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Abstract

Cardiac fibroblasts produce the extracellular matrix (ECM) scaffold within which the various
cellular components of the heart are organized. As well as providing structural support, it is
becoming evident that the quality and quantity of ECM is a key factor for determining cardiac cell
behavior during development and in pathological contexts such as heart failure involving fibrosis.
Cardiac fibroblasts have long remained a poorly characterized cardiac lineage. Well characterized
markers are now paving the way for a better understanding of the roles of these cells in various
developmental and disease contexts. Notably, the relevance of processes including endothelial-
tomesenchymal transition and the recruitment of circulating fibroblast progenitors in heart failure
has been challenged. This review describes the latest findings on cardiac fibroblast markers and
developmental origins, and discusses their importance in myocardial remodeling. Effective
modulation of cardiac fibroblast activity would likely contribute to successful treatment of various
cardiac disorders.
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Introduction

Heart failure results from adverse remodeling of the myocardium following injury and is a
major clinical issue[1]. Remodeling of the adult myocardium involves multiple cellular
processes including myocyte hypertrophy, immune cell infiltration and fibrosis. The latter
refers to the activation and accumulation of cardiac fibroblasts that deposit large amounts of
ECM, a process considered largely to be maladaptive, although the latter point is context-
dependent. Myocardial infarction involves the loss of an area of myocardium, most often in
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the left ventricle following the obstruction of a coronary artery, and commonly underlies
heart failure. Hemodynamic overload endured by the remaining myocardium triggers
pathologic “reactive fibrosis”, characterized by excessive deposition of ECM around
myocytes and vascular cells causing increased tissue rigidity. However, the loss of viable
myocardium also activates “replacement fibrosis”, characterized by the formation of a scar
that ensures continual structural integrity of the chamber. Hence, although reactive fibrosis
is undesirable within viable myocardium, replacement fibrosis can be vital for compensating
the lack of regenerative capacity of the adult heart in the case of significant myocyte loss.
Moreover, it is likely that replacement fibrosis constitutes an essential initial step for
myocardial repair. Indeed, it has been reported that the neonatal mouse heart can regenerate,
and that fibrosis precedes regeneration[2].

Fibroblasts have long been recognized as a major cell population of the myocardium, but the
lack of specific markers has hindered efforts to gain detailed insight into their origins and
functions. Recent studies, employing new markers, are revealing new aspects of cardiac
fibroblast origins during development and in pathological contexts. It has been demonstrated
that resident cardiac fibroblasts, rather than fibroblasts arising from circulating bone marrow
cells or from resident endothelial cells, are the major cell type producing fibrotic
extracellular matrix in the setting of pressure overload and myocardial infarction models[3,
4]. These efforts have re-centered attention to resident cardiac fibroblast activation in the
context of fibrosis.

During heart development, fibroblasts are important for stimulating myocyte proliferation,
thus contributing to normal heart development[5]. Understanding distinct pathways
activated in fibroblast populations during normal heart development and in the setting of
adult heart disease might allow for selective promotion of one, and inhibition of the other, to
assist in replacement of functional heart tissue in disease settings.

Cardiac fibroblast markers

Much of the literature on cardiac fibroblast lineage development and adult myocardial
fibrosis has stemmed from studies not relying on robust fibroblast markers. The intermediate
filament Vimentin is often used as a fibroblast marker, but it is expressed in many cell types
including endothelial cells[6]. CD90 (Thy1), another commonly used marker, is expressed
by immune cells[7], lymphatic endothelium[8] and pericytes[9]. Of note, Fibroblast Specific
Protein 1 (FSP1) has been extensively used as a fibroblast marker[10, 11]. However, several
groups including ours have since shown that FSP1, or S100 calcium binding protein A4
(S100a4), is more frequently associated with immune cells than fibroblasts[3, 12, 13].
Among arguably more robust markers is Discoidin Domain Receptor 2 (DDR2), which
labels fibroblasts, but not endothelium, smooth muscle or myocytes[14]. DDR?2 is a collagen
specific receptor tyrosine kinase and mediates signaling for cell growth and migration[15,
16]. Transcription factor 21 (TCF21), a marker of proepicardium among other mesothelial
populations, has also been used to identify fibroblasts in embryonic heart[17-19].

Recently, more dependable markers directly associated with fibroblast function have
emerged. These include a Collagenlal-GFP reporter line[20], that labels fibroblasts during

J Mol Cell Cardiol. Author manuscript; available in PMC 2017 February 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Moore-Morris et al.

Page 3

development and in pathological contexts (Figure 3)[3, 21]. Platelet-derived growth factor
receptor, Alpha polypeptide (PDGFRa) is a tyrosine kinase receptor targeted by the PDGF
mitogens that is extensively expressed in the mesenchymal of early embryos, subsequently
becoming restricted to stromal populations [22, 23]. Collagenlal-GFP and PDGFRa
expression are tightly correlated, reinforcing the suitably of each of these markers to identify
cardiac fibroblasts[3, 21].

PDGRFa is strongly expressed by fibroblasts, whereas high PDGFRp expression is
associated with pericytes[3, 19]. The latter are also considered a type of mesenchymal stem
cell (MSC) of the heart[24]. However, pluripotent/colony forming MSCs expressing
PDGFRa and CD90, but not the pericyte marker NG2 (chondroitin sulfate proteoglycan 4),
have also been identified[25]. In fact, fibroblasts express many markers previously
associated with MSCs, including the PDGFRa, making the identification of putative MSCs
in the heart challenging [26]. However, PDGFRaH!GH and PDGFRBH!CH expression
broadly identify fibroblasts and pericytes, respectively.

In a pathological context, fibroblasts can co-express a number of markers more generally
associated with progenitors such as epicardium[27]. Hence, as well as expressing the
markers mentioned above, some activated fibroblasts upregulate Wilms Tumor 1 (WT1), T-
Box 18 (TBX18) and TCF21[28]. Subsets, but not all, of fibroblasts also express the classic
myofibroblast marker a-smooth muscle actin (aSMA)[3, 28]. Fibroblast activation protein
(FAP) has also been shown to be expressed in cardiac fibroblasts in the context of
fibrosis[29]. The extent and distribution of these co-markers depends on the disease model
and localization of fibroblasts within the heart[28]. Notably, in the context of pressure
overload, some interstitial fibroblasts express WT1, whereas subsets of perivascular
fibroblasts express TBX18 and FSP1[3, 28].Finally, in pathological contexts, activated
fibroblasts upregulate specific ECM proteins, including ED-A fibronectin (Fn)[30]. The
latter is pro-inflammatory[31] and ED-A Fn-deficiency attenuates loss of cardiac function
following myocardial infarction[32].

Origins of fibroblasts during development and heart failure

For some time the epicardium, an epithelial layer that forms over the mid-gestation heart and
is maintained in adult, has been recognized as the major source of cardiac fibroblasts in
various development models[19, 21, 33-35]. This observation was first made in early vital
dye or retroviral tagging of proepicardial progenitors experiments in chick embryos[33].
Other lineages, including, pericytes, smooth muscle cells and, perhaps, myocytes and
endothelium[33-37] also derive from epicardium. Furthermore, expression of the
transcription factor TCF21 in epicardial cells is required for cardiac fibroblast
development[19].

Fibroblast-like cells of the mural leaflets of the cardiac valves, known as valve interstitial
cells (VICs), are produced by endothelial-to-mesenchymal transition of endocardium that
occurs during development of the endocardial cushions[38, 39]. Recent studies have shown
that fibroblasts produced during this process during development also invade the
myocardium, resulting in the presence of a substantial number of endothelially-derived
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fibroblasts, mostly located within the interventricular septum, overall presenting a
distribution pattern complementary to that of epicardially derived fibroblasts (Figure 2)[3].

Finally, a small subset of fibroblasts within myocardium, mostly found in the right atrium,
appear to be derived from the neural crest[4]. Neural crest cells represents a very
heterogeneous population derived from the dorsal aspect of the neural tube and giving rise to
various lineages including neurons, melanocytes and mesenchymal cells[40]. A specific
population of neural crest cells contributes to valves within the outflow region of the heart,
giving rise to mesenchyme of the semilunar valves, as well as melanocytes[41-43]. In the
valves, neural crest derived mesenchyme is eventually replaced by endocardium derived
mesenchyme, leaving melanocytes as the only neural crest contribution to adult valves[44].
However, fibroblasts identified in atrial myocardium seem to persist, at least to some extent,
into adulthood[4].

The origin of fibroblasts constituting fibrotic lesions in failing hearts has been controversial.
Indeed, some reports have shown that fibrotic fibroblasts are derived solely from
developmentally-derived resident fibroblast lineages, whereas others have suggested that
other cell types transdifferentiate into fibroblasts and significantly contribute to fibrotic
matrix deposition. The latter point of view has been put forward in studies reporting that
endothelial-to-mesenchymal transition and recruitment of circulating fibroblast progenitors
contributed significantly to cardiac fibrosis[45-47]. These studies include transaortic
banding[45], chronic rejection[45], myocardial infarction [46-48] diabetes [49], and
angiotensin-induced cardiac fibrosis models[50], suggesting that EndoMT and blood
progenitor recruitment were general mechanisms of cardiac fibrosis. Importantly, these
processes represent potential therapeutic targets. Notably, inhibiting EndoMT would
promote preservation of the vasculature whilst reducing fibroblast accumulation. However,
these studies overlooked developmental heterogeneity of cardiac fibroblasts and relied on
markers including FSP1 and aSMA that, as mentioned above, present limitations. For
example, as FSP1 labels immune cells, it should not be used as a marker of hematopoietic-
derived fibroblasts. Also, FSP1 and aSMA do not label fibroblasts in control conditions,
underlining the importance of using more robust markers for making an initial assessment of
fibroblast presence and diversity[3]. More recent studies have revealed that heterogeneity in
fibroblast lineages observed in a pathological context was the result of the activation of
distinct developmentally derived lineages. Indeed, these studies show that expansion of the
two main developmentally derived fibroblast lineages, of epicardial and endocardial/
endothelial origin, accounted for the vast majority of fibroblasts prior to and during fibrosis
following pressure overload[3, 4]. Notably, bone marrow transplants[4] and adult
endothelial-lineage tracing[3], in combination with markers such as PDGFRa, provided
strong evidence against contributions from blood and endothelium to fibrosis.

Cardiac fibroblast origins and implications for remodeling

Fibroblasts in different tissues and locations have been shown to have distinct transcriptional
profiles[51]. Notably, compared to fibroblasts from other tissues, cardiac fibroblasts express
high levels of the cardiogenic transcription factors T-Box 20 (TBX20) and GATA binding
protein 4 (GATAA4)[52], a result of particular relevance to studies reporting “direct cardiac
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reprogramming” of cardiac fibroblasts into myocytes in vivo [53, 54]. As the origins of
cardiac fibroblasts during development and in pathological contexts become clearer, the
extent to which the origin of a fibroblast determines its functional properties remains
uncertain. In adult hearts, fibroblasts with endothelial and epicardial signatures presented
similar transcriptional signatures and responded similarly, notably in terms of proliferative
response, in the pressure overload model[3, 4]. Independently of their origin, the location of
fibroblasts within the myocardium with respect to the vasculature is associated with the
expression of specific markers in fibrotic conditions [3, 28]. Hence, the plasticity of
fibroblasts means their phenotype may depend more on their environment rather than their
developmental origin.

The above-mentioned studies focus on models that ultimately lead to heart failure, but
further insight into how fibroblast origin might determine their biological properties could
come from complementary studies in regeneration models. Indeed, the hearts of some
vertebrates including zebrafish, and even neonatal mouse have been shown to have
regenerative potential[2, 55]. On one hand, regeneration depends on re-entry of myocytes
into the cell cycle, following sarcomere disassembly[56]. However, new studies are also
providing evidence that specific properties of other cell populations are required. Notably,
macrophages play an active role in mediating regeneration by promoting angiogenesis[57,
58], It is likely that the activation of resident fibroblast populations, known to support
cardiomyocyte growth and maturation through the secretion of specific ECM
components[5], also plays a key role and has yet to be investigated. Indeed, regeneration of
zebrafish heart as well as neonatal mouse heart is associated with the formation of cardiac
fibroblast-rich scar tissue[2, 55, 59, 60] (also, see Figure 3, Evans S.M. unpublished
observations). Whether these fibroblasts are generated by resident fibroblast proliferation,
epicardial activation or hematopoietic progenitors remains to be determined. Furthermore,
determining specific properties of these fibroblasts may be of interest for promoting
regeneration in adult heart.

Concluding remarks

The use of more extensively characterized fibroblast markers has allowed recent progress in
defining the origins of these cells during development and in fibrotic conditions. During
development, the majority of these cells derive from epicardium, with subsets also deriving
from the endothelium/endocardium and neural crest. Lineage tracing studies in murine
models of pressure overload and myocardial infarction show that fibrosis results from
intense proliferation of resident fibroblast populations and/or re-activation of epicardial
EMT rather that endothelial-to-mesenchymal transition or circulating progenitor
recruitment. Whether the origin of a fibroblast determines its function during fibrosis to any
extent is currently unclear. Fibrosis is pathogenic when occurring in viable myocardium.
However, examples such as the replacement fibrosis occurring following Ml and the fibrosis
preceding regeneration in recently described neonatal resection/infarction models
demonstrate that fibrosis is an important component for cardiac repair. Modulating
fibroblast activity could help to provide a suitable environment for tissue repair to occur in a
clinical context, by allowing the development of vasculature and integration of myocytes
from various sources.
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Highlights

» Recently described robust cardiac fibroblast markers can now be used to
identify fibroblasts in healthy and fibrotic heart

»  Cardiac fibroblasts have diverse developmental origins

«  Fibrosis results from the expansion of resident fibroblast lineages
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Figure 1.
Markers expressed by fibroblasts prior to and during fibrosis. Collagenlal-GFP and

PDGFRa are constitutively expressed by fibroblasts in normal and pathological contexts.
Subsets of fibroblasts up-regulate a number of additional markers in fibrotic conditions,
including aSMA and WT1, whose expression depends on the disease context and the
location, notably with respect to large coronary vessels. Images: Cypher (myocyte markers,
red), Collagenlal-GFP(green), DAPI (blue).
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Figure 2.
Fibroblasts from cardiac lineages populate the heart during embryonic development. Most

fibroblasts derived from the epicardium (blue), a protective epithelial layer that entirely
covers the four cardiac chambers. Smaller populations are derived from the endocardium
(orange) and cardiac neural crest, and are mostly found in the interventricular septum and
right atrium, respectively.
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Figure 3.
Collagen type | expressing fibroblasts (green) are active in the area of regeneration, tightly

associated with myocytes (Cypher+, red) following resection of neonatal mouse heart
(unpublished observations, Evans S.M. et al.). Images represent the apex of a heart 2 weeks
after resection, during the window of regeneration previously described [2]. Scale bars
represent 100pum.
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