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Abstract

Cardiac fibroblasts play a critical role in maintenance of normal cardiac function. They are
indispensable for damage control and tissue remodeling on myocardial injury and principal
mediators of pathological cardiac remodeling and fibrosis. Despite their manyfold functions,
cardiac fibroblasts remain poorly characterized in molecular terms. Evidence is evolving that
cardiac fibroblasts are a heterogeneous population and likely derive from various distinct tissue
niches in health and disease. Here, we review our emerging understanding of where cardiac
fibroblasts come from, as well as how we can possibly use this knowledge to develop novel
therapies for cardiac fibrosis.
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Physiological cardiac function and chronic heart failure are controlled by complex
interactions of the myocytes, extracellular matrix (ECM), and nonmyocyte cellular
components, including the cardiac fibroblasts.1:2 With their various functions, cardiac
fibroblasts are at the interface of multiple interactions, playing an integral part in
maintaining homeostasis in the heart.34 Under physiological conditions, cardiac fibroblasts
contribute to the structural, mechanical, biochemical, and electric properties of the heart.1
They maintain ECM homeostasis,>® which is critical because the ECM provides a scaffold
for all cardiac cell types,1: distributes mechanical forces throughout the cardiac tissue, and
also electrically separates the atria and the ventricles to facilitate proper cardiac contraction.®
By secreting various growth factors®19 and via direct cell—cell interactions, fibroblasts
directly impact cardiomyocyte function.!! They are indispensable for angiogenesis and
vascular homeostasis in the heart.12 Furthermore, fibroblasts support electric properties of
the heart, because they provide insulating layers between bundles of cardiomyocytes,
allowing for the orchestrated sequential contraction of cardiomyocytes in the heart.13 In this
regard, fibroblasts have been suggested to be important for mechanoelectric transduction in
the heart.14.15
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Importance of fibroblasts in cardiac pathology is even more obvious, because fibroblasts are
considered the predominant source of the extracellular matrix, the hallmark of fibrosis!-2:6.16
Most cardiac diseases are associated with an increase of fibrosis in the heart.1” Fibrosis of
the cardiac tissue has significant consequences on cardiac function.! Increased ECM
synthesis and decreased degradation result in increased mechanical stiffness and diastolic
dysfunction.1® Moreover, increased ECM deposition between layers of cardiomyocytes may
disrupt their electric coupling, leading to impaired cardiac contraction.1® Furthermore,
inflammation and fibrosis in the perivascular areas may decrease the flow of oxygen and
nutrients and increase the pathological remodeling response.2? In summary, there are
numerous reasons why we need to understand the functional role of cardiac fibroblasts in
health and disease.

Challenges of Studying Fibroblasts in the Heart

Our understanding of how to define cardiac fibroblasts (and fibroblasts in general) is in flux.
Traditionally, cardiac fibroblasts were defined by their morphological appearance, namely
by their branched cytoplasm surrounding an elliptical, speckled nucleus that typically has 1
or 2 nucleoli.1221 However, study of cardiac fibroblasts has been challenging, and they
remain poorly characterized in molecular terms. One reason for this is the relative lack of
serviceable fibroblast markers, because the known markers either are not specific for
fibroblasts or detect only subpopulations of fibroblasts. Vimentin, for example, has been
extensively used to label cardiac fibroblasts.22 However, although antibodies to Vimentin
label fibroblasts with great sensitivity (at this stage, it is safe to assume that all fibroblasts
are Vimentin-positive), they also label various other cell types, including endothelial
cells.23-25 |n fact, Vimentin was first described as an endothelial cell marker.2® Fibroblast-
specific protein (FSP)1 is another fibroblast marker, which was identified in a differential
expression screen comparing kidney fibroblasts and kidney epithelial cells.2” Although
FSP1, also known as S100A4, is also expressed by metastatic cancer cells, existing evidence
suggest that it is specific for cardiac fibroblasts in the heart.28 However, FSP1 antibodies
detect only a subset of cardiac fibroblasts, and FSP1* fibroblasts are rare in the normal
heart.28 In the healthy postnatal heart, valvular fibroblasts (also termed valvular interstitial
cells) express a-smooth muscle actin (a-SMA), but not interstitial fibroblasts of the
myocardium.2? In cardiac fibrosis, myocardial fibroblasts become a-SMA* (then termed
myofibroblasts), which is considered a sign of fibroblast activation.® Because a-SMA is also
expressed by vascular smooth muscle cells and pericytes, both in close proximity to
fibroblasts, these cells can be falsely identified as fibroblasts when immunofluorescence
techniques with insufficient resolution are used. Discoidin domain receptor (DDR)2, a
collagen receptor, has been used to identify and sort cardiac fibroblasts.23:30 However,
DDR2 is also expressed by lymphocytic lineages and identifies only subsets of fibroblasts.
Periostin, a matricellular protein is specifically expressed by fibroblasts, which originate
developmentally from epicardial derived progenitor cells. However, because it is an
extracellular protein, it has limited utility to detect fibroblasts by means of antibody
labeling.® The issue of identifying fibroblasts is becoming further complicated because
evidence is emerging that cardiac fibroblasts are not a homogenous cell type but a highly
heterogeneous population.16:28 At the present time, it seems best to identify fibroblasts by
combination of several fibroblast markers in context of their location and physiological
stage.

Traditionally, fibroblasts are classified as either inactive or activated fibroblasts, based on
their morphological appearance (activated fibroblasts are considered to be larger with a
prominent Golgi apparatus).® Activated fibroblasts are believed to produce more collagen
and, hence, are considered the main culprits in fibrotic diseases.® Cardiac fibroblasts are
heterogeneous with regard to their phenotype, specific functions, and cellular origins. For
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example, subpopulations of fibroblasts can be detected based on their expression of FSP1;
others, based on expression of a-SMA,; and few fibroblasts express both.28 Most fibroblasts
synthesize collagen, albeit not at all times. Only a subpopulation of cardiac fibroblasts is
involved in electromechanical coupling with cardiomyocytes. Developmentally, resident
cardiac fibroblasts have distinct cellular origins. During heart disease, fibroblasts can also
originate from endothelial cells or they can be recruited from the bone marrow.116 It is not
yet known whether different fibroblast origins contribute to phenotypic and functional
fibroblast heterogeneity in the heart. A major obstacle in addressing this matter is that
fibroblasts do not carry known imprints of their origins. For example, in a human cardiac
biopsy, one cannot tell which fibroblast came from where. Study of distinct fibroblast
populations of different origins only became possible with emergence of so-called fate-
mapping strategies, which are discussed below.

Strategies for Fate Mapping of Cardiac Fibroblasts

Our knowledge that cardiac fibroblasts in the heart have distinct cellular origins is derived
from fate-mapping studies. Fate-mapping techniques were originally established to study
cell lineages during embryonic development. A “fate map” in its original sense is a
representation of the developmental history of each cell in the adult body, just like a family
tree or pedigree analysis. Because of the technical difficulties in identifying specific cells
within a given tissue over prolonged periods of time, techniques were developed that
allowed for retrospective analysis of the origins of an individual cell.

The basic principle of these techniques is that a cell gets an imprint (“tag”) that remains
unchanged irrespective of its subsequent fate. Techniques of fate mapping include injection
of dyes into cells, creation of chimeric tissues of different species, detection of specific gene
sequences (like the Y chromosome in the case of sex-mismatched transplantation
experiments or mutations in the case of cancer cells) or the use of genetic reporters (Figure
1A).31

The first fate maps date back to 1929, when Walter Vogt applied vital dyes to regions of the
amphibian embryo, allowing him to track which embryonic regions developed into which
adult tissues. Carbocyanine dyes (or DNA vectors), which can be injected into specific cells,
are still being used to track the fate of cells in embryos. The principle is that these dyes do
not diffuse out of the cell once injected and that they are passed on to the progeny of the
cell. Although these techniques have high utility in amphibian or even avian embryos, their
obvious problem in mammals is that the embryo is not easily accessible, because it develops
inside the mother. For this reason, transgenic reporter systems have been developed to study
cell fates in mice.

Transgenic reporters either use a reporter gene (such as S-galactosidase or GFP), which is
expressed directly under control of a cell-specific promoter (and hence it is dependent on
constant activity of this promoter) or use double transgenes, which are independent of the
later phenotype of the tagged cell.31

A commonly used approach of genetic fate mapping requires 2 transgenes in mice to mark
and visualize individual cells over time (Figure 1B). One transgene expresses a site-specific
recombinase, whereas the other is a reporter gene that is designed to permanently and
heritably express a marker following site-specific recombination. Two different
recombinases are predominantly used for fate mapping: Cre-recombinase (derived from
bacterial phage), which acts on loxP sites32:33; and Flp (derived from Saccharomyces
cerevisiae), which acts on frt sites.3435 To mark individual cells, transgenic mice have been
generated that express Cre/FIp recombinases under control of cell type—specific promoters
(for example Tiel or VE-cadherin promoters to label endothelial cells).
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The second transgene consists of 3 parts, a ubiquitous promoter (which is active in all cells
irrespective of their origin), a so-called STOP cassette (which prevents expression of the
downstream coding sequence as long as it is intact) flanked by 2 loxP sites (or frt sites) and
a reporter gene (a unique protein).36 The concept is that in every cell, in which the Cre-
recombinase is expressed once, the Cre-recombinase removes the floxed STOP cassette and
the reporter gene is now constitutively expressed in those cells. Ubiquitous promoters that
are commonly used are the R26R and actin reporter alleles,37:38 which on removal of the
STOP cassette, control cell-specific expression of reporter genes including lacZ,
luciferase,38 various fluorescent protein (such as enhanced GFP,38 RFP 39 or YFP40) or
alkaline phosphatase.# Using such an approach, various cellular constituents of the heart
can be tagged for fate-mapping studies (Table 1). Transgenic mice for tagging
cardiomyocytes include MHC-Cre#2:43 or Nkx2.5-Cre mice*4~46; mice for tagging
endothelial cells include Tiel-Cre,28:47 Tie2-Cre,*8-50 or VE-cad-herin—Cre mice.?! To tag
fibroblasts, FSP1-Cre52 or collagen 1 a2—Cre mice>3 have been used.

Issues Associated With Fate-Mapping Studies

Recombinase-based fate mapping has become an important strategy for defining progenitor—
descendant relationships in both normal mammalian development and disease models.
However, interpretation of such experiments is complex. Recent data demonstrate that
susceptibility of the Cre-dependent reporter to recombination significantly influences Cre-
based fate-mapping results.>* Although Cre is expressed in temporally and spatially graded
patterns, activation of a Cre-dependent reporter is a binary readout in which cells surpassing
a Cre exposure threshold become activated.>* Reporters that are more susceptible to
recombination reveal a broader fate map that includes progenitors with lower level or
transient Cre expression, whereas less sensitive reporters reveal a more restricted fate map
that corresponds to progenitors with higher level or duration of Cre expression.>* An
important implication is that lack of Cre reporter activation must be interpreted carefully,
because this does not exclude Cre expression at levels below the threshold required for
reporter recombination. Another issue that needs to be considered is that on removal of the
STOP cassette, reporter gene expression is dependent on the efficacy of the promoter that is
being used. Although their activity is considered “ubiquitous,” activity of most commonly
used promoters such as the Rosa promoter and actin promoter are not equal in all cell types.
Furthermore, these promoters can be silenced by epigenetic modifications including
methylation. This means that even when the STOP cassette is being removed, inadequate
promoter activity can cause false-negative data interpretation. Finally, detection of the
reporter gene can be challenging. Commonly used bacterial -galactosidase can be detected
by means of its enzymatic activity. However, this system is susceptible to yield false-
positive data because of endogenous S-galactosidase activity in tissues.®® This issue is
further complicated in tissues such intestine, where resident bacteria have S-galactosidase
activity.>6 Fate-mapping studies often require double labeling for cell lineage markers in
addition to the reporter gene (for example, to demonstrate fibroblast identity of the cell).
Because combination of enzymatic f-galactosidase activity (blue precipitate) with
immunolabeling techniques can be challenging to visualize, immunodetection of -
galactosidase is becoming more often used than enzymatic detection. Other reporter genes
include fluorescent proteins such as GFP and RFP. Challenges of these reporter systems
include low sensitivity attributable to low transgene expression and false-positive data
because proteins leak out of cells within tissue sections. For this reason, tissues are often
treated with sucrose.*8 Sensitivity can be increased with use of anti-GFP antibodies.®’ In
summary, because of various potential pitfalls of transgenic systems, both false-positive and
false-negative results need to be considered. Ideally, visualization of reporter gene activity
should be confirmed by proving removal of the STOP cassette at the molecular level (ie, by
PCR).
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Similarly, vital dyes come with various pitfalls, mostly because of the need of direct cell
manipulation, which complicates its use. Additionally, dyes over time can leak out of cells
and on cell division, intracellular cells become diluted, decreasing sensitivity.

Although use of transgenes to fate map cells is the current state-of-the-art, there remains
room for improvement. Ideally, one would like to view fibroblasts from different origins
enter the cardiac connective tissue in real time. Unfortunately, this is not yet feasible with
existing technologies in adult mammals. Ongoing attempts to refine additional fate-mapping
strategies like use of heterotypic cell transplantation or use of dyes should be continued to
further substantiate our knowledge of fibroblast heterogeneity in the heart.

Fibroblasts of Endothelial Origin

Evidence that endothelial cells can contribute to accumulation of fibroblasts in cardiac
fibrosis stems from a study in which cardiac fibrosis was induced in Tiel-Cre;R26Rosa-lox-
STOP-lox-LacZ double-transgenic mice (Table 2).28 In these mice, the Cre-recombinase
(which is expressed under control of the Tiel promoter) is expressed in endothelial cells and
removes the STOP cassette, causing constitutive expression of the S-galactosidase. In
Tielcre;R26Rosa-lox-STOP-lox-LacZ mice, S-galactosidase—positive cells (which also
express fibroblast markers) are present in the fibrotic areas (but not in nonfibrotic hearts),
which means that these cells must be derived from endothelial cells via an endothelial-
mesenchymal transition (EndMT).28 Using this approach in a mouse model of pressure
overload, ~75% of all a-SMA—positive fibroblasts are EndMT-derived, and 15% of all
FSP1-positive fibroblasts are of endothelial origin.28 In total, 27% to 35% of all («-SMA- or
FSP1-positive) fibroblasts are of endothelial origin (Figure 2).28

Does this mean that in fibrotic hearts one-third of fibroblasts derive from the endothelial
cells? Interpretation of these data comes with several caveats. First, it is not yet known what
percentage of all fibroblasts express a-SMA or FSP1 in the heart (this means the percentage
contribution of EndMT to fibroblasts could possibly be less or more than one-third). Second,
in the adult, the ROSA promoter is prone to unspecific silencing caused by changes in
methylation and chromatin organization. This is reflected by the fact that not all endothelial
cells are tagged in these mice. Furthermore, it is conceivable that a complex event like
EndMT is associated with dramatic changes of methylation patterns and chromatin
organization. Recent data also demonstrate that susceptibility of the Cre-dependent reporter
to recombination significantly influences Cre-based fate-mapping results and that the
R26Rosa-loxSTOP-lox-LacZ is less efficiently recombined by Cre-recombinase as
compared with other reporter genes.>* This means that the number of EndMT-derived
fibroblasts may even be higher than one-third. EndMT-derived fibroblasts contribute to
cardiac fibrosis by producing collagen?® but also by releasing endothelin-1 into the
inflammatory microenvironment.>8

Fibroblasts From the Epicardium

Using quail-chicken chimeras, Gittenberger-de Groot and colleagues showed that
epicardium-derived cells are present in the annulus fibrosis and express periostin and
collagen 111.5%:80 In vitro studies suggested that epithelial cells from the epicardium have the
ability to undergo an epithelial-mesenchymal transition (EMT).61 Fate-mapping studies
using the Cre-LoxP approach provided evidence that epicardium-derived cells contribute to
accumulation of fibroblasts in the annulus fibrosis by undergoing EMT (Table 1).52 Until
now, however, there have been no studies yet to elucidate the role of epicardium derived
fibroblasts in cardiac fibrosis.
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Fibroblasts From the Bone Marrow

Cardiac fibroblasts not only derive locally, but they can also originate from the bone marrow
(Figure 2). In sex-mismatched bone marrow transplantation experiments, in which female
mice are transplanted with bone marrow from male donor mice and then subjected to aortic
banding, ~13% of FSP1* fibroblasts and 21% of a-SMA fibroblasts are derived from the
bone marrow in fibrotic lesions, as determined by presence of Y chromosome (Table 2).28
Similarly, bone marrow—derived cells contribute to fibroblast accumulation in a mouse
model of myocardial infarction.83 The identity of bone marrow—derived cells, which
contribute to fibroblasts within the fibrotic tissue, are not yet entirely understood. Because in
experiments in which mice are transplanted with bone marrow from Tiel-Cre;R26-STOP-
LacZ mice, p-galactosidase—expressing fibroblasts can only be detected sporadically, it is
unlikely that circulating endothelial cells home into the injured tissue and then contribute to
the fibroblast pool by undergoing EndMT.28

A more likely source is fibrocytes, a distinct population of leukocytes with characteristics of
fibroblasts. Fibrocytes can be detected in the blood by their coexpression of myeloid
markers CD45R, CD13, CD34, and CD11b and extracellular matrix proteins such as
collagen types | and 111.84 Circulating fibrocytes were first described in a model of wound
repair where they preceded fibroblasts entering the wound from adjacent skin.5°
Demonstrating bone marrow origin of fibroblasts in cardiac tissue is straightforward in bone
marrow transplantation experiments, in which female mice receive bone marrow from male
donor mice (allowing for detecting of the Y chromosome) or transplantation of wild-type
mice with bone marrow from transgenic reporter mice (allowing for identification of the
reporter in cardiac tissues).28

Monocytes have also been suggested as potential source of fibroblasts in cardiac fibrosis.56
In the model of myocardial infarction, invading fibroblast-like cells in the infarcted cardiac
tissue were found to coexpress monocytic (CD45, CD11b) and myofibroblast (S100A4, o-
SMA) markers.%6 Moreover, inhibition of monocyte recruitment diminishes both the number
of cardiac fibroblasts and myocardial remodeling following myocardial infarction.6”
Alternatively, these results could also suggest that monocytes are important for the
recruitment of cardiac fibroblasts during remodeling.

Resident Fibroblasts

Pericytes

The traditional view is that fibroblasts are direct derivates of embryonic stromal cells and
that activated fibroblasts in fibrotic hearts are generated by proliferation and activation of
the resident fibroblasts (Figure 2). Neither of these views is based on fate-mapping studies.
The concept that cardiac fibroblasts in the adult heart are derivates from embryonic stromal
cells is based on the observation that fibroblasts in the adult heart populate the same
compartment as stromal cells in the embryonic heart. The concept that fibroblast
accumulation is caused by proliferation and activation of the resident fibroblasts is based on
the observation that fibroblasts can be induced to proliferate and acquire an activated
phenotype by profibrotic stimuli such as transforming growth factor (TGF)-£ in culture.
Estimates of contribution to resident fibroblast accumulation in fibrosis range from all
fibroblasts to the leftover fibroblasts that were detected to be neither of endothelial nor of
bone marrow origin. Even though the traditional concept of resident fibroblast accumulation
has not yet been disproved, it needs to be verified by cell fate-mapping studies.

Pericytes are mesenchymal cells that envelop endothelial cells in nonmuscular microvessels
and capillaries. Because pericytes are a-SMA—positive, it has been postulated that pericytes
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could contribute to the pool of collagen-producing myofibroblasts in cardiac fibrosis.58 For
this to occur, pericytes must detach from the vessel walls, migrate, and acquire a fibroblast-
like phenotype to act as collagen-producing cell.58 Based on ultrastructural analysis, it has
been estimated that ~10% of contractile cells in myocardial infarction scars are pericytes.5?
Although this concept is appealing, it has not yet been validated with fate-mapping
techniques.

Fate Mapping in Human Tissues

The major drawback of such fate-mapping studies, based on transgenes, is that it is
applicable exclusively in mice and thus does not directly answer questions about the origin
of fibroblasts in humans. The only way to trace the origin of a cell in human hearts is to
study patients who either have had a sex-mismatched bone marrow transplantation or a sex-
mismatched heart transplantation. Although such studies have been performed to look at
possible bone marrow origin of cardiomyocytes, the question of bone marrow—derived
fibroblasts has not yet been addressed in these studies.”®

Stable cell fate tags such as endothelial-specific methylation or endothelial cell-specific
viral infections that would theoretically allow for cell fate mapping have not yet been
identified. The field of cellular transitions will further evolve as novel techniques are
developed in the future.

In summary, the fate map of cardiac fibroblasts is still incomplete. This stems from
imperfect tools to detect fibroblasts on one side, but also from the pitfalls, which come with
existing fate-mapping technologies. Furthermore, most studies rely on single techniques and
systems, making it difficult to compare studies. Cells within the heart have not yet been
followed in real time, and combining detection of transgenes or dyes with high resolution
electron microscopy could be improved to get better insights into fibroblast ancestry in the
heart. One general issue of fate mapping fibroblasts is that numbers of frequencies of
different fibroblast populations often do not match up among studies. One possible
explanation is that certain factors favor one event over the other, but our knowledge of
factors that stimulate expansion of select fibroblast populations in the heart is still scarce.

Why Does the Heart Recruit Fibroblasts of Different Ancestries?

As we are identifying different sources of fibroblasts in the heart, we can only speculate
about the biological significance of this. The fact that fibroblast recruitment via EndMT or
from the bone marrow is limited to disease suggests a specific role of these cells in tissue
repair. Fibroblast recruitment via EndMT, fibrocytes, or EMT is conceptually a highly
efficient way to rapidly recruit fibroblasts to the site of injury as opposed to recruitment of
fibroblasts from more distant sites of the tissue (which would encompass migration,
activation, and proliferation of these cells). The advantageous economy of fibroblast
recruitment by EMT, for example, is even more obvious at sites with more pronounced
surfaces (like skin), where EMT is an essential process to seal lesions.5% To date, we have
no insights regarding whether different fibroblast ancestries also contribute to functional
heterogeneity of cardiac fibroblasts.

What Are the Benefits of Understanding the Origin of Fibroblasts?

Fibroblasts are often seen as the main culprits in cardiac fibrosis, and the potential to simply
limit their proliferation or their derivation from other cells is an attractive therapeutic option.
The latter approach (inhibition of fibroblast formation from other cellular sources such as
endothelial cells via EndMT) appears even more attractive because EndMT and bone
marrow—derived fibroblasts within the myocardium are exclusively associated with
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pathological conditions, but not present in the normal heart. In this regard, treatment with
recombinant bone morphogenic protein-7, which inhibits EndMT and ameliorates
experimental cardiac fibrosis in mice but does not affect tissue homeostasis of the healthy
heart.

Studying mechanisms of EndMT and EMT as sources for fibroblast formation in the adult
heart may also provide a unique opportunity to develop novel therapeutic strategies to
combat developmental defects in the heart. Both EndMT and EMT are necessary events
during embryonic development of the heart. For example, the EndMT of the atrioventricular
endocardium is responsible for the development of the endocardial cushion, which later
become the septa and valves of the heart (Table 1).”! Defects of EndMT are thought to be
associated with a variety of congenital heart diseases. The EMT of epithelial cells from the
epicardium is necessary for the formation of the annulus fibrosis, ring structures of dense
connective tissue in the heart that separate and electrically insulate the atria from the
ventricles, allowing the timed sequential beating of these structures that is necessary for
efficient heart function (Table 1).8 Disturbance in this EMT program leads to abnormal
annulus fibrosis formation, which could possibly represent the anatomic substrate for
abnormal electric impulse conduction, as seen in the Wolff—Parkinson-White
syndrome.80.72 Although we believe that studying the origins of fibroblasts in the adult may
provide insights into congenital heart disease, it is also important to consider that inhibiting
these mechanisms can potentially impact physiological heart structures.

Fate-mapping studies have provided evidence that cells with a fibroblast-like appearance can
derive from various sources, including endothelial cells, epithelial cells, and bone marrow,
and existing knowledge suggests that all of these fibroblasts are profibrogenic in the heart.
What is not known yet is how all of these mechanisms also contribute to the remodeling and
repair following myocardial infarction. Insights into distinct contribution of select fibroblast
populations to physiological and pathological scarring in the heart may provide novel
therapeutic targets in the future. Furthermore, understanding of commonalities of EMT and
EndMT in adult disease and embryonic development of the heart may provide insights to
address EndMT-dependent developmental defects in the future. In this regard, we have just
scratched the surface of fibroblast biology in heart disease.
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CD
DDR
ECM
EMT
EndMT
Flp

frt
FSP
GFP
lacz
loxP
MHC
Nkx2.5
RFP
SMA
TGF
Tie

VE
YFP

cluster of differentiation

discoidin domain receptor

extracellular matrix
epithelial-mesenchymal transition
endothelial-mesenchymal transition
Flippase

Flippase recognition target
fibroblast-specific protein

green fluorescent protein

gene encoding for bacterial s-galactosidase
locus of crossover in P1

myosin heavy chain

NK2 transcription factor related, locus 5
red fluorescent protein

smooth muscle actin

transforming growth factor
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tyrosine kinase with immunoglobulin-like and epidermal growth factor-like

domains
vascular endothelial
yellow fluorescent protein
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Figure 1. Fate mapping

A, Schematic displaying the principles of fate mapping using the example of EndMT. Basic
principle of fate mapping is that specific cells (in this example, endothelial cells) are
irreversibly labeled, in most cases, using dyes, DNA vectors, or transgenic reporters. If a
labeled cell migrates from its original site, it will take its tag with it (in this example, the
blue fibroblast leaving the endothelium). Because the label stays intact, tissue analysis at
later time points allows for reconstruction of cellular ancestries, independent of their present
phenotype or location (in this example, the blue label allows for identification of their
endothelial origin of select fibroblasts). B, Picture summarizing the Cre/lox system, which is
often used for fate mapping in mice using Tiel-Cre;R26-STOP-LacZ double-transgenic
mice as example. In these mice, the Cre-recombinase is expressed under the endothelial
cell-specific promoter Tiel (top transgene schematic). R26R-STOP-lacZ mice carry a
reporter transgene (in this case, LacZ, which encodes for bacterial 5-galactosidase, allowing
for distinction from mouse cells), which is controlled by a ubiquitous promoter that is active
in most cell types (in this case, the R26 Rosa promoter). Because a STOP cassette (flanked
by 2 loxP sites) is inserted between promoter and LacZ gene, the reporter gene is inactive
(middle transgene schematic). When Tie-Cre mice are crossed to R26R-STOP-lacZ mice,
Cre-recombinase (under control of endothelial cell-specific Tiel promoter) removes the
STOP cassette selectively in endothelial cells. The ubiquitous R26 promoter now
constitutively drives LacZ expression, irrespective of the later fate of the endothelial cells,
allowing for identification of endothelial origin.
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Figure 2. Fibroblasts of different origins in the heart

Schematic demonstrates the difference in abundance and origins of fibroblasts between a
normal and fibrotic heart. Whereas the normal heart contains resident fibroblasts, the
number of fibroblasts increases in the fibrotic heart, with different cell sources, such as
endothelial cells and bone marrow cells, contributing to the overall pool of fibroblasts. The
number of cardiomyocytes and the microvascular density in contrast is reduced. Although it
is conceivable that cells from the epicardium or the endocardium could contribute to the
pool of fibroblasts in fibrotic hearts, this has not been demonstrated to date.
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Available Cre Mice With Cre Expression Under Cell-Specific Promoters to Trace Specific

Cell Compartments of the Heart

Cellular Compartment and Specific Cre Mouse  Tested in Adult Mouse Hearts

References

Epicardium
Wt1-Cre No
Myocardium
Nkx-Cre Yes
MHC-Cre Yes

Endocardium and Vascular Endothelium

Tiel-Cre Yes

Tie2-Cre No

VE-cadherin-Cre No
Fibroblasts

FSP1-Cre No

62

73
42,43

47
48

51

52,74
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Origins of Fibroblast in the Heart

Page 17

Source and Method of Lineage Tracing Model Studied

Reference

Embryonic development
Epicardium
Wt1CreERT2/*; Rosa26fsLz mice Mouse embryo
Wt1CreERT2/*; Rosa26mTmG mice
Quail-Chick chimera Chicken embryo
Endocardium
Tie2-Cre;RosaSTOPLacZ mice Mouse embryo
Cardiac fibrosis

Endothelial cells

Tiel-Cre;RosaSTOPLacZ mice Aortic banding
Bone marrow

Sex-mismatched bone marrow transplantation Aortic banding

GFP* bone marrow transplantation Myocardial infarction

GFP* bone marrow transplantation Autoimmune myocarditis

75-77

78

28

28
63
79

The table summarizes the known cellular sources of cardiac fibroblasts and the methodology of fate mapping to prove the respective origins of

cardiac fibroblasts.
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