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Editorial
Has the search for a marker of activated fibroblasts finally come
to an end?
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In a recent issue of the Journal of Molecular and Cellular Cardiology,
Tillmanns et al. [1] describe the identification of activated fibroblasts
by their expression of Fibroblast Activation Protein alpha (FAP). They
observed FAP-positive fibroblasts in infarcted rat and human hearts
and studied the co-expression of FAP with different markers for
(myo)fibroblasts. The authors also studied the signaling pathway
leading to FAP expression and the role of FAP in cell proliferation, mi-
gration and gelatin degradation. From these combined experiments,
the authors conclude that FAP expression is restricted to fibroblasts
in an activated state, and that FAP is actively involved in the remod-
eling process.

Fibroblasts play an essential role in cardiac physiology. First of all,
they are responsible for the production of the network of extracellu-
lar matrix (ECM) that surrounds the cardiomyocytes, and is involved
in the transfer of their contractile force to the ventricular cavity. Dur-
ing cardiac development, most of the cardiac fibroblasts are derived
from the epicardium by a process called epithelial-to-mesenchymal
transfer (EMT) [2]. These cells migrate into the myocardium where
they are localized between the cardiomyocytes and form a pool of resi-
dent cardiac fibroblasts. Some fibroblasts are derived from the endocardi-
al cushions, with the cardiac valves and the atrio-ventricular septum as
their main destination [3,4]. Under normal circumstances, these resident
cardiac fibroblasts are in a quiescent state, characterized by low levels of
proliferation and ECM synthesis [5]. However, when the heart responds
to a challenge this is associated with an activation of fibroblasts. These
challenges can be as diverse as ischemia, pressure or volume overload
or an inflammatory response to pathogens. Despite their rather diverse
nature, all of these challenges lead to an increased deposition of ECM, a
process referred to as cardiac fibrosis. Excessive ECM deposition is
generally considered to be disadvantageous for the pump function of
the heart, as this can lead to stiffening of themyocardium and perturba-
tions of the electrical conductance. These events are generally indicated
by the term ‘adverse cardiac remodeling’ [6].

The activation of cardiac fibroblasts in the remodeling heart coin-
cides with a change in the phenotype of these cells. This differentia-
tion was first described by Gabbiani et al. who introduced the term
‘modified fibroblast’ to describe this phenotypical change [7]. These
differentiated fibroblasts, nowadays referred to as myofibroblasts,
http://dx.doi.org/10.1016/j.yjmcc.2015.10.005
0022-2828/© 2015 Elsevier Ltd. All rights reserved.
combine an augmented synthesis of ECM with the generation
of a sustained contractile force. These characteristics make
myofibroblasts instrumental in the wound contraction that can be
observed in the injured skin, before the scar tissue develops. A simi-
lar role can be anticipated for myofibroblasts in the infarct area,
where replacement of the necrotic cardiomyocytes with a compact
scar is beneficial for cardiac function [8].

The factors controlling the myofibroblast differentiation are exten-
sively studied. Upon exposure to mechanical tension and factors such as
platelet-derived growth factor (PDGF) and the ED-A splice variant of
fibronectin, a transient phenotype called proto-myofibroblast is induced
[9]. These proto-myofibroblasts contain stress fibers and show an
increased expression of collagens and ED-A fibronectin. Exposure of the
proto-myofibroblasts to other growth factors such as Transforming
Growth Factor-beta (TGFβ), connective tissue growth factor (CTGF/
CCN2) and/or Angiotensin II (AngII) induces the conversion to a full
myofibroblast phenotype characterized by the expression of alpha
smooth muscle actin (αSMA) and a further increase in production and
cross linking of collagen fibers [10]. The expression of the smoothmuscle
actin isoforms allows the myofibroblasts to exert a sustained contractile
force to their environment [11].

There is increasing evidence that myofibroblasts in the remodeling
heart are not solely a differentiated form of resident cardiac fibroblasts,
but thatmultiple cellular sources can contribute. In this context, epicardial
epithelial cells, endothelial cells, mesenchymal stem cells, bone marrow-
derived fibrocytes and pericytes have been shown to contribute to the
myofibroblast pool in the remodeling heart [12]. This large variety in
origins of the myofibroblasts in the remodeling heart helps to explain
why it is so difficult to find specific molecular markers for this cell type.
The markers that have been used the most frequently in this context
will be described briefly.

a-Smooth muscle actin

As indicated above, αSMA is part of the contractile machinery that
allows the myofibroblast to develop a contractile force. αSMA is the
most widely accepted molecular marker to identify myofibroblasts be-
cause αSMA expression is considered to be a key feature of the differen-
tiated myofibroblast, indifferent of its origin. However, there are several
drawbacks in the use of thismarker, as it is not specific formyofibroblasts
but also expressed in smooth muscle cells of e.g. arteries [13].
Discoid domain receptor 2 (DDR2)

DDR2 is a receptor tyrosine kinase that uses triple helix collagen I and
III as a ligand. Activation of DDR2 results in the augmented transcription
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of multiple genes including many matrix metalloproteinases. DDR2 is
expressed in mesenchymal cells throughout the body, but in the heart
its expression is confined to fibroblasts. Mice lacking the DDR2 gene are
small and have an abnormal cardiac structure and function [14]. At
present it is not clear whether DDR2 expression can still be observed in
(proto)myofibroblasts in the heart [15].
Extra domain-A (ED-A) fibronectin

ED-A fibronectin is a variant of fibronectin that is the result of alter-
native splicing of the extra domain-A. The differentiation towards the
myofibroblast phenotype requires a combination of mechanical stress,
TGFβ and ED-A fibronectin, and the ED-A fibronectin can be produced
by (myo)fibroblasts [16]. Because the latter molecule will mainly
remain localized in the direct vicinity of the producing cells, ED-A fibro-
nectin has been proposed as a marker for myofibroblasts [17].
Fibroblast-specific protein 1 (FSP1)

As the name implies, FSP1 was originally identified in fibroblasts
by differential and subtractive hybridization. It was described as a
fibroblast-specific protein with little or no expression in a wide range
of non-fibroblast cells including proximal tubular cells, mesangial
cells, lymphocytes and endothelial cells. FSP1, which is a member of
the S-100 family, functions as a cytoplasmic calcium binding protein
that can interactwith the cytoskeleton. Overexpression of FSP1 in tubu-
lar epithelial cells induced the conversion of these cells to a fibroblast-
like morphology [18]. Recently, however, the specificity of FSP1 for
fibroblasts has been questioned. Using models of ischemia/reperfusion
and pressure overload, Kong et al. demonstrated FSP1 expression in
hematopoietic cells, endothelial cells and vascular smooth muscle cells.
From these results the authors concluded that FSP1 is not a fibroblast-
specific marker in cardiac remodeling and fibrosis. The authors recom-
mend the use of periostin rather than FSP1 as amarker of activated fibro-
blasts in the remodeling myocardium [19]. However, as it is becoming
increasingly clear that bone marrow-derived fibrocytes, pericardial epi-
thelial cells, mesenchymal stem cells and endothelial cells all can contrib-
ute to the pool of activated fibroblasts in the remodeling heart [12], an
alternative explanation for their findings may be that FSP1 starts to be
expressed somewhere during the transition of these diverse precursors
towards the myofibroblast phenotype.
Periostin

Periostin was originally identified as a factor secreted by osteoblasts.
The name is derived from its high levels of expression in periosteumand
periodontal ligaments. Periostin expression is observed in connective
tissue exposed to mechanical stress, such as periosteum and cardiac
valves [20]. In the embryonic heart, periostin is strongly expressed in
the mesenchymal cells derived from the epicardium via epithelial-to-
mesenchymal transition (EMT), but is not expressed in the developing
cardiomyocytes. Periostin acts as amatricellular protein in that the pro-
tein is attached to the ECM but, rather than having a structural role, can
exert an effect on cellular phenotypes. The protein is mostly excreted
and can interact with ECM components such as collagen I, but it can
also serve as a ligand for certain integrins [21]. Periostin expression is
increased in the infarct area, starting at 4 days post-MI, and localized
in the (myo)fibroblasts. Loss-of-function experiments have shown
that periostin-deficient mice had a higher incidence of infarct rup-
ture, fewer myofibroblasts and reduced deposition of collagen fibrils
in their infarcts compared to wildtypes. Periostin expression is also
increased in models of pressure overload-induced hypertrophy
and fibrosis [22].
Prolyl-4-hydroxylase

Prolyl-4-hydroxylase (P4H) is an enzyme involved in the post-
translational processing of alpha chains of pro-collagen. The hydroxyl-
ation of proline residues by P4H facilitates the formation of the triple
helix of mature collagen. This enzymewas originally found to be upregu-
lated in a rat model of myocardial infarction (MI) [23]. P4H expression is
high in the fibroblast subtypes that produce ECMat a high level, including
activatedfibroblasts andmyofibroblasts. Because of its role in thematura-
tion of collagen, P4H can serve as a marker for activated fibroblasts and
myofibroblasts [24], but this marker can be expressed by fibrocytes and
macrophages as well [25].

Thy-1

Thy-1 is a glycosylphosphatidylinositol (GPI)-anchored proteinwith a
molecular weight of 25–37 kDa. It is involved in focal adhesion, stress
fiber formation and multiple signaling pathways [26]. Thy-1 can be
expressed in multiple cell types, including fibroblasts, endothelial cells,
neurons and hematopoietic cells. Although Thy-1 expression has been
reported to be heterogeneous in fibroblasts in different organs, the fibro-
blast population of the rat heartwas reported to be entirely Thy-1+. Inter-
estingly, Thy-1 expressionwas found to be relatively stable in throughout
the differentiation states of fibroblasts, and can also be observed in
myofibroblasts in the hearts of DOCA-salt hypertensive rats [27].

Vimentin

Vimentin is an intermediatefilament protein that is expressed in cells
from mesenchymal origin such as fibroblasts, smooth muscle cells and
bone. It can be used in combination with desmin to identify fibroblasts,
which should be vimentin+/desmin− as desmin is present in muscle
cells. Due to its characteristics, vimentin expression is likely to be present
in the entire spectrum of (myo)fibroblasts, as shown in the postnatal rat
heart [28].

In their manuscript, Tillmanns et al. propose FAP as a marker for acti-
vated fibroblasts. Unlike some of the (myo)fibroblast markers described
above, FAP is not involved in matrix production but is an enzyme with
both dipeptidyl peptidase and endopeptidase activity. FAP is able
to cleave collagen I, but only after destruction of the triple helix by
e.g. MMP1. The enzyme is expressed at low levels in adult tissue, but
overexpression occurs in conditions such as wound healing, arthritis,
atherosclerosis and tumor metastasis. Interestingly, the proteolytic activ-
ity of FAP is not restricted to ECM proteins, as this enzyme has also been
reported to cleave peptidergic mediators such as Neuropeptide Y, Brain
Natriuretic Protein and Substance P [29].

The expression of FAP was studied in infarcted rat hearts at 3, 7 and
28 days post-MI aswell as sham-operated hearts. Expression of FAPwas
low in sham hearts but was present in the border zone around the
infarct at day 3 and 7 days post-MI and inside the infarct area at 28 days
post-MI. Co-localization experiments of FAP and P4H showed that part
of the P4H-positive cellswere also FAP-positive, identifying themasfibro-
blasts that actively synthesize collagen. On the other hand, part of the
FAP-positive cells in the infarct area co-expressed αSMA, identifying
them as myofibroblasts. Most of the FAP-positive cells expressed
vimentin, confirming their mesenchymal nature. FAP-expression was
rare in non-fibroblast cells such as inflammatory cells, endothelial cells
or vascular smooth muscle cells. The authors conclude from these results
that FAP identifies predominantly proto-myofibroblasts and aminority of
the myofibroblasts in the infarcted rat heart [1].

FAP expression was subsequently investigated in infarcted human
hearts. The authors could confirm that FAP is expressed in cells with a
spindle-shaped, fibroblast-like morphology. Part of the FAP+ cells also
expressed Thy-1. As indicated above, Thy-1 is uniformly expressed by
the fibroblasts in the rat heart but in other organs the fibroblasts show a
heterogeneous Thy-1 expressionwhichmay be a reflection of their origin



Fig. 1. Schematic representation of the expression pattern of molecular markers that are
frequently used in the histological identification of fibroblasts, proto-myofibroblasts and
myofibroblasts. For the literature references from which these expression patterns were
derived, please refer to the description of the individual markers in the main text. αSMA:
alpha smooth muscle actin.
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[27]. Only a small fraction of the FAP-expressing cells were also positive
for αSMA, underscoring the findings from the rat study that FAP expres-
sion is themost strongly associated with the proto-myofibroblast pheno-
type [1].

The signaling pathway that induces FAP expression was further
investigated in vitro. The authors report that treatment of cultured
adult cardiacfibroblastswith TGFβ induces the expression of FAP. Treat-
ment with either SB431542 or siRNAs indicated that this activation of
FAP expression results from activation of the canonical SMAD pathway.
Zymography experiments revealed that treatment of the cardiac fibro-
blasts with TGFβ also increased the gelatinolytic activity of a 170 kDa
band which corresponds to the dimerized, enzymatically active form
of FAP. Moreover, siRNA-mediated inhibition of FAP expression impaired
the migratory capacity of the fibroblasts in a transwell migration assay.
From these results, it can be deduced that FAP helps the proto-
myofibroblasts during their migration from the border zone into the
infarct area [1].

From their data, Tillmanns et al. conclude that FAP is expressed by
activated, collagen-synthesizing fibroblasts, but not by inactive fibro-
blasts or fully differentiated myofibroblasts and non-fibroblast cells in
the infarct. As illustrated in Fig. 1, this would provide a unique expres-
sion pattern for this marker, as the markers that are currently used
(with the exception of vimentin and Thy-1) are either expressed at
the inactive fibroblast-side or the fully differentiated myofibroblast-side
of the spectrum. Addition of FAP to the panel ofmarkers therefore is likely
to help in the accurate molecular description of the (myo)fibroblast phe-
notype in the remodeling heart. However, some questionswill need to be
answered to fully understand the position of FAP in this respect. It is in-
creasingly clear that (proto-)myofibroblasts in the remodeling heart can
be derived from multiple sources, including epithelial and endothelial
cells, mesenchymal stem cells and circulating fibrocytes. Analysis of
the co-expression of FAP with markers identifying the origin of
the proto-myofibroblasts will be required to scrutinize whether
FAP is a universal marker for this cell type or whether its expres-
sion is restricted to proto-myofibroblasts from distinct sources. De-
spite these unresolved questions, FAP has the potential to be a
valuable tool in the study of the fibrotic response that takes place
in the remodeling heart.
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