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SUMMARY
Bone marrow stromal cells (BMSCs) play pivotal roles in tissue maintenance and regeneration. Their origins,
however, remain incompletely understood. Here we identify rare LNGFR+ cells in human fetal and regenera-
tive bone marrow that co-express endothelial and stromal markers. This endothelial subpopulation displays
transcriptional reprogramming consistent with endothelial-to-mesenchymal transition (EndoMT) and can
generate multipotent stromal cells that reconstitute the bone marrow (BM) niche upon transplantation. Sin-
gle-cell transcriptomics and lineage tracing inmice confirm robust and sustained contributions of EndoMT to
bone precursor and hematopoietic niche pools. Interleukin-33 (IL-33) is overexpressed in subsets of EndoMT
cells and drives this conversion process through ST2 receptor signaling. These data reveal generation of tis-
sue-forming BMSCs from mouse and human endothelial cells and may be instructive for approaches to
human tissue regeneration.
INTRODUCTION

Bone marrow stromal cells (BMSCs) contain a subset of puta-

tive adult stem cells that emerge during development and

have a tissue-restricted, multilineage differentiation capacity

(Bianco et al., 2008; Dominici et al., 2006). BMSCs are a hetero-

geneous population with putative roles in maintaining tissue ho-

meostasis and driving regeneration of tissue after injury (Kfoury

and Scadden, 2015). They play critical roles in skeletogenesis

(Chan et al., 2015; Worthley et al., 2015), and they are compo-

nents of the hematopoietic stem cell niche (Greenbaum et al.,

2013; Méndez-Ferrer et al., 2010). The ability to expand these

cells ex vivo and differentiate them into different lineages,

together with their regenerative and immune-modulatory prop-

erties, has made them attractive candidates for exploring a po-

tential role in regenerative medicine and tissue engineering

(Brown et al., 2019).
The origin of BMSCs remains incompletely understood. The

prevailing notion is that a reservoir of tissue-specific stromal

stem cells is generated during development. These pools of ‘‘pri-

mordial’’ cells may be derived from different germ layers—i.e.,

the paraxial or lateral plate mesoderm (Olsen et al., 2000) and

the neural crest (Isern et al., 2014; Morikawa et al., 2009a; Taka-

shima et al., 2007)—and serve as ontogenically distinct ances-

tors of stromal cells with heterogeneous function in postnatal

marrow (Kfoury and Scadden, 2015).

A key open question is whether the bone marrow (BM) tissue

pool size of stromal cells is developmentally restricted or

whether it can be modulated by de novo generation of BMSCs

under conditions of tissue demand, such as injury. Endothelial

cells (ECs) are among the first cells to reemerge in the BM after

injury (Rafii et al., 2016) and orchestrate tissue development,

maintenance, and regeneration by providing instructive angio-

crine signals (Ramasamy et al., 2015).
Cell Stem Cell 28, 653–670, April 1, 2021 ª 2021 Elsevier Inc. 653

mailto:m.h.g.raaijmakers@erasmusmc.nl
https://doi.org/10.1016/j.stem.2021.01.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.stem.2021.01.006&domain=pdf


Figure 1. Identification of LNGFR-expressing human ECs in regenerative and fetal BM

(A) Flow cytometry identification of EC subsets (representative plots). A subset of (CD45�7AAD�CD235�CD31+CD9+CD105+) hRECs expresses LNGFR (CD271)

upon regeneration after chemotherapy (center panels) and in fetal development (bottom panels).

(legend continued on next page)
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Specific subsets of ECs that drive regeneration of bone and

BM have been identified recently in mice (Kusumbe et al.,

2014, 2016; Ramasamy et al., 2016), and their human counter-

parts are beginning to be identified. Recently, we identified hu-

man ECs associated with BM regeneration and development

(Kenswil et al., 2018). These endoglin (CD105)-expressing ECs,

dubbed CD31+CD9+CD105+ human regeneration-associated

ECs (or hRECs), constitute a fraction of ECs, emerging during

fetal development and regeneration after chemotherapy (condi-

tions under which angiogenesis, hematopoiesis, and osteogen-

esis are tightly coupled) with a distinct transcriptional landscape

(Kenswil et al., 2018).

ECs can be coerced ex vivo toward stromal cell types through

a process of transdifferentiation called endothelial-to-mesen-

chymal transition (EndoMT) (Dejana et al., 2017; Piera-Velazquez

and Jimenez, 2019; Sanchez-Duffhues et al., 2016), but the rele-

vance of this process for human BM development remains

unknown.

Here we identify an EC-derived cell type in human BM that ap-

pears under conditions requiring tissue formation with the ca-

pacity to generate skeletal stem-like BMSCs able to reconstitute

the entire hematopoietic niche in vivo. Lineage tracing experi-

ments in mice confirm a robust contribution of these specialized,

endothelium-derived stromal cells (eBMSCs) to the hematopoi-

etic BM niche. Interleukin-33 (IL-33) is identified as a novel factor

driving the conversion of human ECs to such ‘‘stroma-

primed’’ ECs.

RESULTS

Identification of rare LNGFR-expressing human ECs in
regenerative and fetal BM
We recently characterized a distinct subset of CD105 (endoglin)+

ECs emerging during human fetal development and BM regener-

ation after injury (hRECs) (Kenswil et al., 2018). Interrogation of

the transcriptome of these ECs revealed expression of tran-

scripts typically associated with stromal cell fates, including

THY1 (CD90) andNGFR (CD271) (Table S1), suggesting the pos-

sibility that a subset of hRECswith stromal properties might exist

during human fetal development.

Protein expression of LNGFR (CD271), a well-established

marker of primary human BM stromal cells (Jones et al., 2010;

Quirici et al., 2002; Tormin et al., 2011) encoded by the NGFR

gene, was confirmed in a subset of fetal hRECs by flow cytome-

try (Figures 1A and 1B). This subset of LNGFR-expressing

hRECs was virtually absent in human adult BM under steady-

state conditions (isolated from healthy BM donors; 0.27% ±

0.1% of CD31+CD9+ ECs) but highly enriched in human fetal

BM (gestational weeks 15–20; 4.47% ± 1.2% of CD31+CD9+
(B) EC subset frequencies in adult steady-state (n = 13), regenerative (n = 48), a

Bonferroni’s multiple comparison test.

(C and D) Expression of the endothelial markers CD34 and CD144 in fetal BM LNG

(E) Cropped immunofluorescence image confirming cell surface expression of CD

represents 10 mm.

(F) Representative confocal image of human fetal bone, demonstrating the localiz

(left panel, 633magnification). A magnified inset is shown in the right panel. DAP

(right panel).

See also Figure S1 and Table S1.
ECs; one-way ANOVA [p < 0.0001] followed by Bonferroni’s mul-

tiple comparisons test [p = 0.001]) and human BM upon recovery

following chemotherapy injury (17 days after start of chemo-

therapy for acute myeloid leukemia [AML]; Kenswil et al., 2018;

1.11% ± 0.3% of the CD31+CD9+ EC population, Bonferroni’s

multiple comparisons test [p = 0.14]). In addition, LNGFR+

hRECs expressed other bona fide markers of endothelium,

such as CD34 and CD144 (VE-cadherin) (Figures 1C and 1D),

stressing their endothelial identity. To exclude the possibility

that co-expression of endothelial and stromal markers reflects

close proximity of two cells (identified as a single event in flow

cytometry despite ‘‘doublet’’ exclusion), LNGFR+ hRECs were

sorted by fluorescence-activated cell sorting (FACS), and co-

expression of CD31, CD105, and LNGFR was confirmed at the

single-cell level by immunocytochemistry (Figures 1E and

S1C–S1E).

Previously, we showed that hRECs are enriched in collage-

nase-treated human bone fractions (Kenswil et al., 2018).

LNGFR+ cells were identified in this hREC fraction in collage-

nased adult bone (obtained from individuals undergoing hip

replacement surgery; 2.7%± 0.7%of CD31+CD9+ ECs) and fetal

bone fractions (4.1% ± 1.0% of CD31+CD9+ ECs) (Figures S1A

and S1B).

Confocal imaging of human fetal bones revealed the pres-

ence of CD31+(dim) CD271(LNGFR)+CD105+ cells in blood

vessels, in particular ECs aligning sinusoids localized in trabec-

ular areas (Figures 1F and S1F). CD271+ ECs seemed less

abundant in sinusoids in medullar areas of fetal bone and

were not observed in arterial/arteriolar (CD31high) structures

(Figure S1G).

These data demonstrate that a rare subtype of LNGFR+ ECs

exists in human bone and marrow that is highly enriched in fre-

quency during development and regeneration.

LNGFR-expressing ECs display a transcriptional
signature of cells undergoing endothelial-to-
mesenchymal transition
We next hypothesized that this rare cell type, co-expressing

endothelial and stromal markers, might reflect ECs undergoing

EndoMT; that is, the transition of endothelial to stromal

cell fates, characterized by downregulation of endothelial

makers and increased expression of stromal markers (Dejana

et al., 2017; Piera-Velazquez and Jimenez, 2019; Souilhol

et al., 2018).

To begin addressing in more detail whether LNGFR+ ECs fulfill

this criterion, we interrogated, by massive parallel RNA

sequencing, the transcriptome of highly FACS-purified LNGFR+

hRECs in comparison with other endothelial (LNGFR� hRECs)

and stromal (CD31�LNGFR+ stromal cells) subsets sorted from
nd fetal BM (n = 15). ***p < 0.001, one-way ANOVA (p < 0.0001) followed by

FR+ ECs. Shown are (C) a representative flow plot and (D) frequencies (n = 13).

31, CD105, and CD271 on FACS-sorted LNGFR+ hRECs. The white scale bar

ation of CD31+CD271+CD105+ ECs in sinusoidal vessels of the trabecular area

I stained nuclei are represented in blue. Scale bars, 50 mm (left panel) and 5 mm
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the same BM samples. Hierarchical clustering by principal-

component analysis of transcriptomes revealed strikingly sepa-

rate clustering of the sorted endothelial and stromal populations

(Figure 2A). The transcriptome of LNGFR+ hRECs clustered be-

tween those of LNGFR� hRECs and CD31�LNGFR+ stro-

mal cells.

Transcript analysis confirmed robust expression of multiple

bona fide markers of ECs in LNGFR+ hRECs, including

PECAM1, CDH5 (encoding CD144/VE-cadherin), and others

(Figure 2B). Expression of PECAM1 (CD31) and other endothe-

lial markers was consistently lower in LNGFR+ hRECs in com-

parison with LNGFR� hRECs, in line with the finding of reduced

CD31 protein expression by immunocytochemistry (Figures 1

and S1C). In addition to reduced expression of endothelial

markers, LNGFR+ hRECs displayed increased expression of

multiple markers typically associated with primitive stromal

cells, such as LEPR and PDGFRA (CD140a) (Figure 2C), at

levels comparable with those of stromal BM cells. Genes en-

coding markers of bone progenitor cells were highly or uniquely

overexpressed in LNGFR+ hRECs in comparison with LNGFR�

hRECs (Figure 2D).

Importantly, the distinct expression of endothelial markers

confirms their endothelial nature and clearly separates these

cells from perivascular stromal cells/pericytes, which lack

expression of these endothelial markers (Crisan et al., 2008).

The unique transcriptional feature of reduced expression of

endothelial markers concomitant with activation of stromal pro-

grams suggests that LNGFR+ hRECs may reflect ECs undergo-

ing EndoMT.

Further supporting this notion, analysis of transcriptional pro-

grams by gene set enrichment analysis (GSEA) revealed remark-

able enrichment of transcriptional signatures associated with

transition to stromal cell fates in LNGFR+ hRECs in comparison

with LNGFR� hRECs (Figures 2E and S2A). Similarly, Gene

Ontology (GO) term analysis revealed biological programs

related to stromal cells in LNGFR+ hRECs, including extracellular

matrix production and ossification (Table S2).

Gene sets associated with signaling pathways shown previ-

ously to regulate epithelial-to-mesenchymal transition (EMT) as

well as EndoMT, including the transforming growth factor b

(TGF-b) (Azhar et al., 2009), fibroblast growth factor (FGF) (Lee

et al., 2004), Hedgehog (Syn et al., 2009), and WNT (Hurlstone

et al., 2003) signaling pathways, were significantly enriched in

LNGFR+ hRECs (Figures S2B–S2E). These signaling pathways

have been shown to activate the transcription factors driving

EndoMT (Pardali et al., 2017), including members of the Snail

(Kokudo et al., 2008; Mahmoud et al., 2017), Twist (Ansieau

et al., 2008; Chakraborty et al., 2010), and ZEB (Bracken et al.,

2008) transcription factor families. Strikingly, many of these

key transcription factors driving EndoMT (SNAI2 [Slug], TWIST1,

TWIST2, YAP1, and ZEB2) were overexpressed in LNGFR+

hRECs compared with LNGFR� hRECs (Figure 2F). This simulta-

neous overexpression of transcriptional mediators has been

described previously as an important feature of ECs undergoing

EndoMT (Wesseling et al., 2018).

These data indicate that LNGFR+ hRECs exhibit molecular

characteristics congruent with ECs undergoing mesenchymal

transition andmight be capable of giving rise to primitive stromal

cells and their downstream differentiated progeny.
656 Cell Stem Cell 28, 653–670, April 1, 2021
LNGFR+ ECs display transcriptional features of
stemness and give rise to stromal progenitors with
multilineage differentiation capacity
Conversion of vascular ECs into stromal cells has been demon-

strated previously in vivo during embryonic development (Eisen-

berg and Markwald, 1995; Markwald et al., 1975). However,

whether primary ECs with this capacity exist in human BM and

contribute to human tissue formation has remained unknown.

Acquisition of stem-cell-associated and developmental tran-

scriptional programs in LNGFR+ hRECs was suggested by

GSEA and GO analysis (Figure S2F; Table S2). GO term analysis

further revealed enrichment of gene sets associatedwith skeletal

and neuronal development (Table S2), suggesting that LNGFR+

hRECs might have the potential to contribute to skeletogenesis.

LNGFR+ hRECs, when cultured in endothelium-supporting

medium, spontaneously formed a stromal layer of cells morpho-

logically resembling fibroblasts after 6–7 days of culture (Fig-

ure S3A). Flow cytometry analyses of these stromal cells re-

vealed robust expression of markers associated with cultured

multipotent stromal cells (Dominici et al., 2006), including

CD105, CD73, CD90, CD51, and CD146 (Figure S3B), with loss

of endothelial markers (CD34 and CD31) (Figure S3C).

The ability to form stromal colonies (CFU-F capacity) was

restricted to LNGFR+ hRECs and not found in other endothelial

subsets (Table S3). Single-cell sorting of freshly isolated cells re-

vealed the frequency of cells with CFU-F formation capacity

among LNGFR+ hRECs to be 1 in 10 ± 0.1 in comparison with

1 in 6 ± 1.5 of CD31� LNGFR+ stromal cells (Figure S3D).

eBMSCs were able to expand extensively, demonstrated exten-

sive serial replating capacity (performed until 15 passages

without signs of exhaustion; data not shown), and had the ca-

pacity to be differentiated into osteoblastic, chondrogenic, and

adipocytic cells under defined culture conditions (Figure S3E).

The vast majority of LNGFR+ hRECs (>80%) expresses CD144

(CDH5) as a bona fide and specific marker of ECs (Figures 1C

and S3F). To further confirm that this subset of ECs can give

rise to stromal progenitor cells, sorting and ex vivo culture of

the CD144+LNGFR+ hREC population was performed (Fig-

ure S3F), which demonstrated that this particular endothelial

subset harbors cells with the ability to form stromal cells with se-

rial replating (Figure S3G) and multilineage differentiation capac-

ity (Figure S3H). These ex vivo stromal progenitors lacked protein

expression of markers typical for hematopoietic cells and ECs

(CD45, CD34, CD31, and CD144; Figure S3I) and expressed

markers associated with cultured stromal cells (CD105, CD73,

CD90, and CD146; Figure S3J).

Finally, eBMSCs were able to support hematopoietic stem/

progenitor cells (HSPCs) (Figures S4A and S4B). Co-culture of

umbilical cord blood (UCB)-derived CD34+ HSPCs resulted in

expansion of these cells to the level of CD31� LNGFR+ stromal

cells, which have been shown previously to support expansion

of HSPCs (Li et al., 2014). The capacity to support hematopoiesis

coincided with high expression of hematopoietic stem cell

(HSC)-regulating genes such as VCAM1, SELE and CXCL12,

and ANGPT1 (Figure S4C).

These data demonstrate that LNGFR+ hRECs have the capac-

ity to convert to stromal stem cell-like cells with expression of

stem cell transcriptional signatures, the ability to form CFU-F

with serial replating ability, and multilineage differentiation



Figure 2. LNGFR+ ECs exhibit transcriptional characteristics of cells undergoing mesenchymal transition

LNGFR+ hRECs display reduced expression of endothelial genes and increased expression of stromal genes and transcription factors driving EndoMT in

comparison with LNGFR� hRECs.

(A) Principal-component analysis (PCA) revealing distinct hierarchical clustering of cell populations.

(B and D) Expression of genes encoding for endothelial markers (B), stromal markers (C), and osteolineage markers (D).

(E) Activation of transcriptional programs (see also Figure S2A) associated with mesenchymal transition in LNGFR+ hRECs.

(F) Expression of genes encoding for known EndoMT drivers.

Data are from 3 human fetal bones. *false dicovery rate (FDR) < 0.05. FPKM, fragments per kilobase of exon per million fragments mapped; NES, normalized

enrichment score.

See also Figure S2 and Table S2.
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Figure 3. eBMSCs have in vivo hematopoietic niche establishment capacity

(A) Stromal cells derived from LNGFR+ ECs (eBMSCs) were induced to form 3D pellets and subjected to 3 weeks of culture in chondrogenic medium prior to

subcutaneous implantation in athymic nude mice. 10 weeks post-implantation, pellet mineralization was assessed by mCT analysis, and the constructs were

retrieved for histological processing. Representative data of 6 transplanted constructs are shown.

(legend continued on next page)
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capacity. These cells may thus be hypothesized to have the po-

tential to contribute to BM development by transdifferentiation

into bone lineages and by providing support for nascent

hematopoiesis.

Human eBMSCs form an in vivo BM niche
The ability of LNGFR+ ECs to generate stromal cells with skeletal

differentiation and hematopoiesis support capacity in vitro sug-

gests that they may represent bona fide, in vivo, hematopoietic

niche (re)generating cells. Such cells have been defined previ-

ously as skeletal stem cells (SSCs), clonogenic skeletal progen-

itors capable of establishing the hematopoietic microenviron-

ment (Sacchetti et al., 2007). To test whether eBMSCs contain

SSCs, we exploited a previously established protocol of human

BMSC cultured as 3D pellets under chondrogenic priming con-

ditions, followed by subcutaneous implantation in mice (Farrell

et al., 2011; Scotti et al., 2013; Serafini et al., 2014). eBMSCs ob-

tained from fetal bone were subjected to chondrogenic differen-

tiation as 3D pellets for 3 weeks (Figure 3A). This resulted in 3D

cartilage pellet formation, as shown by glycosaminoglycan pro-

duction (toluidine blue and thionine staining; Figure 3B). Subse-

quently, pellets were implanted subcutaneously into recipient

mice (6 pellets/pocket). After 10weeks,micro-computed tomog-

raphy (mCT) scans demonstrated mineralization of the pellets

(Figure 3C). Following harvest of the pellets, histological ana-

lyses revealed heterotopic ossicle formation in all harvested pel-

lets with the presence of bone, cartilage, adipocytes, blood ves-

sels, and hematopoietic tissue (Figure 3D). The presence of

hematopoietic tissue was further confirmed by staining with

the pan-hematopoietic marker CD45 (Figures 3E and S4F for

mouse BM positive control) and the presence of megakaryo-

cytes (Figure S4G). Human origin of osteocytes, chondrocytes,

BMSCs, and adipocytes was confirmed by immunohistochem-

istry using an antibody against human-specific glyceraldehyde

3-phosphate dehydrogenase (GAPDH) (Figures 3F, S4H,

and S4I).

The transplantation data establish the in vivo multi-lineage

skeletogenic differentiation and hematopoietic niche formation

capacity of the LNGFR+ EC-derived stromal cell population.

Identification of EndoMT cells by single-cell
transcriptomics (single-cell RNA sequencing [scRNA-
seq]) during BM development in mice
Identification of eBMSCswith hematopoietic niche formation ca-

pacity raises the question whether such cells represent meso-

dermal precursors of endothelial and stromal cells (mesen-

chymo-angioblasts) (Bianco and Cossu, 1999; Cossu and

Bianco, 2003; Slukvin and Kumar, 2018) or are a result of ECs un-
(B) Glycosaminoglycan production in 3D pellets at the time of implantation (day 2

and 200 mm.

(C) Representative 3D reconstruction from mCT scans of implanted pellets. Scale

(D–F) Representative microphotographs of histological sections of bone constru

(D) Hematoxylin and eosin staining demonstrating bone and hematopoietic niche

(E) Mouse CD45 (mCD45) staining confirming the presence of hematopoietic ce

negative control for the staining. Scale bars, 100 mm and 50 mm (insets).

(F) Human-specific GAPDH (hGAPDH) detecting human cells in the calcified carti

arrow), and adipose tissue (A) (black arrowhead), indicating the presence of don

monoclonal antibody was used as negative control for the staining. Scale bars, 5

See also Figures S3 and S4 and Table S3.
dergoing EndoMT in human BM. The transcriptional landscape

of LNGFR+ ECs, including expression of EndoMT-driving tran-

scription factors, strongly suggests the latter possibility. To

formally demonstrate that eBMSCs contribute to the hematopoi-

etic niche in mammalian development, single-cell transcriptom-

ics (scRNA-seq) and lineage tracing (see eBMSCs contribute to

BM tissue and niche formation in mice) were performed in mice.

BMSCs (CD45�Ter119�CD31�CD51+Sca+; Morikawa et al.,

2009b; Pinho et al., 2013; Schepers et al., 2012) and ECs

(CD31+, including VE-cadherin+ cells) were FACS-purified from

BM and collagenased bone fractions of the long bones of mouse

fetuses at embryonic day 17 (E17) (Figure 4A). At E17, the BM

cavity is being vascularized, osteoblast formation and calcifica-

tion occurs, and hematopoiesis shifts from the fetal liver to the

BM, with the first fetal BM HSPC activity being detected at

E16.5 (Coşkun et al., 2014), reflecting the developmental stage

examined in humans (Figures 1 and 2).

scRNA-seq of pooled BMSC and EC fractions (of 9 fetuses) re-

vealed two distinct clusters (Figure 4B), separating ECs (Cdh5+,

Pecam1+) from stromal elements (Prrx1+, Col1a1+) (Figure 4B).

Endoglin (Eng) was expressed in the majority of ECs (Figure 4B),

in line with our findings regarding human fetal development (Fig-

ure 1), whereas Ngfr expression was restricted to a subset of

cells, predominantly in the stromal population (Figure 4B).

Although the vast majority of cells expressing endothelial

markers (Cdh5 and Pecam1) were found in the endothelial clus-

ter, some of these cells were located in the stromal cluster.

Conversely, a minority of cells in the ‘‘endothelial’’ cluster ex-

pressed stromal markers (Prrx1+, Col1a1+, and Pdgfra+), open-

ing the possibility of the existence of a ‘‘transitional’’ population

expressing bona fide endothelial and stromal transcripts.

Indeed, separate re-clustering of all cells expressing the endo-

thelial marker Cdh5 (Figure 4C) identified a distinct subset of

cells that was characterized by co-expression of endothelial

transcripts (Cdh5, Pecam1, and Eng), stromal transcripts

(Col1a1 and Prrx1), and transcription factors involved in EndoMT

regulation (Snai2, Twist1, and Zeb2) (Figure 4D), which included

cells expressing Ngfr (Figure 4E). Quantitation of transcripts in

this cluster, in comparisonwith the other clusters in theCdh5-ex-

pressing endothelial population (Figure 4F), revealed reduced

expression of endothelial markers (Cdh5, Pecam1, and Eng)

with concomitantly increased expression of stromal markers

(Col1a1, Prrx1, Fap, andCspg4(Ng2)), EndoMT transcription fac-

tors (Twist1 and Zeb2), and the HSPC mobilizing factor Cxcl12,

indicative of cells undergoing EndoMT (Piera-Velazquez and Ji-

menez, 2019).

This notion was corroborated by striking enrichment of gene

sets reflecting EMT (Figure 4D, inset; normalized enrichment
1), as shown by thionine and toluidine blue staining. Scale bars, 100 mm (inset)

bar, 3 mm.

cts.

formation (high-magnification insets). Scale bars, 100 mm and 50 mm (insets).

lls in the marrow. An isotype immunoglobulin G (IgG) antibody was used as

lage (CC) and bone (B) (open arrow) as well as in the BM (M), stroma (S) (closed

or LNGFR+ EC-derived cells in the various BM compartments. An isotype IgG

0 mm. BV, blood vessel.

Cell Stem Cell 28, 653–670, April 1, 2021 659



Figure 4. Identification of EndoMT cells by scRNA-seq during BM development in mice

(A) Flow cytometry plots depicting the gating strategy to sort endothelial (CD31+) and stromal (SCA-1+CD51+) enriched fractions fromBM and collagenased bone

of murine fetuses (E17) for scRNA-seq.

(legend continued on next page)
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score [NES], 4.06; false discovery rate [FDR] q < 0.0001) and GO

pathway analysis relating the transcriptome to extracellular ma-

trix formation and skeletal development (Figure S5D).

Vice versa, separate re-clustering of all cells expressing the

stromal marker Prxx1 (Figure S5A) identified the same subset

of cells characterized by co-expression of endothelial tran-

scripts, mesenchymal transcripts, and transcription factors

involved in EndoMT regulation in the ‘‘stromal’’ Prxx1+ popula-

tion of cells (Figure S5B). This population was separated from

other stromal clusters by endothelial gene expression, reduced

expression of genes encoding stromal factors, and GO path-

ways signaling vascular morphogenesis and endothelial migra-

tion (Figures S5C and S5E).

Next, to further corroborate the notion that the EndoMT pop-

ulation is indeed derived from ECs and represents an intermedi-

ate differentiation stage toward BMSCs, we performed a trajec-

tory analysis, which sorts ECs and BMSCs at distinct extremes

of pseudotime space (Figure 4G). Interestingly, EndoMT cells

(cluster 4 in Figure 4D) were mostly enriched in the branch local-

ized between ECs and BMSCs (Figures 4H and 4I), with a step-

wise increase in expression of EndoMT markers during pseudo-

time (Figure 4G, inset), supporting the notion that some ECsmay

progressively acquire a stromal identity.

The scRNA-seq data confirm the presence of cells in nascent

murine BM that express transcripts of endothelial and stromal

lineages, in concert with transcription factors driving EndoMT,

other EndoMT factors, and Cxcl12, which is in line with our hu-

man data and consistent with the view that these cells may

represent ECs undergoing transdifferentiation toward stromal

cell fates, as supported by scRNA-seq cell fate analysis.

eBMSCs contribute to BM tissue and niche formation
in mice
To provide a formal experimental definition of EndoMT contrib-

uting to hematopoietic BM niche formation, lineage tracing ex-

periments were performed using VE-cadherin-Cre;LoxP-tdTo-

mato mice (Chen et al., 2009; Madisen et al., 2010). In these

mice, CD144+ ECs and their downstream developmental prog-

eny are marked permanently by tdTomato fluorescence. In line

with previous reports establishing the concept of EHT (endothe-

lial-to-hematopoietic transition) (Boisset et al., 2010; Chen et al.,

2009), the majority of CD45+ hematopoietic cells as well as

CD31+CD144+ ECs in 3-week-old mice expressed the tdTomato

reporter (Figures S6A and S6B). Strikingly, a significant propor-

tion (49.7% ± 1.6%) of highly purified BM stromal cells, defined

by CD45�Ter119�CD31�CD144�Sca1+CD51+(Pdgfra+) marker
(B) Uniform manifold approximation and projection (UMAP) plot showing unbia

(Col1a1, Prrx1, and Ngfr).

(C–F) Clustering of ECs based on expression of the endothelial marker Cdh5 (n

scriptional wiring indicative of ECs undergoing EndoMT, including co-expression o

EndoMT driver genes (Twist1, Snai2, and Zeb2), activation of a mesenchymal tra

showing the relative reduction in expression of endothelial genes with concom

(Cspg4 and Fap), mesenchymal transition drivers, and the hematopoietic fact

value < 0.001.

(G) Lineage trajectory analysis demonstrating lineage relationship between ECs a

BMSCs in the right branches (6 and 7). Inset: increasing expression of the BMSC

(H and I) Cells of cluster 4 (D), highlighted in red, are mostly located between ECs

exact test (I). ***p < 0.0001, *p-adj < 0.05.

See also Figure S5.
expression and known to contain SSCs (Morikawa et al.,

2009b; Pinho et al., 2013; Schepers et al., 2012), was found to

be of endothelial origin, as indicated by tdTomato expression

(Figures 5A and 5B). In addition, a substantial subset (25.8% ±

2.5%) of downstream osteo/chondrolineage (progenitor)

cells (OLCs; CD45�TER119�CD31�CD144�Sca1�CD51+ cells;

Lundberg et al., 2007; Schepers et al., 2012) was also derived

from ECs (Figures 5A and 5B). VE-cadherin-Cre-negative;-

LoxP-tdTomato mice were used as a negative control to deter-

mine the positive tdTomato fluorescence signal (Figure 5A,

bottom panels). Immunofluorescence of the BM of VE-cad-

herin-Cre;LoxP-tdTomato mice confirmed the presence of

tdTomato+ bone-lining cells and osteolineage cells (osteocytes)

(Figure S6A).

The contribution of endothelium-derived elements to the stro-

mal BM compartment was sustained over timewith 28.5% (±6.3)

of BMSCs and 41.1% (±0.5) of OLCs being tdTomato positive in

11-week-old mice (Figure 5B).

TdTomato+ BMSCs displayed considerably lower levels of

tdTomato expression in comparison with ECs and hematopoiet-

ic cells (Figures S6A and S6B), likely explaining the absence of

stromal elements in VE-cadherin reporter models when isolating

only the tdTomato2+ population (Tikhonova et al., 2019). In addi-

tion, the increased sensitivity and recombination efficacy of

the VE-cadherin reporting strain (https://www.jax.org/strain/

017968) may contribute to identification of a subset of stromal

cells originating from ECs in our studies.

Massive parallel RNA-seq of endothelium-derived (tdTomato-

positive) versus non-endothelium-derived (tdTomato-negative)

BMSC and OLC subsets confirmed the stromal nature of both

subsets (high expression of stromal markers with absence of

Cdh5 expression) (Figure S6C). The endothelial origin of a subset

of BM stromal cells was further confirmed by a robust contribu-

tion of tdTomato-positive cells to non-endothelial stromal cul-

tures, established from whole BM or bone chips of 3- and 11-

week-old VE-cadherin-Cre;LoxP-tdTomato mice (Figures S6H

and S6I).

Endothelium-derived stromal cells isolated directly from mu-

rine BMwere strikingly distinct transcriptionally, as defined by hi-

erarchical clustering (Figure 5C). Differential gene expression

included markedly higher expression of genes encoding key

HSC regulatory factors (including Cxcl12, Angpt1, and Kitl) (Fig-

ures 5D and 5E) and Lepr, a gene used to define CXCL12-ex-

pressing HSC niche cells (Zhou et al., 2014; Figure 5E), as well

as gene set enrichment indicative of cytokine regulation (Fig-

ure S6D). Endothelium-derived OLCs also overexpressed genes
sed clustering of endothelial (Cdh5, Pecam1, and Eng) and stromal clusters

ormalized expression level > 0; C) reveals a population (cluster 4) with tran-

f endothelial (Cdh5, Pecam1, and Eng), stromal (Col1a1 and Prrx1), and known

nsition program (D), and expression of Nfgr (E). Also shown are (F) Violin plots

itant increased expression of stromal transcripts, EndoMT-associated genes

or Cxcl12 in cluster 4 in comparison with other endothelial clusters. *adj. p

nd BMSCs. Pseudotime analysis sorts ECs in left branches (1, 2, 3, and 4) and

markers Col1a1 and Twist1 in branches 5, 6, and 7.

and BMSCs (H) with significant enrichment in branches 4, 5, and 6 by Fisher’s
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Figure 5. eBMSCs contribute to hematopoietic niche formation in mice

(A) Representative flow cytometry plots depicting the gating strategy to identify multipotent stromal cells (BMSCs) and osteo/chondrolineage progenitor cells

(OLCs) in 3-week-old VE-cadherin-Cre;LoxP-tdTomato mice. A substantial subset of these stromal populations is derived from ECs, as indicated by tdTomato

(legend continued on next page)
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typically associated with osteogenesis and osteoblast matura-

tion (Figure 5F). Non-endothelium-derived stromal cells, in

contrast, displayed striking differential expression of genes

associated with chondrogenesis, including those encoding sub-

stituents of the collagenous extracellular matrix, such as Acan,

Col9a2, and Col11a2 (Figure 5G), reflected in enrichment of

gene signatures indicative of chondrogenic matrix formation

(Figures S6E and S6G).

These data reveal the existence of a distinct osteogenic sub-

set of stromal cells in the murine BM that is of endothelial origin

and differentially expresses key HSC regulatory factors, in line

with the notion that these cells contribute to bone and hemato-

poietic niche formation. The data corroborate our findings in hu-

mans demonstrating the potential of LNGR+ eBMSCs to form

bone and BM tissue supporting hematopoiesis.

IL-33 is expressed in endothelial subsets during
development and drives conversion of human fetal ECs
to osteolineage cells via EndoMT
The lineage tracing experiments in mice establish that ECs give

rise to BM stromal niche cells in development, suggesting En-

doMT as a novel avenue of BMSC generation. Building on this

notion, we sought to demonstrate that human LNGFR� ECs

can give rise to LNGFR+ ECs with stromal characteristics and

interrogate the underlying mechanisms that drive EndoMT in

human BM. Previously, we identified IL-33 as an anabolic factor

in human hematopoiesis, angiogenesis, and osteogenesis,

driving BM regeneration and development (Kenswil et al.,

2018). IL-33 protein is increased in small subsets of ECs during

development and regeneration, in comparison with steady-

state postnatal ECs (Kenswil et al., 2018), together with factors

such as BMP4 and DPP-4, known drivers of EndoMT. In human

fetal BM, IL33 was differentially expressed in LNGFR+ hRECs

and LNGFR� hRECs (Figure 6A). In E17 mouse BM, Il33

expression was detected specifically in the EndoMT cluster of

Cdh5-expressing ECs as well as in stromal subsets (Figures

S5F and S5G).

Because IL-33 is an inflammatory cytokine, and inflammation

is a known driving force of EndoMT, we tested whether IL-33

drives EndoMT in venous endothelium of fetal origin. To this

end, we exposed human umbilical vein ECs (HUVECs) to

increasing concentrations of IL-33 and compared the effects

with TGF-b1, arguably the best-documented and most potent

driver of EndoMT currently known (van Meeteren and ten Dijke,

2012; Zeisberg et al., 2007). EndoMT is associated with tran-

scriptional alterations in ECs (Kovacic et al., 2019; Piera-Velaz-

quez and Jimenez, 2019), primarily induced by the transcrip-

tional regulators SNAI1 (Snail family transcriptional repressor

1), SNAI2 (Snail family transcriptional repressor 2 or SLUG),
expression (top panels). VE-cadherin-Cre-negative;LoxP-tdTomato mice (bottom

fluorescence signal.

(B) Frequency of tdTomato+ cells within the BMSCandOLC populations of 3- and

and n = 3 for 11-week-old mice.

(C) PCA of the transcriptomes of tdTomato+ compared with tdTomato� BMSCs a

old (n = 2) and 11-week-old mice (n = 2).

(D and E) Expression of genes encoding key HSC niche-associated factors in td

(F and G) TdTomato+ OLCs display overexpression of genes encoding transcri

tdTomato� OLCs (right panels) overexpress transcripts related to chondrogenes

See also Figure S6.
and TWIST1 (Souilhol et al., 2018). Exposure of HUVECs to IL-

33 led to increased expression of SNAI2 and TWIST1 but not

SNAI1 (Figure 6B), strikingly recapitulating overexpression of

these specific transcription factors in primary human LNGFR+

hRECs (Figure 2F).

Concurrent with the increased expression of SNAI2, which is a

zinc-finger transcriptional repressor that can bind to the E-box of

promoters of endothelial lineage genes (Nieto, 2002), expression

of the endothelial markers CD31, CD34, and CD144 was

decreased in a dose-dependent manner (Figure 6D). Loss of

EC identity was corroborated by decreased gene expression

of CDH5, PECAM1, TEK, VEGFR2, and vWF by IL-33 (Figure 6C

and data not shown).

EndoMT, like EMT, is not only characterized by loss of endo-

thelial markers but also attenuation of EC functional integrity

and apical-basal polarity to acquire stromal behavior in a transi-

tional process driven by the aforementioned transcription factors

(Yang et al., 2020). Using electric cell-substrate impedance

sensing (ECIS), we monitored endothelial barrier function in HU-

VECs in response to exogenous IL-33 (Adams et al., 2013; Halai-

dych et al., 2018; Patsch et al., 2015). Treatment with IL-33 dis-

rupted the functional barrier integrity and cell-matrix interactions

of HUVECs (Figures 6E–6G), suggesting that IL-33 triggers a

transcriptional program in ECs that eventually compromises

endothelial identity.

Concurrent with the increased expression of TWIST1, which is

a basic helix-loop-helix transcriptional activator of stromal gene

expression (Wang et al., 1997), IL-33 induced expression of stro-

mal markers (LNGFR/CD271 and CD44) in a dose-dependent

manner (Figure 6D). This was corroborated by demonstrating

increased expression of other bona fide stromal markers such

as FAP, TAGLN (transgelin encoding SM22-a), and ACTA2 (actin

alpha 2 encoding alpha-smooth muscle actin [a-SMA]) (Figures

6C and 6I). Remarkably, IL-33 induced these EndoMT-defining

transcriptional programs in HUVECs as a single agent to an

extent similar to TGF-b1, arguably themost potent inducer of En-

doMT currently known (Figure 6D).

Next, to investigate whether HUVECs not only acquired immu-

nophenotypic changes indicative of EndoMT but also cellular

properties congruent with transition from an endothelial identity

toward stromal cell fates, we performed assays interrogating the

capacity of IL-33 to convert ECs into osteo-lineage cells withma-

trix deposition capacity. IL-33 induced expression of extracel-

lular matrix molecules such as FN, COL1A1, and COL3A1 (Fig-

ures 6H and 6I), and IL-33-exposed cells were capable of

forming (calcified) matrix, as indicated by dose-dependent in-

duction of alizarin red binding (Figure 6J), von Kossa staining

to levels similar to bona fide BMSCs (Figure 6K), and alkaline

phosphatase activity (Figure 6L).
panels) were used as a negative control to determine the positive tdTomato

11-week-old VE-cadherin-Cre;LoxP-tdTomatomice. n = 7 for 3-week-oldmice,

nd OLCs showing distinct hierarchical clustering of cell populations in 3-week-

Tomato+ versus tdTomato� BMSCs (D) and OLCs (E).

pts related to osteogenesis (F), whereas tdTomato� BMSCs (left panels) and

is (G). *FDR < 0.05.
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These data demonstrate that IL-33 is capable of inducing al-

terations in HUVECs indicative of cells undergoing EndoMT (De-

jana et al., 2017), recapitulating characteristics of LNGFR+ ECs

identified in human BM (Figure 2), and converting fetal venous

ECs to functional osteolineage cells with matrix deposition activ-

ity. Chondrogenic pellets could not be established from IL-33-

exposed HUVECs, precluding in vivo transplantation of these

cells, suggesting that transient IL-33 exposure is not enough to

durably convert ECs to multipotent stromal cells with niche for-

mation capacity.

IL-33 induces EndoMT in adult human ECs through ST2-
SNAI2 signaling
Although HUVECs are widely used as an in vitro model to study

EC biology, findings in this venous endothelium of fetal origin

may not be applicable to ECs of adult origin, which may

have reduced plasticity. To address this, we tested whether

IL-33 can also induce EndoMT in endothelial colony-forming

cells (ECFCs) isolated from adult peripheral blood, which

have high proliferative potential and are able to contribute to

vessel formation in vivo (Critser and Yoder, 2010). IL-33

(10 ng/mL and 100 ng/mL) induced a dose-dependent

decrease in endothelial CD144 expression with a concomitant

increase in the stromal markers a-SMA (encoded by ACTA2)

(Figure S7A), faithfully recapitulating findings in HUVECs (Fig-

ures 6C, 6D, 6H, and 6I).

Similar to findings in HUVECs, exposure to IL-33 induced a

permissive state for subsequent osteogenic differentiation of

ECs, as indicated by dose-related generation of cells ex-

pressing early and late osteogenic differentiation markers

(COL1A1, RUNX2, OSX, DMP1, SOST, and BGLAP) (Figures

S7B and S7C) and matrix deposition capacity, as demon-

strated by induction of alizarin red binding (Figure S7D), von

Kossa staining (Figure S7E), and alkaline phosphatase activity

(Figure S7F).
Figure 6. IL-33 drives EndoMT in human fetal ECs

(A) Expression of IL-33 in different niche subsets in human fetal BM. *FDR < 0.05

(B and C) Expression of genes implicated in EndoMT in HUVECs treated with IL-3

*p < 0.05, Mann-Whitney U test.

(B) Upregulation of transcription factors driving EndoMT.

(C) Downregulation of genes encoding endothelial markers and upregulation of s

(D) Protein expression of endothelial and stromal markers by HUVECs after treatm

compare the fold change of themedian fluorescence intensity (MFI) of eachmarke

HUVECs as the reference group. *p < 0.05, **p < 0.01, ***p < 0.001.

(E–G) Loss of endothelial functional properties upon IL-33 exposure.

(E) Endothelial barrier function during IL-33 stimulation (n = 4). ****p < 0.0001, un

(F) Bar graphs representing the integrity and strength of cell-matrix interactions

multiple t test. Mean ± SD.

(G) Endothelial barrier function after pre-stimulation with IL-33. Mean ± SD. ****p

(H and I) Gain of stromal, matrix-depositing, functional properties upon IL-33 exp

(H) Upregulation of genes encoding extracellular matrix components in HUVECs

(I) Immunofluorescence labeling in HUVECs stimulated for 24 h with IL-33. a-SM

(DAPI) staining was used to visualize cell nuclei (representative data from n = 3).

(J–L) IL-33 converts HUVECs into osteolineage cells with matrix deposition capac

in HUVECs cultured in regular growth medium (GM) or osteogenic medium (OM)

mineral deposits with cetylpyridinium (n = 3). **p < 0.01, ***p < 0.001, one-way A

(K) Calcium deposits as demonstrated by von Kossa staining (representative dat

(L) Alkaline phosphatase enzymatic assay. *p < 0.05, **p < 0.01, ***p < 0.001, one

‘‘n’’ represents a different HUVEC donor and independent experiment.

See also Figure S7.
Finally, we sought to begin unraveling the underlying molecu-

lar mechanisms of IL-33-mediated EndoMT in human ECs. IL-33

is thought to function by binding to its cognate receptor ST2

(Kakkar and Lee, 2008). Blocking ST2 signaling in ECFCs by us-

ing a neutralizing antibody directed against ST2 (Guo et al., 2014;

Suzukawa et al., 2008) resulted in partial rescue of IL-33-medi-

ated EndoMT, as shown by reduced downregulation of CD144

and reduced upregulation of fibronectin, in particular at an IL-

33 dose of 100 ng/mL (Figure S7G). Concomitantly, upregulation

of SNAI2 was impaired by the ST2-neutralizing antibody

(Figure S7H).

These data demonstrate that LNGFR+ ‘‘mesenchyme-primed’’

ECs, as identified in human development and regeneration, can

be derived from fetal and adult human ECs by IL-33, expressed

in endothelial subsets during development and regeneration,

identifying IL-33 as a novel and strong inducer of EndoMT and

conversion to osteogenic cell fates, at least partially, through

ST2-SNAI2 signaling.

DISCUSSION

Stromal cells in the mammalian BM play pivotal roles in tissue

maintenance and regeneration. They are likely heterogeneous,

with subsets contributing to skeletogenesis, chondrogenesis,

or support of hematopoiesis by providing niches to HSPCs.

However, the developmental origins of such cells had remained

incompletely understood.

Here we report prospective isolation of a mammalian EC-

derived precursor that has the potential of de novo formation

of BMSCs that establish the hematopoietic niche. LNGFR+

ECs constitute a rare subset of ECs in homeostasis but are

more prevalent during fetal development and re-emerge postna-

tally in the context of regeneration after injury. LNGFR+ ECs can

arise from IL-33 driven conversion of LNGFR� ECs and display

transcriptional re-wiring consistent with stemness and EndoMT,
.

3 for four consecutive days (n = 4) in comparison with the vehicle control (n = 4).

tromal genes.

ent with IL-33, TGF-b1, or a combination (n = 3). One-way ANOVA was used to

r, followed byDunnett’smultiple comparisons test using vehicle control-treated

paired t test. Mean ± SD.

(alpha) mathematically modeled from the impedance data in (E). **p < 0.01,

< 0.0001, unpaired t test. Mean ± SD.

osure.

treated with IL-33 for 4 days (n = 4). *p < 0.05, Mann-Whitney U test.

A, alpha-smooth muscle actin; FN, fibronectin. 40,6-Diamidino-2-phenylindole

Scale bar, 100 mm.

ity, as demonstrated by alizarin red staining (J) to visualize mineralized deposits

. A representative picture is shown. Right: quantification upon solubilization of

NOVA followed by Tukey’s multiple comparison test. Mean ± SD.

a from n = 3). Scale bar, 250 mm.

-way ANOVA followed by Tukey’s multiple comparisons test. Mean ± SD. Each
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Figure 7. A model of EC contributions to

development of the hematopoietic system

in mammals

ECs contribute directly to hematopoiesis by giving

rise to hematopoietic stem/progenitor cells (HSPCs)

via endothelial-hematopoietic transition (EHT). In

addition, ECs generate BMSCs that establish the

hematopoietic niche via EndoMT with interleukin-33

(IL-33) as a candidate factor driving this process.
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culminating in their ability to generate bona fide BMSCs

with in vivo hematopoietic niche formation capacity. Formal

experimental support for the notion that ECs can transition to

distinct stromal cells with HSPC-supportive characteristics

in vivo is provided by scRNA-seq and lineage tracing studies in

mice. The data argue for an adapted conceptual view on the or-

igins of the hematopoietic system in mammals, in which ECs not

only generate HSCs (through the process of EHT; Boisset et al.,

2010; Chen et al., 2009) but also distinct eBMSCs with BM niche

generation capacity (Figure 7).

The possibility of the de novo generation of stromal cells

through an EC intermediate has been suggested previously by

cell culture experiments using embryonic stem cells (ESCs)

and induced pluripotent stem cells (iPSCs), demonstrating that

these stromal cell may be generated from mesenchymo-angio-

blasts via an endothelial-stage intermediate (Kumar et al.,

2017; Vodyanik et al., 2010). In vivo precedence for the ability

of ECs to transition to stromal cell fates has been provided by

lineage tracing studies in mice, demonstrating that endocardial

ECs are progenitors of pericytes and vascular smooth muscle

cells in the murine embryonic heart (Chen et al., 2016a). These

EC-derived stromal progenitors lacked the capacity to differen-

tiate into osteogenic or adipogenic cells, suggesting that the

skeletogenic differentiation capacity of EC-derived stromal pro-

genitors may be tissue-restricted.

Whether the pool size of niche-generating eBMSCs is devel-

opmentally restricted or can be modulated by de novo genera-

tion of eBMSCs through EndoMT in times of ‘‘tissue demand’’

remains unknown. Our identification of ECs with EndoMT char-

acteristics in humans after BM injury suggests the latter possibil-

ity. Future investigations, including conditional lineage tracing

experiments in mice, will likely answer this question, perhaps

opening theway to pharmacologic harnessing of EndoMT to fos-

ter BM regeneration.

In this context, it is relevant that we identify IL-33 as a potent

driver of EndoMT with likely relevance to human physiology.

Transcriptional profiling of EC subsets emerging during regen-

eration earlier identified IL-33 as an anabolic factor stimulating

hematopoiesis and osteogenesis (Kenswil et al., 2018).

Remarkably, IL-33 was able to induce EndoMT in HUVECs as

a single agent to an extent similar to TGF-b1, arguably the
666 Cell Stem Cell 28, 653–670, April 1, 2021
most potent inducer of EndoMT currently

known. Mechanistically, exposure to IL-

33 resulted in simultaneous upregulation

of SNAI2 and TWIST1, important tran-

scriptional regulators of EndoMT through

Hedgehog signaling, in line with the mo-

lecular profile of LNGFR+ ECs isolated
from the human marrow. Inhibition of the canonical IL-33 re-

ceptor ST2 attenuated SNAI2 upregulation and induction of

an EndoMT phenotype, although the signaling underlying IL-

33-mediated EndoMT remains largely to be elucidated, and

other receptors may be involved. These observations warrant

further research of the effect of this inflammation-associated

cytokine in cellular reprogramming, including acquisition of

stemness features.

The data reveal a previously unappreciated potential of BM

ECs to convert to niche-generating eBMSCs. Elucidation of

this process and its associated molecular programs is antici-

pated to foster investigations into its relevance for development,

regeneration, and disease.

Limitations of study
The combined human and murine experimental data, including

cellular and transcriptional characterization of endothelial sub-

sets, genetic lineage tracing, single-cell trajectory analyses,

and ex vivo mechanistic studies, are congruent with the view

that ECs transition toward tissue-generating BMSCs that

contribute to BM formation. Whether ECs transition into bona

fide stromal stem cells with multi-lineage tissue differentiation

or generate a more heterogeneous population of stromal

stem/progenitor cells with distinct, restricted differentiation

capacities that, in a composite manner, contribute to BM forma-

tion remains to be fully elucidated and will require further studies

at clonal resolution. IL-33 is expressed in EC and stromal

subsets in the developing and regenerating BM and is identified

as a novel driver of EndoMT by extensive in vitro experimenta-

tion, demonstrating its ability to convert ECs into stromal cells.

The in vivo contributions of IL-33 to the EndoMT occurring in

development and, possibly, in regeneration, however, remain

to be fully established and its relative contribution to be eluci-

dated. Redundancy may be anticipated because other factors

known to drive EndoMT, such as BMP4 and DPP-4, are ex-

pressed in human endothelial subsets during development.

In this context, it may be of substantial interest and instructive

to extend investigations of IL-33-mediated EndoMT to

pathological processes because IL-33 is overexpressed in hu-

man fibrotic conditions characterized by expansion of stromal

cells and pathological deposition of extracellular matrices,
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including myelofibrosis, liver fibrosis, and lung fibrosis (Kotsiou

et al., 2018).
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PE anti-humanCD271 (NGFR) antibody, CloneME20.4 BioLegend Cat#345105; RRID:AB_2282827

Pacific Blue anti-human CD235a (Glycophorin A)

antibody, Clone HI264

BioLegend Cat#349108; RRID:AB_11218988

APC/Cyanine7 anti-human CD31 antibody,

Clone WM59

BioLegend Cat#303119; RRID:AB_10643590

FITC anti-human CD9 antibody, Clone HI9a BioLegend Cat#312104; RRID:AB_2075894

CD105 (Endoglin) Monoclonal Antibody (SN6), APC ebioscience Cat#17-1057-42; RRID:AB_1582211

V450 Mouse Anti-Human CD144, Clone 55-7H1 BD Biosciences Cat#561569; RRID:AB_10717124

Alexa Fluor� 700 anti-human CD34 antibody,

Clone 581

BioLegend Cat#343525; RRID:AB_2561494

Brilliant Violet 510 anti-human CD45, Clone HI30 BioLegend Cat#304035; RRID:AB_2561383

PE/Cy7 anti-human CD235a (Glycophorin A) antibody,

Clone HI264

BioLegend Cat#349111; RRID:AB_2562707

APC/Cyanine7 anti-mouse CD45.2 antibody,

Clone 104

BioLegend Cat#109824; RRID:AB_830789

Brilliant Violet 510 anti-mouse TER-119/Erythroid Cells

antibody, Clone TER-119

BioLegend Cat#116237; RRID:AB_2561661

PE/Cy7 anti-mouse CD144 (VE-cadherin) antibody,

Clone BV13

BioLegend Cat#138015; RRID:AB_2562885

Biotin anti-mouse CD51 antibody, Clone RMV-7 BioLegend Cat#104103; RRID:AB_313072

PE anti-mouse CD51 antibody, Clone RMV-7 BioLegend Cat#104105; RRID:AB_313074

Pacific Blue anti-mouse Ly-6A/E (Sca-1) antibody,

Clone D7

BioLegend Cat#108120; RRID:AB_493273

CD140a (PDGFRA) Monoclonal Antibody (APA5), APC,

Clone APA5

eBioscience Cat#17-1401-81; RRID:AB_529482

APC-R700 Rat Anti-Mouse CD31, Clone MEC 13.3 BD Biosciences Cat#565509; RRID:AB_2739273

FITC anti-human CD271 (NGFR) antibody,

Clone ME20.4

BioLegend Cat#345103; RRID:AB_1937226

Anti-NGFR antibody produced in rabbit Sigma-Aldrich Cat#HPA004765; RRID:AB_1079233

Human Endoglin/CD105 Affinity Purified Polyclonal

Ab antibody

R&D Systems Cat#AF1097; RRID:AB_354598

Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed

Secondary Antibody, Alexa Fluor 488

Thermo Fisher Scientific Cat#A-21206; RRID:AB_2535792

Cy3 AffiniPure Donkey Anti-Goat IgG (H+L) antibody Jackson ImmunoResearch Labs Cat#705-165-147; RRID:AB_2307351

Mouse Anti-CD31 Monoclonal Antibody,

Unconjugated, Clone JC70

Cell Marque Cat#131M-94; RRID:AB_1516761

CD105 antibody GeneTex Cat#GTX100508; RRID:AB_1950199

UltraMap anti-Ms HRP (RUO), DISCOVERY Ventana Cat#760-4313

Anti-Rabbit HQ, DISCOVERY Ventana Cat#760-4815

Anti-HQ HRP, DISCOVERY Ventana Cat# 760-4820

PE-Cy7 Mouse Anti-Human CD34, Clone 8G12 BD Biosciences Cat#327907; RRID:AB_94055

FITC anti-human CD51 antibody, Clone NKI-M9 BioLegend Cat#327907; RRID:AB_940558

PE anti-human CD73 (Ecto-50-nucleotidase) antibody BioLegend Cat#344003; RRID:AB_1877224

CD90 (Thy-1) Monoclonal Antibody (eBio5E10

(5E10)), PE

Thermo Fisher Scientific Cat#12-0909-42; RRID:AB_10670624

(Continued on next page)
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Mouse Anti-Human CD146 Monoclonal Antibody,

PE Conjugated, Clone P1H12

BD Biosciences Cat#561013; RRID:AB_2033941

APC/Cyanine7 Mouse IgG1, k Isotype Ctrl Antibody BioLegend Cat#400127

FITC Mouse IgG1, k Isotype Ctrl Antibody BioLegend Cat#400107

PE Mouse IgG1, k Isotype Ctrl Antibody BioLegend Cat#400111

PE/Cyanine7 Mouse IgG1, k Isotype Ctrl Antibody BioLegend Cat#400125

Mouse IgG1 kappa Isotype Control (P3.6.2.8.1),

APC, eBioscience antibody

Thermo Fisher Scientific Cat#17-4714-41; RRID:AB_1603319

FITC Rat Anti-Mouse CD44, Clone IM7 BD Biosciences Cat#553133; RRID:AB_2076224

CD29 (Integrin beta 1) Monoclonal Antibody

(eBioHMb1-1 (HMb1-1)), eFluor 450, eBioscience

Thermo Fisher Scientific Cat#48-0291-80; RRID:AB_11217874

APC/Cyanine7 anti-mouse/human CD11b Antibody,

Clone M1/70

BioLegend Cat#101226; RRID:AB_830642

CD34 PE-Cy7 CE antibody BD Biosciences Cat#348811 RRID:AB_2868855

Pacific Blue anti-human CD45 antibody BioLegend Cat#304022; RRID:AB_493655

Human Hematopoietic Lineage Antibody

Cocktail, FITC

eBiosciences Cat#22-7778-72; RRID:AB_1311229

Mouse Anti-Human CD38 Monoclonal Antibody,

PerCP-Cy5.5 Conjugated, Clone HIT2

BD Biosciences Cat#561106; RRID:AB_2033958

Mouse Anti-Human CD45RA Monoclonal Antibody,

APC-H7 Conjugated, Clone HI100

BD Biosciences Cat#560674; RRID:AB_1727497

Recombinant HRP Anti-GAPDH antibody Abcam Cat#EPR6256

goat anti-rabbit biotinylated link Biogenex Laboratories Cat#HK-326-UR

Alkaline phosphatase-labeled antibody Biogenex Laboratories Cat#HK-321-UK

Purified anti-mouse CD45 antibody, Clone 30-F11 BioLegend Cat#103101; RRID:AB_312966

Anti-Rat IgG (H+L), made in rabbit antibody Vector Laboratories Cat#BA-4000; RRID:AB_2336206

APC anti-human CD31 antibody, Clone WM59 BioLegend Cat#303115; RRID:AB_1877152

APC anti-mouse/human CD44 antibody, Clone IM7 BioLegend Cat#103011; RRID:AB_312962

Mouse Anti-Human IgG1, k Isotype Control, V450

Conjugated antibody

BD Biosciences Cat#560373; RRID:AB_1645606

VE-Cadherin Antibody Cell Signaling Cat#2158

Mouse Anti-Human Fibronectin Monoclonal Antibody,

Unconjugated, Clone FN-15

Sigma-Aldrich Cat#F7387; RRID:AB_476988

Mouse Anti-Actin, alpha-Smooth Muscle Monoclonal

Antibody, Unconjugated, Clone 1A4

Sigma-Aldrich Cat#A2547; RRID:AB_476701

Fluorescein (FITC) AffiniPure Goat Anti-Mouse

IgG (H+L)

Jackson ImmunoResearch Labs Cat#115-095-003; RRID:AB_2338589

Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed

Secondary Antibody, Alexa Fluor Plus 555

Thermo Fisher Scientific Cat#A32732; RRID:AB_2633281

Cy3-AffiniPure Goat Anti-Mouse IgG (H+L) antibody Jackson ImmunoResearch Labs Cat#115-165-003; RRID:AB_2338680

Biological samples

Bone marrow aspirates from healthy individuals Erasmus MC, Rotterdam N/A

Bone marrow aspirates from AML day 17 patients Erasmus MC, Rotterdam N/A

Fetal bone Erasmus MC, Rotterdam;

AMC, Amsterdam

N/A

Adult bone (hip replacement surgery) Erasmus MC, Rotterdam N/A

Chemicals, peptides, and recombinant proteins

Collagenase Type I (0.25%) Stem Cell Cat#07902

Lysing Solution IOTest 3 10X Concentrate Beckman Coulter Cat#A07799

Streptavidin, Alexa Fluor 488 conjugate Thermo Fisher Scientific Cat#S11223

7-AAD Viability Dye Beckman Coulter Cat#A07704

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

VECTASHIELD� Antifade Mounting Medium

with DAPI

Vector Laboratories Cat#H-1200-10

DISCOVERY CC1 Ventana Cat# 950-500

Red 610 Kit. DISCOVERY Ventana Cat#760-245

Cell Conditioning 2 (CC2) Ventana Cat#950-123

Cy5 Kit, DISCOVERY Ventana Cat#760-238

FAM Kit, DISCOVERY Ventana Cat#760-243

Fluorescence Mounting Medium Agilent DAKO Cat#S3023

Recombinant Murine FGF-basic PeproTech Cat#450-33

Recombinant Murine EGF PeproTech Cat#315-09

b-Glycerophosphate disodium salt hydrate Sigma-Aldrich Cat#G6376

Dexamethasone Sigma-Aldrich Cat#D4902

L-Ascorbic acid 2-phosphate sesquimagnesium

salt hydrate

Sigma-Aldrich Cat#A8960

Corning� ITS+ Premix Universal Culture Supplement Corning Cat#354352

L-Proline Sigma-Aldrich Cat#P5607

Sodium Pyruvate Fisher Scientific Cat#11530396

Indomethacin Sigma-Aldrich Cat#I7378

Insulin solution human Sigma-Aldrich Cat#I9278

3-Isobutyl-1-methylxanthine Sigma-Aldrich Cat#I5879

Recombinant Human TGF-beta 1 Protein R&D Systems Cat#240-B

Recombinant Human TGF-beta 3 Protein R&D Systems Cat#243-B3

Alizarin Red S Sigma-Aldrich Cat#A5533

Oil Red O solution Sigma-Aldrich Cat#O1391

Thionin acetate salt Sigma-Aldrich Cat#T7029

Toluidine Blue Sigma-Aldrich Cat#89640

Nuclear Fast Red solution Sigma-Aldrich Cat#N3020

Interleukin-33 Human Recombinant Prospec Cat#CYT-425

Recombinant Human SCF CellGenix Cat#1018

Recombinant Human TPO CellGenix Cat#1017

Recombinant Human Flt-3L CellGenix Cat#1015

Flow-Count Fluorospheres Beckman Coulter Cat#7547053

MethoCult GF H84434 StemCell Technologies Cat#84434

Collagen human Sigma-Aldrich Cat#C7624

Hematoxylin Vector Laboratories Cat#H-3401-500

VectaMount AQ Mounting Medium Vector Laboratories Cat#H-5501

ProLong Gold Antifade Mountant with DAPI Thermo Fisher Scientific Cat#P36931

Critical commercial assays

SMART-Seq� v4 Ultra� Low Input RNA Kit for

Sequencing

Takara Cat#634891

Agilent High Sensitivity DNA Kit Agilent Cat#5067-4626

Chromium Single Cell 30 Reagent Kits v3 10X Genomics Cat#PN-1000075

Macherey-Nagel NucleoSpin RNA Fisher Scientific Cat#NC9581114

RevertAid First Strand cDNA Synthesis Kit Thermo Scientific Cat#K1621

Avidin/Biotin blocking kit Vector Laboratories Cat#SP-2001

ABC-HRP kit Vector Laboratories Cat#PK-6100

DAB Substrate kit Vector Laboratories Cat#SK-4100

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Bulk RNA sequencing of LNGFR+ hRECs, endothelial

(LNGFR� hRECs) and stromal (CD31�LNGFR+)

FACS-purified cells from fetal bone

EGA EGAS00001004946

Single cell RNA-sequencing of murine endothelial and

stromal populations at embryonic day 17 (E17)

Array Express E-MTAB-9994

Bulk RNA sequencing of endothelial-derived and

non-endothelial-derived BMSCs and OLCs of VE-

Cadherin-Cre;LoxP-tdTomato mice (3/11 week-old)

Array Express E-MTAB-10020

Experimental models: organisms/strains

C57BL/6J The Jackson Laboratory Cat#000664; RRID:IMSR_JAX:000664

BALB/cAnNCrl Charles River Laboratories Strain Code: 028

VE-Cadherin-Cre (B6;129-Tg(Cdh5-cre)1Spe/J) The Jackson Laboratory Cat#017968; RRID:IMSR_JAX:017968

Rosa26-tdTomato (B6.Cg-Gt(ROSA)26Sortm9

(CAG-tdTomato)Hze/J)

The Jackson Laboratory Cat#007909; RRID:IMSR_JAX:007909

Oligonucleotides

See Table S4

Software and algorithms

GraphPadPrism (v8) GraphPad Software Inc RRID:SCR_002798

FlowJo (v10) Tree Star Inc RRID:SCR_008520

Adobe Illustrator CC 2018 Adobe Systems Inc. RRID:SCR_010279

Leica Application Suite X Leica Microsystems RRID:SCR_013673

IBM SPSS Statistics 24 IBM https://www.ibm.com/support/pages/

downloading-ibm-spss-statistics-24

DESeq2 package Love et al., 2014 http://bioconductor.org/packages/

release/bioc/html/DESeq2.html

CellRanger (v 3.0.2) 10x Genomics https://support.10xgenomics.com/

single-cell-gene-expression/software/

release-notes/3-0

R (v3.6.1) CRAN https://cran.r-project.org/bin/windows/

base/old/3.6.1/

Seurat (v 3.1.0) Satija et al., 2015 https://satijalab.org/seurat/install.html

biomaRt package (v 2.42.0) Durinck et al., 2009 https://bioconductor.org/packages/

release/bioc/html/biomaRt.html

GSEA (v4.0.3) Subramanian et al., 2005 http://www.gsea-msigdb.org/gsea/

index.jsp

Monocle (v2.12.0) Trapnell et al., 2014 http://cole-trapnell-lab.github.io/

monocle-release/docs/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Marc

Raaijmakers (m.h.g.raaijmakers@erasmusmc.nl).

Materials availability
This study did not generate new unique reagents. For specific details on availability please refer to the Key resources table.

Data and code availability
The datasets generated during this study are available at EGA with accession number EGAS00001004946 and at Array Express with

accession numbers E-MTAB-9994 and E-MTAB-10020.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal models
For subcutaneous implantation of chondrogenically primed pellets, BALB/cAnNCrl male mice at 8 weeks of age were purchased

from Charles River. Animal experiments were conducted in the animal facility of the Erasmus MC with approval of the animal ethics

committee (project license AVD1010020186166).

For lineage tracing experiments, VE-Cadherin-Cre (B6;129-Tg(Cdh5-cre)1Spe/J) mice (Chen et al., 2009), and Rosa26-tdTomato

(B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J) mice (Madisen et al., 2010) were obtained from The Jackson Laboratory and in-

tercrossed to generate VE-Cadherin-Cre;LoxP-tdTomato mice. Experimental mice were analyzed at 3 and 11 weeks of age.

For the isolation and scRNaseq of stromal cells and ECs from murine fetal bones, a C57BL/6J female mouse was purchased from

Charles River and bred in-house.

Animals weremaintained in specific pathogen-free conditions in the Experimental Animal Center of ErasmusMC (EDC). Mice were

housed in groups of maximum four animals under a standard 12 h light/dark cycle, with access to food and water ad libitum. All mice

were euthanized by cervical dislocation. Animal studies were approved by the AnimalWelfare/Ethics Committee of the EDC in accor-

dance with legislation in the Netherlands.

Human subjects
Human bone samples (BM) were collected as previously described (Kenswil et al., 2018). Briefly, BM aspirates of AML patients were

collected 17 days after start of chemotherapy (median age: 65 years, range 28-76). All patients were in complete remission after the

first cycle of chemotherapy. Control BM was collected by aspiration from healthy individuals that served as donors for allogeneic

bone marrow transplantation (median age: 44 years, range 24-58). Bone marrow aspirate with a total volume of 10-30 mL were ob-

tained by Jamshidi needles with repositioning. Bone tissue was obtained from patients undergoing hip replacement surgery (median

age: 55 years, range 22-71). Human fetal long bones (median age: 18 gestational weeks, range 15-20) were collected from elective

abortions. Gestational age was confirmed by ultrasonic measurement by determining skull diameter and femoral length. The use of

human fetal and postnatal tissues was approved by theMedical Ethical Commissions of the AcademicMedical Center of Amsterdam

and the Erasmus University Medical Center of Rotterdam, the Netherlands, in accordance with the declaration of Helsinki with

informed consent.

Primary cultures
Human stromal cells derived from FACS-sorted fetal LNGFR+ ECs and CD31�LNGFR+ BMSCswere cultured in EGM-2medium until

passage 2 and then transferred to aMEM medium containing 10% FCS and 1% penicillin/streptomycin. Cells were subsequently

collected at indicated passages for FACS-analyses, differentiation assays and cryopreservation.

BMSCs from VE-Cadherin-Cre;LoxP-tdTomatomice were obtained by culturing 5x105 whole lysed unfractionated BM cells/cm2 in

aMEM medium containing 20% FCS and 1% penicillin/streptomycin until reaching confluency and collected for flow cytometry

analysis.

BMSCs from collagenase-digested bone chips of VE-Cadherin-Cre;LoxP-tdTomatomice were obtained by placing the bone chips

in a 15 cm dish for adherent cells with 25 mL aMEM medium containing 10% FBS, mesenchymal stem cell-qualified (GIBCO), 1%

penicillin/streptomycin, 1 ng/ml murine basic FGF (Peprotech) and 5 ng/ml murine EGF (Peprotech). After 72 hours, bone chips were

transferred to a new 15 cm plate with 25 mL of medium. Fresh medium was added on top after 7 days. When confluent (±14 days),

cells were detached from the plate using TrypLE Select (1X), no Phenol Red (GIBCO) and FACS-purified to remove hematopoietic

contamination using the following antibodies: anti-CD45.2 (1:100, Biolegend) and anti-CD11b (1:100, Biolegend).

Human umbilical vein endothelial cells (HUVECs) were isolated as described elsewhere (Crampton et al., 2007) and cultured in

EBM-2 medium with 10% FBS on 1% w/v gelatin or endothelial cell medium (ECM) consisting of RPMI 1640 basal medium (Lonza)

with heat inactivated Fetal Bovine Serum (Lonza, 20% v/v), Heparin (LEO, 5U/ml), EC Growth Factor (ECGF; own preparation 50 mg/

ml) (Lerner and Harrison, 1990), penicillin/streptomycin (GIBCO, 1%v/v) and L-Glutamine (Lonza, 2nM), when indicated.

ECFCs were generated from 30-60 mL of peripheral blood collected in citrate-treated collection tubes, after first obtaining written

informed consent in accordance with institutional guidelines. The first 2 mL of blood were discarded to avoid contamination with skin

fibroblasts. The blood was pre-diluted 1:1 with pre-warmed PBS and centrifuged at 740 x g for 30min in the presence of Ficoll Paque

Plus (GE Healthcare Europe GmbH), in order to separate a fraction containing mononuclear cells (MNCs). MNCs were subsequently

collected and washed three times with M199 (Lonza) supplemented with 0.1% penicillin/streptomycin (Invitrogen). Next, these cells

were re-suspended in complete EBM-2 (Lonza) supplemented with 10% platelet lysate (PL-EGM) and 0.1% penicillin-streptomycin,

and seeded at a density of 1.33 106 cells/cm2 into 48 well-plates pre-coated with 3 mg/cm2 human collagen type I prepared accord-

ing to manufacturer’s. After 24 hours, non-adherent cells were carefully removed and fresh medium was added to each well. From

this moment, the medium was replaced every day while supernatants were discarded. ECFCs colonies with regular cobblestone

morphology appeared within 3-4 weeks. Once confluent, these cells are progressively adapted to and cultured in EBM-2 medium

with 10% FBS on 1% w/v gelatin.

All cells were cultured at 37�C, 5% CO2.
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METHOD DETAILS

Human bone (marrow) cell isolation
Mononuclear cells (MNCs) were isolated from human BM aspirates as previously reported (Kenswil et al., 2018). Briefly, AML Day 17

BM aspirates were mixed 1:25 with red blood cell lysis solution (NH4Cl 0.155 M, KHCO3 0.01 M, EDTA-Na2.2H2O 0.1 M, pH 7.4) to

lyse red blood cells. Cryopreserved BM aspirates from healthy individuals were thawed in a waterbath at 37�C.MNCswere collected

by centrifugation and washed once with phosphate buffered saline (PBS)+0.5% fetal calf serum (FCS).

Fetal BM MNCs were isolated from fetal long bones, which were first cut into smaller pieces before being gently crushed using a

mortar and pestle. BM fraction was filtered through a 40-mm filter and collected in a 50 mL collection tube. Resulting bone fragments

were digested with 0.25% collagenase type I (StemCell) for 45minutes in a waterbath at 37�C to release fetal bone cells. Subsequent

BM and bone fragment cell suspensions were washed in PBS + 0.5% FCS and cleared from erythrocytes with IOtest3 lysing solution

(Beckman Coulter). This was then followed by another washing step with PBS + 0.5%FCS. For adult hip bone cells, trabecular bone

was also gently crushed using a mortar and pestle and resulting BM and collagenased bone fractions were processed as described

for fetal bone cells.

Fluorescence-activated cell sorting (FACS) of human niche cells
Cell sorting was performed as previously described (Kenswil et al., 2018). Cells were stained with the following antibodies using opti-

mized dilutions: CD45 (clone HI30, 1:100), CD271 (clone ME20.4, 1:100), CD235a (clone HI264, 1:100), CD31 (clone WM59, 1:100),

CD9 (clone HI9a, 1:100) all from Biolegend, and CD105 (clone SN6, 1:50) from eBioscience, and subsequently sorted using a FACS

ARIAIII Cells Sorter (BD Biosciences). For bulk-RNASeq, cells were directly sorted in 800ml Trizol (Ambion) for RNA isolation.

In addition, to determine CD34 and CD144 expression, a number of fetal BM samples were also stained with the following anti-

bodies: CD144 (clone 55-7H1, 1:50) from BD Biosciences, and CD34 (clone 581, 1:100) from Biolegend.

Immunocytochemistry to detect CD31, CD105, and CD271 on human niche cells
To detect CD31, CD105, and CD271 expression on individual niche cells, CD31+ and CD31� cells were sorted in PBS + 0.5% FCS

and subsequently transferred to poly-l-lysine coated glass slides. To prevent interference from FACS antibodies directed against

CD9 and CD105, we excluded these and used the following antibody cocktail for sorting: CD45 (clone HI30, 1:100), CD235a (clone

HI264, 1:100), CD271 (clone ME20.4, 1:100), and CD31 (clone WM59, 1:100), all from Biolegend, and 7AAD to exclude dead cells.

FACS-sorted niche cells were fixed with 4% paraformaldehyde (PFA)/PBS for 15 minutes on ice, were washed 3 times with PBS,

and then incubated in 1%BSA/PBS for 1 hour at room temperature to block non-specific binding sites. Next, cells were stained with

rabbit anti-human CD271 (Sigma-Aldrich) and goat anti-human CD105 antibodies (R&D Systems). Secondary staining was per-

formed using Alexa Fluor 488-conjugated donkey anti-rabbit (Thermo Fisher Scientific), and Cy3-conjugated donkey anti-goat anti-

bodies (Jackson ImmunoResearch Labs). After 2 washes in PBS, slides were mounted in VECTASHIELD Mounting Medium with

DAPI (Vector Laboratories).

Images were acquired with a Leica TCS SP5 confocal microscope using the LAS software (Leica Microsystems). Alexa Fluor 488

was detected with the 488 laser, Cy3 was detected using the 561 laser, and CD31-APC/Cy7 was detected by using the 633 laser.

Multiplex immunofluorescence staining to detect CD31, CD105 and CD271 in fetal bone
To determine the localization of triple positive cells in fetal bone, 4-mm-thick sections of paraffin embedded formalin-fixed femurs

were cut and staining with CD31 (Cell Marque), CD105 (Genetex) and CD271 (Sigma-Aldrich) was performed by automatedmultiplex

IF using the Ventana Benchmark Discovery (Ventana Medical Systems Inc.). All antibodies were used at a concentration of 2.5 mg/ml.

Following deparaffinization and heat-induced antigen retrieval with CC1 (Ventana) at 97�C for 40 minutes, the tissue samples were

incubated first with CD31 for 32 minutes at 37�C followed by secondary antibody UMAP goat-anti-mouse HRP (Ventana) for 16 mi-

nutes at 37�C and detected with Red610 (Ventana). Antibody denaturation step was performed using CC2 (Ventana) for 8 minutes at

100�C. Second, CD105 was incubated for 32 minutes at 37�C followed secondary antibody rabbit HQ (Ventana) and anti-HQ HRP

(Ventana) and detected with Cy5 (Ventana). Antibody denaturation step was performed using CC2 for 8 minutes at 100�C. Third,
CD271 was incubated for 32 minutes at 37�C followed by secondary antibody rabbit HQ and anti-HQ HRP and detected with

FAM (Ventana). Slides were washed in PBS containing DAPI and covered with anti-fading medium (DAKO). Images were acquired

with a Leica TCS SP5 confocal microscope using the LAS software (Leica Microsystems).

Bulk-RNA Sequencing and gene set enrichment analysis (GSEA)
RNA of sorted cells was extracted using TRIzol reagent (Invitrogen) according to the manufacturer’s instructions for RNA, in combi-

nation isolation with GenElute LPA (Sigma-Aldrich). cDNA was prepared using SMARTer procedure with the SMART-Seq v4 Ultra

Low Input RNA Kit (Clontech) for Illumina Sequencing. The Agilent 2100 Bio-analyzer and the High Sensitivity DNA kit were applied

to determine the quantity and quality of the cDNA production. Library preparation and RNA-sequencing was performed as previously

described and validated for low cell number-input (Chen et al., 2016b). In brief, prior to sequence alignment, the SMARTer adapters

were trimmed using the cutadapt program. The resulting sequences were aligned to the human or murine RefSeq transcriptome us-

ing STAR. Sequences that could not be aligned to the RefSeq transcriptome were aligned to the reference genome (build hg19 and

mm10 for mice). Normalization and quantification were performed using Cufflinks. The resulting gene expression values are
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measured as FPKM (Fragments per kilobase of exon per million fragments mapped). Fragment counts were determined per gene

with HTSeq-count, utilizing union modes, and subsequently used for differential expression analysis using the DESeq2 package,

with standard parameters, in the R environment. Multiple testing correction was performed with the Benjamini-Hochberg procedure

to control the False Discovery Rate (FDR). Principle component analysis was performed on the fragment counts using the R environ-

ment. Finally, gene set enrichment analysis (GSEA) was performed on the FPKM values using the curated C2 collection of gene sets

within MSigDB (Subramanian et al., 2005). Similarly, Gene-ontology (GO) analysis was performed using the curated C5 collection of

gene sets.

Human stromal cell flow cytometry analysis
Stromal cells derived from FACS-sorted fetal LNGFR+ ECs and CD31�LNGFR+ BMSCs were cultured and collected at P2 and P4,

and stained with the following antibodies using optimized dilutions: CD31 (cloneWM59, 1:100), CD45 (clone HI30, 1:50), CD51 (clone

NKI-M9, 1:100), CD73 (clone AD2, 1:100) all from Biolegend, CD34 (clone 8G12, 1:50) and CD146 (clone P1H12, 1:100) from BD Bio-

sciences, CD90 (clone eBio5E10, 1:100) and CD105 (clone SN6, 1:50) from eBioscience.

Cells were also separately incubated with appropriate mouse IgG1, kappa isotype controls: APC/Cy7, FITC, PE, PE/Cy7, all from

Biolegend, and APC from eBioscience. Flow-cytometric analysis was performed using a BD LSRII (BD Biosciences) and data were

analyzed using FlowJo (Tree Star Inc).

Fibroblast colony-forming efficiency assay
FACS-sorted fetal LNGFR+ hRECs and CD31�LNGFR+ BMSCs were seeded in EGM-2 medium (Lonza) supplemented with EGM-2

SingleQuot growth factors (Lonza), 1 cell per well in a 96-well plate at 37�C and 5% CO2. After 2 weeks, cells were fixed with 70%

ethanol (vol/vol) and stained with Giemsa. CFU-F colonies were enumerated as previously described (Kenswil et al., 2018).
Co-culture of hematopoietic stem/progenitor cells with the stromal progeny of LNGFR+ ECs and
CD31–LNGFR+ BMSCs
Isolation of hematopoietic progenitor/stem cells (HSPCs) from umbilical cord blood (CB) was performed as previously described

(Kenswil et al., 2018). Briefly, CD34+ CB cells were isolated using a Ficoll gradient protocol and by magnetic-activated cell sorting

(MACS). 24 hours prior to co-culture, to establish a stromal feeder layer, 23 104 stromal cells were seeded per well in a 48-well plate

in triplicate. Next, 7.5 3 103 HSPCs were seeded on the feeder layers per well and cultured in 350 ml a-MEM containing 10% FCS

supplemented with human SCF (25 ng/ml), TPO (25 ng/ml), FLT3L (25 ng/ml), all from Cellgenix, at 37�C and 5% CO2. Medium was

refreshed every 3-4 days and cells collected at day 7 for FACs analysis and hematopoietic colony forming-unit (CFU-C) assays, as

previously described (Kenswil et al., 2018).

Quantification and multiparametric immunophenotyping of cultured HSPCs
Subsequently, total cell number was quantified by the single-method platform flow cytometric assay (Kenswil et al., 2018). Super-

natant containing the non-adherent cultured HSPCs was collected after gentle resuspension and were mixed with adherent cells ob-

tained by dissociation using TrypLE Select (1X), no Phenol Red (GIBCO). Cells were then incubated with CD34 (1:50, BDBiosciences)

and CD45 (1:50, Biolegend) antibodies to identify HSPCs, and a calibrated number of flow-count fluorosphere beads (Beckman

Coulter). 7AAD was also included to distinguish between living and non-living cells. The total number of living MNC per ml (n) in a

well was calculated using the following formula: n = ((number of MNC events recorded * bead concentration)/ number of recorded

single beads)/ (volume cells/ volume beads).

Similarly, the immunophenotype of the cells was determined by staining the cells with hematopoietic lineage-marker cocktail

(1:12.5), CD90 (clone eBio5E10, 1:50) both from eBiosciences, and CD34 (clone 8G12, 1:50), CD38 (clone HIT2, 1:30), and

CD45RA (clone HI100, 1:50) all from BD Biosciences. Living cells were identified by excluding 7AAD+ cells. Flow cytometric analysis

was performed using a BD LSRII (BD Biosciences) and data were analyzed using FlowJo (Tree Star Inc).

Human hematopoietic colony forming-unit assay
To further assess the hematopoietic potential of cultured HSPCs following co-culture with stromal progeny of LNGFR+ ECs or

CD31�LNGFR+ BMSCs, we performed a colony-forming unit assay (CFU-C). Input equivalent of 1 3 103 cultured CD34+ cells of

each condition (LNGFR+ ECs versus CD31�LNGFR+ BMSCs) was resuspended in 400 mL Iscove’s Modified Dulbecco’s Medium

(IMDM) and transferred to 3.6 mL of methylcellulose (MethoCult, StemCell Technologies). Cells were then plated in triplicate in

1 cm2 Petri-dishes (1 ml/dish) and were kept at 37�C, 5% CO2. Colonies were counted after 12-14 days.

Subcutaneous implantation of chondrogenically primed pellets containing LNGFR+ ECs-derived stromal cells
Stromal cells derived from LNGFR+ ECswere seeded in 15ml-polypropylene conical tube and centrifuged to form 3D pellets (23 105

cells/pellet). The pellets were cultured in 500 mL DMEM-high-glucose GlutaMAX+ (GIBCO) supplemented with 1.5 mg/ml fungizone,

50 mg/ml gentamicin, 1% ITS+ Premix (Corning), 40 mg/ml L-proline (Sigma-Aldrich), 1 mM sodium pyruvate (GIBCO), 100 nM dexa-

methasone (Sigma-Aldrich), 25 mg/ml L-ascorbic acid-2-phosphate and 10 ng/ml TGF-b3 (R&D Systems) for 3 weeks. The culture

medium was renewed twice a week.
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Next, these pellets were implanted subcutaneously on the dorsum of 8 weeks old male athymic nude mice (BALB/cAnNCrl;

Charles River). 1h before implantation, animals were given pain medication (buprenorphine, 0.05 mg/kg body weight). Following in-

duction of general anesthesia (isoflurane), four transverse incisions were created in the skin of the dorsum: two between the shoulder

blades and two at the level of the hips. Four subcutaneous pockets were created by blunt dissection and a construct consisting of 6

chondrogenically primed hREC pellets was implanted in each pocket (n = 6 constructs). The incisions were closed with staples.

10 weeks post-implantation, pellet mineralization was assessed by Micro-computed tomography (mCT) imaging. mCT scans were

performed and reconstructed with the Quantum GX-2 imaging systems (PerkinElmer), using a field of view of 86 mm (90 kV/88

uA, 4 min). Animals were euthanized by cervical dislocation and the constructs were carefully retrieved.

Histological analysis and immunohistochemistry of 3D pellets
In vitro chondrogenically primed pellets and in vivo bone constructs were fixed for 24h in 4% (w/v) formaldehyde in PBS. In vivo sam-

ples were further decalcified for 7d in 10%w/v EDTA in PBS, changing the solution twice per week. Next, samples were embedded in

paraffin wax. 6 mm-thick sectionswere cut, deparaffinized, rehydrated and stainedwith hematoxylin and eosin (H&E) or 0.04% thionin

solution (Sigma-Aldrich) to detect glycosaminoglycans (GAGs), or 0.4% toluidine blue solution (Sigma-Aldrich).

Immunohistochemistry for human glyceraldehyde-3-phosphate dehydrogenase (hGAPDH)
After deparaffinization and rehydration, antigen retrieval was performed by placing the slides in 95�C Tris-EDTA buffer pH 6 for

25 min. Blocking of non-specific binding was performed with 10% goat serum (Southern Biotech) in TBS + 1% BSA (Sigma-Aldrich)

1% milk powder for 30 min. Next, the sections were incubated for 1h with a primary antibody against hGAPDH (rabbit anti-human,

0.2 mg/ml dilution; Abcam), followed by 30 min incubation with a biotinylated link (goat anti-rabbit; Biogenex Laboratories). Next, an

alkaline phosphatase-labeled antibody was used (Biogenex Laboratories), which in combination with the Neu Fuchsine substrate

resulted in a red staining. An isotype IgG1monoclonal antibody was used as negative control for the staining. Following light counter-

staining with hematoxilin, the sections were mounted in VectaMount AQ mounting medium (Vector Laboratories).

Immunohistochemistry for mouse CD45 (mCD45)
After deparaffinization and rehydration, antigen retrieval was performedwith Proteinase K treatment (50mg/ml in dH2O) for 15minutes

at room temperature. Peroxidases were blocked by incubating sections for 10 minutes in 3% H2O2/methanol. Sections were

blocked for non-specific binding using Avidin/Biotin blocking kit (Vector Laboratories) followed by normal serum blocking (5%

mouse, 5% human and 5% rabbit). Sections were stained with anti-CD45 antibody in a 1:50 dilution (clone 30-F11, Biolegend) for

1 hour at room temperature. Secondary staining was preformed using a rabbit anti-rat IgG biotinylated antibody in a 1:500 dilution

(Vector Laboratories) for 30 minutes at room temperature. Staining was visualized using the ABC-HRP kit (Vector Laboratories) and

DAB Substrate kit (Vector Laboratories). Sections were counterstained with Hematoxylin (Vector Laboratories).

Isolation and ScRNaseq of stromal cells and ECs from murine fetal bone
To isolate stromal and endothelial cells from fetal bone, 9 fetuses were collected from a pregnant C57BL/6J mouse euthanized by

cervical dislocation at day 17 of gestation (E17). Fetal long bones were dissected and cleaned using a dissection microscope. Col-

lagenased bone fraction and bone marrow were obtained as previously described (Zambetti et al., 2016) and cell suspensions were

stained using the following antibodies: anti-CD45.2 (clone 104, 1:100), anti-Ter119 (clone TER-119, 1:50), anti-CD51 (clone RMV-7,

1:50), anti-CD144 (clone BV13, 1:200), anti-Sca1 (clone D7, 1:100) all from Biolegend and anti-CD31 (Clone MEC 13.3, 1:100) from

BDBiosciences. To discriminate between live and dead cells, stainingwith the viability dye 7-AAD (1:100) was performed. Endothelial

cell enriched cell populations (7AAD- CD45- Ter119- CD31+) and stromal cells (7AAD- CD45- Ter119- CD31- Sca1+ CD51+) were

FACS sorted. Sorted populations from bone marrow and bone fraction were pooled together and counted. An input of 17,000 cells

was used for droplet based single cell RNA sequencing.

Single cell library construction and sequencing
Single cells were encapsulated for cDNA synthesis and barcoded using the Chromium Single Cell 30 Reagent Kit v3 (10X Genomics),

followed by library construction according to the manufacturer’s recommendations. Sequencing was performed on the NovaSeq

6000 platform (Illumina), paired-endmode, at a sequencing depth ofR 45,000 reads/cell, followed by computational alignment using

CellRanger (v 3.0.2, 10x Genomics).

Single cell RNA sequencing data analysis
Seurat (v 3.1.0) was used for high level analysis of the scRNA-seq dataset (Satija et al., 2015). Unless otherwise specified, default

parameters were used. Cells expressing high levels of mitochondrial genes (> 5%) and exhibiting a high ratio of counts over features

(> 6) were filtered, since these were considered low viability cells and multiplets, respectively. Cells with a library complexity of less

than 200 features were considered empty droplets and hence excluded. The remaining cells were used for downstream analysis.

Normalization and principal component analysis (PCA) were performed on the most variable genes (nfeatures = 5,000) for dimen-

sionality reduction. With the linearly uncorrelated principal components (npcs = 40), we performed unsupervised clustering using a

shared nearest neighbor (SNN) modularity optimization-based clustering algorithm (resolution = 0.3). Visualization was performed by

nonlinear dimension reduction using the Uniform Manifold Approximation and Projection (UMAP, McInnes et al., 2018).
e8 Cell Stem Cell 28, 653–670.e1–e11, April 1, 2021



ll
Article
Endothelial cells were subsetted based on Cdh5 expression (normalized expression level > 0) and reclustered (resolution = 0.3).

Dimensionality reduction was performed as described above. Similarly, stromal cells were subsetted based on the positive expres-

sion of Prrx1 (normalized expression level > 0) and reclustered (resolution = 0.3).

For GSEA analysis marker genes were selected at a significance level of 0.05. Features were pre-ranked using a direction weighted

p value. Upregulated markers were assigned a positive p value and downregulated markers a negative value. Murine gene symbols

were converted into human gene symbols using the biomaRt package (v 2.42.0) and subsequently subjected to GSEA analysis as

described (version 4.0.3; Subramanian et al., 2005).

Pseudotime analysis
Pseudotime analysis is based onMonocle (version 2.12.0; Trapnell et al., 2014). As input forMonocle, we used the 1000most relevant

genes identified byMonocle’s unsupervised feature selection approach (dpFeature). Other parameters were based on default values.

FACS of murine niche cells
To define and determine the frequencies of murine niche cells, collagenased bone fraction cell suspensions were obtained as pre-

viously described (Zambetti et al., 2016) and stained with the following antibodies: anti-CD45.2 (clone 104, 1:100), anti-Ter119 (clone

TER-119, 1:25), anti-CD144 (clone BV13, 1:200), anti-CD51 (clone RMV-7, 1:50), anti-Sca1 (clone D7, 1:50) all from Biolegend, anti-

CD140a (clone APA5, 1:100) from eBioscience, and anti-CD31 (clone MEC 13.3, 1:100) from BD Biosciences. Alexa Fluor 488-con-

jugated Streptavidin (1:100, Invitrogen) was used to detect cells marked by biotin anti-CD51 antibody. 7-Amino-Actinomycin D

viability dye (7-AAD, 1:100, Beckman Coulter) was used to distinguish between living and dead cells. For bulk-RNASeq, cells

were directly sorted into 800ml Trizol (Ambion) for RNA isolation.

Immunofluorescence imaging of murine sternum
Sterna of VE-Cadherin-Cre;LoxP-tdTomato mice were fixed in 4% paraformaldehyde for 24 hours at room temperature, subse-

quently incubated in 30% sucrose in PBS at 4�C, overnight and embedded in OCT. 6 mm sections were obtained and placed on

Superfrost slides (Fisher Scientific). Sections were mounted using ProLong Gold Antifade Mountant with DAPI (Invitrogen). Images

were acquired with a Leica TCS SP5 confocal microscope.

Murine stromal cell flow cytometry analysis
Stromal cells derived from BM of 3 week-old VE-Cadherin-Cre;LoxP-tdTomato mice were cultured until confluent and stained with

the following antibodies for flow cytometry analysis: anti-CD45.2 (clone 104, 1:100), anti-CD144 (clone BV13, 1:200) from Biolegend,

anti-CD31 (clone MEC 13.3, 1:100), anti-CD44 (clone IM7, 1:300) from BD Biosciences, and anti-CD29 (clone HMb1-1, 1:100) from

eBioscience.

ECFC and HUVEC RNA extraction and gene expression analyses
Total RNA extraction was performed using NucleoSpin RNA II (Machery Nagel) or TriZOL Reagent (Invitrogen) and chloroform ac-

cording to manufacturer’s instructions. RNA purity and quantity were assessed using Nanodrop spectrometric analysis. All relative

absorbances (A260/280 and A260/230) were > 2.0. RNA integrity was assessed on a 1% Agarose gel. Up to 2 mg of RNA were retro-

transcribed using RevertAid First Strand cDNA Synthesis Kits (Fisher Scientific), and real-time reverse transcription-PCR experi-

ments were performed using SYBR Green (Bio-Rad) and a Bio-Rad CFX Connect device.

HUVEC flow cytometry analyses
Prior to analysis, HUVECswere either treatedwith vehicle-control (milli Qwater) or stimulatedwith IL-33 (10 ng/ml or 100 ng/ml, ProS-

pec), and/ or with TGF-b1 (10 ng/ml, R&D Systems) for 96 hours in ECM without ECGF. Culture medium was refreshed daily during

stimulation. HUVECs were stained with the following antibodies using optimized dilutions: CD144 (clone 55-7H1, 1:50) and CD34

(clone 8G12, 1:50) from BD Biosciences, CD31 (clone WM59, 1:50), CD271 (clone ME20.4, 1:100), and CD44 (clone IM7, 1:50) all

from Biolegend, and CD90 (clone eBio5E10, 1:100) from eBioscience.

Accordingly, cells were also incubated with appropriate mouse IgG1, kappa isotype controls: APC/Cy7, FITC, PE, PE/Cy7, all from

Biolegend, V450 from BD Biosciences, and APC from eBioscience. Flow-cytometric analysis was performed using a BD LSRII (BD

Biosciences) and data were analyzed using FlowJo (Tree Star Inc).

HUVEC endothelial barrier function assays
Endothelial barrier function analysis was performed using impedance-based cell monitoring using electric cell-substrate impedance

sensing system (ECIS Zq, Applied Biophysics). HUVECswere seeded on 1%gelatin-coated ECIS arrays each containing 8 wells with

10 gold electrodes 2 per well (8W10E PET, Applied Biophysics). The cell seeding density was estimated �50,000cells/cm2.

Two assay protocols were performed. First, after stabilization of the chip, HUVECs were seeded for at least 24h in complete EBM2

growth medium containing 10% FBS. Then, the medium was replaced by EBM2:Alpha-MEM (containing 10% FBS) 1:9,

supplemented with either recombinant IL-33 (100 ng/ml) or control vehicle (milli Q water). Stabilization of the barrier was monitored

in real time over 40 hours. Multiple frequency/time (MFT) mode was used for the real-time assessment of the barrier and monolayer

confluence. Mathematical modeling of cell-matrix contacts (alpha) was performed as previously described (Szulcek et al., 2014). An
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additional assessment of barrier function was performed. Briefly, subconfluent HUVECs were stimulated with IL-33 (100 ng/ml) or

control vehicle in EBM2 growth medium containing 10% FBS for 72 hours. Subsequently, cells were dissociated, centrifuged and

resuspended in EBM2:Alpha-MEM (containing 10% FBS) 1:9, and seeded in precoated ECIS chips. Impedance measurements

were performed for 70 hours as described above.

Immunofluorescent labeling of endothelial cells
For immunofluorescent labeling of ECFCs andHUVECs in vitro, cells grown on coverslips were fixedwith 4% formaldehyde for 30mi-

nutes at room temperature, washed with glycine for 5 minutes, permeabilized with 0.2% Triton X-100 and blocked in PBS containing

5% bovine serum albumin (BSA) for one hour. Next, the cells were incubated overnight at 4�C in blocking solution containing primary

antibody with gentle shaking. Next day, the cells were washed 5 times in washing buffer (PBS containing 0.05% Tween-20 and 1%

BSA) and incubated with the following secondary antibodies: FITC goat anti-mouse IgG (Jackson ImmunoResearch Labs), Alexa

Fluor Plus 555 goat anti-rabbit IgG (Thermo Fisher Scientific) and Cy3 goat anti-mouse IgG (1:200, Jackson ImmunoResearch

Labs) in PBS with 0.5% BSA for one hour. Finally, the cells were washed 5 times in washing buffer and mounted in Prolong Gold

containing DAPI (Invitrogen). After careful drying, the preparations were imaged with a Leica SP5 confocal scanning laser micro-

scope. The following antibodies were used for immunofluorescent staining: VE-Cadherin (Cell Signaling, 1:100), Fibronectin

(Sigma-Aldrich, 1:400), apha-SMA (Sigma-Aldrich).

Osteogenic, adipogenic, and chondrogenic differentiation assays
For osteogenic differentiation, 3 3 103 stromal cells/cm2 were cultured in osteogenic induction medium (High glucose DMEM con-

taining glutamax (Invitrogen) supplemented with 10% FCS, 10 mM glycerophosphate (Sigma-Aldrich), 0.1 mM Dexamethasone

(Sigma-Aldrich), and 0.1 mM Vitamin-C (Sigma-Aldrich)). Medium was refreshed every 3-4 days at 37�C and 5% CO2. At end of cul-

ture (day 17-21 depending on macroscrope observation of mineralization or cell sheets detaching from outer periphery of well), cells

were fixed in 70% ethanol (vol/vol) at 4�C for 1 hour, and after consecutive PBS washes, were stained for 10-20 minutes with an aliz-

arin Red S solution (saturated Alizarin Red S (Sigma-Aldrich) in demineralized water adjusted to pH 4.2 using 0.5% ammonium

hydroxide).

For adipogenic differentiation, 2.1 3 104 stromal cells/cm2 were cultured in adipogenic induction medium (High glucose DMEM

containing glutamax supplemented with 10% FCS, 1mmDexamethasone, 0.2 mM indomethacin (Sigma-Aldrich), 0.01 mg/ml insulin

(Sigma-Aldrich), 0.5 mM 3 iso-butyl-l-methyl-xanthine (Sigma-Aldrich). Medium was refreshed every 3-4 days at 37�C and 5% CO2.

At end of culture (day 14), cells were fixed in 4% PFA/PBS for 10 minutes, and stained for 10-15 minutes with an Oil red-O solution

(0.5% w/v Oil-red O (in 2-propanol; Sigma-Aldrich)) followed by rinsing in distilled water.

For chondrogenic differentiation, 2x105 stromal cells were suspended in complete chondrogenic induction medium (High glucose

DMEM containing glutamax supplemented with 1mM Sodium pyruvate (Invitrogen), 40mg/ml Proline (Sigma-Aldrich), 1:100v/v insu-

lin-transferrin-selenium (BD Biosciences), 10 ng/ml TGF-b3 (R&D Systems), 100 nM dexamethasone (Sigma-Aldrich)) in 15ml poly-

propylene tubes then centrifuged at 200 g for 8minutes. Mediumwas refreshed every 3-4 days at 37�C and 5%CO2. At end of culture

(day 21), cell pellets were fixed in 4% PFA/PBS for one hour, embedded in liquid paraffin wax, and cut into 5 mm sections. After de-

paraffinization, sections were stained for 5 minutes with a thionin solution (0.04% thionin (Sigma-Aldrich) in 0.01M aqueous sodium

acetate pH 4.5) or 10 minutes with Toluidine Blue solution (0.4% toluidine blue (Sigma-Aldrich) in 0.17M aqueous sodium acetate

pH 4.0).

Osteogenic differentiation assays in endothelial cells
For mineralization assays, 53 104 ECFCs or HUVECs were seeded into 48-well plates and incubated in growth medium in the pres-

ence of IL-33 (10, 100 ng/ml) or mQ vehicle-control for 5 days. Subsequently, the medium was replaced by osteogenic medium (EB-

M2:alpha mem 1:9 containing 10% FBS) supplemented with 10�8 mol/L dexamethasone, 0.2 mmol/L ascorbic acid and 10 mmol/L

b-glycerolphosphate for 21 days. The medium was refreshed every 4 days. Afterward cells were washed twice with PBS and fixed

with 3.7% formaldehyde for 5 minutes, prior to perform Alizarin Red as previously described (Sánchez-Duffhues et al., 2015). Pre-

cipitates originated from 3 independent ARS assays were dissolved using 10% cetylpyridinium chloride and absorbance was

measured at 545 nm. In addition, von Kossa staining was performed by incubating the fixed cells in a 1% silver nitrate solution for

1 hour under ultraviolet light. Next, the cells were rinsed twice with distilled water and washed with 5% sodium thiosulfate for 5 mi-

nutes. After washing twice with distilled water, counterstaining was performed with Nuclear Fast Red solution (Sigma-Aldrich).

Representative pictures were obtained using a Leica DMIL LED microscope with 10 times magnification.

In order to measure alkaline phosphatase enzymatic activity, ECFCs or HUVECs were seeded as aforementioned, and incubated

for one week in growth medium (EBM2, Lonza) in the presence of IL-33 (10, 100 ng/ml) or mQ vehicle-control for 7 days. For quan-

tification, cells were washed twice with phosphate buffered saline (PBS) and frozen for 1 hour at �80 C. Next, cells were lysed in ice

with Triton X-100 buffer for 1 hour. Lysates were incubated at room temperature with a 4-Nitrophenyl phosphate disodium salt so-

lution (PNPP) solution till it turned yellow and absorbance was measured at 405 nm.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using Prism 8 (GraphPad Software) and SPSS 24 (IBM). Unless otherwise specified, unpaired, 2-

tailed Student’s t test (single test for comparison of 2 means) or 1-way ANOVA followed by Bonferroni correction for multiple com-

parisons were used to evaluate statistical significance, defined as p < 0.05. All results in bar graphs are means ± SEMs, if not other-

wise specified. The number of replicates is indicated in the figure legends, including the number of independent experiments.
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