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SUMMARY

The mammalian heart contains multiple cell types
that appear progressively during embryonic devel-
opment. Advance in determining cardiac lineage
diversification has often been limited by the unreli-
ability of genetic tracers. Here we combine clonal
analysis, genetic lineage tracing, tissue transplanta-
tion, and mutant characterization to investigate the
lineage relationships between epicardium, arterial
mesothelial cells (AMCs), and the coronary vascula-
ture. We report a contribution of the second heart
field (SHF) to a vasculogenic niche composed of
AMCs and sub-mesothelial cells at the base of the
pulmonary artery. Sub-mesothelial cells from this
niche differentiate into lymphatic endothelial cells
and, in close association with AMC-derived cells,
contribute to and are essential for the development
of ventral cardiac lymphatics. In addition, regional-
ized epicardial/mesothelial retinoic acid signaling
regulates lymphangiogenesis, contributing to the
niche properties. These results uncover a SHF vas-
culogenic contribution to coronary lymphatic devel-
opment through a local niche at the base of the great
arteries.

INTRODUCTION

The vertebrate heart develops from two pools of progenitor cells
known as first and second heart fields (FHF, SHF) (Meilhac and
Buckingham, 2018). The FHF differentiates first and contains a
mix of unipotent progenitors that give rise to the endocardium,
cardiomyocytes of the left ventricle (LV) and parts of the atria
(Zaffran et al., 2004). The SHF is added to the heart later than
the FHF and contains multipotent progenitors that contribute
cardiomyocytes, endothelial cells, and smooth muscle cells of
the right ventricle (RV), the base of the pulmonary artery and
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parts of the atria (Cai et al., 2003; Christoffels et al., 2006; Galli
et al., 2008; Kelly et al., 2001; Mjaatvedt et al., 2001; Waldo
et al., 2001).

Heart function depends critically on the coronary vasculature,
which develops under strong influence of the epicardium, sub-
epicardium and myocardium (Olivey and Svensson, 2010). The
epicardium is the outer mesothelial layer of the heart and is
added to the myocardial surface after the primitive heart tube
has formed (Simodes and Riley, 2018). The rest of the pericardial
cavity, including the base of the great arteries, is covered by a
mesothelial cell layer that is continuous with, and abuts the
epicardium at the myocardial-arterial interface (Gittenberger-
de Groot et al., 2000; Pérez-Pomares et al., 2003). Epicardial
cells derive from the proepicardium, a group of proliferating cells
that forms at the dorsal pericardial wall (Manner, 1992). The
epicardium plays an important role in coronary formation (Tian
et al., 2015) through contributing cells that undergo epithelial-
mesenchymal transition (EMT), invade the myocardium and
differentiate into endothelium, smooth muscle and fibroblasts.
In addition, the epicardium produces signals, like retinoic acid
and FGF, that help patterning the coronary vasculature.

Besides coronary arteries and veins, whose roles are well
established in cardiac physiology, the coronary vasculature con-
tains a lymphatic plexus whose misfunction leads to several car-
diac problems (reviewed in (Brakenhielm and Alitalo, 2019)),
including endocardial/myocardial edema (Miller et al., 1963),
atherosclerosis (Xu et al., 2007), susceptibility to cardiac infec-
tion (Miller et al., 1964), fibrosis (Kline et al., 1994), and ventricular
function impairment (Ludwig et al., 1997). Lymphangiogenesis
plays an important role also in the response to cardiac injury.
Following acute myocardial ischemic injury, lymphangiogenesis
is naturally activated (Ishikawa et al., 2007; Klotz et al., 2015),
whereas its impairment worsens the recovery from the injury
(Vieira et al., 2018; Vuorio et al., 2018) and its activation improves
it (Henri et al., 2016; Klotz et al., 2015; Taira et al., 1990).

During embryonic development, most lymphatic endothelial
cells (LECs) are produced from the venous endothelium through
a wave of specification along the cardinal veins (CVs) and asso-
ciated inter-somatic vessels in the 10-day mouse embryo (Sabin,
1902; Srinivasan et al., 2007; Yang et al., 2012). A recent study
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indicates that most venous endothelium that produces LECs has
a somitic origin (Stone and Stainier, 2019). Upon specification,
LECs bud off from the vein to form bilateral antero-posterior
chains of lymphatic sacs, which then evolve into the lymphatic
vasculature by sprouting and further recruitment of LECs from
the CVs and inter-somitic vessels (Escobedo and Oliver, 2016).
While most embryonic lymphatics derive from this early specifi-
cation wave, LEC generation from alternative cell populations
has long been proposed and debated (Huntington and McClure,
1910). Such alternative sources include the mesenchyme (Eng
et al., 2019; Ny et al., 2005; Wilting et al., 2006) and hematopoi-
etic cell lineages (Maruyama et al., 2005; Sebzda et al., 2006;
Stanczuk et al., 2015); however, the characterization of the
niches and mechanisms that mediate these alternative sources
remain largely uncharacterized or controversial (Ma and
Oliver, 2017).

Cardiac lymphatics start to form at mid-gestation, when LECs
are first seen in the dorsal side of the heart around the venous
pole and ventrally in the outflow region (Flaht et al., 2012).
Although most cardiac lymphatics derive from the CV (Klotz
et al., 2015), additional sources have also been proposed,
including hematopoietic lineages (Klotz et al., 2015) and the
second heart field (Klotz et al., 2015; Maruyama et al., 2019),
however, the origin of these alternative cardiac LECs remains
uncertain (Engleka et al., 2012; Stone and Stainier, 2019; Ulvmar
etal., 2016). To a large extent, the controversies around the con-
clusions of these studies are due to the use of constitutive Cre
lines, whose recombination pattern is often leaky and/or incom-
pletely described.

Here, we use clonal analysis to identify a lineage relationship
between non-venous SHF-derived precursors at the base of
the pulmonary artery and the cardiac lymphatic vasculature.
We present detailed insights into the origins and the molecular
and cellular mechanisms involved in SHF-derived lymphatic vas-
culogenesis in the heart.

RESULTS

Lineage Relationships and Contribution of Arterial
Mesothelial Cells

While analyzing a large-scale clonal analysis designed to interro-
gate the potency of single cardiac precursors at embryonic day
9 (E9) (Figure S1), we found characteristic clones that included
arterial mesothelial cells (AMCs) at the base of the great arteries
(Figure 1A) (see also (Gittenberger-de Groot et al., 2012) for
definition AMCs). The clonal analysis strategy is based on the
ubiquitous, low-frequency random recombination of two inde-
pendent reporters. This approach allows the determination of
clonal contributions from the frequency of color matching
between labeled cells in different clusters or different cell types
within single clusters (Arques et al., 2007; Figure S1 and STAR
Methods).

To study the AMC lineage, we first investigated the relation-
ship between AMCs and epicardial cells (EPICs). Out of 737
hearts analyzed, we found 95 hearts with labeled cell clusters
containing a substantial proportion of EPICs. None of these
EPIC clusters extended across the border between the great ar-
teries and the ventricles, which suggested that epicardial cells
are restricted from colonizing the arterial mesothelium (Figures

1B and 1B’). In 13 of the 95 hearts that contained EPICs clusters,
an AMC cluster was also found (Figures 1C and S2). The
frequency of color matching between AMC and EPIC clusters
in these hearts indicated an independent origin of AMCs and
EPICs (Figures 1C and S2). To confirm these observations, we
used time-controlled labeling of mesothelial/proepicardial cells
using the Wt1°ER72 driver. We first induced recombination by
tamoxifen (TM) injection at E8.5, aiming for recombination
around E9, a stage in which CreERT2 expression is only de-
tected in the proepicardium and a few epicardial cells (Figures
1E-1E"). The cells that recombined at this stage colonized the
ventricular surface but not the arterial mesothelial layer
(Figure 1D). In contrast, induction at E9.5, aiming to produce
recombination at around E10, when CreERT2 is not only ex-
pressed in the epicardium but also in the pericardium (Figures
1G-1G"), labeled both AMCs and EPICs (Figure 1F). These
results show the proepicardial origin of the epicardium and the
pericardial origin of AMCs, demonstrating a border of lineage
restriction that prevents epicardial cells from colonizing the
mesothelium of the great arteries. These results agree with pre-
vious transplantation and ablation studies in the chick (Gitten-
berger-de Groot et al., 2000; Pérez-Pomares et al., 2003).

While the contribution of epicardial cells to the heart has been
extensively studied, that of AMCs to the arteries has not been
determined. We analyzed AMC-containing labeled cell clusters
and found that all of them also contained non-mesothelial cells
(Figures 1H-1J', 1K, and 1L). Different cell compositions were
found depending on whether the clusters contained AMCs in
the proximity of the ventricle or in more distal regions (Figures
1H-1J'). Eight clusters contained exclusively proximal AMCs,
10 exclusively distal AMCs and 5 contained both (Figures 1K
and 1L), indicating that there is no lineage restriction between
proximal and distal AMCs. Clusters containing exclusively prox-
imal AMCs also included valve mesenchyme (8/8), cardiomyo-
cytes (6/8), smooth muscle (8/8), fibroblasts (8/8) and arterial
endothelium (2/8) (Figures 1K and 1L). Furthermore, these clus-
ters contained sub-mesothelial blood island-like structures at
the base of the PA that were surrounded by cells of endothelial
appearance which, however, did not express endothelial
markers (Figures 11" and 1J”). Distal-only AMC clusters showed
fibroblast-like cells (10/10), smooth muscle (10/10) and arterial
endothelium (4/10), while cardiomyocytes were only found in
one case (1/10). This single case does not necessarily indicate
a lineage relationship, provided that one bicolor cluster of cardi-
omyocytes was also observed in the collection, and therefore the
observation is within the range of expected random polyclonality
(see STAR Methods). In addition, 5 clusters contained both prox-
imal and distal cells and, in this group, we observed a combina-
tion of the contributions of proximal-only and distal-only clusters
(Figure 1L). Clusters containing proximal AMCs often showed a
few sparse cells that colonized the epicardium over the RV
near to the PAroot (7/12) (Figure 1J'”). This observation suggests
that the border between the arterial mesothelium and the epicar-
dium is not fully restrictive to arterial cells.

These results indicate that all AMCs share lineage with arterial
endothelium, smooth muscle and fibroblasts, whereas proximal
AMCs, in addition, share lineage with cardiomyocytes, valve
mesenchyme, and cells in the vicinity of blood island-like struc-
tures. Given that there is a clonal relationship between proximal
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show the expression of CreERT2 in the pericardial
cavity of E9 (E-E”) and E10 (G-G”) embryos
and the distribution at E14.5 of cells recombined
in Wt1°ERT2 empryos upon TM injections at
E8.5 (D) and E9.5 (F). (E' and E”) and (G’ and G")
show magnifications of the boxed areas in
E and G, respectively. Dotted lines in (D) and (F)
indicate the approximate limit between the PA
and the RV.
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and distal AMCs, the fact that proximal AMCs, but not the distal
ones, relate to ventricular lineages is due to their position in prox-
imity to the ventricle and not to a lineage compartmentalization
from the distal AMCs.

To understand the hierarchy of these lineage relationships,
we recombined mesothelial cells at low frequency using the
Wt1CmERTZ driver. We induced recombination at E10.5, a stage
in which AMCs are already present, and studied their contribu-
tion to the lineages observed in AMC-containing clones
(Figure S3). We found labeled cells in the arterial endothelium,
smooth muscle, and fibroblast layers of the arteries. In addition,
we found contributions to peri-endothelial cells associated to
coronary vascular structures but not to endothelial cells in these
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structures or to cardiomyocytes (Figures 2A-2A"). Furthermore,
inductions at E11.5 and E12.5 produced similar results, indi-
cating a continued contribution during several days of develop-
ment (Figure S3). These results show that, similar to their epicar-
dial counterparts, AMCs undergo EMT to colonize the underlying
tissues. In agreement with this idea, AMCs express high levels of
the EMT inductor snail1 (Figures 2B-2B").

Therefore, the relationship between AMCs, the coronary
endothelium and the sub-pulmonary myocardium can only be
explained by the existence of a common precursor between
AMCs and these lineages. Given that the base of the great ar-
teries, the valves and the RV receive contributions from the
SHF (Waldo et al., 2005), we studied whether SHF precursors



Figure 2. Analysis of the Lineage Relation-

ships Between The SHF, AMCs and Arterial,
and Cardiac Cell Lineages

(A) Contribution of the Wt1°7"2 |ineage in co-
detection with markers of endothelium (CD31) and
smooth muscle (SM22a). (A) and (A”), magnification
of the respective boxed areas indicated in (A)
showing selected color channels. In A’, examples of
lineage-positive cells are indicated by an empty
arrowhead in the aortic endothelium, by a solid
arrowhead in the media and by an asterisk in the
adventitia. In A”, empty arrowheads indicate endo-
thelial cells and solid arrowheads endothelial-
associated lineage-positive cells.

(B-B”) Expression of the EMT marker snail? (mMRNA)
at the base of the great arteries. (B’) and (B”) show a
magnification of the boxed areas in B. Arrowheads

contribute to AMCs. We found that the SHF tracer lines Islet1°™,
Mef2c*HF-Cre Hoxb 1™ and Islet1MERCMER (induced at low la-
beling density at E8.5), all consistently labeled AMCs and arterial
sub-mesothelial cells at the base of the great arteries at E14.5
(Figures 2C, 2C’, and S4). The epicardium was in general not
labeled, with the exception of a few disperse cells close to the
base of the PA (Figures 2C, 2C’, and S4), which correlates with
the distribution of cells in proximal AMC clones. These results
indicate that the common precursor that contributes to AMCs
and their clonally related lineages belongs to the SHF.

Arterial Mesothelial Cell-Related Clones Contribute to
Ventral but Not Dorsal Heart Lymphatics

To further study the nature and contribution of the AMC-related
coronary blood island-like structures, we generated new sets of
clonal cell groups at E8.5, but analyzed them at progressively
later stages. This series of clonal marks were generated with
fluorescent reporters, which allowed using multiple fluorescent
markers together with the clonal labeling. At E15, we obtained
three labeled cell groups that contributed to AMCs (Figures 3A,
3B, and S5G). These groups contained AMCs (Figure 3C), cardi-
omyocytes (Figure 3D), valve mesenchymal cells (not shown)
and sub-epicardial/mesothelial endothelial cells forming
vascular networks (Figures 3B and 3D-3F). These vascular net-
works express the LEC markers Prox1 (Figures 3D and 3F) and
Lyve1 (Figures 3B, 3C, and 3E). The lymphatic cells in these
clones were restricted to the base of the PA and the adjacent
myocardium, which suggests that they are not related to a pre-
existing lymphatic vascular network but originate in situ.

In addition, some of these clones contained a few cells on the
epicardial surface close to the artery. Interestingly, the epicardial
cells clonally related to cells of the PA and LECs are negative for
Wi1, unlike their immediate epicardial neighbors (Figure 3B),

indicate the border between the positive mesothe-
lial layer and the negative epicardium. (C) Detection
of the Mef2c*HFCr® enhancer lineage, co-stained
with the mesothelial/epicardial marker Wt1. The
boundary between AMCs and epicardium is shown
by a solid arrowhead. A Tom* cell in the epicardium
is indicated by an empty arrowhead. (C’) Magnifi-
cation of the boxed area in E. All scale bars: 100 pm.
Ao: aorta; PA: pulmonary artery; Tom: tomato. See
also Figures S3 and S4.

suggesting they have a different identity than AMCs and EPICs.
Instead, these cells were positive for Prox1 (Figure 3F). These
observations indicate that SHF-derived cells at the base of the
PA produce LECs, some of which transiently colonize the epicar-
dial layer close to the base of the PA. Given their lymphatic na-
ture and their epicardial location, we will refer to these cells as
Lymphatic Epicardial Cells (LEPICs).

Cardiac lymphatics appear first around E14.5 as two growing
vascular networks; a dorsal one that ramifies from the region of
the sinus venosus, and a ventral one that is connected to a band
of lymphatic cells that appears at the base of the PA (Figure S6).
This band of lymphatic cells adopts a sinusoidal/sac like structure
around E16.5 (Figure S6). Only occasionally similar lymphatic
structures also appear at the base of the aorta (not shown).

We next studied a collection of 9 cell clusters, induced at E8.5
and retrieved at E16.5, that contained lymphatic endothelial cells
(Figures S5A-S5B” and S5G). We observed that 3 of the clusters
colonized only the dorsal part of the heart, 4 of them only the
ventral side and 2 of them both sides. The clusters that contrib-
uted to the dorsal side showed a denser distribution of the
labeled cells in the lymphatic endothelium than those exclusively
present on the ventral side (Figures S5A-S5B”). In addition, just
the 4 ventral-only clusters contained labeled cells at the PA root
(Figures S5A and S5A)). Interestingly, all lymphatic clusters
located at the dorsal heart also showed labeled extra-cardiac
LECs in the jugular region cephalic to the heart, suggesting their
relationship to the pre-existing lymphatic vasculature (Figures
S5B and S5B'). In contrast, ventral lymphatics did not correlate
with extracardiac lymphatic labeling other than that at the base
of the great arteries (Figures S5A and S5A’). In agreement with
these observations, two singular lymphatic clones induced at
E8.5 and retrieved at PO exclusively labeled either the dorsal or
the ventral side of the heart, with the dorsal clone showing a
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Figure 3. Clonal Analysis Identifies a Lineage Relationship Between
Ventral Coronary Lymphatics and Arterial Mesothelial Cells

(A) Whole-mount view of the OFT region of a clone-containing heart. The
arrowhead indicates proximal AMCs and the asterisk, cells extending towards
the ventricle.

(B) Section of the region indicated by an asterisk in A’ showing LECs (Lyve1?),
positive for the GFP lineage (solid arrowheads), and EPICs (Wt1™), negative for
the GFP lineage. Sparse cells over the epicardial surface are positive for the
lineage but negative for the Wt1 (empty arrowhead).

(C) shows AMCs (Wt1*, solid arrowhead) positive for the GFP lineage and
sub-mesothelial cells positive for the GFP lineage in association with
LECs (Lyve1*).

(D) Sub-epicardial LECs (Prox1*, empty arrowhead) and cardiomyocytes
(TnT*, solid arrowhead) positive for the GFP lineage.

(E) LECs over the ventricle (Lyvel®, arrowhead) are positive for the GFP
lineage.

(F) Sparse cells of the GFP-lineage found in the epicardial layer are Prox1*
(arrowheads). All scale bars: 100 um. Ao: aorta; PA: pulmonary artery; RA: right
atrium; LA: Left Atrium; SV: sinus venosus. See also Figures S5 and S6.

much denser and widespread cellular distribution than the
ventral one (Figures S5C-S5G).

These data suggest that the origin and dynamics of formation
of the cardiac lymphatic vasculature are different in the ventral
and dorsal parts of the heart. To test this, we traced the timing
of specification of cardiac lymphatics using the Vegfr3¢eERT2
driver (Martinez-Corral et al., 2016), which recombines lymphatic
endothelial cell precursors (Figures 4A-4L’). Following TM injec-
tions at E11.5 and E12.5, the frequency of ventral lymphatic colo-
nization by Vegfr3°ERT2_|abeled cells is below that observed for
dorsal lymphatics (Figure 4M). The frequency of labeling in
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ventral and dorsal cardiac lymphatics only matches following
inductions at E14.5 (Figure 4M). In addition, we found that the
specification sequence of dorsal lymphatics matches that of ex-
tracardiac thoracic lymphatics; however, that of ventral lym-
phatics only matches following injections at E14.5 (Figure 4N).

These results show that SHF-derived, AMC-related lineages at
the base of the pulmonary artery contribute to the ventral lym-
phatics of the heart through an in-situ specification process inde-
pendent of the general wave of lymphatic specification from
the CV.

Second Heart Field Origin of Ventral Lymphatics

The results of the clonal analysis implied that part of the ventral
lymphatics derive from SHF precursors. To directly test this,
we determined the contribution of Islet1¢™® and Mef2c*HF-C" to
cardiac lymphatics. In both cases, we found contribution of the
labeled cell lineages to ventral endothelial lymphatic cells and
LEPICs, while no contribution was found to dorsal lymphatics
(Figures 5A-5B", STA-S7A'""). The quantification of the contribu-
tion of the Islet1°™ labeled cells indicated that more than half of
the lymphatic endothelium of the E17.5 ventral heart derives
from the SHF (Figure 5C). These results were confirmed using
the inducible Islet 1MERCEMER qriver (Figures S7TB-S7B"").

One possibility to explain the observed contribution of
SHF tracer lines to lymphatics would be the contribution of this
lineage to the venous endothelial cells of the CVs and their sub-
sequent recruitment to form LECs. To test this possibility, we
characterized the presence of Islet1"-labeled cells in the CVs
and derived lymphatic vascular structures at E10.5 (Figures 5D
and 5D’). We found that the vast majority of LECs in the CV
and surrounding tissues was negative for the Islet1° lineage
(Figure 5E). As Islet1°™ also contributes to the neural crest, we
determined whether cardiac lymphatics were labeled by the neu-
ral crest tracer line Wnt1°™ and did not find any contribution to
the regions where lymphatics are formed at E14.5 (Figure S7C).

These results show the contribution of SHF lineages to the
lymphatic endothelium of the ventral heart and suggest a direct
contribution from SHF to lymphatics, independent of the CV-
derived LECs.

SHF-Derived LECs Are Essential for the Formation of
Ventral Cardiac Lymphatics
To study the functional relevance of SHF-derived LECs, we
blocked SHF lymphangiogenesis by conditionally eliminating
Prox1 in the SHF (Figure 5F). Despite the fact that only about
half of ventral LECs in the heart derive from SHF, we observed
complete agenesis of ventral lymphatics in fetuses developed to
term (Figure 5F). In contrast, dorsal lymphatics were completely
normal (Figure 5F). In SHF-specific Prox1 mutants, we found
that the lymphatic plexus at the base of the pulmonary artery is
present; however, it does not sprout towards the ventral side of
the heart as it normally does in control specimens (Figure 5F).
Next, to study whether the deployment of SHF lineages is
relevant for ventral lymphatic development, we studied cardiac
lymphatics in Tbx7~/~ mutants, which are deficient in SHF incor-
poration to the developing heart (Rana et al., 2014; Xu et al.,
2004) (Figures 5G-5L). In these mutants, lymphatic vessels were
normally observed in regions distal to the heart (Figures 5G’, 5H’,
51, and 5J') and dorsal cardiac lymphatics were only slightly
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affected (Figures 5G, 5G”, 51, 51", 5K, and 5L), in accordance with
the generalized mild reduction of the lymphatic vasculature in Tbx1
mutants (Chen et al., 2010). In contrast, ventral heart lymphatics
were completely absent (Figures 5H, 5H”, 5J, 5J”, 5J"”/, 5K, and
5L). These results show the absolute requirement of SHF-derived
lineages and SHF deployment for ventral cardiac lymphatics
development.

A Sub-Mesothelial Vasculogenic Niche at the Base of the
PA Generates Coronary Lymphatics

The data so far presented suggest that SHF-derived precursors
related to the PA mesothelium contribute to lymphatics. To

GFP+ cell frequency

Figure 4. Heterochronic Specification of
Ventral and Dorsal Coronary Lymphatics

(A-L) Z-projections of confocal stacks showing the
lymphatic vasculature and the lineage of Vegfr3-
expressing cells at E17.5 following induction of

b= 9 recombination at E11 (A-D), E12 (E-H) and E14 (I-L).

] |ol' E (B, D, F, H, J, and L) show magnifications of the

10 ? f.l TV boxed areas in (A, C, E, G, |, and K), respectively. (A,

o _ ‘:— - R E, and I) show ventral lymphatics and (C, G, and K)
© 5 ° : show dorsal lymphatics. (A’-L’) show examples of
@ §05 : s the scoring of Vegfr3 lineage-positive (GFP*) and
+ S lineage-negative (GFP") LECs. Green dots indicate
% §> positive LECs and red dots indicate negative LECs.

(M) Graph showing the ratio of GFP* LEC frequency
between ventral and dorsal LECs following induc-
tion of recombination at different stages. p values in
each stage of induction show the significance of the
difference in the proportion of positive cells be-
tween dorsal and ventral sides of each heart by
paired t test.

(N) Graph showing the frequencies of GFP* LECs in
ventral, dorsal, and extracardiac lymphatics
following inductions at E12 and E14. N = 4 hearts/
stage in both M and N. Paired t test was used for
calculating the p values. Ns, p value > 0.05. Error
bars show standard error of the mean (SEM). All
scale bars: 100 pm.

E11 E12 E14

E12
@ ventral
@ dorsal
@ extra-cardiac

i directly test this hypothesis, we performed

mesothelial/epicardial grafting experi-
ments in cultured whole hearts. As tissue
donors, we used E14.5 Wt1";R26R™ ™™
hearts, in which the epicardium/mesothe-
lium is labeled with mGFP, while the sub-
epicardium/sub-mesothelium is labeled
with mTomato (Figure 6A). The donor
tissue was obtained by peeling off the
mesothelial/epicardial layers, together
with their associated sub-epicardial/sub-
mesothelial tissues (Figure 6A). The donor
tissues were transplanted onto the ventric-
ular surface of wild type hearts, in the
region where the first ventral lymphatic
vessels are observed at E15.5 (Figure 6B).
Transplanted hearts were then placed in
culture for three days, after which, they
were still beating (see STAR Methods).
We performed heterotopic experiments
transplanting the E14.5 PA mesothelium and orthotopic experi-
ments, transplanting the epicardium. Mesothelial cells from het-
erotopic transplants showed a stronger tendency to contribute
to the inner myocardium than epicardial cells from orthotopic
transplants (Figures 6C-6D’ and 6E). In fact, the orthotopic trans-
plants conserved a continuous layer of labeled epicardial cells,
while the heterotopic ones kept only a few sparse cells in the
epicardial layer (Figures 6C-6D’). Similarly, the relative contribu-
tion of the sub-mesothelial cells to the inner myocardium was
higher than that of the sub-epicardial layer of orthotopic trans-
plants (Figures 6C-6D" and 6E). The study of the fate of trans-
planted tissues indicated that sub-mesothelial cells from all
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Figure 5. Second Heart Field Contribution to Cardiac Lymphatics

(A-C) IsI1* lineage tracing. Confocal stack Z-projections of the ventral (A-A”) and dorsal (B-B”) sides of hearts at E17.5. (A’) Magnification of the ventral cardiac
lymphatics. (A”’) example of the scoring of LECs positive (red dots) and negative (blue dots) for the Islet1 lineage. (B-B”) similar analysis as in (A-A") for the dorsal
cardiac lymphatics. (C) Graph showing the frequency of Is/7* lineage LECs in the ventral and dorsal parts of the heart. N = 5 and p value calculated with a Mann-
Whitney test.

(D) Detection of the Islet1* cell lineage in CV and CV-derived LECs. (D’) Magnification of boxed region in (D).

(E) Graph showing the percentage of LECs positive for the /s/7* lineage. N = 2 embryos and 485 LECs scored.

(F) Elimination of Prox1 function in the Islet1* cell lineage. Dorsal and ventral views are provided showing coronary lymphatics (Lyve1*). Solid arrowheads show
ventral lymphatic sprouts.

(G-L) Cardiac lymphatic development in Tbx71 mutants. Frontal sections at the ventral or dorsal levels are shown for WT and Tbx1 null mutant hearts. Lymphatics
were identified by simultaneous detection of Lyve1 and Prox1.

(G'-J') Magnification of the respective solid-line boxes in (G-J) showing extra-cardiac lymphatics.

(legend continued on next page)
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heterotopic transplants formed LECs at considerable rates,
while sub-epicardial cells showed contribution in only 1 out of
5 transplants (Figure 6F). Interestingly, the PA mesothelium did
not contribute to the lymphatic endothelium, but profusely
contributed to LEC-associated cells (Figures 6D, 6D’, and 6F).
As further evidence for this, we found that lymphatic vessels in
Wt1°7;R26R™™™C hearts are composed of Tomato* LECs and
GFP* LEC-associated cells (Figures 6G and 6G).

These results show that the mesothelial/sub-mesothelial
layers at the base of the PA contain LECs and a microenviron-
ment that promotes lymphangiogenesis. In addition, they show
that the lymphatic endothelium derives exclusively from the
sub-mesothelium, whereas the mesothelium undergoes EMT
to produce lymphatic endothelium-associated cells.

Regionalized Control of Cardiac Lymphangiogenesis by
the Retinoic Acid Pathway

To better understand the molecular cues that drive lymphatic
specification at the base of the PA, we identified genes differen-
tially expressed between the arterial mesothelium/sub-mesothe-
lium (MsM) and the epicardium/sub-epicardium (EsE) at E16.5
by RNA-seq. This analysis identified genes encoding regulators
of the retinoic acid (RA) pathway (Figure 7A), including the gene
coding for the main RA-synthesizing enzyme Raldh2 and the RA
target Wt1, which showed lower expression levels in the MsM
than in the EsE (Figure 7A). Conversely, markers of sub-regions
of the SHF, like Fgf10, Hox genes and Foxc1 and Foxc2, were ex-
pressed at higher levels in the MsM than in the EsE. In agreement
with the observations above, several markers of lymphatic
development were also found expressed at higher levels in the
MsM than in the EsE (Figure 7A).

Whole-mount detection of Raldh2 showed strong Raldh2
expression in the epicardium and pericardial mesothelium, with
the exception of the mesothelium at the base of the aorta and
PA (Figure 7B), which is consistent with previous data in the
chick embryo (Pérez-Pomares et al., 2003). This region of low
or no Raldh2 expression approximately coincides with the region
in which the lymphatic vasculature appears as poorly remodeled
sinusoids/sacs (Figure S6). Detection of Raldh2 expression in
sections of Mef2c*H~C; R26R™T°™ embryos confirmed that
SHF-derived proximal AMCs exhibit lower levels of Raldh2 and
that a sharp expression boundary forms between EPICs and
AMCs at the arterial/ventricular boundary (Figure 7C). To deter-
mine the relationship between this boundary and the proximal
AMC clones described in Figure 1, we stained for Raldh2 expres-
sion in sections containing RERT-induced clones. We found that
AMCs in the Raldh2-negative region are clonally related to cells
in the sub-mesothelial space of the PA and in the ventricular sub-
epicardial space beneath the Raldh2-expressing epicardial cells
(Figures 7D and 7D’).

To functionally assess the role of RA in coronary lymphatic
development, we studied a conditional deletion of Raldh2 using

the Wt1°" driver (Figures 7E-7L). In mutant hearts, the lymphatic
vessels growing on both the dorsal and ventral ventricular sur-
faces showed less ramifications, shorter extensions, and thicker
branches than in controls (Figures 7E-7L). Overall, the observa-
tions suggested normal LEC proliferation but impaired matura-
tion of the cardiac lymphatic plexus.

Finally, to study the relevance of the low-RA environment at
the base of the PA, we exposed fetuses to excess RA by treating
gestating females at E13.5 and analyzing them at E15.5 (Figures
7M-7R). We did not observe evident alterations of ventricular
lymphatics (Figures 7M-7N’), which is consistent with the fact
that this region naturally contains high RA levels. In contrast,
we observed increased angiogenic maturation at the base of
the PA (Figures 7N"-7M"), with increased branching and nar-
rower vessel-like structures, instead of the normally un-
patterned sac-like lymphatic structures found in this area at
E15.5 (Figures 7N-7R).

These results show the contribution of regionalized RA
signaling to the vasculogenic niche at the base of the PA and
indicate a role of epicardial RA signaling in ventricular
lymphangiogenesis.

DISCUSSION

The cellular genealogy of the mammalian heart has been exten-
sively explored by permanently labeling cell groups and their
descendants using DNA recombinases under the control of reg-
ulatory elements of regionally expressed genes (Meilhac and
Buckingham, 2018). While this approach has been extremely
useful for the definition of heart tissue origins, it has also gener-
ated extensive controversy on the reliability of the conclusions,
for example on the origin of cardiomyocytes (Cai and Molkentin,
2017; Christoffels et al., 2009; Rudat and Kispert, 2012) and the
coronary vasculature (He and Zhou, 2018). The underlying
causes of these controversies are the poor description of re-
combinase expression patterns. This limitation is aggravated
by the use of constitutively active recombinases able to perma-
nently label cell lineages despite very transient and/or low
expression levels. An alternative to this approach is retrospec-
tive clonal analysis, whereby single cell precursors are interro-
gated for developmental potency (Buckingham and Meilhac,
2011). Previous clonal approaches to heart development have
used lineage-restricted clone induction or detection to study
the early segregation of heart lineages and fields (Lescroart
et al., 2014; Meilhac et al., 2004; Miquerol et al., 2013). Here,
we performed the first random, lineage-unrestricted clonal anal-
ysis of the developing heart, which allowed to explore all lineage
relationships in an unbiased manner. While this approach re-
solves to a large extent the problems associated to the use of
constitutive recombinases, the retrospective nature of the
approach bears as well some limitations. On one side, the line-
age relationships identified do not inform about the hierarchy of

(G"-J" and J) Magnification of the respective dotted-line boxes in (G-J) showing the analysis of cardiac lymphatics. Lyve1* cells in the ventral side of mutant
hearts are negative for Prox1 (J) and CD31 (J”), indicating that they are not LECs but macrophages.

(K) Graph showing the quantification of the number of lymphatic vessels scored/section.

(L) Graph showing the quantification of the number of LECs/section. N = 4 hearts for the ventral sides and N = 3 hearts for the dorsal. p values were calculated
using a t test. ns, p > 0.05. Error bars show SEM in (C), (K), and (L) and standard deviation in (E). All scale bars: 100 um. Ao: aorta; PA: pulmonary artery; RV: right

ventricle; LV: left ventricle; RA: right atrium; LA: left atrium. See also Figure S7.
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Figure 6. Transplantation Experiments Demonstrate Specific Lymphangiogenetic Activity of the Mesothelium/Sub-Mesothelium at the Base
of the Pulmonary Artery

(A) Scheme of the experimental design.

(B) Scheme and compound fluorescent/bright field images of whole-mount hearts showing the transplantation strategy.

(C-D’) show sections with and without the brightfield channel of hearts with homotopic (C and C’) and heterotopic (D and D’) transplants. The dashed line
represents the border of the epicardium. (C and C’) Transplanted epicardial cells are conserved in the epicardial layer (solid arrowheads). Prox1 was ex-
pressed in the host tissue (empty arrowhead) but not in the explant-derived cells. (D and D’) Most transplanted mesothelial cells invade the underlying
myocardium. Prox1 was expressed in vascular structures derived from sub-mesothelial cells (solid arrowheads), which were surrounded by mesothelial-
derived cells.

(E) Graph showing the relative contributions of transplanted epicardial/sub-epicardial cells and mesothelial/sub-mesothelial cells.

(F) Graph showing the proportion of Prox1* cells in the transplanted GFP* and Tomato* populations. N = 9 arterial mesothelial transplants and N = 10 epicardial
transplants. Mann-Whitney test was used to calculate the p values. Error bars show SEM.

(G) Section showing the distribution of the Wt1* cell lineage (GFP*) in relationship to the lymphatic vasculature (Lyve1* and Prox1*) at the base of the pulmonary
artery. Tomato detection is not shown. (G') Magnification of the boxed area in G. All scale bars: 100 um.

lineage diversification and, on the other, the identity and position
of the cell that originated the clone are undetermined. To over-
come these limitations, we combined clonal analysis with the
use of several lines expressing constitutive and inducible
recombinases tracer lines. The combination of the two ap-
proaches provided a detailed and solid knowledge on the
lineage relationships analyzed.
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We characterized the fate of SHF precursors at the base of the
great arteries and found a contribution of SHF to the coronary
lymphatic vasculature. The clonal analysis identified a shared
lineage for arterial mesothelial and sub-mesothelial cells and
cell types known to derive from the SHF, like RV cardiomyocytes,
valve mesenchyme and coronary endothelial cells. Interestingly,
a population of ventral coronary lymphatics extending from the
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Figure 7. Regionalized Retinoic Acid Signaling Contributes to the Lymphangiongenic Niche at the Base of the Great Arteries

(A) Graph showing the expression changes detected by RNA-seq between the arterial proximal MsM and the EsE.

(B-D') analysis of Raldh2 expression at the base of the great arteries shows a gap in mesothelial Raldh2 expression (arrowheads) in whole mount confocal
analysis (B) and histological sections (C-D’). (C) AHF cell lineage (Tom*) was used as a reference to identify AMCs together with low Raldh2 levels in this region
(arrowheads). (D) Histological section of the base of the great arteries showing Raldh2 expression and a LacZ clone containing AMCs. (D’) Magnification of the
boxed area in (D) showing LacZ* AMCs (black asterisk) and clonally related cells (white asterisk).

(E-H) Confocal stack Z-projections of the lymphatic vasculature (Lyve1* and Prox1*) of control hearts (E and F) and Wt1°"®-recombined (G and H) Raldh2 mutant
hearts. (E'-H’) examples of the scoring of single LECs in (E-H). Dashed lines indicate the reference used for length measurements.

(legend continued on next page)
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sub-mesothelium at the base of the PA into the ventricular sub-
epicardium was also present in this type of clones. Several ob-
servations indicate that LECs at the base of the PA originate in
situ from splanchnic mesoderm of the SHF. An alternative
possible origin is the cardiac neural crest, which is labeled by
Islet1°™® (Engleka et al., 2012) and colonizes the arterial pole of
the heart, however, Mef2c*"FC which does not contribute to
neural crest (Engleka et al., 2012), also contributes to cardiac
lymphatics, as shown here and in a recent independent study
(Stone and Stainier, 2019). Furthermore, as previously reported
(Klotz et al., 2015), we did not find any contribution from the neu-
ral crest to the lymphatic coronary endothelium using the
Wnt1C" tracer line. Another alternative to the direct specification
of LECs from SHF mesenchymal precursors is an indirect contri-
bution through transient colonization of the CV. Here, we showed
that indeed some CV LECs are also positive for the /slet?°™ line-
age, however, the contribution is below 2%, which neither
explains the abundant contribution to coronary lymphatics
(>50%) nor its restriction to the ventral heart. Finally, the obser-
vation that the first ventral lymphatics are disconnected from any
preformed extracardiac lymphatics and the local distribution of
the clonal cell groups containing SHF-related lymphatics are
good evidence for the in situ specification of LECs at the base
of the PA.

We characterized the niche in which vasculogenesis takes
place at the base of the PA. AMC lineage tracing showed
that, similar to their epicardial counterparts, these cells undergo
active EMT and contribute to the underlying layers of the great
arteries. Interestingly, this contribution included mesenchymal
cells strongly associated to the coronary lymphatic vasculature
but not LECs themselves. This observation, together with the
common origin of AMCs and lymphatics deduced from the
clonal analysis, suggested that a common SHF precursor con-
tributes to both AMCs and the sub-mesothelial cell populations
that originate LECs. To test this idea, we established an orga-
notypic culture and transplantation approach for the E14.5
heart and used it to demonstrate the lymph-vasculogenic activ-
ity of the MsM at the base of the PA. In agreement with the line-
age tracing results, the sub-mesothelium contributed to LECs
and the mesothelium to LEC-associated cells. Importantly,
similar experiments transplanting epicardium did not show sig-
nificant lymphatic vessel formation, highlighting the relevance
of the mesothelial niche at the base of the PA for the lymph-
vasculogenic activity.

Several conclusions from our study are striking, like the re-
striction of the contribution of the SHF to the ventral lymphatics
of the heart. This restriction agrees with the preferential detection
of dorsal- and ventral-specific LEC clones and with the hetero-
chronic specification of the ventral and dorsal LECs. Dorsal
LEC clones include extra-cardiac lymphatics in the jugular region
and their specification dynamics follows that of extra-cardiac

lymphatics, suggesting that they develop by angiogenesis from
CV-derived lymphatic vessels. SHF-derived lymphatics, in
contrast, show delayed specification and differentiation, charac-
teristics shared with other SHF-derived lineages. Another
striking observation is that SHF contribution to the ventral side
is mixed with LECs from a different source. While these addi-
tional ventral LECs may derive from the CV, we cannot exclude
that they derive from yet a third source of cardiac lymphatics.
SHF-derived LECs appear completely intermingled with this
additional population of ventral LECs, which could imply their
functional equivalence, however, the functional analysis of
SHF-derived LECs suggests otherwise. Elimination of SHF-
derived Lymphatics by mutating Prox1 in this population or elim-
ination of SHF incorporation to the heart in Tbx7 mutants
completely abolishes ventral Lymphatic development but does
not affect dorsal lymphatics. Our observation of selective
involvement of Tbx7 in ventral lymphatics is consistent with
recent findings of enhanced Tbx1 and Vegfr3 interactions during
establishment of ventral over dorsal cardiac lymphatic vessels
(Martucciello et al., 2019). These results again show the modu-
larity and independence of dorsal and ventral lymphatic develop-
ment. At the same time, it shows that ventral lymphatics critically
depend on SHF LECs for their development. The fact that in
SHF-Prox1 mutants lymphatics are still produced at the base
of the PA, but cannot sprout into the ventricle, suggests that
the specific roles of SHF-derived LECs involve angiogenic abili-
ties that elicit the colonization of the ventricles. We anticipate
that SHF-derived LECs bear lineage-specific properties that
are not present in the non-SHF LECs and enable them to lead
the angiogenic process.

Finally, we have explored the molecular cues that characterize
the vasculogenic niche at the base of the PA. We found that
restricted retinoic acid signaling from the epicardium influences
the lymphangiogenic process by promoting vascular maturation
in the ventricles, while a low-retinoic acid region at the base of
the great arteries maintains the lymphatic vasculature in an
immature state. Interestingly, alterations in jugular lymphatics
relate to a fetal condition known as nuchal translucency (Haak
et al., 2002) that is frequently associated with fetal cardiac de-
fects (Hyett et al., 1999) and can be promoted by defective RA
signaling (Burger et al., 2014). We also found that cells derived
from AMCs undergo extensive EMT and intimately associate
with nascent lymphatic vessels at the arterial pole. These obser-
vations suggest that interactions between AMCs and AMC-
derived cells might contribute to the niche properties required
for LEC specification in the PA and lymphatic angiogenic growth
into the ventricles.

Our study identifies and characterizes a new vasculogenic
niche that contributes to coronary lymphatic development and
shows that cardiac lymphatics are heterogeneous in origin and
function. This work opens avenues for future studies on the

(I-L) Graphs showing different measurements of the lymphatic vasculature in (E-H). examples of measurements in J are shown in E'=H’. N = 7 wild-type hearts and
N = 5 mutant hearts. The Mann-Whitney test was used to calculate the p values. Ns, p-value > 0.05.
(M-N"") Confocal stack Z-projections showing the ventral lymphatic vasculature (Lyve1*, Prox1*) of hearts untreated (M) and treated with retinoic acid for 2 days

(N). (M'-N"") Magnified views of the boxed areas in (M and N).

(O-R) Graphs showing different measurements of the lymphatic vasculature in M-N. for graphs in (O-R), N = 4 wild-type hearts and N = 4 mutant hearts. The
Mann-Whitney test was used to calculate the p values. Ns, p-value > 0.05. Error bars show SEM. All scale bars: 100 um. Ao: aorta; PA: pulmonary artery RV; right

ventricle; LA: left atrium; RA: right atrium; LV: Left ventricle.
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mechanism involved in lymphatic vasculogenesis in this new
niche and on the functional diversity of cardiac lymphatics.
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STARXxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti GFP @1:200 Living Colors 632460; RRID: AB_2314551
Chicken anti GFP @1:100/1000 abcam ab13970; RRID: AB_300798
Chicken anti GFP @1:400 Aves labs GFP-1010; RRID: AB_2307313

Mouse anti c-TnT @1:200

Rat anti CD31 @1:100/500

Rabbit anti Wt1 @1:200

Rabbit anti Raldh2 @1:200

Rat anti PDGFRa @1:100

Mouse anti SMAcy3 @1:400

Rabbit anti SM22¢. @1:200

Goat anti Prox1 @1:300

Rabbit anti Prox1 @1:500

Rabbit anti Lyve1 @1:200

Rat anti Lyve1 @1:100

Goat anti Lyve1 @1:200

Rabbit anti ER @undiluted

Rabbit anti B-galactosidase @1:500
Rabbit anti Periostin @1:200
Hamster anti Podoplanin @1:200
Rabbit anti Calponin @1:200

Rat anti Endomucin @1:500
Anti-Mouse Alexa Fluor 488 @1:500
Anti-Rabbit Alexa Fluor 488 @1:500
Anti-Rabbit Alexa Fluor 488 @1:500
Anti-chicken Alexa Fluor 488 @1:500
Anti-Mouse Alexa Fluor 568 @1:500
Anti-Rabbit Alexa Fluor 568 @1:500
Anti-Rabbit Alexa Fluor 594 @1:500
Anti-Mouse Alexa Fluor 594 @1:500
Anti-Rabbit Alexa Fluor 633 @1:500
Anti-Mouse Alexa Fluor 633 @1:500
Anti-Mouse HRP @1:200
Anti-Rabbit HRP @1:200
Anti-Rabbit Biotin @1:500
Anti-Goat Cy3 @1:300

Anti-Rat Cy5 @1:200

Thermo Scientific
Pharmingen™
abcam

abcam

BD Pharmingen
Sigma

abcam

R&D systems
Angiobio
ReliaTech
ReliaTech

R&D Systems
abcam

Cappel

novusbio
Fitzgerald

abcam
eBiosciences

life technologies ™
life technologies ™
Molecular Probes
life technologies ™
life technologies ™
life technologies ™
life technologies ™
life technologies ™
life technologies ™
life technologies ™
Dako

Dako

Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch

MS-295; RRID: AB_61806
553370; RRID: AB_394816
ab89901; RRID: AB_2043201
ab96060; RRID: AB_10679336
558774; RRID: AB_397117
C6198; RRID: AB_476856
ab14106; RRID: AB_443021
AF2727; RRID: AB_2170716
11002; RRID: AB_10013720
103-PA50; RRID: AB_2783787
103-M130

AF2125; RRID: AB_2297188
ab27595; RRID: AB_471062
56031

NBP1-30042; RRID: AB_1968578
10R-P155a; RRID: AB_1288912
Ab46794; RRID: AB_2291941
14-5851-82; RRID: AB_891527
A11029; RRID: AB_138404
A11034: RRID: AB_2576217
A21206; RRID: AB_141708
A11039; RRID: AB_142924
A11004; RRID: AB_2534072
A11036; RRID: AB_143011
A11012; RRID: AB_141359
A11005; RRID: AB_141372
A21071; RRID: AB_141419
A21052; RRID: AB_2535719
P0447; RRID: AB_2617137

P 0448; RRID: AB_2617138
111-066-003; RRID: AB_2337966
705-165-147; RRID: AB_2307351
712-175-150; RRID: AB_2340671

Chemicals, Peptides, and Recombinant Proteins

Streptavidin-Cy3 @1:300

Jackson ImmunoResearch

016-160-084; RRID: AB_2337244

Streptavidin-647 @1:300 ThermoFisher S21374; RRID: AB_2336066
Streptavidin-633 @1:300 ThermoFisher S21375; RRID: AB_2313500
Streptavidin-405 @1:300 ThermoFisher S32351

Critical Commercial Assays

TSA plus Cyanine 3. @1:100 PerkinElmer NEL744001KT

TSA plus Cyanine 5. @1:100 PerkinElmer NEL745001KT
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REAGENT or RESOURCE SOURCE IDENTIFIER
TSA plus Cyanine 5.5. @1:100 PerkinElmer NEL766001KT
TSA plus Fluorescein. @1:100 PerkinElmer NEL741001KT
Vector Red alkaline phosphatase kit Vector Laboratories SK-5100
Vector VIP peroxidase substrate Vector Laboratories SK-4600
Vectastain ABC Alkaline phosphatase Vector Laboratories AK-500

Dako liquid DAB + substrate Dako K3468

Vector DAB peroxidase substrate Vector Laboratories SK-4100KI01
Vectastain Elite ABC HRP Kit Vector Laboratories PK-6100
Deposited Data

RNA-seq data Gene Expression Omnibus GSE136750

Raw data
Raw data

Mendeley
Mendeley

https://doi.org/10.17632/b98p6kg7yw.1
https://doi.org/10.17632/p38b33x627.1

Experimental Models: Organisms/Strains

RERT
Islet1¢®
IS le”MEF.’CreMER

M ef2 CAHF—Cre
Wt 1 CreERT2
Wt1¢re
Hoxb1¢™®

Ve gfr3CreERT2
Wnt1¢®
Raldh2x
Thbx1"
Prox17x

R 26 RLacZ
R26 RE YFP

R 2 6 thTomato
R26R™TmE

(Guerra et al., 2003)

(Cai et al., 2003)

(Laugwitz et al., 2005)

(Verzi et al., 2005)

(Zhou et al., 2008)

(Wessels et al., 2012)
(Arenkiel et al., 2003)
(Martinez-Corral et al., 2016)
(Lewis et al., 2013)

(Vermot et al., 2003)
(Jerome and Papaioannou, 2001)
(Harvey et al., 2005)
(Soriano, 1999)

(Srinivas et al., 2001)
(Madisen et al., 2010)
(Muzumdar et al., 2007)

Po /I’Zatm 1(cre/ERT2)Bbd
Isl1 tm1(cre)Sev
Isl1 tm1(cre/Esr1*)Krc

Tg(Mef2c-cre)#Blk
Wit1 tm2(cre/ERT2)Wtp

Tg(Wt1-cre)#tJbeb

Hoxb1 tm6(cre)Mrc
Flt. 4tm2. 1(cre/ERT2)Sgo

E2f1 Tg(Wnt1-cre)2Sor
Aldh1a2™P!

Tbx1 tm1Pa

Prox1 tm2Gco

Gt(ROSA)26Sor™?Ser

Gt(ROSA)26Sor' ™! 1(EYFF)Cos
Gt(ROSA)zssortrn 14(CAG-tdTomato)Hze
Gt(ROSA)2680,1m4(ACTB-thomato,-EGFP)Luo

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Miguel
Torres (mtorres@cnic.es).
This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse strains were handled in accordance with CNIC Ethics Committee, Spanish laws and the EU Directive 2010/63/EU for the
use of animals in research. All mouse experiments were approved by the CNIC and Universidad Autonoma de Madrid Committees
for “Etica y Bienestar Animal” and the area of “Proteccién Animal” of the Community of Madrid with reference PROEX 220/15.
Mouse experiments performed at Northwestern University were performed in accordance with protocols approved by North-
western University Institutional Animal Care and Use Committee. Animal procedures performed at CNIO were approved by the
Instituto de Salud Carlos 1l Ethics Committee for Research and Animal Welfare and by the competent authority in the Madrid Local
Government (Proex 234/15). For this study, Mice were maintained on mixed C57BL/6 and CD1 or NMRI backgrounds. Mice were
genotyped by PCR as described in the original reports. Male and female mice of more than 8 weeks of age were used for mating.
The mouse lines used are detailed in the Key Resources Table. Experimental specimens were retrieved during gestation and their
sex was not determined.
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METHOD DETAILS

Tamoxifen Administration

For induction of the RERT mouse line, 10mg of 4-hydroxy tamoxifen (Sigma) was dissolved in 1-ml absolute ethanol and 9 ml corn oil
(Sigma) for a final concentration of 1mg/ml. The stock solution was then sonicated for 40 minutes on ice to prevent overheating. The
4-OHT solution was aliquoted and stored at 4°C for up to 4 weeks, and re-sonicated before being administered to female mice by
intra-peritoneal injection.

For induction of all the other CreERT lines, 200mg of tamoxifen (Sigma) was dissolved in 10ml of corn oil (Sigma) for a final con-
centration of 20 mg/ml, excepting Vegfr3®®ER72 for which tamoxifen was prepared at 10 mg/ml in sunflower oil (Sigma). The stock
solution was then sonicated for 20 minutes on ice. The solution was aliquoted and stored at RT for up to 3 months. Tamoxifen was
administered by oral gavage using a 1ml syringe (Beckton Dickinson) via a feeding needle (BD Microlance) in a range of 1 to 4 mg/
female, depending on the specific tracer line used.

Retinoic Acid Administration

RA was administered to pregnant CD1 females by oral gavage using a 1ml syringe and a feeding needle. 6.75 mg of crystaline all-
trans RA (302-79-4 Sigma) was diluted in 0.8 ml of ethanol (EtOH) in 9.2 ml sesame oil. The solution was sonicated, aliquoted and
stored in the dark at 4C. Samples were sonicated before being administered to pregnant females. Pregnant mice were administered
at E13.5 and E14.5 days of gestation with a 6.75-mg RA dose. Control mice were administered with equivalent volumes of the vehicle
(i.e., EtOH in sesame oil) at the corresponding times.

Embryo Retrieval

Embryos were staged establishing 12 AM on the morning of the vaginal plug as embryonic day (E) 0.5. Females were sacrificed by
CO, inhalation followed by cervical dislocation. Mice embryos were extracted at different developmental stages as follow. The
abdominal cavity of sacrificed females was opened to expose the uterus. The uterus was then placed in ice-cold PBS in a petri
dish in order to open the muscle layer, decidual layer and amnion. Once extracted, embryos were decapitated and their thorax
opened at the level of the sternum. If needed, the heart was collected by pulling it out with forceps. Unless stated differently, all tis-
sues were dissected in ice-cold PBS and fixed in PFA (Merck) 2% in PBS overnight at 4°C.

Retrospective Clonal Analysis Setting

For retrospective clonal analysis, we used mouse embryos with the inducer RERT and the reporters R26R"#°? ; R26REYF or
R26RMTemato - poEREYFF in trans-heterozygosis. These genotypes were generated upon breeding mice that have the inducer and
one of the reporter alleles in double homozygosis with mice that have the second reporter allele in homozygosis. Random Cre-medi-
ated recombination was provoked with 4-hydroxy-tamoxifen (4OHT) dissolved in corn oil. A single dose of 40HT (0.1mg, 0.0675mg
or 0.05mg) was injected intraperitoneally into pregnant females at E8.5 days of gestation. Hearts were dissected and analyzed at
E14.5, E15, E16.5 and in neonates (P0).

Histology

For paraffin embedding, following overnight (ON) fixation in 4% PFA at 4°C, embryonic tissues were rinsed several times in PBS, and
dehydrated through gradual concentrations of EtOH:H,0 (30%, 50%, 70%, 85%, 90%, 96%, 100%) at room temperature. Samples
were washed twice in xylol and twice in paraffin wax at 65°C. Embryos were oriented and embedded in warm paraffin and left at 4°C
on to solidify.

For cryosectioning, after overnight fixation, tissues were washed several times in PBS and cryopreserved with a solution of 15%
sucrose in PBS overnight at 4°C. To build gelatin blocks tissues were incubated in a solution of sucrose 15% and gelatin 7.5% (Sigma
Aldrich) in PBS at 37°C for 4 hours. The samples were then embedded in the same solution at RT. Gelatin blocks were left to cool
down at 4°C and snap-frozen in a solution of isopentane at -70°C for 1 minute. Blocks were then stored at -80°C until cryo-sectioning.
8 um-thick cryo-sections were obtained using a Leica CM1950 automated Cryostat. Sections were collected on Superfrost+ slides
(Fisherbrand) and stored at -20°C on short term or -80°C for the long term.

RNA Detection in Sections

In situ mRNA hybridization was performed on 7-um-thick paraffin sections according to previously described protocols (Kanzler
et al., 1998). After sectioning, samples were rehydrated and digested with proteinase K (10 pg/ml) at 37°C for 10 minutes. Riboprobe
hybridization was performed at 65°C ON. Section were washed on the next day, incubated with anti-DIG antibody and developed
with BM-purple (Roche, ref. 11442074001). Images were acquired with a Nikon Eclipse 90l microscope.

Co-Detection of GFP and LacZ in Whole-Mount
To visualize LacZ* clones in whole mount, B-galactosidase (B-Gal) activity staining was performed as previously described (Torres,
1998). Embryos were post-fixed in 4% paraformaldehyde (PFA).

To visualize EYFP* clones, hearts went through a two-step process as follows:
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- Whole-mount immuno-staining (common protocol for immuno-histochemistry and immuno-fluorescence): hearts were per-
meabilized using 0.5% Triton X-100 in PBS ON at 4°C. Hearts went through a process of endogenous peroxidase quenching
using 0.03% hydrogen peroxide (H>O,) in PBS at room temperature (RT). Hearts were then blocked in PBST (PBS triton 0.1%)
with 10% goat serum for 3 hours at RT. The samples were incubated for 3 days with the primary antibody (anti-GFP, living
colors) at 4°C. Samples were washed in PBST for 3 hours and incubated in a biotinylated secondary antibody (Jackson Immu-
noResearch) for 2 days at 4°C. Samples were finally washed for 3 additional hours at RT.

YFP signal was amplified with the Vectastain ABC peroxidase kit and detected using the -3,3'-diaminobenzidine (DAB) Vectastain
Elite ABC Kit (see the Key Resources Table). All procedures were performed as advised by the manufacturer. As a result, YFP* cells
and LacZ" cells could be observed as brown and blue labels, respectively. Hearts were then stored in 80% glycerol at 4 °C.

Immunohistochemistry in Sections

Stored frozen slides were allowed to defreeze at 4°C before being placed at room temperature. Immuno-staining was usually per-
formed on freshly cut gelatin sections. Slides were incubated at 37°C in PBS for 15 minutes to remove the gelatin and washed several
times with PBS.

Immuno-histochemistry on sections followed the same steps as the whole mount immuno-staining, with the only difference that
times of incubation were shorter. Permeabilization was performed between 10 and 30 min depending on the targeted antigen. Perox-
idase block as well as protein blocks were performed for 30min each. All procedures were spaced by 3 times washes in PBST. After a
final wash with PBS, sections were mounted with aquatex (108562 Merck) or dako fluorescence mounting medium (S3023).

To identify clones by immuno-histochemistry commercial kits were used as detailed in the Key Resources Table.

Immunofluorescence in Sections and Whole-Mounts

Tissues were fixed overnight at 4 °C in 2%-4% paraformaldehyde in phosphate-buffered saline (PBS). For immunofluorescence on
sections, tissues were gelatin-embedded and cryo-sectioned at 8—16um. All the steps to perform immuno-fluorescence in whole
mount or on sections were the same as in the immunohistochemistry except for the following points:

- Peroxidase quenching was performed only in the case of using HRP-conjugated secondary antibodies followed by a peroxidase
detection-based tyramide fluorescent amplification kit. A list of Tyramide amplification kits and reagents is provided in the Key
Resources Table.

- The universal TNB blocking reagent (FP1012) Perkin Elmer was used instead of goat serum to block unspecific proteins.

- For biotin-streptavidin based amplification, streptavidin proteins conjugated with a fluorophore were used after incubation with

a biotinylated secondary antibody. The streptavidin conjugated fluorophores used are detailed in the Key Resources Table.

Embryonic and heart tissues were mounted in Vectashield mounting medium (Vector Laboratories,USA).

Tissue Processing for Whole Mount Cardiac Lymphatic Imaging

Hearts stained for Prox1 and Lyve1 double immunofluorescence were embedded in low-melting-point agarose at 50°C and were
frontally sectioned with a blade at the plane between the great arteries and the atria. The agarose was then removed, and the
hemi-hearts cleared in increasing concentrations of glycerol in PBS (see the tissue clearing and microscopy section). Each hemi-
heart was then mounted in 80% glycerol on a MalTek glass bottom dish (the epicardial surface facing the objective).

Epicardial/Arterial Mesothelium Dissection and RNA Extraction
We will describe the common and specific steps used for mesothelial dissection of samples used for RNAseq and embryonic heart
culture.

To preserve mRNA for RNAseq, all solutions were ice-cold, sterile and RNase free. For tissue culture, we used a dissection medium
at 37°C. Samples were dissected under a Leica MZ12F stereoscope. The hearts were placed in the appropriate solution and
sectioned at the border between the great arteries and myocardium. Each piece of tissue was isolated in different petri dishes.
The samples for RNA analysis were pinned down on a bed of 2% agarose/PBS by thin metal threads. In the latter case, only the for-
ceps were used to delicately handle the embryonic hearts. In both cases, fine forceps (Dumont #55 No11255-20) were used to grasp
the mesothelium of the great arteries or the epicardium. The forceps were then used to maintain the embryonic tissues in place while
carefully peeling the mesothelial/sub-mesothelial or epicardial/subepicardial layers. For RNA analysis, the ventricular epicardial and
arterial mesothelial samples were frozen into different Eppendorf tubes on dry ice, pooling together samples from each litter. A total of
6 litters were independently sequenced. RNA was then purified from each pool using the RNeasy Micro kit (Qiagen). For future cul-
ture, only small pieces of mesothelium/submesothelium or epicardium/subepicardium were harvested.

Ex Vivo Cardiac Culture and Transplantation

Hearts were dissected in 10% Calf Serum in DMEM/F12 1% penicillin-streptomycin kept in a water bath at 37°C when not in use.
E14.5 Wt1°7%; R26™ ™€ fluorescent hearts and their WT littermates, observed with a Leica MZ12F stereoscope (fitted with a fluores-
cent lamp), were placed in different petri dishes. The medium was replaced every 5 min to prevent cooling of the embryonic tissue.
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One heart was dissected at a time under the stereoscope. Meanwhile, the rest of hearts were placed in Petri dishes containing
dissection medium on a histology flat table set at 37°C. In WT hearts, a small piece of epicardium was peeled off from the ventricle
under the PA (as described previously). A piece of Pulmonary mesothelium was then placed on the naked myocardium of the recip-
ient WT heart. As a control, a homotopic piece of epicardium from a fluorescent donor was placed on the naked myocardium of WT
recipients instead.

Immediately after dissection, the E14.5 transplanted hearts were placed in a solution of 49.5% modified Krebs Henseleit buffer
(25 mM NaHCOg3, 118 mM NaCl, 4.7 mM KCI, 1.2 mM MgSOQO,, 2.5 mM CaCl,,11-mM glucose, 0.5 mM EDTA, 1.5 mM Na-pyruvate
in DMEM/F12 instead of water), 49.5% Mouse serum (supplemented with N2 1:200 and B10 1:50) and 1% penicillin-streptomycin.
For mouse serum preparation, mouse blood was collected by cardiac puncture from sacrificed adult WT mice. After clotting for 30min
at RT, blood samples were submitted to two series of centrifugations at 4100 rpm for 10 min at RT. The serum was retrieved collecting
the supernatant. Samples were then placed on a water bath at 52°C to be inactivated and stored at -20°C until use.

Hearts were cultured in rolling-bottles in a 5% CO./ 95%0, gas environment for three days. Three hearts were cultured per bottle
separating AMC-transplanted hearts from epicardium-transplanted hearts. Hearts were finally washed in PBS and fixed in PFA 2%
PBS ON at 4°C.

Tissue Clearing and Microscopy
To detect superficial signal, tissues were dehydrated in gradual concentrations of glycerol (20%, 40%, 60% 80%). For thick samples
or deep signal, tissues were cleared with cubic 1 solution as described in the literature (Susaki et al., 2014).

Depending on the specific samples, experiments were performed in the following microscopes:

- leica SP5 multiline inverted confocal microscope for E16.5 and PO fluorescent hearts in whole-mount

- leica SP8 inverted confocal equipped with white light laser for all embryonic fluorescent sections

- Leica TCS SP8 coupled to a DMi8 inverted confocal microscope Navigator module equipped with white light laser. We used this
microscope to acquire several embryonic hearts from a same experiment at the same time and ensure comparable settings for
further quantifications (E15.5 RA-induced hearts, E16.5 Raldh2™ ; Wt1°™® mutant hearts and E17.5is/1™ ; R26R™°T°™31° hearts).

- Zeiss LSM 780 multiphoton upright microscope. A MaiTai laser line at 1000 nm was used for two-channel two-photon imaging of
td-Tomato and GFP fluorescence of E15.5 and E16.5 hearts in whole mount.

Maximum intensity Z-projections of whole hearts were acquired using both the tiling and z-stack functions, generating a single
composite image.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Testand N

Statistical details of experiments, including the statistical test used, n numbers and specification of what n rand error bars represent
have been included in the legends to the relevant Figures 4, 5, 6, 7, and S1, except for the RNAseq analysis, which is described below.
Samples were considered significantly different when p <0.05. The specific p-values for significantly different data sets are shown for
each specific comparison on the graphs in Figures 4, 5, 6, 7, and S1. All statistical analyses were performed using Prism (GraphPad)
software, except for RNAseq analysis.

For RNAseq statistical analysis, data were then normalized and differential expression tested using the Bioconductor package
EdgeR (Robinson et al., 2010). Genes were considered as differentially expressed in case of a Benjamini-Hochberg adjusted p-value
<0.05. Analysis of the data was performed using Gene set enrichment analysis and Ingenuity pathways analysis software (Biobase
International).

Clonal Analysis

For estimation of the polyclonality in the collection of labeled cell clusters, we studied the frequency of bicolor clusters, which repre-
sent cases of randomly occurring polyclonality. Bicolor clusters represent only part of all polyclonal clusters, because independent
progenitors can also recombine the same reporter by chance. The frequency of mono-color polyclonal clusters can then be esti-
mated as a function of the frequencies of bicolor clusters and of single-color clusters, which is biased towards the production of
LacZ* clusters, with a frequency of 0.69 of clusters containing LacZ" cells and 0.31 of clusters containing GFP* cells (Figure S1F).
Dismissing polyclonality levels above biclonality and assuming a stochastic distribution of clusters, the following functions apply for
estimations:

Frequency of bicolor clusters= frequency of lacZ (A) x frequency of GFP (B) x 2

frequency of polyclonal monocolor clusters= A2 + B2
Then,
1+(A/B)?

(Frequency of polyclonal monocolor clusters) = (Frequency of bicolor clusters) x 24/B
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Then, for a proportion of frequencies A/B of 2.22 (0,69/0.31), the following estimation applies for the frequency of polyclonality in
monocolor clusters: 0.038 x 1.35 = 0.05

Quantification of the Lymphatic Vasculature in Whole Mount Immunofluorescence

Cell Counting

For the quantification of lineage-traced LECs following Islet“"® or VEGFR3°"*f72 recombination, the number of cells expressing the
recombination reporter and the LEC markers were counted manually. First, a mask was generated in Adobe Photoshop using the
paint tool to draw spots of two different colors. One color was used to draw spots identifying nuclei of the double positive
Prox1+/ Lyvel1+ cells while the other color was used to identify the nuclei of the triple positive Prox1+/ Lyve1+/ reporter+ cells.
The mask was then loaded to Imaged and the spots counted with the “analyse particles” tool. The data of the ventral and dorsal parts
of a same heart were systematically paired together for statistical analysis.

The same manual method was used to draw maps of lymphatic cells in the experiments of gain and loss of function of the RA
pathway. For the analysis of the structure of the lymphatic plexus analysis in the RA pathway gain- and loss-of-function experiments,
hemi-hearts were mounted in MatTek glass bottom dishes, as previously described, and forced flat using a sealed coverslip to allow
the measurements to be performed in 2D.

Measurements

- Branching events: A branching event is the branch point at the intersection of two or more branches. All the branching events
were counted manually using the Imaged “multi-point” and “measure” tools.

- Number of branches: A branch is considered as a unique lymphatic segment. The number of branches was counted manually,
using the ImagedJ “multi-point” and “measure” tools, as the sum of segments originating at branching events. To count 1-cell-
wide branches, only branches with an average diameter of one cell were counted.

- Tip-base distance: the base of the lymphatic plexus was established at the base of the pulmonary artery for the ventral side and
at the atrioventricular groove for the dorsal side. A line was drawn in Imaged at these origins as a reference. A straight line was
drawn from the tip of each main branch to the base of the plexus passing through the branch. The length of each line was
measured, and the average length calculated using ImagedJ.

- Distance of the first fork: at the base of the heart the lymphatics are organized as sinusoids or lymph sac-like structures and start
branching in the ventricles. The first forks were considered as the first observed points where branches diverge as distance
increases from the base of the plexus. Straight lines were drawn connecting the base of the heart to all the first forks observed
(as shown by the arrows in Figures 7E’-7H’) and their length was measured. The distance to the first fork represented in Figure 7J
shows the average of all the measurements made on a given heart surface.

- Number of tubes: tubes are regions surrounded by a continuous network of branches. The number of tubes was counted manu-
ally using the Imaged “multi-point” and “measure” tool.

Transcriptomic Analyses

Stranded RNA-seq libraries were sequenced on an lllumina HiSeq 2500 system. Sequencing reads were pre-processed by means of
a pipeline that used FastQC, to asses read quality, and Cutadapt to trim sequencing reads, eliminating lllumina adaptor remains, and
to discard reads that were shorter than 30 bp. The resulting reads were mapped against the mouse transcriptome (mm10) and quan-
tified using RSEM v1.17. Data were then processed with a differential expression analysis pipeline that used Bioconductor package
limma for normalization and differential expression testing, defining blocks of samples obtained from the same tissue source. Six
biological replicates for each population were obtained and analyzed by RNA-sequencing.

The raw data analysis of RNA-seq data were generated by CNIC bioinformatic unit. Contaminants were eliminated from reads us-
ing the Cutadapt software (Martin, 2011). The resulting reads were mapped and quantified on the transcriptome (Ensembl gene-build
70) using RSEM v1.2.3 (Li and Dewey, 2011). Only genes with at least 2 counts per million in at least five samples were considered for
statistical analysis.

DATA AND CODE AVAILABILITY
The accession number for the RNAseq data reported in this paper is GEO: GSE136750. All raw data have been deposited in

Mendeley under: https://doi.org/10.17632/b98p6kg7yw.1 and https://doi.org/10.17632/p38b33x627.1.
New code was not produced in this study.
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