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Lineage tracing clarifies the cellular origin of
tissue-resident macrophages in the developing heart

Kuo Liu*27*®, Hengwei Jin?*, Muxue Tang?, Shaohua Zhang? Xueying Tian3 Mingjun Zhang? Ximeng Han®7, Xiuxiu Liu?, Juan Tang? Wenjuan Pu?,
Yan Li?, Lingjuan He*, Zhongzhou Yang®®, Kathy O. Lui®®, and Bin Zhou'?>'®

Tissue-resident macrophages play essential functions in the maintenance of tissue homeostasis and repair. Recently, the
endocardium has been reported as a de novo hemogenic site for the contribution of hematopoietic cells, including cardiac
macrophages, during embryogenesis. These observations challenge the current consensus that hematopoiesis originates
from the hemogenic endothelium within the yolk sac and dorsal aorta. Whether the developing endocardium has such a
hemogenic potential requires further investigation. Here, we generated new genetic tools to trace endocardial cells and
reassessed their potential contribution to hematopoietic cells in the developing heart. Fate-mapping analyses revealed that
the endocardium contributed minimally to cardiac macrophages and circulating blood cells. Instead, cardiac macrophages
were mainly derived from the endothelium during primitive/transient definitive (yolk sac) and definitive (dorsal aorta)
hematopoiesis. Our findings refute the concept of endocardial hematopoiesis, suggesting that the developing endocardium
gives rise minimally to hematopoietic cells, including cardiac macrophages.

Introduction
The establishment of an early circulatory system is vital for
embryogenesis. Among the circulating blood cells, tissue-
resident macrophages of the heart are not only essential for
cardiac healing after injury, but are also involved in heart de-
velopment, supporting coronary angiogenesis and electrical
conduction (Epelman et al., 2014a; Hulsmans et al., 2017; Lavine
et al.,, 2014; Leid et al.,, 2016; Lorchner et al., 2015; Nahrendorf
et al,, 2007). Additionally, macrophages provide critical signals
and secrete numerous soluble factors to promote the formation
of new myocardium after injury during neonatal heart regen-
eration (Aurora et al., 2014). Unraveling the developmental
origins of cardiac macrophages would also provide valuable in-
formation to advance our understanding of cardiac remodeling
during homeostasis and inflammation. However, the origins of
cardiac macrophages remain controversial.

The mainstream view holds that cardiac macrophages, along
with other hematopoietic cells, are mainly derived from endo-
thelial-to-hematopoietic transition (EHT) during primitive and

definitive hematopoiesis in the developing mouse embryo
(Boisset et al., 2010; Dzierzak and Speck, 2008; Epelman et al.,
2014a; Epelman et al., 2014b; Shalaby et al., 1997). There are
three waves of hematopoiesis during development. The first
primitive wave arises from the blood island of the yolk sac (YS)
at around embryonic day 7.5 (E7.5) and produces early primitive
erythromyeloid progenitors (EMPs), contributing to YS macro-
phages and microglia. Shortly after the onset of primitive he-
matopoiesis, a transient definitive wave starts in the hemogenic
endothelium (HE) of YS that produces late c-Myb* EMPs be-
tween E8.0 and E8.25. Transient definitive hematopoiesis can
give rise to YS macrophages or multiple lineages after migration
to the fetal liver through circulation at E8.5-E9.5. The primitive
and transient definitive hematopoiesis of the YS region are
heterogeneous (Hoeffel et al., 2015). After E8.5, the third wave of
definitive hematopoiesis occurs at the para-aortic splanchno-
pleura and aorta-gonad-mesonephros (AGM), where hemato-
poietic stem and progenitor cells are generated to colonize the
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fetal liver at E11.5-E12.5, and resident macrophages are also
developed after E11.5 that can subsequently migrate to the de-
veloping heart (Epelman et al., 2014b; Ginhoux and Guilliams,
2016; Gomez Perdiguero et al., 2015; Hoeffel et al., 2015;
Medvinsky and Dzierzak, 1996). Therefore, hematopoietic stem
and progenitor cells and all blood cell lineages specifically
originate from HE. Identification of new regions containing HE
will reshape our current concept of hematopoiesis and provide
valuable information to study tissue homeostasis and inflam-
mation (Grainger and Traver, 2019).

The heart tube is a special vessel-like structure that is formed
after fusion of the cardiac crescent at ~E7.5 (Abu-Issa and Kirby,
2007; Deruiter et al., 1992). The initiation of heartbeat and blood
flow is established from stage 5 to 8 (E8.0-E8.5) in mice. The
primitive endocardial tube is formed at ~E8.25, and the heart is
connected to the dorsal aorta (DA), co-occurring with primitive
hematopoiesis (Ji et al., 2003). The hematopoietic progenitor-
derived cells can then circulate through the embryo, including
the heart (Ji et al., 2003). Previous reports suggested that the
heart tube shares a similar genetic program with HE of the DA
(Nakano et al., 2013). However, there is a lack of convincing
genetic evidence to demonstrate the hemogenic potential of the
endocardium. Whether the embryonic heart tube is indeed a de
novo hemogenic site along with the YS and AGM remains
unclear.

Recent studies have suggested that the endocardium con-
tributes to transient definitive hematopoiesis in the developing
heart (Grainger and Traver, 2019; Nakano et al., 2013; Shigeta
et al, 2019; Zamir et al, 2017). Specifically, Nkx2.5*
endocardium-derived definitive EMPs emerge at ~E9.5 that
could enter the peripheral circulation during embryogenesis
(Nakano et al., 2013). Furthermore, by using the Nfatcl-Cre ge-
netic tracing tool, it has been found that ~58% of macrophages in
the endocardial cushion are derived from the Nfatcl-Cre-labeled
endocardium (Shigeta et al., 2019). Genetic ablation of these
macrophages results in severe valve malformation, indicating
that the hemogenic activity of the endocardium and its differ-
entiated macrophages are functionally indispensable for valve
remodeling in the developing heart (Shigeta et al., 2019). Never-
theless, success in fate-mapping experiments requires cell-specific
expression of gene promoters that drive the Cre recombinase.
Importantly, Nkx2.5 is not a specific marker, as Nkx2.5* cardio-
vascular progenitors give rise to not only the endocardium but also
endothelial cells of the YS and AGM region (Zamir et al., 2017).
Likewise, whether the Nfatcl-Cre tool used in the previous study
(Shigeta et al., 2019) specifically labels the endocardium needs further
examination. More specific lineage-tracing tools that map the cell fate
of endocardium-derived cells are imperatively needed, therefore, to
reassess the hemogenic potential of the developing endocardium.

In this study, we show that Nfatcl is not a specific gene
marker for targeting the endocardium. Using more specific tools
to trace the cell fate of endocardium-derived cells, we demon-
strate that the developing endocardium is not hemogenic and
contributes minimally to cardiac macrophages and blood cells in
the circulation. We further show that cardiac macrophages are
mainly derived from the HE of YS and AGM through EHT during
primitive, transient definitive, and definitive hematopoiesis.
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Results
Intramyocardial macrophages are developed in close

proximity to the endocardium

Through sectional immunostaining, we showed that cardiac
macrophages first emerged at ~E10.5 and were expanded from
E10.5 to E14.5 (Fig. 1 A). To understand their anatomic locations,
we used the epicardium, the outermost mesothelial cell layer of
the heart, and the endocardium, the innermost endothelial cell
layer lining the trabecular myocardium and valves, as land-
marks. We generated a Npr3-ZsGreen knock-in line (Fig. 1 B) to
label the endocardium through natriuretic peptide receptor C
(Npr3), a new marker identified in a previous study (Zhang
et al., 2016a). To characterize the Npr3-ZsGreen line, we first
stained E12.5 heart sections for ZsGreen, PLVAP (endocardium-
specific marker), and VE-cad (pan-endothelial cell marker) and
found that 96.43 + 0.42% of Plvap*VE-cad* endocardial cells
were efficiently labeled by Npr3-ZsGreen (Fig. 1, C and D), con-
firming the specificity and efficiency of Npr3-ZsGreen in marking
the endocardium. We then collected hearts for macrophage
lineage analysis at the growth phase from E12.5 to E15.5 (Fig. 1
C). Immunostaining for ZsGreen and F4/80 on Npr3-ZsGreen
heart sections showed that cardiac-resident macrophages were
mainly localized in three areas of the developing heart: sub-
epicardium, intramyocardium, and cushion/valves. The sub-
epicardial macrophages could be readily discerned but were
rarely found during these developmental stages. For intramyo-
cardial macrophages, quantification of the distance between F4/
80" macrophages and ZsGreen* endocardial cells showed that
>96% of trabecular macrophages were found within 20 pm from
the endocardium (Fig. 1, E and F). Regarding macrophages of the
valves, by immunostaining for F4/80 and ERG, a nuclear marker
of endothelial cells, we showed that >80% of them were localized
within 20 um from the endocardium in atrioventricular valves
(AVs; including mitral and tricuspid valves) and semilunar
valves (including aortic and pulmonary valves [Ao/PVs]) (Fig. 1,
G and H). Collectively, these data show that intramyocardial and
valve macrophages were distributed in close proximity to the
endocardium during heart development (Fig. 1 F).

Nfatcl-based lineage tracing is not endocardium specific

The endocardium has multipotency for giving rise to various cell
types of the heart including coronary endothelial cells, coronary
smooth muscle cells, fibroblasts, pericytes, and adipocytes (Chen
et al., 2016; de Lange et al., 2004; Liu et al., 2018; Zhang et al.,
2016b). The proximal distribution of cardiac macrophages near
the endocardium may suggest that the endocardium could also
contribute to cardiac macrophages. In fact, by using the Nfatcl-
Cre tool (Wu et al., 2012), it has been recently reported that
cardiac macrophages of the cushion or valves are mainly derived
from the Nfatcl-Cre-labeled endocardium (Shigeta et al., 2019).
However, a subset of endothelial cells of YS and AGM are also la-
beled by Nfatcl-Cre (Shigeta et al., 2019), which could confound the
interpretation of the fate-mapping data. To directly verify this, we
used three different Nfatcl knock-in tools, including Nfatcl-ires-Cre,
Nfatcl-2A-Dre, and Nfatcl-2A-CreER (Zhang et al., 2017; Zhang et al.,
2016a; Zhang et al., 2016b), to reassess the endocardial contribution
of Nfatcl-derived cells to embryonic hematopoiesis.
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Figure 1. Intramyocardial and valve macrophages are located close to endocardium. (A) Quantification of the number of F4/80* macrophages per 10x
field from E10.5 to E15.5. Data are presented as mean + SEM; n = 7 mice per group. (B) Schematic showing knock-in strategy for generation of Npr3-ZsGreen
mouse by homologous recombination. (C) Schematic showing the time points for tissue analysis using Npr3-ZsGreen mice. (D) Immunostaining for ZsGreen,
Plvap, and Ve-cad on E12.5 heart sections of Npr3-ZsGreen mouse. Quantification of the percentage of ZsGreen*Plvap* endocardium is shown on the right. Data
are presented as mean + SEM; n = 3 mice per group. (E) Immunostaining for ZsGreen and F4/80 on heart sections of E12.5-E15.5 Npr3-ZsGreen mice. Red
arrowheads, F4/80* macrophages; green arrowheads, ZsGreen* endocardial cells. Quantification of the percentage of macrophages with different distances
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from endocardium is shown on the right. 0 pm, the macrophage is in contact with the endocardial cell. Data are presented as mean + SEM; n = 3 mice per
group. (F) Cartoon image showing the distribution of macrophages in heart ventricle and valve. Most macrophages are close to ventricular and valvular
endocardium. (G) Immunostaining for ERG and F4/80 on E12.5-E15.5 heart sections showing that valve macrophages are close to valvular endocardium.
(H) Quantification of the percentage of valve macrophages with different distances from the valvular endocardium. Data are presented as mean + SEM; n = 3
mice per group. LV, left ventricle; RV, right ventricle; VS, ventricular septum. Scale bars, white, 100 pm; yellow, 20 pum.

We first used the Cre recombinase-based tracing tool, Nfatcl-
ires-Cre, to generate Nfatcl-ires-Cre;R26-tdTomato reporter
mice by crossing with Rosa26-loxP-Stop-loxP-tdTomato (R26-
tdTomato). We collected E15.5 hearts from the reporter mice
for analysis (Fig. 2 A). Immunostaining on heart sections for
tdTomato (tdT) and F4/80 showed that tdT*F4/80* macro-
phages were found in almost all regions of the developing heart,
including subepicardium, compaction myocardium, trabecular
myocardium, ventricular septum, atrium, AV, and semilunar
valves (Fig. 2 B). Quantification of the percentage of tdT*F4/80*
macrophages showed that 60.90 + 2.50% of cardiac macro-
phages were labeled by Nfatcl-ires-Cre-based tracing (Fig. 2 C).
Flow cytometric analysis further showed that Nfatcl-ires-Cre-
labeled cells contributed to 51.92 + 4.31% of CD45'F4/80*
macrophages in the developing heart (Figs. 2 D and Sl A),
consistent with the previous report (Shigeta et al., 2019). Fur-
thermore, 50.50 + 2.60% of CD45* cells were labeled by tdT
(Figs. 2 E and S1 B), suggesting that Nfatcl-labeled cells could
contribute to circulating white blood cells.

Likewise, we used the Dre recombinase-based fate-mapping
tool, Nfatcl-2A-Dre, to examine endocardial contribution to
macrophages. The working principle of the Dre-rox recombi-
nation system is similar to that of the Cre-loxP system (He et al.,
2017). We crossed Nfatcl-2A-Dre with Rosa26-rox-Stop-rox-tdTo-
mato (R26-RSR-tdTomato) to generate the Nfatcl-2A-Dre;R26-RSR-
tdTomato reporter mice and collected E15.5 hearts from these
mice for analysis (Fig. 2 J). Inmunostaining for tdT and F4/80 on
E15.5 heart sections showed that tdT*F4/80* macrophages were
detected in almost all regions of the developing heart, including
subepicardium, compaction myocardium, trabecular myocar-
dium, ventricular septum, AV, and semilunar valves (Fig. 2, ]
and K). Quantification of the percentage of tdT*F4/80* macro-
phages showed that 43.57 + 4.03% of cardiac macrophages ex-
pressed tdT (Fig. 2 K). Flow cytometric analysis further showed
that 29.07 + 2.10% of CD45'F4/80* cardiac macrophages and
23.18 + 1.92% of CD45* cells of the blood were labeled by tdT,
suggesting that Nfatcl-2A-Dre-labeled cells contributed to car-
diac macrophages and circulating blood cells (Fig. 2 L).

However, the Nfatcl gene is not expressed specifically by the
endocardium but also by other endothelial cell subsets. Previous
studies have revealed the hemogenic activity of endocardium to
be at ~E9.5-E11.5, which happens at the same time as endocar-
dium-to-mesenchyme transition (Nakano et al., 2013). We
therefore used three independent Nfatcl knock-in tools (Nfatcl-
ires-Cre, Nfatcl-2A-Dre, and Nfatcl-2A-CreER) to examine the ex-
pression of Nfatcl in the developing endothelium. Whole-mount
epifluorescence views of E9.5 Nfatcl-ires-Cre;R26-tdTomato
showed tdT* signals in the heart, DA, and YS regions (Fig. 2 F).
Immunostaining for tdT and endothelial cell marker platelet
endothelial cell adhesion molecule (PECAM) on embryonic
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sections showed that 14.79 + 1.52% and 17.27 + 1.17% of endo-
thelial cells of YS and DA were labeled by tdT, respectively,
which are known as the HE locations responsible for hemato-
poiesis (Fig. 2, G and H). Therefore, our results indicated that the
cell types that were labeled by Nfatcl-based tracing such as
the endothelium of DA and YS could have been overlooked in the
previous work (Shigeta et al.,, 2019). Because Nfatcl-derived
macrophages were first identified in the heart at E9.5, and
subsequently in the circulation at E10.5 (Shigeta et al., 2019), we
attempted to recapitulate this finding by performing im-
munostaining for tdT and CD45 or Ter-119 on E9.5 embryonic
sections of Nfatcl-ires-Cre;R26-tdTomato mice. Notably, CD45*
tdT* and Ter-119*tdT* blood cells were detected in other em-
bryonic regions, in addition to the heart (Fig. 2 I). We then
collected E9.5 samples of Nfatcl-2A-Dre;R26-RSR-tdTomato to
examine whether Nfatcl-2A-Dre could target the HE of YS and
DA. Whole-mount epifluorescence and sectional immunostaining
analysis of E9.5 Nfatcl-2A-Dre;R26-RSR-tdTomato mice showed that
10.53 + 0.95% and 15.20 + 1.93% of endothelial cells of YS and DA,
respectively, were labeled by tdT (Fig. 2, M and N). Immunostaining
for tdT and CD45 or Ter-119 detected tdT+*CD45* hematopoietic cells
and tdT*Ter-119* erythrocytes on E9.5 embryonic sections (Fig. 2 0).
To eliminate the influence from endocardial hematopoiesis, we
removed the heart before collecting the circulating blood cells for
analysis. Our data showed that 17.56 + 1.62% and 15.26 + 1.73% of
CD45* cells in the embryonic circulation and YS, respectively, were
tdT* (Fig. 2 P), suggesting that Nfatcl-derived cells were detected in
the circulation at E9.5. Collectively, our data based on Nfatc-2A-
Dre-mediated tracing showed that Nfatcl was not a specific gene
marker for targeting the endocardium.

Furthermore, we used inducible Nfatcl-2A-CreER;R26-tdTo-
mato reporter mice for temporal analysis on Nfatcl expression in
the developing endothelium. We treated mice with tamoxifen
(Tam) at E7.5 and collected embryos at E9.5 (Fig. 2 Q). Similarly,
whole-mount epifluorescence microscopy showed that tdT*
signals were seen in the heart, DA, somatic vessel, and YS re-
gions (Fig. 2 R). Immunostaining for tdT and PECAM on em-
bryonic sections showed that the endocardium was efficiently
labeled by tdT (Fig. 2, T and U). Moreover, 45.71 + 2.36% and
32.04 + 3.75% of endothelial cells of YS and DA were labeled by
tdT, respectively (Fig. 2, S-U). Here, we detected CD45*tdT*
blood cells not only in the heart, but also a substantial number of
CD45*tdT* cells in other embryonic regions, such as YS and
somatic vessels (Fig. 2, V-X). Of note, Tam treatment at later
stages (e.g., E12 or E12.5) showed reduced Nfatcl-lineage-labeled
macrophages compared with treatment at earlier stages (e.g.,
E7.5 or E9.5; Fig. S2). These data suggest that lineage tracing
based on Nfatcl also marked endothelial cells of YS and AGM and
white blood cells in the circulation. Given the known hemogenic
nature of endothelial cells in YS and AGM, we speculated that
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using Nfatcl-ires-Cre;R26-tdTomato mice. (B) Immunostaining for tdT and F4/80 on E15.5 Nfatcl-ires-Cre;R26-tdTomato heart sections. Yellow arrowheads,
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tdT*F4/80* macrophages. (C) Quantification of the percentage of F4/80* macrophages expressing tdT. Data are presented as mean + SEM; n = 4 mice per
group. (D and E) Flow cytometric analysis of CD45*F4/80* macrophages of heart (D) and CD45* immune cells of blood (E) expressing tdT. Data are presented
as mean + SEM; n = 5 mice per group. (F) Whole-mount bright-field and epifluorescence views of E9.5 Nfatcl-ires-Cre;R26-tdTomato embryo and YS.
(G) Immunostaining for tdT and PECAM on embryonic and YS sections. Yellow arrowheads, tdT*PECAM* endothelial cells. (H) Quantification of the percentage
of PECAM* endothelial cells expressing tdT. Data are presented as mean + SEM; n = 4 mice per group. (I) Immunostaining for tdT and CD45 or Ter-119 on
embryonic sections. Yellow arrowheads, tdT*CD45* immune cells or tdT*Ter-119* cells. (J) Schematic showing the time points for tissue analysis using Nfatcl-
2A-Dre;R26-RSR-tdTomato mice. (K) Immunostaining for tdT and F4/80 on E15.5 Nfatcl-2A-Dre;R26-RSR-tdTomato heart sections (left). Yellow arrowheads,
tdT*F4/80* macrophages. Quantification of the percentage of F4/80* macrophages expressing tdT (right). Data are presented as mean + SEM; n = 4 mice per
group. (L) Flow cytometric analysis of CD45*F4/80* macrophages of heart (left) and CD45* immune cells of blood (right) expressing tdT. Data are presented as
mean + SEM; n = 5 mice per group. (M) Whole-mount bright-field and epifluorescence views of E9.5 Nfatcl-2A-Dre;R26-RSR-tdTomato embryo and YS.
(N) Immunostaining for tdT and PECAM on embryonic and YS sections (left). Yellow arrowheads, tdT*PECAM* endothelial cells. Quantification of the per-
centage of PECAM* endothelial cells expressing tdT (right). Data are presented as mean + SEM; n = 4 mice per group. (0) Immunostaining for tdT and CD45
(left) or Ter-119 (right) on E9.5 Nfatcl-2A-Dre;R26-RSR-tdTomato tissue sections. Yellow arrowheads, tdT*CD45* immune cells or tdT*Ter-119* blood cells.
(P) Flow cytometric quantification of CD45* immune cells of the embryo (removal of heart) and YS expressing tdT. Data are presented as mean + SEM; n = 4
mice per group. (Q) Schematic showing the experimental design. (R) Whole-mount bright-field and epifluorescence views of E9.5 Nfatcl-2A-CreER;R26-
tdTomato embryo and YS. (S and T) Immunostaining for tdT and PECAM on YS (S) and embryonic (T) sections. Yellow arrowheads, tdT*PECAM* endothelial
cells. (U) Quantification of the percentage of PECAM* endothelial cells expressing tdT. Data are presented as mean + SEM; n = 4 mice per group. (V and
W) Immunostaining for tdT and CD45 on YS (V) and embryonic (W) sections. Yellow arrowheads, tdT*CD45* immune cells. (X) Quantification of the percentage
of CD45* cells expressing tdT. Data are presented as mean + SEM; n = 4 mice per group. (Y) Cartoon image showing Nfatcl-labeled multitype endothelium that
potentially contributes to cardiac macrophages. Comp, compaction; LV, left ventricle; RV, right ventricle; Sub-Epi, subepicardium; SV, somatic vessel; Trab,

trabeculae; VS, ventricular septum. Scale bars, white, 100 um; green, 20 um; yellow, 1 mm.

lineage tracing through Nfatcl could have labeled the HE and vari-
ous endothelial cell subsets in addition to the endocardium (Fig. 2
Y). Therefore, Nfatcl-based tracing was not endocardial specific.

Nfatcl gene is autonomously expressed in macrophages

and monocytes

The Nfatcl gene plays essential roles in regulating immune re-
sponses, especially in T cell activation (Zhou et al., 2002). The
above data showed that Nfatcl-ires-Cre-labeled cells contributed
to ~50% CD45* cells of the circulating blood (Fig. 2 E). Next, we
performed flow cytometric analysis to determine which cell
types of the circulating blood were marked by Nfatcl-ires-Cre;
R26-tdTomato at E15.5. We found that Nfatcl-ires-Cre labeled
26.68 +1.62% of monocytes, 24.52 + 0.90% of neutrophils, 13.59 +
2.02% of T cells, 21.30 + 0.89% of B cells, 36.26 + 2.79% of
macrophages, and 0.02 + 0.00% of erythrocytes (Fig. 3, A-C). To
test whether macrophages expressed the Nfatcl gene, we isolated
cardiac and peritoneal macrophages and performed reverse
transcription quantitative PCR (RT-qPCR) analysis (Fig. 3 D). We
showed that both the cardiac and peritoneal macrophages au-
tonomously expressed the Nfatcl gene (Fig. 3 E). To further test
whether the Nfatcl-based tracing tool could label the Nfatcl*
macrophages, we performed Tam treatment in Nfatcl-2A-CreER;
R26-tdTomato mice at E17.5, during which hematopoiesis of YS
and DA has ended, and collected the heart and circulating blood
at E18.5 for analysis (Fig. 3 F). Immunostaining for tdT and F4/
80 on heart sections showed that 0.99 + 0.58% of macrophages
were labeled by tdT over this 1-d time frame (Fig. 3, F-I).
However, because the recombination efficiency of Nfatcl-2A-
CreER;R26-tdTomato mice was ~30% (data not shown) using this
Tam treatment strategy, the number of labeled NfatcI* macro-
phages could be at least three times underestimated within this
period. Considering that the Nfatcl-ires-Cre is constitutively ac-
tive, its labeled Nfatcl* cardiac macrophages could have accu-
mulated from E10.5 when cardiac macrophages emerged at
E15.5. Moreover, flow cytometric analysis of the circulating
blood of Nfatcl-2A-CreER;R26-tdTomato mice at E18.5 showed that
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5.94 + 1.00% of circulating macrophages and 5.45 + 0.61% of
monocytes were labeled by tdT (Fig. 3, ] and K). This 1-d temporal
labeling data suggested that Nfatcl was also expressed in a subset
of circulating macrophages and monocytes. Therefore, the Nfatcl*
cardiac macrophages labeled by Nfatcl-ires-Cre could directly ac-
count for the labeled macrophages in the developing heart.

Nfatcl* endocardium does not have hematopoietic potential
ex vivo
Runxl is an important regulator expressed by the HE to control
activation of hematopoietic gene expression (North et al., 2002).
To test whether these Nfatcl* endocardial cells express the he-
mogenic endothelial cell marker Runxl, we performed coim-
munostaining for VE-cad, Runxl, and tdT on E9.5 Nfatcl-ires-Cre;
R26-tdTomato embryonic sections (Fig. 4 A). The results showed
that the tdT* VE-cad* Runxl* endothelial cells were detected in
YS, but not in the outflow tract (OFT)/heart region (Fig. 4, B and
C). Furthermore, we observed many tdT* Runx1*VE-cad- cells in
the vascular lumen and heart chambers, and most of them ex-
pressed CD45, suggesting that these committed blood progenitor
cells may originate from other Runx1* HE through blood circu-
lation (Fig. 4, D and E). The absence of endocardial expression of
the hemogenic endothelial marker Runx1 in vivo suggested that
the endocardium was less likely to have hematopoietic activity.
Because current genetic tools do not enable us to exclusively
trace Nfatcl* endocardial cells in vivo, we then performed
ex vivo hematopoietic colony-forming assays to reassess the
hematopoietic potential of the endocardium. We used E8.0
embryos for ex vivo experiments because the circulatory system
has not yet been fully established at this moment. Briefly, the YS,
caudal half, head, and heart regions of E8.0 Nfatcl-ires-Cre;R26-
tdTomato embryos were dissected and precultured on OP9
stromal cells for 4 d and transferred to methylcellulose medium
for 10 d according to the protocols described by Nakano et al.
(2013; Fig. 5 A). The YS and caudal half were included as the
positive control groups, and the head was used as the negative
control group. Our ex vivo results showed that the tdT*

Journal of Cell Biology
https://doi.org/10.1083/jcb.202108093

60f 19


https://doi.org/10.1083/jcb.202108093

A B Gate on CD45" cells Gate on CD45* cells Gate on CD45° cells
Experimental strategy “é, =
. =
53 T8 4| g8 g 4 -4
5] 3 0 ‘
g 1 ! 2t ! e L
= (a0 N e
—» F4/80-PE-Cy7 ——»tdTomato-PE — Ly6G-APC ——tdTomato-PE —» CD19-PE-Cy7 ——»tdTomato-PE
FACS inalySls Gate on CD45" cells Gate on CD45" cells Gate on CD45* cells
Nfatc1-ires-Cre; - ; . ° e T — o
R26-tdTomato E15.5 T ; 3 : g
e 8 218 o3 I-16.0 = 3
S 3 = & €9
=
f Hageg ] , 103
5 Lysc-FITC — tdTomato-PE —— CD3-FITC — tdTomato-PE — Tert19-APC —tdTomato-PE
C a0 . D _ E .
Experimental strategy e Nfatc1
= 2 20
§ 60 é R
T 40 e
= % 10 °
° o
. 2 5
20 ’gi_‘ /Z Analysis = S
k. $ 0 il
0 T R ; ‘ = sal 11 1L 1ISTD F;.%] .
e, & Wild type e € L e > >
& G{‘ & C,Qa (,2' typ E16.5 S &° oo*" (FoF o &
K o N & L K &
N S & W S
& ~ <& @
N & ®®
Q&
P
G E17.5>E18.5 H 1 Fas00aPI Magnification ' E17.55E185
Heart

-

Experimental strategy

Tam.

Tam. or
vehicle Analysis
v

N v
Nfatc1- 2A CreER | |

tdT*/F4-80" (%)
o N N [} [o] o

R26-tdTomato E17.5 E18.5 Q@ o
(5}
5 &
(¢
> <
J Gate on CD45° cells Gate on CD45° cells Gate on CD45" cells K
g ¢ - : " FA 1
<
s S — 40 E17.5>E18.5
s g 2 6.91 239 g 3 2 9 7.84
o v @ S o o« 2] 2]
S Q o
s | ! =1 ! ! f
= B
— F4/80-PE-Cy7 —tdTomato-PE — Ly6G-APC — tdTomato-PE —>CD19-APC-eFlour780 —tdTomato-PE
Gate on CD45° cells Gate on CD45" cells Gate on CD45" cells
Q
Q
%‘ o 9 ) O %
[ o 9 Q
s gl a 8 gl 4] 531 £ 3 3 0.00
S Ll s
=1 ! i l g1 N
— Ly6e-FITC —>tdTomato-PE — CD3-FITC —>tdTomato-PE — Ter119-APC —>tdTomato-PE

Figure 3. Nfatcl gene is expressed in white blood cells. (A) Schematic showing the experimental design. The blood of E15.5 Nfatcl-ires-Cre;R26-tdTomato
mice was isolated for flow cytometric analysis. (B and C) Flow cytometric analysis (B) and quantification (C) of the percentage of circulating macrophages,
monocytes, neutrophils, T cells, B cells, and erythrocytes that express tdT of E15.5 NfatcI-ires-Cre;R26-tdTomato mice. Data are presented as mean + SEM;n =5
mice per group. SSC, side scatter. (D and E) RT-qPCR analysis of the Nfatcl gene expression in different cell types isolated from E16.5 wild-type mice.
Cardiomyocyte was set as a negative control; endocardial cell was set as a positive control. Data are presented as mean + SEM; n = 3 mice per group.
(F) Schematic showing the experimental design. (G) Whole-mount fluorescence of E18.5 Nfatc1-2A-CreER;R26-tdTomato embryo after Tam or corn oil (vehicle)
treatment at E17.5. (H) Immunostaining for tdT and F4/80 on E18.5 heart sections of Nfatc1-2A-CreER;R26-tdTomato mice after Tam treatment at E17.5. Yellow
arrowheads, tdT*F4/80* macrophages. (I) Quantification of the percentage of F4/80* macrophages expressing tdT. Data are presented as mean + SEM; n = 4
mice per group. (J and K) Flow cytometric analysis () and quantification (K) of tdT-labeled macrophages, monocytes, neutrophils, T cells, B cells, and er-
ythrocytes of E18.5 circulating blood of Nfatc1-2A-CreER;R26-tdTomato mice after Tam treatment at E17.5. Data are presented as mean + SEM; n = 6 mice per
group. Scale bars, yellow, 1 mm; white, 100 um.
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macrophage colonies were generated from both the YS and
caudal half groups, but neither from the head nor the heart
groups (Fig. 5, B and C). Immunostaining for tdT and F4/80 or
CD45 further confirmed that Nfatcl* cells contributed to mac-
rophages in YS and AGM but not in head nor heart groups
(Fig. 5, D and E). Collectively, these data supported that the
Nfatcl* endocardial cells did not have hemogenic potential.

Mef2c-derived endocardium minimally contributes to cardiac
macrophages and circulating blood cells

Mef2c is a secondary/anterior heart field (SHF/AHF) progenitor
marker, and Mef2c-AHF-Cre-derived cells are highly restricted
to the AHF of the developing heart (De Val et al., 2004). A
previous genetic fate-mapping study showed that Mef2c-AHF-
Cre* cells contribute to endocardial cells as well as car-
diomyocytes of the right ventricle and OFT (Verzi et al., 2005).
To further examine the hemogenic activity of the endocardium,
we used the Mef2c-AHF-Cre;R26-tdTomato reporter mice to track
the contribution of SHF progenitor-derived endocardium to
hematopoietic cells at E10.5 and E15.5 (Fig. 6 A). Whole-mount
epifluorescence microscopy of the E10.5 embryo showed that
tdT* signal was only detected in the heart, but not in other re-
gions such as AGM or YS (Fig. 6 B). Immunostaining for tdT and
PECAM on E10.5 embryonic sections showed that 81.44 + 2.08%
of OFT endocardial cells and 25.7 + 1.47% of atrial endocardial
cells were tdT*, whereas endothelial cells of YS and AGM were
tdT- (Fig. 6, C-E). It has been previously reported that the
Nkx2.5-lineage-labeled endocardium of the OFT and atrium
contributes to peripheral Terl19* erythroid cells and CD45* cells
at E10.5 (Nakano et al., 2013). A study from the same group
further showed that the Nfatcl* endocardial cells give rise to
cardiac macrophages at the embryonic stages, which persists in
the adult stage (Shigeta et al., 2019). However, immunostaining
for tdT, CD45, F4/80, or Terl19 on E10.5 embryonic sections of the
Mef2c-AHF-Cre;R26-tdTomato reporter mice showed that none of
these cells expressed tdT (Fig. 6, F, G, 1, and J; and Fig. S3, A-C).
Flow cytometric analysis also revealed that the tdT* cell popula-
tion was hardly detected among CD45* or Ter-119* blood cells
(Fig. 6, H and K; and Fig. S3 D). Moreover, immunostaining for tdT
and F4/80 (Fig. 6 L) or CD45 (Fig. 6 M) on E15.5 heart sections also
showed the absence of F4/80*tdT* (Fig. 6 N) or CD45*tdT* (Fig. 6
0) cells, suggesting that Mef2c-AHF-Cre-derived endocardium did
not contribute to cardiac macrophages and blood cells. Flow cy-
tometric analysis further confirmed that virtually no tdT* cell
population was detected among F4/80* cardiac macrophages or
CD45* circulating white blood cells (Fig. 6, P and Q; and Fig. S3 E).
Because the genetic tdT label of endocardial cells by Mef2c-AHF-Cre
was permanent and irreversible, the tdT- cells detected in the
heart or blood were unlikely to be derived from the endocardium.
These genetic fate-mapping data further demonstrated that the
endocardium did not have hemogenic potential for giving rise to
cardiac macrophages or circulating blood cells (Fig. 6 R).

Npr3-derived endocardium contributes minimally to cardiac
macrophages and circulating blood cells

Similarly, Npr3 is another gene marker of the endocardium, so
we used the Npr3-CreER;R26-tdTomato reporter that targets the
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endocardium to further assess its hemogenic potential with an
additional marker (Zhang et al., 2016a). It has been recently
reported that cardiac macrophages emerge at ~E9.5 (Shigeta
et al.,, 2019). To target the endocardium efficiently, we induced
Npr3-CreER;R26-tdTomato reporter mice with two doses of Tam,
at E7.5 and E8.5, and collected embryos at E10.5 and E15.5, re-
spectively, for analysis (Fig. 7 A). Whole-mount epifluorescence
microscopy of E10.5 embryos showed that tdT* signals were
concentrated in the heart but not in the YS region (Fig. 7 B).
Immunostaining for tdT and PECAM on embryonic sections
showed that 95.47 + 0.87%, 90.52 + 1.60%, and 55.17 + 2.53% of
endocardial cells of the atrium, ventricle, and OFT—but not of
the YS region—were labeled by tdT (Fig. 7, C-E). Having es-
tablished this strategy for efficiently labeling the endocardium,
we determined if these labeled cells contributed to CD45* cells.
However, immunostaining for tdT and CD45 or F4/80 of E10.5
embryonic sections showed that Npr3* endocardium contrib-
uted minimally to CD45* or F4/80* cells of the heart (Fig. 7 F; and
Fig. S4, A-C). Immunostaining for tdT and Ter-119 showed that
no Terl19* cell was labeled by tdT (Fig. 7 G). Flow cytometric
analysis of E10.5 embryo and circulating blood further revealed
that neither CD45" nor Ter-119* cells were tdT* (Fig. 7, H and [;
and Fig. S4 D). We also collected E15.5 heart for analysis. Im-
munostaining for tdT, F4/80, and CD45 on E15.5 heart sections
did not locate any tdT*F4/80* macrophages or tdT*CD45* white
blood cells (Fig. 7, ] and K). Flow cytometric analysis further
showed the absence of tdT* population among F4/80* cardiac
macrophages or CD45" circulating white blood cells, indicating
that the Npr3* endocardium contributed minimally to cardiac
macrophages (Fig. 7, L and M; and Fig. S4 E). Taken together,
these data demonstrated that the Npr3* endocardium was not
hemogenic during embryogenesis (Fig. 7 N).

Subepicardial macrophages are not derived from

the epicardium

By virtue of the available genetic tools that label the endocar-
dium, our extensive experiments did not display its hemogenic
potential, even though cardiac macrophages were localized
closely to the endocardium. Through sectional immunostaining,
we noticed that a subset of cardiac macrophages was seen in the
subepicardium. Because epicardial cells have also been consid-
ered as progenitors of the developing mouse heart (Tian et al.,
2015), we used Wtl-CreER;R26-tdTomato reporter mice to trace
the cell fate of the epicardial cells and addressed whether the
epicardium could give rise to cardiac macrophages (Fig. 8 A).
However, our fate-mapping analysis revealed that no F4/80~ cell
was labeled by tdT in these reporter mice, indicating that sub-
epicardial macrophages were not derived from the epicardium
(Fig. 8, A-D).

Cardiac macrophages originate from primitive, transient
definitive, and definitive hematopoiesis

The above lineage-tracing experiments revealed that the intra-
myocardial and valve macrophages were not derived from the
endocardium, and the subepicardial macrophages did not orig-
inate from the epicardium. Primitive hematopoiesis begins at
~E7.5 in the YS, followed by transient definitive hematopoiesis
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Figure 5. Nfatcl* endocardium does not show hematogenic properties in ex vivo hematopoietic colony-forming assays. (A) Schematic showing the
experimental design. The YS, caudal half, head, and heart of E8.0 Nfatcl-ires-Cre;R26-tdTomato mice were respectively dissected and precultured on OP9
stromal cells and then transferred onto methylcellulose medium for testing hematopoietic colony formation. (B) Whole-mount bright-field and fluorescence
images of the representative macrophage colonies after culturing in methylcellulose medium for 10 d. (C) Quantification of the percentage of tdTomato*
colonies in ex vivo hematopoietic colony-forming assays. Data are presented as mean + SEM; n = 4 mice per group. (D) Immunostaining for tdTomato, CD45,
and F4/80 after 10 d of culture in methylcellulose medium. (E) Quantification of the percentage of tdT* cells expressing CD45 or F4/80. Data are presented as
mean + SEM; n = 4 mice per group. Scale bars, yellow, 100 pm; white, 30 pm.

at ~E8.0 and then definitive hematopoiesis in the AGM regionat  macrophages located at different regions of the developing heart
~F10.5 (Epelman et al., 2014a; Ginhoux and Guilliams, 2016; during these three waves of hematopoiesis.

Gomez Perdiguero et al., 2015; Hoeffel et al., 2015). We therefore To examine the contribution of cardiac macrophages during
examined if the HE of YS and AGM gives rise to cardiac EHT of primitive and transient definitive hematopoiesis, we
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Figure 6. Mef2c-Cre-labeled endocardium contributes minimally to heart macrophages. (A) Schematic showing the time points for tissue analysis using
Mef2c-AHF-Cre;R26-tdTomato mice. (B) Whole-mount fluorescence of E10.5 embryo and YS. (C and D) Immunostaining for tdT and PECAM on sections of E10.5
YS (C) and embryo (D). Yellow arrowheads, tdT*PECAM* endocardial cells. (E) Quantification of the percentage of PECAM* endothelial cells expressing tdT in
different regions. Data are presented as mean + SEM; n = 5 mice per group. (F) Immunostaining for tdT and CD45 on sections of E10.5 embryo. White ar-
rowheads, tdT-CD45* immune cells. (G) Quantification of the percentage of CD45* cells expressing tdT. Data are presented as mean + SEM; n = 5 mice per
group. (H) Flow cytometric quantification of CD45* immune cells of embryo expressing tdT. Data are presented as mean + SEM; n = 5 mice per group.
(1) Immunostaining for tdT and Ter-119 on E10.5 embryonic section. (J) Quantification of the percentage of Ter-119* cells expressing tdT. Data are presented as
mean + SEM; n = 5 mice per group. (K) Flow cytometric quantification of Ter-119* cells of embryo expressing tdT. Data are presented as mean + SEM; n = 5
mice per group. (L and M) Immunostaining for tdT and F4/80 (L) or CD45 (M) on E15.5 heart sections. White arrowheads, tdT-F4/80* macrophages or
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tdT-CD45* immune cells. (N and 0) Quantification of the percentage of tdT*F4/80* macrophages (N) or tdT*CD45* immune cells (O). Data are presented as
mean + SEM; n = 5 mice per group. (P and Q) Flow cytometric analysis of F4/80* macrophages of heart (P) and CD45* immune cells of blood (Q) expressing
tdT. Data are presented as mean + SEM; n = 5 mice per group. SSC, side scatter. (R) Cartoon image showing that Mef2c-AHF-Cre-labeled endocardial cells do
not contribute to heart macrophages. A, atrium; Myo, myocardium; Sub-epi, subepicardium; Trab, trabeculae; V, ventricle; VS, ventricular septum. Scale bars,

yellow, 1 mm; white, 100 pm; green, 20 pm.

generated a new Cdh5-2A-CreER knock-in line for targeting the
HE of YS and AGM (Fig. 9 A), treated Cdh5-2A-CreER;R26-tdTo-
mato reporter mice with 4-hydroxytamoxifen (40HT) at E7.5,
and performed analysis at E12.5 and E16.5 (Figs. 9 B and S5 A).
Immunostaining for tdT and PECAM on E16.5 sections showed
that endothelial cells of the heart and YS were efficiently labeled
by tdT (98.65 + 0.46% and 98.60 + 0.79%, respectively; Fig. 9,
B-D). Consistent with the previous report (Ginhoux et al., 2010),
we also confirmed that almost all microglia (97.02 + 0.72%) were
labeled when 40HT was given at E7.5, indicating efficient ge-
netic tracing of their cell source during primitive hematopoiesis
(Fig. 9, E and F). Furthermore, coimmunostaining for tdT and
Ter-119 on E12.5 tissue sections showed that the majority of Ter-
119* definitive erythroid cells of the fetal liver were also labeled
by tdT, indicating that 40OHT induction at E7.5 could label the
transient definitive wave (Fig. S5, C and D). Since our findings
had ruled out the possibility that the endocardium contained the
HE, the Cdh5-2A-CreER could accurately capture the hemato-
poietic output of the endothelium of YS and AGM upon 40HT
treatment. Immunostaining for tdT and F4/80 on E16.5 heart
sections also showed that >90% macrophages in different re-
gions of the heart were labeled by tdT (Fig. 9, G and F).

To examine the origins of cardiac macrophages during EHT
of definitive hematopoiesis, we treated reporter mice with
40HT at E10.5 and performed analysis at E12.5 and E16.5 (Figs.
9 H and S5 E). Indeed, the microglia were no longer labeled by
tdT (Figs. 9 I and S5 F). Furthermore, we did not detect any Ter-
119* tdT* erythroid cells in E12.5 fetal liver, which is mostly
generated from YS-derived primitive or transient definitive
hematopoiesis (Soares-da-Silva et al., 2021), indicating that
40HT treatment at E10.5 could no longer track transient he-
matopoiesis in our mouse model (Fig. S5, G and H). These data
suggested that induction at E10.5 could specifically track AGM/
HSC definitive hematopoiesis. Immunostaining for tdT and F4/
80 on E16.5 heart sections showed that 10-20% of macrophages
in different regions of the heart were tdT*, confirming their
cellular origin during definitive hematopoiesis (Fig. 9, J and K).
Collectively, our data suggest that cardiac-resident macrophages
are mainly derived from EHT during YS-derived primitive/
transient definitive hematopoiesis and AGM-derived definitive
hematopoiesis (Fig. 9 L).

Discussion

In this study, we reexamined the origins of cardiac-resident
macrophages in the developing heart. By using Mef2c-AHF-Cre
and Npr3-CreER genetic tools, we revealed that Mef2c- and Npr3-
derived endocardial cells minimally gave rise to cardiac mac-
rophages and circulating blood cells, respectively. Furthermore,
we generated the Cdh5-2A-CreER knock-in line to efficiently
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label endothelial cells of YS and AGM and demonstrated that
cardiac macrophages of the developing heart were mostly de-
rived from EHT during primitive and transient definitive he-
matopoiesis in the YS, with some being generated from
definitive hematopoiesis in the AGM region.

DNA site-specific recombination systems have been widely
used for lineage tracing and cell fate-mapping studies in vivo.
Expression efficiency of the reporter gene depends on the re-
combination events mediated by Cre recombinase, which is
driven under the control of a specific gene promoter. Therefore,
the cell-specific nature of the promoter is essentially the linch-
pin of using this technology (Tian et al., 2015). If activation of the
gene promoter is not operated in a cell-specific manner, the
ectopic activity of the promoter in “unwanted” cell types will
lead to discrepancies or even contradictory conclusions drawn
from different studies (Liu et al., 2020). For instance, Nkx2.5*
cells are mainly regarded as cardiovascular progenitors that
contribute to various cardiac lineages including myocytes and
endocardial cells (Stanley et al., 2002). However, Nkx2.5-line-
age* cells also contribute to endothelial cells of YS and AGM, so
the Nkx2.5-Cre line would not be a cell-specific tool for the
evaluation of hemogenic potential of the endocardium (Stanley
et al., 2002; Zamir et al., 2017). Similarly, we found that Nfatcl
was not specifically expressed by the endocardium. We used
three different types of Nfatcl knock-in lines (Nfatcl-2A-CreER,
Nfatcl-ires-Cre, and Nfatcl-2A-Dre) to systematically analyze the
cell fate of endothelium-derived cells throughout different re-
gions of the embryos, including YS and AGM. Noticeably, >45
and 32% of endothelial cells of the YS and AGM, respectively,
were labeled in the Nfatcl-2A-CreER;R26-tdTomato reporter mice,
casting significant concern over the conclusion on the hemo-
genic potential of the endocardium based on fate mapping
through Nfatcl. Furthermore, by RT-qPCR analysis and an in-
ducible genetic labeling strategy, we found that a subset of
cardiac-resident macrophages, circulating macrophages, and
monocytes autonomously expressed the Nfatcl gene. Therefore,
the macrophages and monocytes in the circulation and at vari-
ous cardiac regions were directly labeled by Nfatcl-ires-Cre in
addition to the HE of YS and DA.

During murine development, activation of gene expression is
dynamic over time. Therefore, Cre-based tracing can mark tar-
get cells based on expression of a gene at one time that can also
be expressed by nontarget cells at another time if the gene is not
specifically activated in the target cells. Very often, we have yet
to uncover a marker gene for a specific cell type. Therefore, the
constitutively active Cre driver is not suitable for cell-specific
fate-mapping studies, as it labels all cells that have historically
expressed the nonspecific genes. Nevertheless, if the expression
kinetics of a specific gene is known in the target cells, an
inducible genetic labeling tool could sometimes be used to
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Figure 7. Npr3-CreER-labeled endocardial cells contribute minimally to heart macrophages. (A) Strategy for lineage tracing of Npr3* endocardial cells
using Npr3-CreER;R26-tdTomato mice. (B) Whole-mount fluorescence of E10.5 embryo and YS. (C and D) Immunostaining for tdT and PECAM on sections of
E10.5 YS (C) and embryo (D). (E) Quantification of the percentage of PECAM* endothelial cells expressing tdT in different regions. Data are presented as mean +
SEM; n = 4 mice per group. (F) Immunostaining for tdT and CD45 on E10.5 sections (left). White arrowheads, tdT-CD45* immune cells. Quantification of the
percentage of CD45* cells expressing tdT (right). Data are presented as mean + SEM; n = 4 mice per group. (G) Immunostaining for tdT and Ter-119 on E10.5
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sections (left). Quantification of the percentage of Ter-119* cells expressing tdT (right). Data are presented as mean = SEM; n = 4 mice per group. (H) Flow
cytometric quantification of CD45* immune cells of embryo expressing tdT. Data are presented as mean + SEM; n = 5 mice per group. SSC, side scatter. (1) Flow
cytometric quantification of Ter-119* cells of embryo expressing tdT. Data are presented as mean + SEM; n = 5 mice per group. (J) Immunostaining for tdT and
F4/80 on E15.5 heart sections (left). White arrowheads, tdT-F4/80* macrophages. Quantification of the percentage of F4/80* macrophages expressing tdT
(right). Data are presented as mean + SEM; n = 5 mice per group. (K) Immunostaining for tdT and CD45 on E15.5 heart sections (left). White arrowheads,
tdT-CD45* white blood cells. Quantification of the percentage of CD45* blood cells expressing tdT (right). Data are presented as mean + SEM; n = 5 mice per
group. (L and M) Flow cytometric analysis of CD45*F4/80* macrophages of E15.5 heart (L) and CD45* white blood cells of E15.5 blood (M) expressing tdT. Data
are presented as mean + SEM; n = 5 mice per group. (N) Cartoon image showing Npr3-labeled endocardial cells do not contribute to heart macrophages. A,
atrium; Myo, myocardium; Sub-epi, subepicardium; Trab, trabeculae; V, ventricle; VS, ventricular septum. Scale bars, yellow, 1 mm; white, 100 pm; green,

20 pm.

minimize this deficiency. The inducible CreER driver could
then temporally and spatially regulate the recombination of Cre-
loxP, which could specifically target the cells of interest. In this
study, we found that Nfatcl-ires-Cre-labeled cells contributed to
~50% of CD45*F4/80* cardiac macrophages of the E15.5 heart. Be-
cause of the nonspecific expression of the Nfatcl gene in multiple
cell types, we summarized three possible sources of Nfatcl-labeled
cardiac macrophages, including the hematopoietic output derived
from Nfatcl-labeled HE of YS and DA; the Nfatcl* cardiac macro-
phages directly labeled by Nfatcl-ires-Cre; and the circulating Nfatcl*
macrophages and monocytes labeled by Nfatcl-ires-Cre. The con-
tributions of heart macrophages from these three Nfatcl genetic tools
are different, which are likely to come from the difference in re-
combination efficiency. The purpose of using all these Nfatcl tools in
our study is to demonstrate its broad expression in various tissues
such as YS, AGM, and immune cells, in addition to endocardial cells.

Considering the nonspecific expression of Nfatcl in multiple
endothelial and white blood cell types, neither the constitutively
active nor inducible Cre driven by Nfatcl should be used for
accurately labeling endocardial-derived cells. We further con-
ducted ex vivo hematopoietic colony-forming assays that
showed no hematopoietic activity of the Nfatcl* endocardium.
On the other hand, we used alternative strategies to label
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endocardial cells and to distinguish them from endothelial cells
of the HE of YS and AGM. Mef2c is a specific gene marker of the
second heart field progenitors that contribute to the myocar-
dium and endocardium (Verzi et al., 2005). Using Mef2c-AHF-
Cre;R26-tdTomato reporter mice, we found that Mef2c-Cre labeled
the majority of endocardial cells of the OFT and atrium, but
minimally labeled cardiac macrophages or circulating blood
cells. The same results were confirmed using another endocar-
dial Cre driver, Npr3-CreER, that could efficiently label endo-
cardial cells and distinguish them from endothelial cells of YS.
The inducible drivers are limited by incomplete recombination,
so it is still possible that the lineage-negative endocardial cells
were hemogenic, as the Npr3-CreER did not label all endocardial
cells, and the Npr3-CreER randomly labeled the vast majority of
endocardial cells (>90%) in this study. Therefore, these fate-
mapping data may raise great concern about data interpretation
regarding the concept of hemogenic endocardium in previous
studies (Grainger and Traver, 2019; Nakano et al., 2013; Shigeta
et al,, 2019; Zamir et al., 2017). However, in our ex vivo hemato-
poietic colony-forming assays, we isolated the whole-heart tissues
that were unable to contribute to any macrophage colony.
Therefore, the possibility that the lineage-negative endocar-
dium was hemogenic seemed unlikely.
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Figure 8. Epicardial cells do not contribute to cardiac macrophages. (A) Strategy for lineage tracing of WT1* epicardial cells using Wtl-CreER;R26-
tdTomato mice. (B) Whole-mount fluorescence of the E15.5 heart. (C) Immunostaining for tdT and F4/80 on E15.5 heart section showing that Wt1* epicardial
cells do not contribute to macrophages (arrowheads). (D) Quantification of the percentage of tdT*F4/80* macrophages. Data are presented as mean + SEM;
n = 4 mice per group. LV, left ventricle; RV, right ventricle; VS, ventricular septum. Scale bars, yellow, 1 mm; white, 100 pm.
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dothelial cells expressing tdT. Data are presented as mean + SEM; n = 4 mice per group. (E) Immunostaining for tdT and F4/80 on E16.5 brain sections. Yellow
arrowheads, tdT*F4/80* microglia. (F) Quantification of the percentage of F4/80* macrophages expressing tdT in E16.5 brain and heart. Data are presented as
mean + SEM; n = 5 mice per group. (G) Immunostaining for tdT and F4/80 on E16.5 heart sections. Yellow arrowheads, tdT*F4/80* macrophages.
(H) Schematic showing the experimental strategy. (1) Immunostaining for tdT and F4/80 on E16.5 brain section. White arrowheads, tdT-F4/80* microglia.
()) Quantification of the percentage of F4/80* macrophages expressing tdT in E16.5 brain and heart. Data are presented as mean + SEM; n = 5 mice per
group. (K) Immunostaining for tdT and F4/80 on heart sections. Yellow arrowheads, tdT*F4/80* macrophages; white arrowheads, tdT-F4/80* macrophages.
(L) Cartoon image showing that primitive and transient definitive hematopoiesis of YS HE and definitive hematopoiesis of AGM HE, but not endocardium,
contribute to cardiac macrophages. LV, left ventricle; RV, right ventricle; Myo, Myocardium; Sub-epi, subepicardium; Trab, trabeculae; VS, ventricular septum.
White bars, 100 pm. Green bars, 20 pm.
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To further understand the origins of cardiac macrophages,
and whether endothelial cells of YS and AGM were the major cell
sources of these cells in the developing heart, we performed
lineage tracing through an endothelial Cre driver. We generated
anew Cdh5-2A-CreER knock-in line with high efficiency, as >98%
of endothelial cells in YS and AGM were labeled after Tam
treatment. It is acknowledged that endothelial cells contribute to
the three distinct waves of hematopoiesis during embryogenesis
(Ginhoux and Guilliams, 2016; Gomez Perdiguero et al., 2015;
Hoeffel et al., 2015; Shalaby et al., 1997). Through temporally
labeling endothelial cells by 40HT administration at E7.5 or
E10.5, we selectively captured the hematopoietic output of the
HE of YS and AGM, respectively, during primitive and definitive
hematopoiesis in Cdh5-2A-CreER;R26-tdTomato reporter mice.
Fate-mapping data clearly showed that cardiac macrophages had
three distinct origins: mostly from the primitive/transient de-
finitive waves, and some from definitive hematopoiesis. Indeed,
our data were also consistent with previous reports (Epelman
et al., 2014a; Epelman et al., 2014b; Gomez Perdiguero et al.,
2015; Hoeffel et al., 2015; Gentek, 2018).

Collectively, by using more specific genetic tools that distin-
guished endocardial cells from endothelial cells of YS and AGM, we
demonstrated that the endocardium was not hemogenic and did not
give rise to cardiac macrophages or other circulating blood cells. The
macrophages that have been reported as essential for valvular re-
modeling (Grainger and Traver, 2019; Kim et al., 2021; Shigeta et al.,
2019) were more likely derived from the NfatcI-Cre-labeled endo-
thelial cells of YS or AGM. How these cardiac macrophages are
recruited from the circulation and adopt new functions in the de-
veloping heart merits further investigation. Essentially, elucidating
the developmental origins of cardiac macrophages and their func-
tional roles in the developing heart will advance our understanding
of cardiac development, pathogenesis, and regeneration.

Materials and methods

Mice

All mouse experiments were carried out strictly in accordance
with the guidelines of the Institutional Animal Care and Use
Committee of the State Key Laboratory of Cell Biology, Shanghai
Institute of Biochemistry and Cell Biology, Center for Excellence
in Molecular Cell Science, University of Chinese Academy of
Sciences, Chinese Academy of Sciences. R26-tdTomato, R26-rox-
tdTomato, Nfatcl-ires-Cre, Nfatcl-2A-Dre, Nfatcl-2A-CreER, Npr3-
CreER, Mef2c-AHF-Cre, and Wtl-CreER mouse lines were
described previously (De Val et al., 2004; Zhang et al., 2017;
Zhang et al., 2016a; Zhang et al., 2016b; Zhou et al., 2008). The
Npr3-ZsGreen knock-in mouse line was generated by knocking
ZsGreen before exon 1 of Npr3 gene (after 5' UTR). The Cdh5-2A-
CreER knock-in mouse line was generated by knocking 2A-CreER
after exon 12 of Cdh5 gene (before 3’ UTR). The Npr3-ZsGreen and
Cdh5-2A-CreER lines were generated by Shanghai Model Organisms
Center. All mice used for experiments were kept at C57BL6 back-
ground or C57BL6/ICR mixed background. Both male and female
mice were randomly used in this study. The blinding experiments
were not used in this study. Tam (Sigma-Aldrich; T5648) was dis-
solved in corn oil and stored at 4°C. Tamoxifen treatment to mice at
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the indicated time points was given by oral gavage (0.2 mg/g).
40HT was dissolved in absolute ethanol and stored at 4°C. 4OHT
was treated in each mouse by oral gavage (0.1 mg/g).

Genomic PCR

Genomic DNA was extracted from the mouse tail. Briefly, the tail
tissues were collected and then lysed at 55°C overnight, followed
by centrifugation of the mixture at 20,000 rpm for 8 min. The
supernatant containing the genomic DNA was obtained. Next,
we used isopropanol to precipitate the DNA that was further
washed in 70% ethanol followed by centrifugation for 5 min.
DNase/RNase-free water was used to dissolve the DNA.

Tissue collection and immunofluorescent staining

Briefly, after euthanizing the pregnant mice, the embryos or
heart tissues were fixed in 4% PFA (P6148; Sigma-Aldrich) at 4°C
for 30-60 min according to the tissue size. After several washes
in PBS, whole-mount bright-field and fluorescence images were
acquired on a Zeiss stereoscope (Axio Zoom.V16). The tissues
were dehydrated in 30% sucrose overnight at 4°C and allowed to
sink, and then embedded in optimal cutting temperature solu-
tion (Sakura) before freezing at ~-80°C. 9-10-um frozen sections
were collected on slides and stored at —-20°C. For immunofluo-
rescent staining, the slides were first put in a fume hood for air
dry, followed by washing in PBS to remove optimal cutting
temperature solution. Slides were blocked in 5% PBSST (0.1%
Triton X-100 and 5% donkey serum in PBS) for 30 min, followed
by incubation with primary antibodies overnight at 4°C in the
dark. Primary antibodies used in this study: F4/80 (rat, ab6640;
1:500 dilution; Abcam), CD68 (rat, MCA1957; 1:400 dilution; Bio-
Rad), ZsGreen (rabbit, 632474; 1:1,000 dilution; Clontech), tdT
(rabbit, 600-401-379; 1:1,000 dilution; Rockland), VE-cad (goat,
AF1002; 1:100 dilution; R&D), ERG (rabbit, ab92513; 1:400 dilu-
tion; Abcam), CD45 (rat, 17-0451-82; 1:100 dilution; eBioscience),
Ter-119 (rat, 14-5921-85, 1:400 dilution; eBioscience), CD31 (rat,
553370, 1:500 dilution; BD Pharmingen), Runxl (rabbit, ab92336, 1:
200 dilution; Abcam). Plvap (rat, 5353849, 1:300; BD Pharmingen).
On the following day, the slides were washed in PBS for 15 min to
remove primary antibodies and then incubated with secondary
antibodies for 40 min at room temperature in the dark. After
washing in PBS for 15 min for removing secondary antibodies, the
slides were mounted with DAPI-containing mounting medium and
stored in -20°C. Alexa fluorescence conjugated secondary anti-
bodies were used to develop signals. HRP-conjugated antibodies
were sometimes used to amplify the weak signals. Secondary an-
tibodies used in this study: Alexa donkey anti-rabbit 555 (donkey,
A31572, 1:1,000; Invitrogen), donkey anti-rat 647 (donkey, ab150155,
1:1,000; Abcam), donkey anti-goat 647 (donkey, A21447, 1:1,000;
Invitrogen), Immpress goat anti-rat (goat, MP-7444, 1:3; Vector
Laboratories). Fluorescence images were acquired by Olympus
confocal microscopy system (FV1200). Image] (National Institutes
of Health) software was used to analyze the images.

Single cell isolation and flow cytometry

The embryonic tissue collection method

The embryonic macrophages and endothelial cells were isolated
by collagenase-based method. Briefly, the embryonic tissues
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were collected at the indicated time points and cut into small
pieces, followed by digestion in 4 ml lysis buffer containing
2 mg/ml collagenase type I (17100-017; Thermo Fisher Scientific)
and 0.1 mg/ml DNase I (LS002139-100MG; Worthington) in PBS
at 37°C for 40 min. The mixture was pipetted up and down every
15 min to ensure a full lysis. After digestion, the mixture was added
in 4 ml PBS and subsequently passed through 40-mm cell strainers
(352340; BD Falcon). The cells were centrifuged at 1,000 g at 4°C for
5 min. The cell pellets were lysed in 1 ml RBC lysis buffer (00-4333-
57; eBioscience) at room temperature for 3 min, followed by
washing in 10 ml PBS. After centrifugation at 1,000 g at 4°C for
5 min, the pellets were resuspended in PBS and then stained with
fluorescence-conjugated primary antibodies at 4°C for 30 min.

The peripheral blood collection method

To collect fetal peripheral blood, embryos were washed to get rid
of maternal blood. After that, the embryo was decapitated in an
anticoagulant tube (367841; BD) containing 4 ml PBS and 5 pl
DNase I (0.1 mg/ml, LS002139-100MG; Worthington). The blood
cells were transferred to a 15-ml centrifuge tube and centrifuged
at 1,000 g at 4°C for 5 min. The supernatant was discarded. For
analysis of red blood cells, no RBC lysis buffer was used, and the
sample was directly resuspended in PBS and stained with
fluorescence-conjugated primary antibodies at 4°C for 30 min.
For other analysis, red blood cell lysis was carried out by adding
1 ml of RBC lysis buffer (00-4333-57; eBioscience) at room
temperature for 5 min, followed by resuspension in 10 ml PBS
and centrifugation at 1,000 g at 4°C for 5 min. After that, the
samples were resuspended in PBS and stained with fluorescence
conjugated primary antibodies at 4°C for 30 min.

The staining protocol

Primary antibodies used in this study: F4/80 PE-Cy?7 (rat, 123114,
1:200; BioLegend), CD45 FITC (rat, 11-0451, 1:200; eBioscience),
CD11b PE-Cy7 ( rat, 25-0112-82, 1:200; eBioscience), CD45 APC
(rat, 47-0451, 1:200; eBioscience), CD45 APC-eFluor 780 (rat, 47-
0451-82, 1:200; eBioscience), Ly6G APC (17-9668-80, rat, 1:200;
eBioscience), CD11b APC (rat, 17-0112-81, 1:200; eBioscience), CD3
FITC (rat, 11-0032-82, 1:200; eBioscience), and CD19 APC-eFluor
780 (rat, 47-0193-80, 1:200; eBioscience). After that, the cells were
washed and resuspended in PBS, followed by staining in DAPI
(Vector Laboratories) at 4°C for 5 min to exclude dead cells. Live
cell analysis was performed by Beckman Coulter CytoFLEX S,
Thermo Attune NxT, FACSAria SORP, and BD FACSAria Fusion.
The FACS data were analyzed with the FlowJo software.

RNA extraction and RT-qPCR assay

The cells were isolated in centrifuge tubes (MCT-150-C; Axygen)
by FACSAria SORP, or BD FACSAria Fusion. The total RNA of the
cells was then isolated by using Trizol reagent (15596018; In-
vitrogen). 1 ml Trizol reagent was added to each sample tube and
incubated at room temperature for 5 min. The samples were
centrifuged at 20,000 rpm at 4°C for 5 min. The supernatant of
samples was transferred into a new 1.5-ml tube and supple-
mented with 200 ul chloroform. The samples were then vor-
texed for 20 s and left at room temperature for 15 min, followed
by centrifugation at 20,000 rpm at 4°C for 15 min, and the
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supernatant was transferred into a new 1.5 ml tube. 200 ul
isopropyl alcohol was then added into each tube with mixing,
followed by resting at room temperature for 10 min. Next, the
samples were centrifuged at 20,000 rpm at 4°C for 15 min and the
RNA was washed with 75% EtOH. RNase/DNase-free water
(10977023; Invitrogen) was used for dissolving the RNA. The RNA
was converted to cDNA by using the PrimeScript RT reagent Kit
with gDNA Eraser (RR047A; TaKaRa). SYBR Green PCR Master Mix
(4367659; Thermo Fisher Scientific) was used to amplify cDNA in
ABI Step-one real-time PCR system (Applied Biosystems). Primers
used: Nfatcl: forward, 5'-GAGGAACACGCTGATGCC-3’; reverse, 5'-
AGGCGAGTTGGGTTGGAT-3'. GAPDH: forward, 5'-TTGTCTCCT
GCGACTTCAAC-3'; reverse, 5'-GTCATACCAGGAAATGAGCTTG-3'.

Hematopoietic colony-forming assays

Hematopoietic colony-forming assay was designed to assess the
hematopoietic potential and was performed according to the
protocols described by Nakano et al. (2013). Briefly, the em-
bryonic tissues including YS, caudal half, head, and heart re-
gions were dissected and precultured on OP9 stromal cells for
4 d at 37°C in 24-well plates containing 1 ml a-MEM (Gibco)
containing 20% fetal bovine serum (Gibco) and 1% penicillin/
streptomycin supplemented with stem cell factor (50 ng/ml),
thrombopoietin (5 ng/ml), IL-3 (IL-3, 5 ng/ml), IL-6 (IL-6, 5 ng/
ml), and Flt-3 ligand (Flt-3L, 10 ng/ml). After 4 d, the tissues
were transferred from 24-well plates into 1.5 ml tubes and dis-
sociated mechanically by pipetting, and the stromal cells were
removed through filtering. The cells were then transferred into
methylcellulose supplemented with IL-3, IL-6, stem cell factor,
and erythropoietin (MethoCult GF M3434; Stem Cell Technolo-
gies) in 1:10 ratio, followed by mixing well and plating with
400 pl medium at the bottom of the 24-well plates. The cells
were cultured at 37°C for 10 d. The hematopoietic colonies were
analyzed with microscope (ECHO/RVL-100-G) according to the
manufacturer’s instruction.

Fluorescence microscopy

Whole-mount bright-field and epifluorescence imaging was
performed at room temperature with a Zeiss stereoscope (Axio
Zoom.V16) equipped with a camera (AxioCam HRM). Images
were acquired with a 16x objective (PlanApo Z, NA: 0.25) using
Zen software. Confocal microcopy analysis was performed at
room temperature with an Olympus FV1200. Confocal images
were taken with 10x (UPLSAPO, NA: 0.4) and 60x (UPLSAPO,
NA: 1.3) objectives using FLUOVIEW software. The imaging
medium of 10x objective is air and the 60x is silicone oil. The
images were analyzed by Image] (National Institutes of Health).

Statistical analysis

The normality of all samples was tested by using Shapiro-Wilk
test. All data were presented as mean values + SEM of biological
replicates acquired from at least three independent experiments
as indicated in figure legends.

Online supplemental material
Fig. S1 shows the contribution of Nfatcl* cells to heart macro-
phages and circulating blood cells. Fig. S2 shows that Nfatcl*
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endocardium contributes to heart macrophages. Fig. S3 shows
that Mef2c-AHF-Cre-labeled endocardium does not contribute
to heart macrophages or circulating blood cells. Fig. S4 shows
that Npr3-CreER-labeled endocardial cells do not contribute to
heart macrophages and circulating blood cells. Fig. S5 shows that
Cdh5-2A-CreER is able to label the primitive and transient de-
finitive hematopoiesis of YS HE and definitive hematopoiesis of
AGM HE under different Tam treatment, respectively.
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Figure S1. Nfatcl* cells contribute to heart macrophages and circulating blood cells. Related to Fig. 2. (A) FACS analysis of the percentage of CD45*F4/
80" heart macrophages and CD45* blood cells expressing tdT of E15.5 Nfatcl-ires-Cre;R26-tdTomato mice. FSC, forward scatter; SSC, side scatter. (B) FACS
analysis of the percentage of CD45*F4/80* heart macrophages and CD45* blood cells expressing tdT of E15.5 Nfatcl-2A-Dre;R26-RSR-tdTomato mice. n = 5 mice
per group.
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Figure S2.  Nfatcl* endothelium contributes to heart macrophages. Related to Fig. 2. (A) Strategy for lineage tracing of Nfatcl* cells using NfatcI-2A-
CreER;R26-tdTomato mice. Tam is administered at E7.5, E9.5, E12, or E12.5 for labeling Nfatc1* cells, and the hearts are analyzed at E16.5. (B-E) Immunostaining
for tdT and F4/80 on E16.5 heart sections after Tam treatment at E7.5 (B), E9.5 (C), E12 (D), or E12.5 (E). Yellow arrowheads, tdT*F4/80* macrophages.
Quantification of the percentage of tdT*F4/80* macrophages are in the adjacent right panels. Data are presented as mean + SEM; n = 4 mice per group. Comp,
Compaction; LV, left ventricle; RV, right ventricle; Sub-Epi, subepicardium; Trab, trabeculae; VS, ventricular septum. Scale bars, white,100 pm; yellow, 20 pm.
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Figure S4. Npr3-CreER-labeled endocardial cells contribute minimally to heart macrophages and circulating blood cells. Related to Fig. 7. (A) Strategy
for lineage tracing of Npr3* endocardium by using Npr3-CreER;R26-tdTomato mice. (B) Immunostaining for tdT and F4/80 on sections of E10.5 embryo. White
arrowheads, tdT-F4/80* heart macrophages. (C) Quantification of the percentage of F4/80* macrophages expressing tdT. Data are presented as mean + SEM;
n = 4 mice per group. (D) FACS analysis of the percentage of CD45* immune cells of whole embryo and Ter-119* circulating erythrocytes expressing tdT of
E10.5 Npr3-CreER;R26-tdTomato mice. n = 5 mice per group. FSC, forward scatter; SSC, side scatter. (E) FACS analysis of the percentage of CD45*F4/80* heart
macrophages and CD45* circulating blood cells expressing tdT of E15.5 Npr3-CreER;R26-tdTomato mice. n = 5 mice per group. Scale bars, white, 100 um; green,
20 pm.
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Figure S5. Cdh5-2A-CreER is able to label the primitive and transient definitive hematopoiesis of YS HE and definitive hematopoiesis of AGM HE
under different Tam treatment strategies. Related to Fig. 9. (A) Schematic showing the experimental design. (B) Immunostaining for tdT and F4/80 on YS
and head sections of the embryo. (C) Immunostaining for tdT and Ter-119 on sections of E12.5 embryo. (D) Quantification of the percentage of Ter-119*
erythrocytes expressing tdT. (E) Schematic figure showing the experimental design. (F) Immunostaining for tdT and F4/80 on sections of E12.5 embryo.
(G) Immunostaining for tdT and Ter-119 on sections of E12.5 embryo. (H) Quantification of the percentage of Ter-119* erythrocytes expressing tdT. Data are
presented as mean + SEM; n = 4 mice per group. FL, Fetal liver. Scale bars, 100 pm.
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