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Introduction

Fibroblasts are cells of mesenchymal origin with a structural 
function, synthesizing interstitial collagen (mainly collagen 
types I, III, and VI) and fibronectin, two of the main 
components of the extracellular matrix [e.g., (1,2)]. By this 
they maintain structural integrity within connective tissues 
throughout the body and are widely distributed in most 
vertebrate organisms [e.g., (1,2)]. Fibroblasts also play an 
important role in the repair process during wound healing. 
They migrate to the site of damage, undergo differentiation 
(i.e., conversion to myofibroblasts/activated fibroblasts), and 
by this promote structural and functional repair. Inactive 
fibroblasts that are involved in maintenance and tissue 
metabolism are sometimes referred to as fibrocytes.

Fibroblast cells display extensive phenotypic heterogeneity 
among different tissues and even within the same tissue 

under different physiological conditions (2,3). Chang et al. (4)  
analyzed the gene expression of cultured fetal and adult 
skin fibroblasts from different locations of the human body. 
They found that fibroblasts from different anatomical 
sites presented distinct gene expression patterns and even 
proposed to consider them as different cell types.

In the heart, cardiac fibroblasts are essential for maintaining 
structural, mechanical, and electrical functions (2,5).  
In addition to cardiac fibroblasts, the heart is composed 
of cardiomyocytes, smooth muscle cells, and endothelial 
cells. Recent studies quantified and mapped various cell 
lineages that are involved in cardiac maintenance (2,6,7). 
However, the fibroblast cell population is still the least 
characterized cell type in the heart compared with other cell 
populations because no specific markers of fibroblasts exist. 
Nevertheless, lineage tracing approaches try to genetically 
trace the fate of cardiac fibroblasts.
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The objective of this review is to understand the origins 
of cardiac fibroblasts and the ways in which they contribute 
to embryonic cardiac development in mammals. Typical 
markers of cardiac fibroblasts, also in terms of lineage 
tracing approaches, are furthermore critically discussed. 
Finally, the cellular composition of the healthy/homeostatic 
adult mammalian heart is reviewed.

Fibroblasts in cardiac development: origins and 
functions

Together with the overall cardiovascular system, the heart is 
the first organ to develop. It is essential for the distribution of 
nutrients and oxygen in the embryo (8). In mice, embryonic 
cardiac development begins with formation of the precardiac 
mesoderm, which emerges from the anterior primitive streak 
(8,9). On embryonic day 6.5 (E6.5), during gastrulation, 
these cells migrate to form bilaterally paired heart fields (9). 
The two heart fields build the so-called cardiac crescent 
(E7.75), the first anatomically distinct heart structure 
and location of the first heart field progenitor cells (9).  
These progenitor cells express such markers as Nkx2.5, 
Gata4/5/6, Mef2b/c, Hand1/2, Tbx5/20, and Myocardin and 
mainly contribute to the left ventricle and atria (10,11). The 
second heart field derives from the pharyngeal mesoderm 
and contributes primarily to the right ventricle, outflow 
tract, and atria (12,13). Progenitor cells of the second heart 
field are delineated by the expression of Islet1, Nkx2.5, 
and Flk1 (14). By E8.0, both halves of the cardiac crescent 
migrate medially to form the linear heart tube, which 
consists of an inner endocardial cell layer (comprising non-
contractile endothelial-like cells) and an outer myocardial 
cell layer that is capable of contractility (9). The heart tube 
subsequently undergoes looping (~E9.5) and differential 
growth that transforms the linear arrangement of the future 
chambers into a configuration in which the atria are cranial 
to the ventricles. The emergence of a four-chambered 
structure appears by E10.5 (9). The process of forming the 
multichambered heart is first outlined by the migration of 
neural crest cells to the heart. These progenitor cells mainly 
contribute to the conotruncus and great vessels (9). The 
development of the conduction system, septa, atria, and 
ventricles then progresses as a result of cells that derive from 
cardiac muscle cells (3). Together with smooth muscle cells, 
the venous and arterial vasculature is modeled. Finally, the 
endocardium and valves derive from endothelial cells (11).

Cardiac fibroblasts derive from different progenitor 
cell populations, including the epicardium, endothelium/

endocardium, and neural crest (15-17) (Figure 1). However, 
epicardial lineages are the main origin of cardiac fibroblasts 
(15,18). During embryonic development, the majority 
of cardiac fibroblasts derive from the pro-epicardial 
organ, a transient structure that is located near the base 
of the developing heart and a source of cardiovascular 
progenitor cells (3,10,19). These progenitor cells are able 
to differentiate into various cardiac cell lineages, such 
as cardiac fibroblasts and smooth muscle cells (17,19).  
By E9.5 in the mouse, immediately after heart looping, 
pro-epicardial cells migrate and cover the entire embryonic 
heart as a single cell layer beginning from the apex to form 
the embryonic epicardium (19). A subset of cells from the 
epicardium undergoes epithelial-to-mesenchymal transition 
(EMT) and migrates to the myocardium, referred to as 
epicardial-derived cells (EPDCs) (3,19). EPDCs further 
migrate to the compact myocardium and differentiate into 
interstitial and adventitial cardiac fibroblasts and coronary 
vascular smooth muscle cells (3,19). Interstitial cardiac 
fibroblasts are first detected on E12.5 in the mouse embryo 
(3,20). At this stage of development, heart chambers 
enlarge, however, the four-chambered heart is not fully 
developed because septation has not yet occurred (3). The 
transcription factor 21 (Tcf21) is essential for determination 
of the fate of cells that are destined to become cardiac 
fibroblasts in the epicardium before EMT (21). Tcf21-
null murine hearts fail to form cardiac fibroblasts, but 
they are able to generate coronary vascular smooth 
muscle cells. Lineage tracing of Tcf21-null cells in these 
mice demonstrated their inability to undergo EMT (21). 
Subsequent processes, such as EMT and migration to the 
myocardium, require interactions with further growth 
and transcription factors, including Ets factors, fibroblast 
growth factors (FGFs), platelet-derived growth factor-β, 
Sox9, Tbx5, Thymosin β4, and transforming growth factors 
(TGFs) (3). Fgf10 and its receptor FGFR2b, for example, 
are responsible for regulating the migration of EPDCs to 
the compact myocardium. By inactivating this signaling 
pathway, fewer EPDCs are found in the myocardium, and 
the size of the heart decreases (19). According to Moore-
Morris et al. (15), ~85% of all Col1a1-positive fibroblasts 
in the myocardium of the adult heart are also Wt1-positive 
and thus should have an epicardial origin.

In addition to the epicardial layer, the embryonic 
heart is formed by the myocardium and endocardium. 
The myocardium promotes cardiac muscle tissue, and 
the endocardium lines the inner lumen of the heart, 
consisting of the endothelium (22). Subsets of cells from 
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the endocardium undergo endothelial-to-mesenchymal 
transition (EndMT) and give rise to mesenchymal cells 
that act as primitive valves during early development and 
will later contribute to cardiac valves (23). Fibroblasts 
that are generated by this process further contribute to 
the interventricular septum (15). Moore-Morris et al. (15)  
detected Tie2-positive cardiac fibroblasts that were 
adjacent to the atrioventricular canal cushions on E12.5. 
Approximately 18% of myocardial Col1a1-positive fibroblasts 
originated from the endothelial lineage (the marker Tie2 
is widely used for the determination of endothelial origin). 
The authors also detected Col1a1-positive cardiac fibroblasts 
throughout the valve mesenchyme and septum labeled with 
VE-cadherin, another endothelial marker (15). 

A small subset of cardiac fibroblasts arises from the 
neural crest, a heterogeneous progenitor population that 
originates from the dorsal aspect of the neural tube. By 
undergoing EndMT, neural crest cells can develop into 
neurons, glial cells, melanocytes, or mesenchymal cells (16). 
The neural crest plays a key role in the development of the 
outflow region of the heart. However, cardiac neural crest 
cells also contribute to the valve mesenchyme, and a very 
minor subset of neural crest-derived fibroblasts was found 

within the myocardium of the right atrium (16). Ali et al. (24) 
confirmed the existence of neural crest-derived fibroblasts 
in the great vessels of the outflow tract region of the heart 
by tracing neural crest cells with Pax3. Neither Ali et al. (24)  
nor Moore-Morris et al. (15) identified a contribution 
of bone marrow-derived or hematopoietic cell-derived 
fibroblasts to the fibroblast pool of the heart.

Links between development and pathology have been 
frequently reported. Therefore, embryonic and early 
postnatal interactions between cardiac fibroblasts and 
cardiomyocytes and the ways in which they contribute 
to the overall cardiac milieu are particularly interesting. 
Embryonic cardiac fibroblasts build a three-dimensional 
network throughout the embryonic heart (1). They are 
thought to stimulate surrounding cardiomyocytes to grow 
and proliferate through ß1-integrin signaling and secretory 
factors, such as fibronectin, heparin-binding epidermal 
growth factor-like factor, and periostin (20). After birth, 
there is a substantial increase in systolic pressure that must 
be compensated by an increase in ventricular thickness 
and tensile strength. Cardiac fibroblasts play an important 
role in this process. The number of cardiac fibroblasts 
doubles postnatally to enable sufficient remodeling of 

Figure 1 Embryonic development of cardiac fibroblasts. During embryonic development, cardiac fibroblasts derive from three different 
pools of progenitor cells. The majority of fibroblasts derive from the epicardium (~80%), whereas ~18% derive from the endocardium, and 
only a few derive from the neural crest. EMT, epithelial-to-mesenchymal transition; EPDCs, epicardial derived cells; EndoMT, endothelial-
to-mesenchymal transition.
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the extracellular matrix, thus distributing the mechanical 
stress more efficiently (3). However, this dynamic period of 
development is restricted to the first weeks after birth in the 
mouse (3). A similar pattern of morphogenesis is assumed 
to exist in the human neonatal heart, but this possibility 
remains to be investigated.

Fate mapping and specificity of cardiac 
fibroblast markers

Tagging a specific cell and tracing its fate is called “lineage 
tracing” or “fate mapping”. Such techniques were first 
developed to study cell lineages during embryonic 
development and follow their developmental history in 
the adult body (5). Fate mapping techniques include the 
injection of dyes into cells, the creation of chimeric tissues 
of different species, or the use of a genetic reporter that is 
under the control of a cell-specific promoter (5) (Figure 2).  

Improvements in gene targeting and the identification of 
tissue-specific promoters or enhancers have enabled the 
irreversible genetic tagging of a given cell type at various 
stages (28). A double transgenic system is usually used for 
lineage tracing. One transgene expresses a site-specific 
recombinase in a cell-specific manner. The other transgene 
contains a reporter gene that is designed to permanently 
label the cell of interest after site-specific recombination (5). 
Cre-recombinase (i.e., an enzyme that cuts DNA at specific 
sites; e.g., loxP) is used for lineage tracing techniques 
predominantly (5). Figure 2 shows how this mechanism 
works. Cre-recombinase is driven by a cell-specific 
promoter or enhancer (e.g., a fibroblast-specific promoter) 
and thus is expressed in every cell of a specific type (e.g., 
fibroblast). Reporter genes, such as fluorescent proteins 
or ß-galactosidase behind a loxP site-flanked stop cassette 
(e.g., an antibiotic resistance gene), are driven by ubiquitous 
promoters. Ubiquitous promoters are active in every cell, 

Figure 2 Lineage tracing with transgenic systems. In this example, lineage tracing is explained by a double transgenic system. Transgene 
1 expresses a site-specific Cre-recombinase in a cell-specific manner. Transgene 2 contains a reporter gene that is designed to permanently 
label the cell of interest after site-specific recombination. The mechanism works as the following. Cre-recombinase is driven by a cell-
specific promoter or enhancer (e.g., a putative fibroblast-specific promoter) and is expressed in every cell of a specific type (e.g., fibroblast). 
Reporter genes, such as fluorescent proteins or ß-galactosidase behind a loxP site-flanked stop cassette (e.g., an antibiotic resistance gene), 
are driven by ubiquitous promoters. Ubiquitous promoters are active in every cell, regardless of their origin, although the expression of the 
reporter gene is initially blocked by the stop cassette before recombination. If Cre-recombinase is expressed, then it excises the stop cassette 
only in the cell type of interest because it recognizes the loxP sites in front of the reporter, which can then be expressed and irreversibly 
mark the cell of interest (e.g., fibroblast) (25-27).

(25,26)

(27)

(26)

(25)
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regardless of their origin, although the expression of the 
reporter gene is initially blocked by the stop cassette before 
recombination. If Cre-recombinase is expressed, then it 
excises the stop cassette in front of the reporter only in 
the cell-type of interest, which can then be expressed, thus 
irreversibly marking the cell of interest (e.g., fibroblast) (5).

However, fate-mapping experiments must be interpreted 
critically because Cre-recombinase can be nonspecifically 
expressed in cells of uncertain origin, which can result in 
false positives, especially in the context of disease (16). 
Furthermore, Cre-dependent reporter susceptibility has been 
reported to significantly influence fate-mapping results (29).  
Another issue is that a “ubiquitous” promoter that is used for 
reporter gene expression is not always equally active in every 
cell type; it may also be affected by epigenetic silencing (5).  
Such cases can result in false negatives. Additionally, the 
potential toxicity of Cre-recombinase has been reported in 
some cell types (30). Finally, the detection of reporter activity 
may be challenging. β-galactosidase, for example, is naturally 
expressed endogenously in some tissues, which may also yield 
false positives (5). In conclusion, both false positives and false 
negatives should be considered when working with transgenic 
lineage-tracing systems. Some limitations, such as timing 
issues, can be overcome using tamoxifen- or doxycycline-
inducible Cre-drivers, but the efficiency of excision may be 
much lower (16). However, none of the aforementioned 
techniques can be used for human tissues.

Fibroblast markers

Cardiac f ibroblasts were usually defined by their 
morphological appearance and ability to synthesize and 
secrete extracellular matrix proteins (21). They lack a 
basement membrane, exhibit a branched cytoplasm with 
multiple processes, and have an oval, speckled nucleus 
that typically has one or two nucleoli (1,2,5). The absence 
of a basement membrane distinguishes fibroblasts from 
other main cardiac cell types, which all contain one (2). 
In in vitro culture, fibroblasts are flat and often spindle-
shaped, and they have the ability to adhere to plastic cell 
culture plates (see Figure 3A-F for examples). However, they 
remain poorly characterized in molecular terms (5). Various 
molecular tools have been used, but most markers are 
either nonspecific or insufficiently sensitive. Additional cell 
types or only subpopulations of fibroblasts are detected (5).  
A main issue in identifying fibroblasts is that they are a 
highly heterogeneous cell population, depending on their 
origin, location, physiological state, and specific function (5).  

Notably, cell culture can alter cell physiology (31,32). 
However, numerous studies of cultured fibroblasts have 
been performed, instead of in situ cell populations. Future 
investigations need to determine which markers are truly 
specific to cardiac fibroblasts in vivo.

Below we discuss markers that are widely used to detect 
cardiac fibroblasts and provide some examples of their 
use in lineage tracing studies (see Table 1 and examples in 
Figure 3G-L).

Discoidin domain receptor 2

Discoidin domain receptor 2 (Ddr2) is a tyrosine kinase 
receptor that is expressed on the surface of cells of 
mesenchymal origin (33,34). It plays a marked regulatory role 
in EMT and is associated with fibrotic diseases because it is a 
collagen-specific receptor (34). Ddr2 was long believed to be 
a specific marker of cardiac fibroblasts. It was argued to not 
be expressed in cardiomyocytes, endothelial cells, or smooth 
muscle cells (1), and it seemed to be expressed in specific 
bone marrow-derived cells, termed fibrocytes and activated 
epithelial cells (2,35). However, Ddr2 was recently reported to 
mark smooth muscle cells, hepatic stellate cells, and endothelial 
cells (36). Furthermore, it seems to be only expressed in a 
small percentage of cardiac fibroblasts (5,16). Nonetheless, 
the authors of recent studies believe that Ddr2 in the heart is 
selectively expressed in cardiac fibroblasts (34,37). 

CD90 (Thy1) 

Thy1 cell surface antigen (also called CD90) is a membrane 
glycoprotein that is expressed on the cell surface. It is 
commonly used to identify cardiac fibroblasts (3,16). CD90 
plays roles in inflammation and wound healing by mediating 
cell-matrix and cell-cell adhesion (38). CD90 was originally 
described as a thymocyte differentiation marker, but it 
is also expressed in the brain (39). Its expression differs 
among species. In humans, for example, CD90 is expressed 
in fibroblasts, mesenchymal stem cells, hematopoietic 
stem cells, neurons, and activated endothelial cells (36,38), 
thus limiting its use as an unambiguous marker of cardiac 
fibroblasts. Mice have two alleles of CD90: Thy1.1 and 
Thy1.2 (39). Campsall et al. generated several Thy 1.2-Cre  
mice, which were described to be neuron-specific (40). 
However, a study about established Cre-driver lines clearly 
showed that Cre-recombinase was also expressed in several 
cells in other organs, including the heart (41). Furthermore, 
CD90 does not mark all fibroblasts. Furtado et al. found that 
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Figure 3 Morphology and markers of different types of fibroblasts. (A-F) Morphology of different types of fibroblasts grown in cell culture 
for different times (phase contrast). (A,D) Mouse tailtip fibroblasts. (B,E) Human adipose tissue-derived fibroblasts. (C,F) Human cardiac 
fibroblasts. (G-L) Immunofluorescent staining with different widely used markers of human and mouse fibroblasts. Vimentin (G) and DDR2 
(H) were used to stain cultured human cardiac fibroblasts. (I) Vimentin staining combined with α-Actinin (cardiomyocyte) staining on a 
cryosection of a human right ventricular biopsy. Myh10 (J), CD90 (K), and Col1 (L) were used to stain cultured murine tail tip fibroblasts.
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CD90 stained ~65% of mouse cardiac fibroblasts in short-
term culture and ~86% of mouse tail tip fibroblasts (31).

Platelet-derived growth factor receptor α 

Platelet-derived growth factor receptor α (Pdgfrα) and 
platelet-derived growth factor receptor β (Pdgfrβ) belong 
to the family of receptor tyrosine kinases (42). Pdgfrα and 
Pdgfrβ play important roles in forming the vasculature 
during embryonic development and are expressed in 
cardiovascular and mesenchymal progenitor cells (43,44). 
Pdgfrβ regulates the development of vascular smooth muscle 
cells from epicardium-derived cells (45). Pdgfrα appears to 
be involved in the formation of cardiac fibroblasts from the 
epicardium (42). Moore-Morris et al. reported that Pdgfrα 
is a definitive and comprehensive marker of fibroblasts in adult 
tissues (16). In addition to cardiac fibroblasts, it is also strongly 
expressed in collagen-producing fibroblasts in skeletal muscles 
and the lungs (46,47). Limited expression of Pdgfrα has also 
been detected in endothelial cells and cardiomyocytes in the 
adult heart, albeit only in a disease setting (43). However, a 
recent study reported that Pdgfrα marked a stem cell antigen-1 
(Sca1)-positive cardiogenic clonogenic resident stem cell 
population in the adult heart, which also expressed Tcf21, 
Gata4/6, Tbx5/20, and Hand2 (48). 

Pdgfrα is a surface receptor that is easily detectable by 
immunohistochemical techniques. However, for whatever 
reason, Pdgfrα antibodies that have been designed for flow 
cytometry applications are not sufficiently robust for the 
detection of cardiac fibroblasts (7). Surface epitopes can 
be influenced by digestion techniques for tissue samples to 
achieve single cell suspensions that are necessary for flow 
cytometry analyses.

Vimentin

Vimentin is an intermediate filament protein. It is a typical 
marker of mesenchymal lineages (49). Vimentin is the most 
sensitive marker of cardiac fibroblasts (3,16). However, 
the entire endothelial lineage also expresses vimentin 
(16,49). Moreover, smooth muscle cells, myoepithelial cells, 
pericytes, and neurons contain intermediate filaments and 
therefore also express vimentin (1,36). Thus, it is not very 
useful as a specific marker of cardiac fibroblasts (3). 

Fibroblast-specific protein 1

Fibroblast-specific protein 1 (Fsp1; also known as S100A4) is 

a cytoplasmic filament-associated Ca2+ binding protein (50,51) 
that is highly expressed in activated fibroblasts (2). Fsp1 was 
first identified in different fibroblast cell lines (50). Although 
it is currently considered a reliable marker of fibroblasts (16),  
it is only expressed in a subset of cardiac fibroblasts in the 
normal/homeostatic heart (52). Furthermore, Fsp1 also marks 
immune cells, smooth muscle cells, endothelial cells, and 
myocytes, at least after injury (5,16,36,51). It is therefore neither 
sensitive nor specific. Moore-Morris et al. found only rare 
Fsp1-positive cells in the adult homeostatic myocardium (15).  
Fsp1-positive cells also were not positive for another 
fibroblast marker, Col1α1, but they co-localized with the 
pan-hematopoietic marker CD45, supporting other studies 
that reported that Fsp1 is an immune cell marker (53). Kong 
et al. found that ~50% of Fsp1-positive cells in the murine 
heart after myocardial infarction were leukocytes (53). In the 
pressure-overloaded myocardium, a large number of Fsp1-
positive endothelial cells (~17%) were detected.

Transcription factor 21 (Tcf21)

Tcf21 is a member of the class A basic helix-loop-helix 
(bHLH) family of transcription factors that manage cell-fate 
specification. It has been successfully used to trace cardiac 
resident fibroblasts from development until adulthood (21).  
Tcf21 is required for cell fate determination during 
development, but it is still active in adult resident fibroblasts (21).  
However, it is a marker of the proepicardium and may also 
mark cell populations other than cardiac fibroblasts (54). 
CD45-positive immune cells were not positive for Tcf21 (54).  
Acharya et al. used an inducible Tcf21-Cre mouse to 
irreversibly label Tcf21-positive cells and their progeny (21).  
Co-staining with markers of endothelial cells (CD31), 
smooth muscle cells (Pdgfrβ, SM22α), cardiomyocytes 
(Acta1), and fibroblasts (Pdgfrα, Col1) revealed no double 
staining with endothelial cells, smooth muscle cells, or 
cardiomyocytes. However, Tcf21 overlapped to a certain 
extent with Pdgfrα and Col1 (although this was not 
quantified), indicating that it labels a subpopulation of cardiac 
fibroblasts. Tcf21 is a transcription factor that acts in the 
nucleus. Therefore, it is difficult to detect using antibodies in 
immunohistochemistry or flow cytometry studies (32).

Periostin

Periostin (Postn) is a TGF-ß inducible secreted matricellular 
protein that is involved in cell adhesion (55). The majority 
of Postn is secreted, which limits antibody staining (5,21). 
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The level of expression of Postn is high during cardiac 
development, but it is only moderately expressed in resting 
fibroblasts in the adult heart (3). Furtado et al. analyzed the 
expression of Postn in homeostatic adult hearts in Postn-
Cre-Rosa26R mice and found that only ~10% of quiescent 
cardiac fibroblasts expressed Postn (31). However, after 
myocardial infarction, this percentage increased significantly. 
Postn-positive fibroblasts were mainly detected in the injury/
scar area. Therefore, it may be a good marker of activated 
fibroblasts (32). A recent study reported that Postn-positive 
myofibroblasts derive from Tcf21-positive cardiac-resident 
fibroblasts upon injury stimulation (56). Therefore, these 
authors generated a tamoxifen-inducible Postn-Cre knock-
in mouse. There is also a widely used reporter mouse with 
LacZ knock-in in the first exon of Postn (57). Furthermore, 
another Postn-Cre mouse contains a regulatory genomic 
region 3.9 kb upstream of Postn (Postn promoter) that drives 
an eGFP-Cre fusion gene (58). 

Collagen1α1 (Col1α1)

Col1α1 is an extracellular matrix structural protein 
with a major fibrillar component that selectively and 
comprehensively marks fibroblasts in the normal heart 
(15,51). Moore-Morris et al. used a Col1α1-GFP reporter 
mouse, confocal microscopy, and flow cytometry and found 
that all collagen1α1-GFP double-positive cells in the adult 
left ventricular myocardium were also positive for vimentin 
and Pdgfrα (15). As described above, Pdgfrα is emerging as 
a definitive marker of cardiac fibroblasts in adult tissues (16). 
According to Moore-Morris et al., interstitial myocardial 
and perivascular Col1α1-positive cells were negative for 
αSma (smooth muscle cell marker), Pdgfrβ (pericyte marker), 
Pecam1 (pan-endothelial cell marker), and CD45 (pan-
leukocyte marker) (15). However, other authors claimed that 
Col1α1 is also synthesized by valve interstitial cells, vascular 
smooth muscle cells, pericytes, and other mesenchymal 
cells (32,36,51). Therefore, the true specificity of Col1α1 
remains open to debate. Because this protein is secreted by 
cells, detection by antibodies using immunohistochemical 
techniques is technically difficult (32).

MEFSK4

MEFSK4 is a monoclonal antibody that identifies an 
antigen that is expressed by Pdgfrα- Col1α1 double-positive 
murine cardiac fibroblasts (32). Originally, MEFSK4 was 
developed to remove murine embryonic fibroblast (MEF) 

feeder cells from embryonic and induced pluripotent stem 
cell cultures (7). However, MEFSK4 antibodies also detect 
surface antigens on pericytes and granulocytes as shown 
by staining of a subpopulation with CD11b (leukocyte 
marker) and NG2 (mesenchymal cell marker) (7). Pinto 
et al. nevertheless recommended that MEFSK4 can be 
used as a surrogate marker of cardiac fibroblasts, at least 
in combination with CD31 (Pecam1) and CD45 (Ptprc) to 
exclude endothelial and hematopoietic cells (7). The authors 
demonstrated that cells that are identified as fibroblasts by 
Pdgfrα, Col1a1, MEFSK4, and Tcf21 are relatively uniform 
originating from different transgenic mouse models. 
Fibroblast markers, such as CD90 and Sca1, however, were 
suggested to underrepresent the cardiac resident fibroblast 
population. Unfortunately, MEFSK4 antibody is only 
suitable for mice and not for rats or humans.

Paradigm change: cardiac fibroblasts express stem cell 
markers and cardiac transcription factors

Mouse cardiac fibroblasts were recently reported to express 
mesenchymal stem cell markers, such as Sca1, CD49e, CD51, 
and CD29 (31). Seventy-nine percent of mouse cardiac 
fibroblasts were positive for Sca1 (determined by fluorescence-
activated cell sorting), and 87% of murine tail tip fibroblasts. 
Sca1 is a cell surface protein that is used as a common 
biological marker to identify hematopoietic stem cells, 
among other markers (7). CD49e, CD51, and CD29 were 
expressed in more than 90% of heart and tail fibroblasts (31).  
Furthermore, murine cardiac fibroblasts presented the 
unexpected expression of cardiogenic genes compared with 
tail tip fibroblasts, especially Tbx20, Gata4, Gata6, and 
Hand2 (31). Quantitative polymerase chain reaction revealed 
the strongest expression for Gata4 and Tbx20. This result 
was verified by immunofluorescent staining (31). The authors 
demonstrated that this signature was also conserved in human 
cardiac fibroblasts in the atria and ventricles; therefore, 
they claimed that cardiac fibroblasts have an evolutionarily 
conserved cardiogenic profile. Careful bioinformatic 
analysis even confirmed that murine cardiac fibroblasts were 
transcriptionally more similar to cardiomyocytes than to tail 
tip fibroblasts (31). Additionally, Tcf21 and another epicardial 
transcription factor, Wt1, were strongly upregulated in 
cardiac fibroblasts (31). 

Fibroblast origin tracing in development and disease 

In this review, we focus on fibroblast populations in the 
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homeostatic heart. The use of lineage tracers has enabled 
researchers to trace the developmental origin of different 
fibroblast populations. In the homeostatic adult heart, ~80% 
of cardiac fibroblasts are of epicardial origin, indicated 
by the epicardial markers Wt1 and Tbx18 (15,24). Only 
16% of cardiac fibroblasts have an endocardial/endothelial 
origin, indicated by Tie2 and Nfatc1 labeling (15,24).

Where do fibroblasts derive from in the adult heart 
after injury? De novo EMT was initially believed to be the 
primary mechanism for the generation of new fibroblasts 
after injury. Moreover, bone marrow cells or fibrocytes 
might contribute to the cardiac fibroblast pool after injury. 
However, this paradigm has recently been challenged. After 
the induction of pressure overload by transverse aortic 
constriction, newly formed cardiac fibroblasts appeared to 
be generated mainly through the proliferation of preexisting 
fibroblasts and not by de novo EMT (15,24). Furthermore, 
both of these studies (15,24) excluded the contribution of 
fibroblasts that were derived from hematopoietic cells. Ali 
et al. (24) performed transplantation and parabiosis studies 
with bone marrow and hematopoietic stem cells that were 
labeled with fluorochromes. Moore-Morris et al. (15) used 
bone marrow cells that were marked by hematopoietic-
specific Vav-Cre.

Activated f ibroblasts  are widely referred to as 
myofibroblasts after injury but represent a distinct population 
of cardiac fibroblasts that are not discussed in further detail 
herein. Recent reviews on this topic have been published by 
Davis and Molkentin (59) and Hermans et al. (60). 

Direct cardiac reprogramming approaches in vivo using 
fibroblast lineage tracing

Fibroblasts have received attention recently in regenerative 
m e d i c i n e  b e c a u s e  t h e y  h a v e  b e e n  s u c c e s s f u l l y 
reprogrammed/transdifferentiated directly into different 
lineages without passing through a pluripotent state. 
This includes direct reprogramming from fibroblasts 
into “functional” cardiomyocytes [e.g., (25-27,61)]. This 
further demonstrates the enormous plasticity of fibroblasts. 
The direct transdifferentiation of fibroblasts into other 
cell types reveals the possibility of directly reprogramming 
emerging scar tissue after myocardial infarction back into 
functional myocardium. Direct reprogramming techniques 
require good lineage tracing approaches to clearly identify 
fibroblasts that are transdifferentiated into cardiac cells, 
such as cardiomyocytes or cardiac progenitor cells. Lineage 
tracing is especially necessary to trace the fate of fibroblasts 

after injecting “reprogramming” factors/cocktails in vivo after 
cardiac injury to determine whether fibroblasts can truly 
transdifferentiate. Most researches have used the Fsp1-Cre 
mouse [e.g., (25-27)], but Postn-Cre (26) and Tcf21-Cre (25) 
have also been used for in vivo lineage tracing (see Figure 2).

Qian et al. applied their direct reprogramming strategy 
in infarcted Postn-Cre/β-galactosidase transgenic mice, 
in which Postn-positive cells were irreversibly marked by 
β-galactosidase (26). β-galactosidase activity was found 
in many, but not all, cardiac fibroblasts and also some 
endocardial and endothelial cells but not in cardiomyocytes 
or bone marrow cells. However, because this research 
group used retroviruses to deliver their reprogramming 
factors [i.e., Gata4, Mef2c, and Tbx5 (GMT)], they only 
infected proliferating cells that appeared in the border zone 
of the ischemic area after infarction. As mentioned above, 
Postn is a marker of actively dividing myofibroblasts that 
appear after myocardial infarction, and these cells should 
be well targeted by retroviruses. Four weeks after inducing 
myocardial injury by coronary ligation and delivering 
reprogramming factors, they detected β-galactosidase-
positive cells that were also positive for the cardiomyocyte 
marker α-Actinin, indicating that myofibroblasts were 
directly reprogrammed into cardiomyocyte-like cells. 
However, Qian et al. did not provide exact numbers for 
these events (26). Furthermore, they found a similar amount 
of β-galactosidase-α-Actinin double-positive cells using a 
mouse in which Cre-recombinase was under the control of 
the Fsp1 promoter. Notably, Fsp1 only marks a very small 
subset of fibroblasts and according to Kong et al., more than 
50% of Fsp1-positive cells were leukocytes after myocardial 
infarction (53). Qian et al. (26) also applied the three 
reprogramming factors GMT in Tie2-Cre/β-galactosidase 
mice, in which endothelial circulating hematopoietic cells 
should be marked by β-galactosidase. Four weeks after 
injury, however, these authors did not detect β-galactosidase-
α-actinin double-positive cells, indicating that Tie2-positive 
endothelial or hematopoietic cells were not reprogrammed 
into cardiomyocytes by GMT. One reason may be that 
endothelial or hematopoietic cells did not proliferate at the 
time of retrovirus delivery. Another possibility is that the 
three factors were not sufficient to reprogram endothelial 
or hematopoietic cells into cardiomyocytes. Yet another 
possibility is that not many endothelial cells appeared in the 
border zone of the myocardial infarction where the authors 
injected the reprogramming factors; thus, endothelial cells 
were not targeted. 

Another group used four factors [Gata4, Mef2c, 
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Tbx5, Hand2 (GMTH)] in retroviruses for the direct 
reprogramming of fibroblasts into cardiomyocytes (25). 
They applied GMTH directly after coronary ligation to the 
myocardium in Fsp1-Cre/β-galactosidase mice and detected 
6.5%±1.2% β-galactosidase-positive cardiomyocytes in 
the injured area. Using this approach, Fsp1 could again 
mark a significant amount of leukocytes. Song et al. (25) 
used a tamoxifen-inducible Tcf21-iCre/tdTomato mouse 
as another approach. They reported that Tomato was 
predominantly expressed in cardiac fibroblasts and to a 
lesser extent in endothelial cells in this mouse line. Four 
weeks after the induction of myocardial infarction and 
injection of GMTH factors, 2.4%±1.5% Tomato-positive 
cardiomyocytes from the whole heart were detected. The 
authors concluded that Tcf21 marks a more restricted 
fibroblast population than Fsp1. Based on the information 
above, it is more presumable that a significant portion of 
leukocytes were reprogrammed in the Fsp1 mouse, leading 
to a higher amount of double-positive cells, whereas Tcf21 
only marked epicardial-derived cardiac cells.

Jayawardena et al. employed a lentiviral approach and 
injected four candidate microRNAs into infarcted hearts 
in triple transgenic αMHC-CFP/Fsp1-Cre/tdTomato 
mice (27). In this transgenic mouse, Fsp1-positive cells 
(“fibroblasts”) were irreversibly marked with red fluorescent 
Tomato protein.  Addit ional ly,  αMHC-expressing 
cardiomyocytes express cyan fluorescent protein (CFP). 
CFP-positive cardiomyocytes that were also positive for 
Tomato should have developed from transdifferentiating 
fibroblasts/leukocytes in this transgenic mouse. Jayawardena 
et al. (27) found that 1% of cardiomyocytes were double-
positive for CFP and Tomato 6 weeks after induction of 
myocardial infarction and injection of their micro-RNA 
reprogramming cocktail. A similar percentage of double-
positive cells was reported by Song et al. (25) using the 
Tcf21-iCre mouse. However, Jayawardena et al. did not 
use a second transgenic mouse model to determine the 
efficiency of Fsp1-fibroblast labeling.

Overall, the efficiency of direct reprogramming is very 
low, even if the percentage of newly generated induced 
cardiomyocytes is higher with in vivo approaches than with 
in vitro approaches (62). Pioneering research by Lalit et al. 
sought to address this issue by reprogramming fibroblasts 
into induced cardiac progenitor cells that retain a certain 
proliferative capacity and are able to differentiate into all 
three cardiac lineages: cardiomyocytes, smooth muscle cells, 
and endothelial cells (63). 

Cardiac cellular composition

Heart cells are unitary elements that define cardiac function 
and disease. The most abundant permanent cellular 
constituents are cardiomyocytes, fibroblasts, endothelial 
cells, and smooth muscle cells. Transient cell populations, 
such as lymphocytes, mast cells, and macrophages, mainly 
appear during various disease states and interact with 
permanent cell types to affect cardiac function (2).

Although cardiomyocytes occupy 70–85% of the volume 
of the mammalian heart (64,65), non-myocytes are equally 
important for normal heart homeostasis and function. 
They provide the extracellular matrix, mediate intercellular 
communication, and provide the vascular supply that is 
needed for cardiomyocyte contraction and long-term 
survival (64).

Early studies from the 1970s and 1980s suggested 
that the adult rat and human hearts comprise 30% 
cardiomyocytes and 70% non-myocytes (66,67). Since 
2016, the current dogma was that fibroblasts represent 
the largest cell population of non-myocytes in the heart, 
whereas smooth muscle cells and endothelial cells account 
for a comparatively small proportion of the non-myocytes 
(1,2). However, species-specific differences have been found 
in the composition of cardiac cell populations between rats, 
mice, and humans (2). Banerjee et al. confirmed that the adult 
rat heart comprises ~30% cardiomyocytes and ~70% non-
myocytes (68). In the mouse heart, up to 55% cardiomyocytes 
and 45% non-myocytes were detected. The authors explained 
that this difference was attributable to greater wall tension 
in the rat heart because its radius is larger. Therefore, the rat 
heart requires higher structural integrity, which is favored by 
more fibroblasts. The cellular composition during cardiac 
development was analyzed in mice from E14.5 to the early 
postnatal period (postnatal day 15, P15) (68) (see also Table 2).  
The proportion of fibroblasts slightly increased from 
the neonatal to adult periods, whereas the proportion of 
cardiomyocytes decreased. Banerjee et al. reported that 
there were no significant differences in cell composition 
in different locations of the adult heart (e.g., left and right 
ventricular free wall and intraventricular septum) (68). 

Bergmann et al. recently analyzed human postmortem 
hearts from 29 subjects (1–73 years of age) who did not have 
a history or signs of cardiac pathology (6). To quantify the 
number of cells, these authors used PCM-1 (Pericentriolar 
Material 1) to stain cardiomyocyte nuclei and UEA-I (Ulex 
Europaeus lectin I) to mark endothelial cells. All of the cells 
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that were negative for one of these markers were considered 
mesenchymal cells, including fibroblasts, pericytes, and 
smooth muscle cells. In young adults, an average of 
18% cardiomyocytes, 24% endothelial cells, and 58% 
mesenchymal cells was detected by stereological analysis. 
Flow cytometry detected ~33% cardiomyocytes, 24% 
endothelial cells, and ~43% mesenchymal cells, which was 
stated to be consistent with the stereological data. During 
ageing, the number of cardiomyocytes remained constant, 
whereas the fractions of endothelial and mesenchymal cells 
increased.

Pinto et al. recently postulated that fibroblasts comprise 
a much lower cell population than previously thought, 
and endothelial cells appear to be the most abundant cell 
type in the non-myocyte cell population in the heart (7). 
These authors used newly available genetic tracers and 
enhanced flow cytometry techniques to analyze human 
and mouse hearts. Immunohistochemistry revealed that 
the non-myocyte cell population in the heart comprised 
>60% endothelial cells, 5–10% hematopoietic-derived cells, 
and ≤20% fibroblasts (see also Table 2). They confirmed 
their results by flow cytometry. The authors used different 
digestion and isolation protocols to generate single cell 
solutions from cardiac tissue because different enzymatic 
digestion techniques can influence markers on the cell 
surface and thus change the outcome. The authors applied 
collagenase type II, a mixture of collagenase type IV and 
dispase, or a mixture of collagenase type XI, hyaluronidase 
type I-s and DNase I. The collagenase type IV and dispase 
combination worked the best. The lack of a clear marker 
of fibroblasts may explain the difficulties that have been 
seen in quantifying and tracking them in vivo, which may 
be another reason for the disparate outcomes in different 
studies. Depending on the marker that is used, different 
amounts of fibroblasts were found. Ddr2, for example, 
detected ~30% fibroblasts in adult mice (68), whereas 
Pdgfrα and Col1a1 both detected ~15% fibroblasts (7). 
Furthermore, some studies have sought to quantify different 
types of cells by flow cytometry, and other studies employed 
stereological techniques (e.g., immunohistochemical 
staining and subsequent counting).

Despite these differences, the results of several studies 
have been similar in terms of the amount of cardiomyocytes. 
Three studies found ~30% cardiomyocytes in adults of 
three different species (i.e., mouse, rat, human), although 
different markers were used (αMHC, WGA, ACTN2, 
PCM-1) (6,7,68). The only difference was the distribution 
of non-myocyte cells, which may be partially attributable to 

nonspecific markers or different techniques. Future studies 
will clarify these issues. 

Conclusions

The role of fibroblasts in the heart has long been 
underappreciated. However, in recent years, cardiac 
fibroblasts have been shown to play essential roles in cardiac 
development, cardiac homeostasis, and several disease 
states. For a detailed understanding of the underlying 
mechanisms, the molecular basis of cardiac fibroblasts must 
be elucidated. However, the main problem that has been 
encountered in such studies is the lack of a specific marker 
of fibroblasts, largely because of their heterogeneous nature. 
During embryonic development, cardiac fibroblasts derive 
from three different pools of progenitor cells. The majority 
of fibroblasts derive from the epicardium (~80%), whereas 
~18% derive from the endocardium, and only a few derive 
from the neural crest.

Recently, a paradigm shift occurred, in which several 
stem cell markers and typical cardiac development markers 
were identified in cardiac fibroblasts (31). Such scientific 
progress revealed that cardiac fibroblasts are more similar to 
cardiomyocytes than to tail tip fibroblasts (31). However, still, 
no specific marker of cardiac fibroblasts has been identified, 
and still unknown is whether such a marker exists.

For a complete understanding of cardiac cellular 
composition, the unequivocal identification of non-myocyte 
cell populations (e.g., endothelial cells, smooth muscle 
cells, and fibroblasts) would be a tremendous advance. The 
number of cardiomyocytes can be reliably estimated. Even 
when using different markers or techniques, the proportion 
of cardiomyocytes (~30%) has been found to be generally 
similar in different species and different studies. For non-
myocyte cell populations, however, highly variable results 
have been reported, suggesting that different markers only 
label subpopulations of a specific cell type or nonspecifically 
label additional cell types. Future studies will need to 
determine the cardiac cell composition in different species 
of different ages.
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