
Submitted 15 June 2022; accepted 13 Aug
Advances First Edition 20 September 20
November 2023. https://doi.org/10.1182/blo

Single-cell RNA sequencing data were mad
GSE197290, Token: wvqjuouqdtmrtuh. All
corresponding author, George J. Murphy (gjm

REGULAR ARTICLE

6898
De novo hematopoiesis from the fetal lung
D
ow

nloade
Anthony K. Yeung,1,2 Carlos Villacorta-Martin,1 Jonathan Lindstrom-Vautrin,1 Anna C. Belkina,3,4 Kim Vanuytsel,1,2 Todd W. Dowrey,1,2

Alexandra B. Ysasi,1,5 Pushpinder Bawa,1 Feiya Wang,1 Vladimir Vrbanac,6 Gustavo Mostoslavsky,1,2 Alejandro B. Balazs,6 and
George J. Murphy1,2

1Center for Regenerative Medicine of Boston University and Boston Medical Center, Boston, MA; 2Section of Hematology and Medical Oncology, 3Flow Cytometry Core
Facility, 4Department of Pathology and Laboratory Medicine, and 5Pulmonary Center and Department of Medicine, Boston University School of Medicine, Boston, MA; and
6Ragon Institute of MGH, MIT and Harvard, Cambridge, MA
d from
 http://ashpublications.org/bloodadvances/article-pdf/7/22/6898/
Key Points

• The murine and human
fetal lung are a
potential source of
hemogenic
endothelium.

• Fetal lung–derived
hemogenic
endothelium relies on
canonical EHT
pathways.
2110861/blooda_adv-2022-008347r3-m
Hemogenic endothelial cells (HECs) are specialized cells that undergo endothelial-to-

hematopoietic transition (EHT) to give rise to the earliest precursors of hematopoietic

progenitors that will eventually sustain hematopoiesis throughout the lifetime of an

organism. Although HECs are thought to be primarily limited to the aorta-gonad-

mesonephros (AGM) during early development, EHT has been described in various other

hematopoietic organs and embryonic vessels. Though not defined as a hematopoietic organ,

the lung houses many resident hematopoietic cells, aids in platelet biogenesis, and is a

reservoir for hematopoietic stem and progenitor cells (HSPCs). However, lung HECs have

never been described. Here, we demonstrate that the fetal lung is a potential source of HECs

that have the functional capacity to undergo EHT to produce de novo HSPCs and their

resultant progeny. Explant cultures of murine and human fetal lungs display adherent

endothelial cells transitioning into floating hematopoietic cells, accompanied by the gradual

loss of an endothelial signature. Flow cytometric and functional assessment of fetal-lung

explants showed the production of multipotent HSPCs that expressed the EHT and pre-HSPC

markers EPCR, CD41, CD43, and CD44. scRNA-seq and small molecule modulation

demonstrated that fetal lung HECs rely on canonical signaling pathways to undergo EHT,

including TGFβ/BMP, Notch, and YAP. Collectively, these data support the possibility that

post-AGM development, functional HECs are present in the fetal lung, establishing this

location as a potential extramedullary site of de novo hematopoiesis.
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Introduction

Hematopoietic stem cells (HSCs) originate from a rare subpopulation of arterial endothelial cells known
as HECs. Making up just 1% to 3% of the total endothelial cell population in the aorta-gonad-
mesonephros (AGM), HECs are commonly thought to be confined to a small window of gestation
between embryonic days 8 to 11 (E8-11) in mice and E27-40 in humans.1,2 Within this time window,
HECs can also be found in other hematopoietic organs and vessels, including the yolk sac, placenta,
and vitelline and umbilical arteries3-6(p1),7,8 Some studies suggest that HECs may not be restricted to
these hematopoietic organs and developmental window. Work from others suggests that functional
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HECs may also be found in the embryonic head around E10-E11
as well as in the perinatal chicken and murine bone marrow
(BM).9,10 Collectively, these studies demonstrate that our spatio-
temporal understanding of HECs remains limited and raises
questions about the hematopoietic potential of other organs.

Recent studies have highlighted the presence and importance of
various resident blood cell populations in the lung.11 In particular,
the lung was demonstrated to be a reservoir of HSPCs, but the
origins of this population of progenitors remain unknown.12-14 In
utero mechanical stimuli have been shown to be an important
environmental cue for both HEC and pulmonary development.
More specifically, cyclic stretch-induced activation of Yes-activated
protein (YAP) signaling in the AGM promotes endothelial-to-
hematopoietic transition (EHT).15 Interestingly, rhythmic breathing
movements begin occurring around E16 in fetal mice, and
mechanical stimuli have a significant impact on fetal airway and
alveolar epithelial development.16-18 Beyond mechanical signaling,
cell-cell extrinsic signaling within the AGM niche is critical for EHT.
The ventral wall of the dorsal aorta is the most common site of EHT
because of its proximity to the underlying mesenchyme, which
modulates EHT via Notch, BMP4, SHH, and Wnt pathways.3,19,20

All of these pathways are similarly important in pulmonary fetal
development.21

Based on these parallels, we hypothesized that the fetal lung is
another potential site of hemogenic endothelium with the functional
capacity to produce hematopoietic progenitors. Employing fetal-
lung explant cultures, we demonstrate that the murine and
human fetal lungs are potential sources of HECs. Multipotent, fetal
lung–derived HSPCs showed the canonical features of cells pro-
duced by EHT as determined by flow cytometry, single-cell tran-
scriptomics, functional assays, and immunofluorescent histology.
Although the methods used cannot definitively exclude the contri-
bution of contaminant HSPCs to the observations described here,
these findings highlight the fetal lung as another potential site of de
novo hematopoiesis. This suggests that the lung may have a
greater role in instructing tissue-specific hematopoiesis and/or
overall hematopoietic development.

Methods

Tissue isolation and processing

Mouse. E17 timed-pregnant C57/BL6 mice were purchased from
Jackson Laboratories. The fetal liver and lung were isolated from
surrounding tissue by blunt dissection and set aside in a solution of
10% characterized fetal bovine serum in Hanks’ balanced salt
solution (HBSS, Gibco). Using a 5 mL syringe fitted with a 16-
gauge needle, the fetal liver and fetal lung were drawn up and
expelled several times to physically dissociate the tissue. Samples
were subsequently placed in a digest buffer containing HBSS,
1 mg/mL DNase I (Sigma), and 0.5 mg/mL LiberaseTM (Sigma).
This digest mixture was placed on a rocker at 37◦C for 30 minutes
to 1 hour. After digestion, lung samples were filtered and resus-
pended in RBC lysis for 5 minutes at 37◦C, then washed, filtered,
and resuspended in HSPC medium.

Human. All fetal samples were within the age range between 19
and 24 weeks after conception. Lung lobes were dissected away
from the main airways and minced with a scalpel before being
28 NOVEMBER 2023 • VOLUME 7, NUMBER 22
placed in a digest buffer containing HBSS, 1 mg/mL DNase I
(Sigma), and 0.5 mg/mL LiberaseTM (Sigma). This digest mixture
was placed on a rocker at 37◦C for 30 minutes to 1 hour. After
digestion, lung samples were filtered and resuspended in RBC
lysis for 5 minutes at 37◦C, then washed, filtered, and resuspended
in HSPC medium.

Explant cultures

Isolated cells suspended in HSPC medium were plated onto
Matrigel-coated plates. HSPC medium was made up of StemPro-
34 serum-free medium, 50 μg/mL ascorbic acid, 400 nM mono-
thioglycerol, 100 μg/mL Primocin, 2 mM L-glutamine, and the
following human or murine growth factors: 50 ng/mL vascular
endothelial growth factor A, 100 ng/mL basic fibroblast growth
factor, 100 ng/mL stem cell factor, 100 ng/mL FMS-related tyro-
sine kinase ligand (FLT3LG), 100 ng/mL thrombopoietin, and
100 ng/mL interleukin-6. On the third day of all cultures, media was
aspirated, rinsed once with PBS, and fresh media was applied.

All animal housing and experimental procedures were approved by
the Boston University School of Medicine Institutional Animal Care
and Use Committee. Work involving human tissue samples was
approved by Partners Human Research Committee (protocol
#2016P001106).

Results

Murine fetal-lung explant cultures produce HSPCs

To assess the functional capacity of potential lung HECs to pro-
duce blood progenitors, cells isolated from murine E17 lungs were
plated onto Matrigel-coated plates in an adapted hematopoietic
differentiation medium, termed HSPC medium.22 This serum-free
medium was formulated to support the final stages of the specifi-
cation of HECs into HSPCs. A schematic of this culture protocol is
provided in supplemental Figure 3C. The primary rationale for
choosing E17 was that, (1) this is during the window that fetal
breathing movements are occurring,16 and (2) E17 is a time point
that is distant from the AGM EHT window (E8-11)1; thus helping to
minimize contamination from AGM-EHT–derived progenitors.

In contrast to fetal liver explants, where immediate expansion of
floating cells is observed because of an expanding hematopoietic
progenitor population, fetal-lung explants initially developed a
robust adherent layer. Discrete clusters of suspension cells are
observed by day 3, which expand to robust colonies between days
4 to 6 (Figure 1A). To visually determine cell identity based on their
morphology, cytospins of day 6 suspension cells were performed,
which revealed cells with a progenitor-like morphology as well as
various differentiated hematopoietic cells, including macrophages/
monocytes, neutrophils, and megakaryocytes (Figure 1B). This
diversity of hematopoietic cells suggests that hematopoietic pro-
genitors are arising from these cultures. To examine this, suspen-
sion cells were functionally assessed for progenitor potential by the
MethoCult assay. Days 4 to 6 suspension cells showed similar
potential to form all types of colony-forming units, but this potential
was no longer detected at day 8 (Figure 1C-D). Progenitor phe-
notyping was further assessed by flow cytometric assessment of
the broad murine HSPC markers Lin-/Sca+/Kit+ (LSK) and the
SLAM markers CD48 and CD150. A significantly greater fraction
of CD45+ hematopoietic cells isolated from the adherent cell layer
DE NOVO HEMATOPOIESIS FROM THE FETAL LUNG 6899
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Figure 1. Murine fetal-lung explant cultures produce HSPCs. (A) Images of a single position between days 3 to 6 of a murine fetal-lung explant culture. (B) Cytospin of fetal

lung–derived suspension cells. Images are annotated for cell type: MK, megakaryocyte; N, neutrophil; M, monocyte/macrophage; P, progenitor. (C) Images of representative

colonies from a colony-forming unit assay. (D) Colony counts from colony-forming unit assays performed with day 4, 5, 6, and 8 bulk unsorted suspension cells. Each n represents

a set of colony assays with at least 3 technical replicates from a distinct biological replicate. (E-G) Flow cytometric assessment of LSK and SLAM marker–defined HSPC

populations. Each n represents a biological replicate with a minimum of 3 technical replicates per experiment. Suspension represents cells that were floating in media, and

adherent represents cells that were collected after treatment with Accutase. Error bars represent standard error. *P < .05, **P < .01.
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were LSK-HSPCs and hematopoietic progenitor cell 1 (HPC-1)
progenitors (Figure 1E-G). Collectively, these data suggest that the
adherent layer of cells from fetal-lung explants gave rise to HSPCs.

Murine fetal-lung explants exhibit the dynamics of

EHT

Time-lapse capture of live explant cultures from days 3 to 6 showed
adherent cells transitioning to suspension cells that further divide to
form robust colonies of suspension cells (supplemental Videos 1-
3). These observations closely mimic AGM explant cultures and
in vitro–based hematopoietic differentiations, showing the transi-
tion of HECs into hematopoietic cells.23-26 The resultant pre-
HSPCs that are birthed from AGM-derived HECs retain some
endothelial markers and are marked by coexpression of the endo-
thelial marker vascular endothelial cadherin (VECAD) and the
broad hematopoietic marker CD45.27 Fetal-lung explants gave rise
to VECAD+/CD45+ cells, with a significantly greater fraction of
VECADlo/CD45+ vs VECADhi/CD45+ events (Figure 2A). The
fraction of CD45+ cells that were VECAD+ also decreased with
successive days of culture (Figure 2B). Together, this suggests
that as cells transition and express the broad hematopoietic marker
CD45, the expression of VECAD is downregulated and reduces
over time. Time-matched fetal livers, which house HSPCs but not
HECs,28 were cultured under the same conditions and showed a
significantly lower fraction of VECAD+/CD45+ cells (supplemental
Figure 1A,C). This suggests that fetal lung–derived VECAD+/
CD45+ pre-HSPCs are not a result of from the expansion of pre-
existing progenitors. SLAM marker–defined HSCs were predomi-
nantly present among the VECAD+ suspension cells (Figure 2C).
With time, a gradual reduction in the fraction of VECAD+ HSCs
was observed, which coincided with the expansion of the more
lineage-restricted HPC-1 and HPC-2 populations.

Beyond VECAD, successive staging from a pro-HSC to a pre-HSC
phenotype is marked by the expression of CD41 and CD43,
respectively.29 Endothelial protein C receptor (EPCR) and CD44
have also been previously demonstrated as markers of pre-
HSPCs.29-31 Fetal lung–derived VECAD+/CD45+ cells showed
expression of CD41, CD43, CD44, and EPCR (Figure 2D). There
was a significant reduction in CD41, CD43, and EPCR expression
as these cells transitioned into a suspension state (Figure 2E). The
intensity of EPCR expression also decreased as VECAD+/CD45-

cells matured away from an endothelial signature (supplemental
Figure 1E). In contrast, CD41 expression transiently peaked at
the VECAD+/CD45+ pre-HSPC stage. Under these experimental
conditions, however, no notable changes in CD44 expression were
observed regardless of physical or maturational state. We also
observed significantly less expression of the pre-HSC markers
CD41 and EPCR on fetal liver VECAD+/CD45+ cells, suggesting
that, in contrast to those from the fetal lung, these cells are likely
not pre-HSPCs (supplemental Figure 1B,D).

Murine fetal lung–derived HSPCs are capable of

long-term engraftment

Fetal-lung explant–derived HSPCs were functionally assessed in a
competitive transplantation assay to determine their capacity for
engraftment. A schematic of the experimental design can be found
in supplemental Figure 2. In brief, VECAD+/EPCR+ progenitors
were sorted from C57BL6 CD45.2 fetal-lung explants and
28 NOVEMBER 2023 • VOLUME 7, NUMBER 22
cotransplanted with C57BL6 CD45.1 BM progenitor cells into
lethally irradiated CD45.1 recipient mice. This sorting strategy was
used to ensure the enrichment of endothelial-derived cells with a
greater capacity for engraftment, as VECAD and EPCR are both
endothelial markers, and EPCR is a marker that has been previ-
ously shown to enhance enrichment of engraftable HSCs.32-34

Engraftment efficiency was determined by assessing the pres-
ence of CD45.2+ transplanted cells in peripheral blood at 1-month
intervals. CD45.2+ cells derived from fetal-lung explants were
detected 4 months after transplantation, suggesting that fetal
lung–derived HSPCs have the capacity for short-term engraftment.

Single-cell transcriptomic mapping of murine fetal

lung EHT

To map the developmental trajectory of cells produced in the
murine fetal-lung explant model system and to illustrate the reper-
toire of cells involved in the process, single-cell RNA sequencing
(scRNA-seq) was performed. The optimal time window for EHT in
our model was determined to be from days 4 to 6 with the peak of
CD45+/VECADlo cells on day 5 (supplemental Figure 3A).
Because cells that have recently undergone EHT transiently retain
expression of VECAD, adherent cells were collected into a single-
cell suspension and sorted for VECAD+ to enrich for both endo-
thelial cells and cells undergoing transition (supplemental
Figure 3B). To ensure the capture of progenitor cells as well as
differentiated cells that have downregulated VECAD after EHT,
suspension cells were collected for sequencing but left unsorted.
The single cell capture and processing was performed using the
Chromium 10× Genomics platform and subsequently sequenced
using the Illumina NextSeq 2000 platform. A schematic of the
sequencing methodology as well as cell capture numbers and read
depth can be found in supplemental Figure 3C-D.

SPRING analysis revealed a trajectory of cells transitioning from an
adherent to a suspension state through 3 distinct clusters: endo-
thelial, transitional, and hematopoietic (Figure 3A-B). These clus-
ters were annotated based on their top differentially expressed
genes and by cross referencing their transcriptomic profile with
gene ontology (supplemental Figures 4 and 5B). The transitional
cluster was so named as the overall transcriptomic profile was
somewhere between the more clearly defined endothelial and
hematopoietic clusters. Furthermore, the current literature has yet
to definitively define the transitional EHT cell. To further assess and
identify these clusters, our data set was harmonized with a previ-
ously published data set of scRNA-seq analysis of cells isolated
from the E9.5-E11 embryonic dorsal aorta.35 The transitional and
HSPC clusters defined here aligned most closely with Zhu et al’s
hemogenic endothelial and intra-aortic clusters, respectively, by
Pearson correlation analysis (supplemental Figure 5). A harmo-
nized UMAP projection shows the transitional cluster closely
opposed to the clusters actively undergoing EHT (pre-H, hemo-
genic endothelial, and intra-aortic clusters) (supplemental
Figure 6).

Supervised gene expression analyses of canonical endothelial
markers showed robust expression and subsequent down-
regulation in the endothelial and transitional populations, respec-
tively (Figure 3C). Analysis of genes previously described as
important during EHT, many of which were recently reviewed,3

highlighted the expression of these key markers at a discrete
DE NOVO HEMATOPOIESIS FROM THE FETAL LUNG 6901
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stage of EHT. For example, Notch1, Jag1, Dll4, and Sox17 were
largely isolated to the endothelial cell stage. In contrast, Yap1 and
Tead1 demonstrated sustained expression through the transitional
6902 YEUNG et al
cell stage. These results are in agreement with other reports
demonstrating that Notch1 and Sox17 are critical in the early
patterning of HECs, but their continued expression throughout
28 NOVEMBER 2023 • VOLUME 7, NUMBER 22
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EHT can be restrictive.36,37 In contrast, Yap was previously shown
to be critical in the maintenance of EHT but not its initiation.15

Finally, expression of Lyve1 was predominantly expressed during
the endothelial stage, which suggests the production of a definitive
wave of hematopoiesis38(p1). Dynamic expression of Hoxa genes
was also previously reported to have a significant impact on
hematopoietic development. Hoxa3, Hoxa5, and Hoxa7 were
expressed during the transitional stage, which is consistent with
prior reports showing that these genes are important in HSPC
specification.39,40 In contrast, Hoxa9 was largely limited to the
hematopoietic stage, which is in line with a recent report that
identified a 6 gene HSC signature (RUNX1+ HOXA9+ MLLT3+

MECOM+ HLF+ SPINK2+).41 However, expression of this full 6
gene profile was not appreciable in the hematopoietic cluster.

As cells transitioned to hematopoietic commitment, they began
expressing key pre-HSPCs genes, including Cdca7, Myb, Gfi1,
and Spn (CD43) (Figure 3C). Expression of Cdca7 was previ-
ously demonstrated to be isolated to pre-HSC populations found
within AGM intra-aortic hematopoietic clusters.42 Myb is critical in
HSC maintenance and proliferation,43 Gfi1 is critical in mediating
the loss of an endothelial identity44(p1); and Spn (CD43) is a
known marker of early pre-HSCs.29,45 Notably, expression of
these genes was primarily isolated to early progenitor clusters and
decreased along the trajectory of maturation (supplemental
Figure 7A), which is in agreement with other reports showing
that their downregulation is necessary to allow for competent
differentiation.

Complementary to these supervised analyses, unsupervised anal-
ysis of the top 50 differentially expressed genes showed that
transitional cells retain the expression of genes involved in the
downregulation of angiogenesis as they differentiate away from an
endothelial fate (Figure 3D; supplemental Figure 7B and
supplemental Data). This coincided with the upregulation of genes
critical to extracellular matrix organization as these cells undergo a
physical transition from an adherent to a suspension state. In
agreement with these findings, others have demonstrated that the
emergence of hematopoietic cells from HECs relies on the Runx1-
mediated upregulation of genes involved in extracellular matrix
organization, cell adhesion, and cell migration46(p1). Many of the
same genes, including Runx1, were upregulated predominantly
within the transitional cluster (Figure 3C-D).

Murine fetal lung EHT is functionally reliant on

canonical developmental pathways

To functionally assess the dependence of fetal lung EHT on Notch
signaling, the Notch inhibitor, compound E, was applied to explant
cultures. Application of compound E led to a significant reduction
in VECAD+/CD45+ pre-HSPCs (Figure 4B-C). This is in line with
other reports demonstrating that in vitro Notch inhibition and in vivo
transgenic knockout of Notch1 specifically block EHT, but the
proliferation, differentiation, and maintenance of HSPCs are
conserved.36,47-50

In addition to the Notch family genes described previously, gene
expression analysis demonstrated that fetal lung HECs exhibit the
dynamic regulation of TGFβ/BMP pathways required for EHT.
Similar to Notch, TGFβ/BMP pathways are important in the early
patterning of HECs, but their subsequent inhibition is required for
EHT.37,51-53 Expression of key mediators of TGFβ/BMP signaling,
6904 YEUNG et al
including Smad1, Smad5, Acvrl1, and Tgfbr2, peaked at the endo-
thelial stage and was progressively downregulated throughout EHT
(Figure 4A). Driving this downregulation was the concurrent upre-
gulation of the TGFβ/BMP inhibitors Smad7, Bmper, and Ltbp1.

To assess the dependence of TGFβ signaling in fetal lung EHT, the
TGFβ receptor inhibitor SB431542 (20μM) and recombinant
TGFβ2 (50nM) were applied to explant cultures. Application of
recombinant TGFβ2 led to a significant reduction in VECAD+/
CD45+ pre-HSPCs (Figure 4B-C). In contrast, SB431542 did not
significantly affect the production of VECAD+/CD45+ pre-HSPCs.
However, SB431542 induced a significant increase in the intensity
of VECAD expression, whereas TGFβ2 caused a reduction
(Figure 4D-E). Although others have shown that SB431542
treatment can enhance the production of HSPCs,37,54 these
findings suggest that there is already sufficient inhibition from the
upregulation of TGFβ/BMP inhibitors discussed previously.

Human fetal-lung explants undergo EHT to produce

HSPCs

To understand if this phenomenon is conserved in humans, cells
collected from human fetal lungs isolated from fetuses aged between
19 and 24 weeks after conception were cultured under the same
conditions described above. Similar to murine fetal-lung explants,
human fetal-lung explants initially developed an adherent layer and
gave rise to suspension cells between days 7-10 (Figure 5A). Cyto-
spins and flow cytometry of suspension cells showed progenitor-like
cells and various differentiated cell types, including megakaryocytes,
red blood cells, monocytes/macrophages, and neutrophils (Figure 5B-
C). Suspension cells assessed by the MethoCult assay also showed
colony-forming unit capacity (Figure 5D). These data collectively
suggest that human fetal-lung explants are giving rise to HSPCs
capable of multilineage differentiation.

To assess whether these suspension cells were derived via EHT,
flow cytometric assessment of endothelial and HSPC markers was
performed on human fetal-lung explants (Figure 5E). Human
HSPCs were broadly defined by the coexpression of the progeni-
tor/endothelial marker CD34 and the hematopoietic marker CD45.
Most fetal-lung–derived CD34+/CD45+ progenitors coexpressed
VECAD, which was downregulated as these cells differentiated
and lost expression of CD34. In addition, fetal-lung–derived
HSPCs expressed the HSPC markers KDR, GPI80, CD44, and
EPCR. A reduction in the expression of these pre-HSPC/HSPC
markers coincided with the loss of CD34 expression. Notably,
human fetal-lung–derived HSPCs were enriched with a distinct
CD44-high population, which others have reported is a marker of
type II pre-HSPCs found within the intra-aortic hematopoietic
clusters of the AGM.30

Human fetal lung EHT is directed toward the

interstitium

Intravascular hematopoietic clusters are a common histological
hallmark of EHT occurring within the AGM and can be found in
other organs that exhibit EHT, including the placenta and the
umbilical and vitelline arteries.8 To investigate whether fetal lung
EHT can occur in vivo, we performed immunofluorescent staining
of fixed-frozen human fetal lung sections. Immunofluorescent
analysis revealed distinct regions of hematopoietic cell clusters
coexpressing the broad hematopoietic marker CD45, the
28 NOVEMBER 2023 • VOLUME 7, NUMBER 22
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endothelial marker VECAD, and the pre-HSC marker CD41
(Figure 6A-B; supplemental Figure 8). These regions of EHT also
show positive nuclear staining for the critical EHT transcriptional
regulator Runx1 (Figure 7; supplemental Figure 9). These data,
combined with additional staining for E-cadherin (supplemental
28 NOVEMBER 2023 • VOLUME 7, NUMBER 22
Figure 10), suggest that the emergence of these clusters is ori-
ented away from the vascular lumen and projecting into the inter-
stitial spaces of the fetal lung. Notably, this is in direct contrast to
other described sites of hemogenic endothelium wherein EHT is
directed toward the vascular lumen to allow produced cells to enter
DE NOVO HEMATOPOIESIS FROM THE FETAL LUNG 6905
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Figure 6. Immunofluorescent staining shows that in

situ fetal lung EHT is directed toward the

interstitium. Twelve μm sections of a fixed frozen

postconception week-20 human fetal lung stained with the

broad hematopoietic marker CD45, the EHT marker CD41,

the endothelial marker VECAD, and the nuclear stain

Hoechst. The lumen of a large vessel lined with VECAD+

staining is highlighted with a “+,” and the lumen of a

VECAD– developing epithelial space is highlighted with a

“*.” (A-B) Cells coexpressing VECAD, CD41, and CD45

are highlighted with yellow arrows showing developing

hematopoietic clusters oriented toward the lung

interstitium. Anucleate platelets single-positive for CD41

are highlighted with green arrows. Differentiated

hematopoietic cells only positive for CD45 are highlighted

with white arrows. A wide-field image of section (A), a

section including ECAD staining, and a control stain is

included in supplemental Figures 8, 10, and 11.
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circulation. This suggests that the fate of these budding hemato-
poietic cells is preferentially aligned toward residing in the lung.

Discussion

Although not defined as a hematopoietic organ, the lung houses
many resident blood cells that carry out both broad and tissue-
specific hematopoietic functions. Immune surveillance in the lung
is carried out via unique resident immune cells, including dendritic
cells, T cells, B cells, alveolar macrophages, interstitial macrophages,
innate lymphoid cells, and natural killer cells.11,55 Supporting these
classical immune cells are lung-resident megakaryocytes, which
have a unique immune phenotype in addition to carrying out platelet
biogenesis.56,57 Finally, the murine lung has been demonstrated to
house HSPCs.12-14 Complementary to these prior findings, the
evidence provided here suggests that the murine and human fetal
lungs are a potential source of functional HECs capable of giving
Figure 5. Human fetal-lung explants undergo EHT to produce HSPCs. (A) Image

hematopoietic cells against a background of adherent cells. (B) Cytospin of human fetal lun

megakaryocyte populations. (D) Images of representative colonies from a colony-forming u

progenitors vs CD34–/CD45+–differentiated hematopoietic cells.
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rise to HSPCs. This suggests that the developing lung may have a
more direct role in hematopoiesis than previously thought.

Although we have demonstrated the possible existence of fetal
pulmonary HECs, the physiological significance of de novo hema-
topoiesis occurring outside of the AGM and in the lung remains
unclear. The potential need for the fetal lung to have an alternative
source of blood may stem from the fact that most blood is shunted
away from the fetal lung because oxygenation is provided via the
mother. Thus, the developing murine lung only receives about 16%
of the total circulating blood.58 The de novo generation of blood in
the fetal lung may act as an additional in situ source of essential
blood products for organogenesis. This is an important consider-
ation when accounting for the role of macrophages and platelets in
both organogenesis and angiogenesis.59-62 Notably, the origins of
many lung-resident blood cells are not fully understood, but to date,
the origins of resident macrophages are the most well studied.
of a human fetal-lung explant culture showing a robust population of floating

g suspension cells. (C) Flow cytometric assessment of differentiated erythrocyte and

nit assay. (E) Assessment of pre-HSC and EHT markers on CD34+/CD45+–defined
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Figure 7. Immunofluorescent staining shows Runx1

expression during in situ fetal-lung EHT. Twelve μm
sections of a fixed frozen postconception week-20 human

fetal lung stained with the EHT marker CD41, the nuclear

EHT marker Runx1, the endothelial marker VECAD, and the

nuclear stain Hoechst. Cells that are Runx1+ and VECAD+

are highlighted with a white arrow, whereas cells that are

Runx1+ and CD41+ are highlighted with a yellow arrow.

The lumen of a large vessel lined with VECAD+ staining is

highlighted with a “+.” Additional Runx1 staining can be

found in supplemental Figure 9. D
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Lung macrophages are derived from 3 distinct developmental
waves originating from the yolk sac, fetal liver, and BM.63 Each wave
persists into adulthood and occupies unique niches within the
lung.64 Recent work also suggests that such developmentally and
phenotypically distinct subsets of macrophages may also extend to
the heart, liver, kidney, and brain.65 These findings demonstrate the
complex diversity seen throughout hematopoietic development and
how each phase individually makes significant physiological contri-
butions. As such, the differentiation capacity of lung HECs requires
further investigation to determine whether lung HECs contribute to
the in situ development of lung hematopoietic populations.
6908 YEUNG et al
Although often discussed as the precursor to HSCs, HECs also give
rise to other blood progenitors. A subset of placental HEC lineages
traced by Hoxa13 preferentially form placental macrophages, termed
Hofbauer cells, that remain solely in the placenta.66 This finding also
suggests that differentiation capacity and bias may already be pre-
determined at the HEC stage, which others have also proposed.
THBS1 marks a subset of human embryonic stem cell–derived
endothelial cells that are biased toward megakaryopoiesis.67 Ly6a
vs Tek expression marks HECs with HSC vs EMP potential,
respectively.68 CXCR4 expression differentiates AGM-derived HECs
with HSC vs MPP potential.69
28 NOVEMBER 2023 • VOLUME 7, NUMBER 22



D
ow

nloaded from
 http://ashpublications.org/bloodadvances/article-pdf/7/22/6898/2110861/blooda_adv-2022-008347r3-m

ain.pdf by guest on 30 N
ovem

ber 2023
Others have described the presence of functional HSCs in E16
murine fetal lungs. However, LSK progenitors only make up, on
average, about 0.02% of the total fetal lung cell isolate, compared
with 0.75% in the adult BM.14 This low number of HSPCs sug-
gests that the role of fetal lung HECs may not contribute signifi-
cantly to the progenitor cell pool and instead is skewed toward the
immediate production of differentiated cell populations. The work
presented here also suggests this, as we show marked production
of HPC-1 progenitors and a transcriptomic profile that is incon-
sistent with recent reports of an HSC signature.41 However, we
show that fetal-lung–derived HSPCs do have some capacity for
short-term engraftment, and work from others has shown that the
lung does have the capacity to repopulate blood populations.12

More work needs to be done to determine not only the capacity
of lung-derived progenitors but also the circumstances in which
lung HECs make a significant contribution to hematopoiesis. Given
that HSPCs, although rare, are present in the fetal lung, an alter-
native hypothesis to be considered is the possibility that preexisting
lung HSPCs are expanding in the explant cultures used here. This
would suggest instead that the fetal lung may be a reservoir and/or
a site for the expansion of HSPCs. Current available models for
tracing endothelium are of limited utility in this regard because of
the significant expression of endothelial genes in hematopoietic
progenitors during fetal development.70 As such, application of
these methods would not sufficiently discriminate preexisting
HSPCs from lung HECs, especially during the embryonic migration
of HSPCs exiting the fetal liver.71 Lung-specific HEC tracing
models would be the optimal modality to definitively demonstrate
the existence of lung-specific HECs, HSPCs, or both.

Although more in vivo work is required to determine the develop-
mental trajectory and potency of lung HECs, the contributions of
hematopoiesis that are not reliant on long-term HSCs are important
to consider. Indeed, most embryonic hematopoiesis is maintained by
a pool of yolk sac–derived erythromyeloid progenitors (EMPs) that
reside in the fetal liver.72,73 EMPs give rise to most of the tissue-
resident macrophages that persist into adulthood,74 and embry-
onic erythrocyte production is sustained primarily from EMPs.75 In
addition to EMPs, transient HSCs that do not persist into adulthood
have also been demonstrated to be involved in the establishment of
the developing hematopoietic system. Tie2-Cre lineage tracing
studies suggest that fetal HSCs that contribute to the establishment
of the developing hematopoietic system differentiate rapidly, which is
in stark contrast to adult long-term HSCs that are relatively quies-
cent.76 Studies using the Flk2-Cre tracer model (FlkSwitch) also
demonstrate the existence of a transient population of HSCs with a
lymphoid bias.77,78 Although fulfilling the classic definition of an HSC
based on their capacity for long-term multilineage reconstitution,
these transient HSCs are only present from E10.5 until P14.

Notably, the fetal lung HECs described here were isolated from
E17 mice, which is outside of the window of EHT within the AGM
(E9.5-11.5). Work from Yvernogeau et al also suggests that EHT
can occur beyond this AGM window within the perinatal BM.10

They noted that perinatal sources of hematopoiesis occur at a
time when HSC expansion in the fetal liver has stopped (~E17)
and the BM niche is still maturing to support the long-term resi-
dency of adult HSCs. Later-stage EHT in the lung may thus aid in
minimizing the need for long-term HSC-dependent hematopoiesis
during early development.
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Niche interactions are another critical component of driving
EHT.4,79 Induction of key developmental pathways via secreted
ligands is spatially organized within the AGM and influences the
potency of resultant progenitors.20 Replicating these conditions is
thus critical in simulating EHT in an in vitro setting. Most other
methods for ex vivo HEC cultures are reliant on the use of a sup-
portive feeder cell layer, such as OP9 cells or immortalized AKT
endothelial cells, to instruct EHT.47,80 Notably, fetal-lung explants
undergo EHT without such feeders, which suggests that the lung
independently has the cellular makeup to support EHT. However,
further investigation is required to determine the cell-specific
interactions of the in vivo microenvironment where EHT would
occur and how the lung niche instructs local HEC development.

Altogether, the findings described here suggest that the fetal lung
is a potential source of HECs, a population that is also conserved in
humans. Given the diversity in HEC development and the signifi-
cance of each distinct wave of hematopoiesis, the physiological
influence of lung HEC development in vivo needs further investi-
gation. Expanding our overall understanding of HEC location and
timing will also aid toward the goal of fully understanding the bio-
logical cues required for the development of functional HECs.
Such findings can eventually be harnessed for the common goal of
producing putative HSCs and functionally mature hematopoietic
cells from pluripotent stem cells.
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