100], which prompted several
scientists to look at various aspects of this phenomenon. The two that were found to
promote the reprogramming of human fibroblasts to inducible pluripotent stem cells
were miR-302b and miR-372 [101].

A miRNA has also been identified in cardiac myofibroblast differentiation,
namely miR-145 [40]. This particular miRNA was initially identified as a regulator
of smooth muscle cell differentiation. Several aspects of how miR-145 influences
myofibroblast differentiation were investigated, with a focus on a-SMA filaments.
When treated with miR-145, a-SMA positive cells readily formed stress filaments
and were organized in parallel actin-filament bundles, permitting cellular con-
tractility that was comparable to fibroblasts treated with TGFB1 [40]. In addition,
fibroblasts treated with miR-145 migrated to a comparable degree as fibroblasts
treated with TGFf3. Collagen expression was also assessed, with miR-145 treated
cells showing comparable decreases in pro-collagen 1A1 and pro-collagen 1A2 but
significant comparable increases in mature collagen 1A 1 and collagen 1A2 produc-
tion. As miRNA have the potential to have numerous downstream targets, which is
the nature of their behavior and natural design, miR-145 was found to target KLF5.
KLFS5 is instrumental in cardiovascular remodeling, particularly in smooth muscle
cells, as it activates platelet-derived growth factor A/B, Egr-1, plasminogen activa-
tor inhibitor-1, inducible nitric oxide synthase, and vascular endothelial growth fac-
tor [102]. Whether miR-145 is the sole miRNA to facilitate this differentiation from
fibroblast to myofibroblast is yet to be determined.

The expression of several miRNAs, including several let-7s, miR-1, miR-133a,
miR-133b, miR-19a, miR-19b, miR-150, miR-195, miR-199, miR-221, miR-23a,
miR-23b, miR-29a, miR-29b, the miR-30 family and miR-320, either increased or
decreased during heart failure [103]. The highest expression miRNA in the heart is
miR-1, which accounts for 40 % of all cardiac miRNAs [104]. It plays a role in the
regulation of the cardiac conduction system, in part by controlling the expression
of connexin 43 [105]. It has been shown to have differential expression based on
the whether or not the heart is succumbing to short-term injury such as ischemic
injury, where it is up-regulated, or long-term injury such as hypertrophy and heart
failure, where it is down-regulated [103]. Its potential role in fibrosis has yet to be
elucidated although, due to its high expression in the heart, it is unlikely that it is a
bystander during pathological cardiac ECM remodeling. MiR-133a may be more di-
rectly implicated in fibrosis as high expression of miR-133a prevented both fibrosis
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and apoptosis in an animal model of trans-aortic constriction (TAC) [36]. It did not
affect hypertrophy in either the TAC model or in isoproterenol-induced hypertrophy.

Another miRNA of interest is miR-208a because, when it is knocked out in TAC,
there is no hypertrophy of cardiomyocytes or fibrosis detected [37]. In a different
study evaluating miR-208a, it was found that in areas associated with interstitial fi-
brosis, there was miR-208a expression which occurred concurrently with a decrease
in connexin 40, indicating that there might be a link between miR-208a, cardiac
conduction, and fibrosis [38].

Another few miRNA regulators of cardiac fibrosis are miR-24, miR-21, and miR-
29 [39, 106-109]. MiR-24 is found in fibroblasts and its expression has been found
to be associated with the degree of fibrosis in hypertrophic hearts [110]. Post-MI,
miR-24 is down-regulated only after an initial week of elevated expression where
its expression correlated with the levels of collagen-1, fibronectin, and TGF-f1
[39]. When delivered in vivo, miR-24 reduces cardiac fibrosis and decreases col-
lagen-1 protein expression. Not only is miR-24 expressed in fibrocytes, it is also
found to decrease the expression of a-SMA, a myofibroblast marker [39]. One of
the downstream targets of miR-24 is furin, which is a regulator of the TGF-f path-
way by proteolytically maturing TGF-f, which correlates with the observation that
TGF-B1 treatment up-regulates miR-24 expression in a time- and dose-dependent
manner [39]. Both miR-21 and miR-29 have been identified in cardiac fibroblasts,
where their expression is greater than that found in cardiomyocytes [106, 107].
Over-expression of miR21 in the heart results in reduced infarct size after ischemia
reperfusion injury with preserved ejection fraction and decreased collagen depo-
sition [111], in addition to promoting fibroblast survival [108, 109]. Conversely,
knock-down of miR-21 attenuated interstitial fibrosis and cardiac remodeling after
aortic banding [109]. In the myocardial infarct border zone, miR-21 was upregu-
lated, inhibiting PTEN expression, which resulted in up-regulation of MMP-2 ex-
pression [108].

Finally, a very popular miRNA of interest in the fibrosis literature is miR-29,
which regulates a subset of fibrosis-related gene expression including many colla-
gens, fibrillins, laminins, integrins, and elastin [107]. When down-regulated, there
is an increase of these ECM proteins found which is then attenuated with over-
expression of miR-29 [107]. Although inhibiting miR-29 would be an ideal thera-
peutic target to prevent pathological ECM remodeling, it also regulates several anti-
apoptotic genes including 7c/-1, Mcl-1, p53, and CDC42 [112—114]. The continuing
investigation of how miRNAs are involved in both physiological and pathological
ECM remodeling is an additional therapeutic target that could be utilized in combat-
ting fibrosis, not only within the heart, but in other fibrotic diseases as well.

4 Conclusions

It is evident that more than endogenously present interstitial fibroblasts within the
myocardium contribute to fibrosis, both physiologically and pathologically. This
multi-faceted process drives numerous cardiovascular pathologies toward heart
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failure and occurs via a number of different cell sources, including various cell lin-
eages found in the bone marrow [9—-12, 16]. These include fibrocytes and MPCs that
contribute directly to ECM remodeling and protein deposition, and appear ubiqui-
tously involved in both physiological and pathological fibrosis [19, 22]. We have
also outlined how similar fibroblasts and MPCs act in culture and under stimulation
of pro-fibrotic TGF-B. Additional sources of pro-fibrotic cells are endothelial cells
undergoing endothelial-to-mesenchymal (EndoMT) transition [12, 23, 24] and epi-
thelial cells undergoing epithelial-to-mesenchymal transition (EMT) [25, 28].

A thorough understanding of how these various cell types become pro-fibrotic
could reveal therapeutic targets for preventing overzealous ECM deposition and re-
modeling. We explored the possibility of miRNA in inducing cell differentiation to
a pro-fibrotic phenotype and/or contributing directly to fibrosis including miR-21,
miR-24, miR-29, miR-133, miR-145, and miR-208a [35, 36, 38-40, 107] (Fig. 1).
miRNA provides a potential therapeutic target to either promote physiological fibro-
sis for optimal wound healing, or to inhibit pathological cardiac ECM remodeling.
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The Stressful Life of Cardiac Myofibroblasts

Elena Zimina and Boris Hinz

Abstract The ability of cardiac fibroblasts to sense and control the mechani-
cal properties of the extracellular matrix is essential to adapt the heart tissue to
mechanical load, such as in conditions of hypertension and to repair injuries after
myocardial infarct. Aberrant mechanosensing and/or persistent stress results in the
chronic activation of cardiac fibroblasts and other progenitors into myofibroblasts.
Myofibroblasts drive the development of fibrosis by excessive collagen secretion
and contraction of the neo-matrix into scar tissue. Stiff fibrotic tissue impairs heart
distensibility, pumping and valve function, contributes to diastolic and systolic dys-
function, and affects myocardial electrical transmission, leading to arrhythmia and
ultimately heart failure. To explore novel therapeutic strategies that specifically tar-
get the myofibroblasts in heart fibrosis, we here elaborate on the common factors
that control myofibroblast activation from different precursor cells in the heart. At
least two factors are pivotal for myofibroblast activation and function: mechani-
cal stress, manifested in disease as a stiff extracellular matrix, and active TGF-
B1. Because of uncontrollable side effects, global TGF-f1 inhibition has failed in
clinical trials to treat fibrosis but preventing TGF-B1 activation in a myofibroblast-
specific manner has promising perspectives.

Keywords Fibroblast - Fibrosis - Scar - Integrin - Extracellular matrix - Mechanical
stress * Stiffness + TGF-B1 - a-smooth muscle actin * Extracellular matrix

1 Introduction

Heart failure is the leading cause of death worldwide. A variety of factors con-
tributes to the development of heart failure, including coronary heart disease (fre-
quently leading to myocardial infarction), chronic high blood pressure, diabetes,
and cardiomyopathy. The outcomes of these conditions are structural changes in the
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heart architecture leading to impaired left ventricular function in filling and eject-
ing blood. Pathological remodelling of the ventricle, in particular development of
fibrosis, is a key event in the progression of heart failure and there is no effective
therapy available. Fibrosis is the accumulation of excessive collagenous extracel-
lular matrix (ECM) that can replace functional heart muscle [1-5].

Instrumental in all fibrotic conditions are myofibroblasts, which are mainly acti-
vated from local fibroblastic cells, commonly summarized under the term ‘cardiac
fibroblasts’ [5, 6-9]. Cardiac fibroblasts are reported to account for the majority (in
number) of all cells in the healthy adult heart where they maintain the ECM archi-
tecture [10]. In the healthy myocardium, cardiac fibroblasts form an interconnected
network of cells that are embedded within a collagen network surrounding groups
of myocytes [11] (Fig. 1). Physiological increase of the heart load (e.g., during
exercise) stimulates increased ECM production by the resident fibroblasts as an
adaptive response of the heart in addition to increasing numbers and sizes of fibro-
blasts and cardiomyocytes [12, 13]. However, in response to chronically increased
mechanical load (e.g. caused by hypertension leading to cardiac hypertrophy) and
to myocardial injury (e.g. after infarct), cardiac fibroblasts are activated into myofi-
broblasts [2, 14] that are not present in the normal heart [15] (Fig. 1).

Myofibroblasts produce excessive ECM that is contracted by the action of neo-
formed contractile actin-myosin stress fibres in vivo [16, 17]. The ultimate aim of
ECM secretion and remodelling is restoring the mechanical integrity of the injured
tissue even at the cost of losing tissue function [ 18]. Frequently, persistence of myo-
fibroblasts and collagen contraction leads to irreversible remodelling of the heart
ECM into a stiff fibrotic scar that matures over time. The scar reduces heart pump-
ing and distensibility, contributes to diastolic and systolic dysfunction, impairs heart
valve function, impairs oxygen availability to cardiomyocytes as perivascular fibro-
sis around intracoronary arterioles, and affects myocardial electrical transmission,
leading to arrhythmia [9, 10, 19-24]. Importantly, the scar environment perpetu-
ates fibrosis by converting healthy progenitors into fibrogenic myofibroblasts and
by providing the chemical and mechanical conditions for myofibroblasts to resist
clearance by apoptosis. Hence, myocardial fibrosis can be both the cause and con-
sequence of rheumatic heart disease, inflammation, pathological hypertrophy, car-
diomyopathy, and post-myocardial infarct remodelling [3, 19]. It is likely, yet not
documented, that cardiac myofibroblasts can become deactivated, as described for
an animal model of liver fibrosis [25]. Alternatively, suicide may be their only way
out which is supported by the fact that myofibroblasts can persist for months and
even years in an infarct scar by escaping programmed cell death [9].

To provide novel therapeutic strategies that target the myofibroblast in heart fi-
brosis, it is important to understand how mechanical and chemical factors coop-
eratively control the myofibroblast phenotype. At least two factors are pivotal for
myofibroblast activation and function: mechanical stress, manifested in disease as
a stiff ECM, and active TGF-B1 [7, 26]. TGF-B1 is the most potent pro-fibrotic cy-
tokine known; it causes excessive ECM production, induces its own secretion and
drives myofibroblast activation [17, 27, 28]. Although general TGF-B1 inhibition
has failed to treat organ fibrosis in clinical trials [29-35] because of uncontrol-
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Fig. 1 Fibroblasts and myofibroblasts in the healthy and fibrotic myocardium. (a) A rat model of
aortic coarctation was used to induce left ventricular (LV) cardiac hypertrophy and fibrosis. (b & ¢)
A Yorkshire pig model of pulmonary vein stenosis for 7 weeks was used to induce right ventricular
cardiac hypertrophy and fibrosis; a perivascular region has been selected for (¢). Transmural blocks
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lable side effects [36—39], preventing TGF-B1 activation in a myofibroblast-specific
manner has emerged as one possible strategy to counteract fibrosis. In this chapter,
we will discuss the mechanical and chemical preconditions of the ECM for latent
TGF-B1 activation and how myofibroblast contraction and cell ECM receptors con-
tribute to a mechanical feed-forward loop of latent TGF-B1 activation and myofi-
broblast differentiation.

2 A Myofibroblast is a Myofibroblast, Of Course,
Of Course?

2.1 Myofibroblast Features

Myofibroblasts were originally discovered and defined as fibroblastic cells that si-
multaneously exhibit prominent endoplasmic reticulum and contractile actin micro-
filament bundles in vivo [40]. According to this most basic definition, neo-formation
of contractile actin/myosin stress fibers by cardiac fibroblasts in vivo suffices the
criterion of a myofibroblast; however, ultrastructural analysis is required to define
these cell features [40, 41]. In vitro, fibroblastic cells spontaneously form stress
fibers when cultured on standard culture dishes [7, 42] (Fig. 2). Hence, it has be-
come common practice to use neo-expression of a-smooth-muscle actin (a-SMA)
in stress fibres as distinguishing feature of myofibroblasts [43] (Fig. 2). Expression
of a-SMA is the molecular basis for the higher contractile activity of myofibroblasts
compared to their precursor cells [44]. The contractile apparatus of myofibroblasts
is designed to remodel collagen, which is distinct from the periodic beating activity
of cardiomyocytes [45].

In principal, myofibroblast-specific proteins such as a-SMA provide attractive
therapeutic targets for the action and/or delivery of anti-myofibroblast/fibrotic drugs
in addition to helping diagnosis and rating of the severity of heart fibrosis. However, it
is important to note that no unique single marker exists to discriminate myofibroblasts
from other cells in the fibrotic heart or other organs and it is questionable whether such
a marker exists at all [6]. Typically, myofibroblasts are characterized by a specific set
of cytoskeletal proteins, including a-SMA. Vascular smooth muscle cells and peri-
cytes are also a-SMA-positive and additional markers are required to make the dis-
tinction [46]. In normal adult tissue, smooth muscle cells express late smooth muscle

Fig. 1 (continued) of the normal and fibrotic ventricular myocardium were sectioned and immu-
nostained for a-SMA, CD31, sarcomeric actin (sarc actin), vimentin, desmin, and nuclei (DAPI)
in the indicated combinations and colors. Fibroblastic cells are a-SMA-/vimentin+/desmin-/o-
sarc-/CD31-, myofibroblasts are o-SMA+/vimentint+/desmin-/CD31-/a-sarc-/, endothelial cells
are a-SMA-/vimentin+/desmin-/o-sarc-/CD31+, smooth muscle cells are o-SMA+/vimentin+/
desmin+/a-sarc-/CD31-, and cardiomyocytes are o-SMA-/vimentin-/desmin+/a-sarc+/CD31-.
Inset in (a) shown higher magnification of the vascular endothelium. Scale bar: 50 um. Modified
and reprinted with permission from [150]
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5% myofibroblasts 4 80% m_yofi?rob{asts

Fig. 2 Fibroblasts and myofibroblasts in vitro. Primary rat cardiac fibroblasts were immunos-
tained after 4 days culture either on silicone culture substrates with a Young’s modulus of 5 kPa
(left panel) or on conventional stiff (GPa) culture plastic dishes (7ight panel). Cells were stained
for F-actin-rich stress fibers (Phalloidin-green), a-SMA (blue, turquoise in overlay), and focal
adhesions (vinculin-red). All cells form stress fibers. However, culture on soft substrates reduces
the percentage of cells spontaneously acquiring a-SMA-positive stress fibers to~5 % compared
with~80% a-SMA-positive myofibroblasts on stiff culture substrates. Scale Bar: 25 um

differentiation markers that are not expressed by myofibroblasts, including desmin,
smooth muscle myosin heavy chain, h-caldesmon, and smoothelin [47]. However, in
conditions of organ injury, fibrosis, and in cell culture, SMCs lose these late differ-
entiation markers and attain a myofibroblastic and collagen synthesizing phenotype
[48]. Furthermore, both smooth muscle and endothelial cells express vimentin that
is also common to (myo)fibroblastic cells. Given that small vessels populate areas
between cardiomyocytes, immunostaining for vimentin and a-SMA alone can be
ambiguous to identify myofibroblasts. Co-staining for desmin (smooth muscle cells,
cardiomyocytes) and endothelial cell specific proteins such as CD31 or VE-cadherin
will discriminate between these main cell types populating the myocardium (Fig. 1).
In addition to using molecular markers in immunohistological applications, a
number of different transgenic mouse models have been developed to either follow
the fate or to specifically eliminate myofibroblasts in conditions of organ fibrosis.
Transgenic mice that co-express fluorescent proteins under control of the a-SMA
and collagen type I promoters have been used to identify myofibroblasts in lincage
tracing studies in the liver and kidney [25] and should in principal be applicable to
track myofibroblasts in the heart. Conditional knockouts and expression of fluores-
cent markers under promoter control of the platelet-derived growth factor receptor
B(PDGFR}) has been successful to eliminate myofibroblast activation from pericytes
in liver (hepatic stellate cells), lung and kidney fibrosis [49] but has not been tested
yet for the heart. Whereas PDGFRB-positive pericytes emerge as major contributors
to the myofibroblast population in fibrotic liver [50] and kidney (there being identi-
fied as descendants of FOXDI1 lineage) [51], their role is much less defined in the
heart. Another potential approach to trace myofibroblasts in fibrotic conditions is us-
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ing PDGFRa promoter driven reporter constructs. PDGFRa is expressed in smooth
muscle-related cell progenitors and upregulated in conditions of fibrosis and repair
in the heart [52-54] and other organs [55]. Periostin promoter-driven expression
constructs were employed to identify and target the fibroblastic population specifi-
cally in the heart; periostin-driven expression of  galactosidase was confirmed for
fibroblastic cells and absent from cardiomyocytes and endothelial cells [56]. Other
groups have used the transcription factor Tef21 (epicardin) to specifically trace the
fibroblastic population in the developing and fibrotic heart [57-59].

2.2 Cardiac Myofibroblast Precursors

In the quest to search for an anti-fibrotic cellular target, the problem of finding a
specific molecular marker is intimately linked with the question of the origin of
myofibroblasts. A number of different myofibroblast precursors have been reported
in the heart [11], including fibroblasts [2, 60], smooth muscle cells and pericytes
[61], epithelial cells [62], endothelial cells [63], resident mesenchymal progenitor
cells [54, 64], and bone-marrow-derived circulating fibrocytes and mesenchymal
stem cells [65-68] to list the most prominent candidates. The percentage contribu-
tion of each of these potential precursors to the myofibroblast population is a mat-
ter of ongoing and sometimes heated debate. Part of the difficulty to identify ‘the’
myofibroblast precursor is the lack of a unique marker and the choice of different
lineage tracers in various studies as discussed above. Another confounding factor
is the loose definition of the precursor population itself, such as using ‘fibroblast’
to classify a rather heterogeneous group of cells with no markers on their own [11,
69]. Finally, it is conceivable that the myofibroblast represents an activation state
attained by multiple cell types and the precursor likely depends on the nature of
the insult and the available cell populations [6]. Hence, different animal models
and clinical conditions of cardiac fibrosis are likely characterized by myofibroblast
populations of different origin but with similar function. Although we are far from
understanding myofibroblast heterogeneity, there is a potential to exploit the com-
position of myofibroblast populations as indicators of disease origin and level of
progression as our knowledge expands.

3 More than Just Material for Myofibroblasts: The ECM
of the Heart

3.1 Composition and Function of the ECM in the Heart

Independent of their origin, all myofibroblasts are specialized to produce and re-
model ECM in response to an insult. Although the most obvious function of the
cardiac ECM is to provide a framework for myofibrils and to mechanically protect
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cardiomyocytes against overstretch, the ECM plays more than just structural roles
[10, 70, 71]. In the normal heart, the ECM organizes the different cellular com-
partments, transmits mechanical stimuli, affects electrical transmission in the heart,
stores growth factors, and thereby mediates critical cell functions such as prolifera-
tion, growth and differentiation [72, 73]. The composition of the cardiac ECM is
a complex network of structural proteins such as collagens, elastin, laminins, and
fibronectin [73, 74], macromolecules like proteoglycans and glycoproteins that con-
tribute to the overall ECM architecture and bind the growth factors essential for cell
migration and tissue remodelling [75], and matricellular proteins and growth factors
with signalling function [70]. The fine-balanced interplay between all these elements
is massively disturbed in conditions of heart fibrosis and pathological remodelling.

The principal ECM component in the heart is fibrillar collagen type I [72], which
provides tensile strength by virtue of its extraordinary mechanical property with an
extension modulus of several GPa [76, 77]. Other fibrillar collagens in the myocar-
dium are types III and V. The fibrillar collagens are produced by cardiac fibroblasts
and kept in homeostasis by balancing synthesis with degradation mediated by ma-
trix metalloproteinases (MMPs) [78]. Cross-linking enzymes such as lysyl oxidases
and transglutaminases provide additional resilience and structure to the collagen/
ECM network [72]. Whereas fibrillar collagens provide strength, non-fibrillar col-
lagens, such as types IV and VI mainly integrate myofibrils and cardiac ECM by be-
ing major components of the basal lamina of cardiomyocytes [79]. Collagen type [V
forms a sheet-like scaffold with laminin, entactin and perlecan, and collagen type
Vlinteracts with collagen type IV and collagen type I to create an anchoring bridge
between the basal lamina and interstitial ECM and plays a role in guiding the fibro-
blast phenotype [79, 80]. Collagens types IV and VI mediate essential cell function
through interaction with cell surface receptors such as integrins and discoidin do-
main receptors (DDRs) [81, 82]. It is amply clear that changes in the composition
and organization of the ECM during repair after injury or in fibrosis dramatically
impact cell functions. The direct instructive role of the ECM becomes evident in
experiments, where de-cellularized ECM from fibrotic organs is sufficient to drive
fibrogenesis of healthy cells in situ [83, 84].

Cellular fibronectin is a paradigm component of the cardiac ECM that is gain-
ing particular importance during heart development and in the injured myocardium
[85-87]. Alternative splicing of fibronectin occurs during wound healing and fi-
brosis [88] with the extradomain A (ED-A) fibronectin splice variant being highly
expressed and required during the myofibroblast activation process [13, 89]. Fibro-
nectin is a master regulator of cell signalling by providing a plethora of binding sites
for cell receptors and a large number of different growth factors [90-92], including
but not restricted to the latent TGF-f complex [93], vascular endothelial growth
factor (VEGF) [94], bone morphogenetic protein 1 (BMP1) [95], hepatocyte growth
factor (HGF) [96] and fibroblast growth factor (FGF-2) [96]. Integration of cell sig-
nalling with the ECM is also the main function of different matricellular proteins,
such as thrombospondins, tenascin C, osteopontin, SPARC, periostin, and the CCN
protein family members [74]. All these signalling ECM proteins are differentially
regulated during myocardial remodelling and important regulators of myofibroblast
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functions [97, 98]. Thrombospondins and SPARC have been shown to essential-
ly control collagen accumulation in the heart [99, 100]. The diverse functions of
tenascin C include weakening of cell adhesion, up-regulating the expression and
activity of MMPs, modulating inflammatory responses, promoting recruitment of
myofibroblasts, and enhancing fibrosis [101]. CCN2 (CTGF) is also upregulated
in various conditions of cardiac fibrosis and appears to collaborate with TGF-$1 in
regulating collagen and myofibroblast induction [1].

3.2 ECM Mechanics Matters for Myofibroblast Activation

Transient activation of myofibroblasts per se is beneficial to preserve the struc-
tural integrity of the myocardium in response to overload or damage; this normal
wound healing response is referred to ‘adaptive’ or ‘reparative’ fibrosis and consid-
ered reversible. In contrast, persistent excessive accumulation and contraction of
collagenous ECM is detrimental to heart function at various levels. First, because
myofibroblasts can repair but not regenerate, non-functional scar tissue replaces
the damaged heart muscle (‘replacement fibrosis”). Second, the stiff scar obliter-
ates proper heart functioning by representing a sheer mechanical obstacle within
the softer heart muscle (‘you cannot make a scar squeeze’). Third, the electrical
conduction properties of the fibrotic ECM cause arrhythmia [24, 102—105]. Fourth,
scar stiffness fosters arrhythmia by directly influencing cardiomyocyte beating; em-
bryonic cardiomyocytes beat periodically when cultured on heart-soft substrates
but not on fibrotic-stiff material [106, 107]. Incompressibility and poor electrical
conduction of scar tissue both contribute to diastolic and systolic dysfunction and
to left ventricular hypertrophy [20, 21]. Finally, the mechanical and chemical ECM
microenvironment created by myofibroblasts stimulates their own activation from
normal precursor cells and perpetuates fibrosis.

One characteristic of the fibrotic scar is its high stiffness compared to the com-
pliant texture of healthy myocardium. Tissue stiffness is measured as Young’s
Modulus (in Pa) and represents the force per area (stress) that is required to strain
a material [108]. Normal heart muscle has a Young’s modulus of~ 10 kPa as mea-
sured by atomic force microscopy whereas fibrotic tissue is typically 2—10-times
stiffer (20-100 kPa) [106, 109—-111] (Fig. 3). One important condition for turning
physiological remodelling (typically not involving myofibroblast activation) into
pathological remodelling is the presence of an inflammatory response [112, 113].
In addition to providing pro-fibrotic cytokines, inflammatory cells produce ECM
cross-linking enzymes, e.g. lysyl oxidases [114] that can initiate ECM stiffening
preceding myofibroblast activation as shown in an animal model of liver fibrosis
[115]. Scar stiffening is not only due to increased amounts of collagen. Increase in
the Young’s modulus of the scar occurs through strain-stiffening of the collagenous
ECM by cell pulling forces [116, 117] which is macroscopically evident by the
maturation of post-myocardial tissue into thin and highly dense scars.

Multiple studies demonstrated that ECM-transmitted stress activates myofibro-
blasts. Mechanical stimulation of cultured cardiac fibroblasts by twisting ECM
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Fig. 3 Stiffness of organs and fibrotic scar. The stiffness range of different organs has been
assessed at the cellular perception level using atomic force microscopy indentation and expressed
as Young’s elastic modulus in Pa [179, 180]. Very soft organs are bone marrow [181], brain (0.1—
0.5 kPa) [182] and fat (1-3 kPa) [183]. Soft organs are liver (1-2 kPa) [115], lung parenchyma
(2-4 kPa) [184], and skin [185], whereas muscular tissues including the myocardium are medium
stiff (10—15 kPa) [111, 186, 187]. Bone and teeth provide the stiffest structures in our body [188].
Note that fibrotic tissue (here stylized for a fibrotic heart) is always stiffer than normal tissue.
Modified and reprinted with permission from [189]

protein-coated magnetite beads induces a-SMA expression [118], as does cyclic
stretch applied to cultured aortic valve fibroblasts [119]. Expression of a-SMA is
augmented in cardiac myofibroblasts cultured on stiff two-dimensional (2D) culture
substrates but suppressed on soft polymer substrates [120] (Fig. 2). Myofibroblasts
express 0-SMA in attached and stressed 3D-collagen gel cultures but not in free-
floating relaxed gels [121-123]. In healing rat skin wounds [44, 116] and skin scar
tissue in situ [124], expression of 0-SMA is accelerated by (re-)straining the tissue.
Comparable controlled experiments with animal and human heart tissue have yet to
be performed. Myofibroblast mechanoregulation occurs at different levels. (1) Me-
chanical load determines the intracellular stress fibre localization of a-SMA [109];
(2) Stress directly modulates a-SMA promoter activity and protein expression [118,
125]. (3) Substrate compliance and mechanical stimulation regulates the contractile
activity of myofibroblasts by regulating cytosolic Ca®" signalling [45, 120-126]; (4)
Stress modulates the bioactivity of TGF-B1, the major cytokine inducing myofibro-
blast differentiation in a process that involves integrins and cell contraction.

4 TGF-p1 at the Cross-Roads of ECM and Growth
Factor Signalling

TGF-B1 is a master regulator of fibrosis in all organs [127-129] including the heart
where its protein and mRNA expression levels correlate with the degree of fibrosis
in a variety of clinical settings and animal models [85, 87, 130-136]. Overexpres-
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sion of TGF-B1 in mice causes cardiac hypertrophy and interstitial fibrosis [137,
138]; inhibition of TGF-B1 prevents late cardiac remodelling in a mouse model
of heart fibrosis [139]. TGF-f1 is also the most potent cytokine known to activate
myofibroblasts irrespective of the precursor [7]. Despite the clear pro-fibrotic ac-
tion of TGF-B1, global therapeutic inhibition of this growth factor is problematic
due to its pleiotrophic character [34, 129], e.g., knock-out of TGF-B1 leads to the
development of multifocal inflammatory disease in mouse models [140]. TGF-f1
also regulates homeostasis of the vasculature and dysregulation of TGF-B1 levels
can lead to tumor formation [141, 142]. More recent strategies are aiming to block
TGF-B1 activation from its latent complex rather than targeting the active molecule;
this approach bears the advantage of a more targeted strategy to block TGF-1
pro-fibrotic signalling. Activation of TGF-B1 is promoted by various mechanisms
which differ according to the cell type and physiological context [127, 143—147].
Myofibroblasts and other cells produce TGF-f1 together with its latency-asso-
ciated pro-peptide (LAP); LAP and TGF-f1 remain non-covalently bound and are
secreted as a large latent complex covalently linked to the latent TGF-B1 binding
protein LTBP-1 [93, 143, 148] (Fig. 4). In cultured lung and cardiac myofibroblasts,
TGF-B1 activation occurs mainly via transmission of cell traction forces at sites
of integrins to an RGD binding site in the LAP moiety of the large latent complex
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Fig. 4 Mechanical activation of latent TGF-B1. Latent TGF-B1 (TGF-B1 with it’s associated pro-
peptide LAP) is stored in the ECM by together with the latent TGF-f1 binding protein LTBP-1.
Upon actin/myosin promoted myofibroblast contraction, interaction of integrins with RDG bind-
ing sites in the LAP activates TGF-B1 by inducing a putative conformation change in LAP
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[145, 149, 150]. Binding of the latent TGF-B1 storage protein LTBP-1 to other ECM
proteins, including fibrillins and fibronectin makes latent TGF-f1 an integral com-
ponent of the ECM [35, 144, 151-153]. The normal myocardium is rich in latent
TGF-B1 that only seems to wait for activation in conditions of heart overload and
injury [98]. Binding of LAP to the ECM through the LTBP-1 is also the structural
pre-condition for mechanical activation by integrins [143, 149, 154]. The LTBP-1
binding site of LAP directly opposes the RGD site in LAP for integrin attachment;
integrin-mediated force transmission induces a conformational change in LAP that
liberates active TGF-B1 [154, 155] (Fig. 4). Recent studies support that the me-
chanical state of the ECM directly contributes to the bioavailability of TGF-B1 for
contraction activation by providing resistance to cell pulling on the latent complex.
This effect has been demonstrated by measuring reduced levels of active (not total)
TGF-B1 released by cells grown and contract on compliant versus stiff elastic cul-
ture substrates [145, 156]. In contrast to elastic cell culture polymers, the ECM of
normal and fibrotic connective tissues is subject to strain-stiffening [157, 158]. Re-
sults from our lab suggest that cell remodelling strain-stiffens LTBP-1-containing
ECM and thereby ‘primes’ latent TGF-f1 for subsequent activation, analogous to
the loading of a mechanical spring [116]. This relationship between the bioavail-
ability of TGF-B1 and the organization state of the ECM provides a mechanical
threshold to generate and/or sustain myofibroblasts. In the poorly organized but
latent TGF-B1-rich provisional ECM established after organ injury and overload,
TGF-B1 activation by cell traction will be inefficient and a-SMA-positive myofi-
broblasts will not develop. In a sufficiently pre-strained ECM, even the low con-
tractile forces exerted by migrating fibroblastic cells will promote latent TGF-1
activation [116]. Both, the remodelling required to reaching a mechanical ‘tipping
point’ in the ECM and active cell pulling in the acute latent TGF-$1 activation step
are mediated by integrins.

5 ECM Receptors in Cardiac Myofibroblast
Differentiation

Cardiac fibroblasts and myofibroblasts express a variety of different integrins, in-
cluding collagen receptors integrin a1f1, 02p1, al1p1, and a1B3 and the fibronec-
tin binding integrins a5p1,a8B1, avpl, avp3, and avp5 [159, 160]. The regulation
of integrin expression and ligand binding is tightly linked with the ECM alterations
taking place during fibrosis. For example, the a3 integrin subunit in cardiac fibro-
blasts interacts with type VI collagen and promotes myofibroblast differentiation
post-myocardial infarction [161]. The absolute and relative expression of integrins
al, 02, and a5, all pairing with 1 integrin is differentially regulated in rat mod-
els of treadmill exercise or hypertension induced by coarctation of the abdominal
aorta [162]. Integrin a8B1 is abundantly expressed in rat cardiac fibroblasts and
positively modulated by angiotensin-II and TGF-B1 during cardiac myofibroblast
activation [163]; overexpression of a8B1 integrin correlates with elevated produc-
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tion of fibronectin in the heart [164]. Similarly, the expression of integrin avf5 is
upregulated in rat cardiac fibroblasts after treatment with TGF-B1 and angiotensin
I [165]. Others have reported a critical role of B3 integrin for collagen I and fibro-
nectin accumulation in conditions of pressure overload, using 33 integrin knock-out
mice [166]. Pathological myofibroblast activation in diabetic cardiomyopathy is
associated with highly upregulated levels of the collagen receptor allf1 integrin
and pathologically glycated collagen in conditions of diabetic cardiomyopathy en-
hances both al1 integrin and a-SMA expression [167].

Whereas the role of integrins as ECM protein receptors is relatively well estab-
lished, their function as growth factor receptors and activators is only beginning to
be understood and exploited. We will here focus on the role of integrins on latent
TGF-B1 activation. TGF-f1-activating integrins play a fundamental role in the on-
set and progression of a variety of fibrotic diseases of which heart fibrosis is among
the least well studied [34, 145, 168]. Whereas avp8 integrin mediated TGF-B1 ac-
tivation depends on proteases [34, 144], integrins avp6, avpB5, and avB3 act inde-
pendently of proteolysis by transmitting cell contraction forces to the ECM-bound
latent TGF-B1 complex as discussed above [149, 156, 169]. The epithelium-specific
integrin avf6 is best studied in the context of TGF-B1 activation and fibrosis in lung
and kidney; deletion or blocking of avp6 integrin in mice abolishes experimen-
tally induced lung and kidney fibrosis [170—174]. However, avB6 integrin knock-
out mice are not protected against carbon tetrachloride-induced liver fibrosis [174],
indicating that avp6 does not contribute to TGF-B1 activation in certain types of
organ fibrosis, in particular the heart which does not contain avf36 integrin express-
ing cells. Our lab has recently shown that integrins avB5 and avf3 are implicated in
cardiac fibroblast-to-myofibroblast activation by activating TGF-f1. Both integrins
are upregulated during cardiac myofibroblast activation in a porcine model of car-
diac fibrosis and correlate with the levels of a-SMA expression and myofibroblast
differentiation in cultured cardiac fibroblasts [150]. Blocking both integrins sup-
presses the development of contractile myofibroblasts and potentially intercepts the
vicious cycle of developing fibrosis. A major finding of this study was that avf5
and avf3 integrin can compensate for each other’s function in activating TGF-f1
and promoting myofibroblast differentiation. Compensation possibly explains the
absence of a wound healing phenotype in integrin av5 and avp3 knockout animals
[175]. Indeed, a recent study using mouse models of lung, liver, and kidney fibrosis
suggests that inhibition of all av integrins, ideally in a myofibroblast-specific man-
ner, will be most effective to suppress TGF-f1 activation and fibrosis; surprisingly
administration of pan av integrin blockers did not seem to cause adverse reactions
in these models [176].

Another class of ECM receptors expressed by cardiac fibroblasts are the DDRs,
receptor tyrosine kinases that are activated upon binding to both fibrillar and non-
fibrillar collagens. The DDR binding sites on fibrillar collagens are different from
integrin binding sites so simultaneous binding and signalling from both DDRs and
integrins is possible [177]. Co-regulation of the expression levels of a-SMA with
DDRI1 or DDR2 in neonatal versus adult fibroblasts cultured in 3D collagen gels
indicates a role in myofibroblast activation [71, 82]. The cytoplasmic tail of DDRs
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bears tyrosine kinase activity and function as classical receptor tyrosine kinases that
recruit proteins with Src homology-2 and phosphotyrosine-binding domains after
receptor autophosphorylation [178]. Cardiac fibroblasts express both DDR1 and
DDR2, being exclusively expressed in fibroblasts, can serve as a molecular marker
[81, 82]. Despite their high expression, little is known about the function of DRRs
in the normal and diseased heart.

6 Conclusions

Not only in this myofibroblast-centric chapter, these pro-fibrotic contractile and
ECM-producing cells are at the heart of fibrosis in virtually all organs. Over the past
years, the view on myofibroblasts has slightly shifted - rather than considering the
myofibroblast as a cell type, it is now increasingly regarded as an activation state
that various different cell types can attain in response to tissue injury and excessive
mechanical load. ‘Cell type’ or ‘phenotype’ is more than semantics; whereas cell
type implies a final differentiation state, a phenotype is possibly reversible. Revers-
ibility is indeed one of the great challenges in fibrosis of the heart and other organs.
Even if we will be able in future to halt the progression of fibrosis, restoration of
the organ’s function is not automatically achieved. An increasing number of studies
show that the chemical and mechanical conditions of the fibrotic ECM, even in the
absence of myofibroblasts, is sufficient to instruct a pro-fibrotic behaviour of nor-
mal resident and circulating cells. In this chapter, we reviewed how targeting ECM
components or ECM cell receptors provide possible strategies to persistently alter
the activation of myofibroblasts independently from their origin.
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