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SUMMARY

The endothelium first forms in the blood islands in the extra-embryonic yolk sac and then throughout
the embryo to establish circulatory networks that further acquire organ-specific properties during
development to support diverse organ functions. Here, we investigated the properties of endothelial
cells (ECs), isolated from four human major organs—the heart, lung, liver, and kidneys—in individual
fetal tissues at three months’ gestation, at gene expression, and at cellular function levels. We showed
that organ-specific ECs have distinct expression patterns of gene clusters, which support their specific
organ development and functions. These ECs displayed distinct barrier properties, angiogenic poten-
tial, and metabolic rate and support specific organ functions. Our findings showed the link between
human EC heterogeneity and organ development and can be exploited therapeutically to contribute
in organ regeneration, disease modeling, as well as guiding differentiation of tissue-specific ECs from
human pluripotent stem cells.

INTRODUCTION

Vascular development begins with the differentiation of endothelial cells (ECs) and the de novo formation
of a primitive vascular network derived from angioblasts that first appear in the blood islands of the yolk sac
and then migrate to the fetus where vascular networks are formed (Coffin et al., 1991; Hatzopoulos et al.,
1998; Risau, 1997). As development proceeds, this primitive network remodels, presumably triggered by
changes in hemodynamics, surrounding cell types and environment, to establish a hierarchical vessel
tree with tissue-specific functionality important for the function of each organ (Adams and Alitalo, 2007;
Carmeliet, 2003; Eichmann et al., 2005; le Noble et al., 2004). This development requires that ECs therefore
deviate from an initial largely homogeneous embryonic population to acquire specific identities necessary
to support the diverse needs of flow, transport, hormonal interactions, and cell trafficking across the endo-
thelium of each organ (Atkins et al., 2011; Red-Horse et al., 2007). Recent studies also showed that ECs may
be derived from local progenitors in different organs or tissues, which further enhances the complexity and
diversity in the response of ECs to injury and regenerative capacity (Goldman et al., 2014; Mugford et al.,
2008; Peng et al., 2013; Tian et al., 2015; Wang et al., 2010).

Although little is known about how each organ determines the functional properties of its endothelium, EC
differences have been shown between arteries and veins, large and small vessels, and different microvas-
cular beds in various organs (Aird, 2007a; 2007b; Chi et al., 2003; Nolan et al., 2013). Some of these prop-
erties depend on the tissue environment. Site-specific microenvironmental cues (i.e., cytokines, metabo-
lites, biophysical signals, and direct cell-cell contact from parenchyma cells) communicate with ECs and
induce posttranscriptional modification. In transplantation studies, ECs can be induced to gain other tis-
sue-specific structural and morphologic phenotypes and gene expression patterns (Aird et al., 1997).

EC properties are also under epigenetic control. Epigenetic footprints that control basal expression of
endothelial-specific genes in different organs are specified early during embryonic development and pre-
served during sequential mitotic cycles (Minami and Aird, 2005). When cells are removed from their in vivo
microenvironment and grown in culture, most, but not all, gene expression patterns are lost upon
passaging (Burridge and Friedman, 2010; Lacorre et al., 2004). Nevertheless, a previous analysis of
messenger RNA (mRNA) from several human EC lines revealed heterogeneous signatures even in
passaged cells, providing evidence that epigenetic modification mediates differential gene expression
profiles of ECs (Chi et al., 2003).
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Figure 1. Human Fetal Endothelial Cells Show Organ-Specific Heterogeneity Ex Vivo

(A) (A) Representative immunofluorescence images of frozen tissue sections from fetal human kidney, lung, liver, and heart stained with antibodies against
CD144 (i) and vWF (ii) with merged (iii) and zoomed (iv) views, and (v) CD31 and vWF. Scale bar: 50 um (i-iii, v) and 25 pm (iv).

(B-D) Quantification of vWF fluorescence area normalized to the number of CD31-positive cells for all four organs (B), within lungs (C), and kidneys (D).
*Rek o < 0.0001.

(E) Representative immunofluorescence images of frozen tissue sections stained with antibodies against PV1 and Cav1. Scale bar: 50 um.

(F) Quantification of PV1 fluorescence area normalized to the number of CD31-positive cells for all four organs. ** p < 0.01.

(G) Representative flow cytometry profiles of fresh total cell tissue suspension from fetal human heart, lung, liver, and kidney stained with antibodies against
CD45 and CD144. Endothelial population is gated as CD144-positive and CD45-negative cells (left panels). The percentage of endothelial cells is compared
among tissues against the total cell number (right panel). Bar plots were made from n = 3 images per donor for two donors (B-D, F) or three donor sets (G).
Data are presented as mean + SEM *p < 0.05. SEM, standard error of the mean.

A possible problem in the existing studies is that the ECs were isolated from different donors with various
isolation methods for different tissues. Although this concern has been addressed in mouse species (Lim
et al., 2003; Nolan et al., 2013), mouse ECs have different properties compared with human ECs and there
are differences between human and mouse development (Xue et al., 2013). These studies also failed to
examine the cells as they formed vascular networks, a critical issue for organ-specific EC heterogeneity,
or to show that gene expression data correlated with differences in cell functions. The in vitro stability is
particularly important, in that the preservation of expression with passaging is needed for the study of
mechanisms in human ECs and vascular development in the future.

In the present study, we address these challenges and investigate human EC heterogeneity via the
following different categories: (1) basal protein expression in ex vivo microvascular tissue beds; (2) or-
gan-specific EC population in tissue; (3) morphology, structure, protein expression, transcriptional
profiling, and vascular function of ECs after isolation, culture, and passaging; and (4) transcriptional signa-
ture validation in freshly isolated ECs, for four major developing organs—the heart, kidney, liver, and
lung—obtained from individual human fetal donors. Together, our findings provide a comprehensive het-
erogeneity reference library after multiple passages in stabilized culture for human organ-specific ECs at
the cellular, molecular, and transcriptional levels. This study will also contribute to understanding organ-
specific vascular development, injuries, and potential development of targeted therapeutic interventions.

RESULTS
Human Fetal ECs Show Organ-Specific Heterogeneity Ex Vivo

We examined the human fetal organ sets from three donors, constituting three biological replicates at
3 months’ gestation (100-125 days). At this stage, all four major organs of interest—the heart, kidney,
lung, and liver—have an established microvascular supply and exhibit organ-specific function. The heart
beats at 120-160 bpm and is approximately 2 cm, the lungs have developed the entire air-conducting bron-
chial tree up to 20 generations with respiratory ducts and start to form barriers between alveoli and blood
vessels, the liver is the major site of blood cell production and has also started to produce bile, and the
kidneys have established nephrons and start to produce urine.

The vasculature of each organ displayed a heterogeneous organization, identified by the expression of EC
markers, such as CD31, a transmembrane glycoprotein that constitutes endothelial intercellular junctions;
CD144 (vascular endothelial [VE] cadherin), a major endothelial adhesion molecule; and von Willebrand
factor (WWF), a glycoprotein that mediates platelet adhesion in the endothelium (Figure 1A). In the heart,
ECs formed an organized network and contained a large amount of Weibel-Palade bodies with high
expression of VWF (Figure 1A, ii-v). In the lungs, although the expression of vWF was overall high and com-
parable to that of the heart ECs (Figures 1A and 1B), it varied in different regions. Lower vWF expression
was associated with pulmonary capillary ECs located near small air-sac-like structures, whereas a vVWF
mosaic pattern appeared in ECs neighboring the bronchioles and larger airways (Figures 1A and 1C). In
the liver, the ECs displayed low VWF expression in VECad+ cells (Figures 1A and 1B), whereas there are
clustered non-ECs containing high granular VWF in the interstitium (Figure 1A v), indicating the presence
of hematopoietic progenitors. In the kidneys, two distinct microvascular structures were identified, with
higher vWF expression in glomerular ECs and lower expression in peritubular microvascular ECs (Figures
1A, 1B, and 1D).

We then evaluated the structural differences of ECs in different fetal organs using the presence of caveolae,
identified by the expression of caveolin-1 (Cav1), as well as stomatal and fenestral diaphragms, identified
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Figure 2. Human Fetal ECs Retain the Ex Vivo Heterogeneity upon In Vitro Expansion

(A) Representative flow cytometry and sorting profiles of enriched cell suspension from fetal human heart, lung, liver, and kidney, stained with antibodies
against VECad, PDGFRb.

(B and C) Representative immunofluorescence images of CD31 and vWF (B) and PV1 and Cav1 (C) fluorescence in cultured heart, lung, liver, and kidney ECs
(scale bars: 50 um).

(D) Representative western blot analysis (i) and densitometric quantification (i) of VWF, PV1, and caveolin expression on cell lysates obtained from four ECs,
using GAPDH as the loading control (n = 3 donors). Data are presented as mean + SEM ** p < 0.01, **** p < 0.0001. SEM, standard error of the mean.

by the expression of plasmalemma vesicle-associated protein PLVAP (also called PV1)(Stan, 2007; Stan
etal., 2012; Tkachenko et al., 2012). Our study showed that the heart and lung microvasculature has nearly
complete Cav1 and PV1 colocalization, suggesting that the presence of PV1 was confined to stomatal di-
aphragms—a signature of continuous endothelium (Figures 1E and 1F). On the other hand, the kidney
microvasculature, in particular, presented higher levels of and more discrete PV1 outside of Cav1 colocal-
ization, indicating the presence of fenestral diaphragms—a signature of fenestrated endothelium (Figures
1E and 1F).

Human Fetal ECs Present as Diverse Organ-Specific Populations

To characterize the EC population within different fetal organ microvascular beds and distinguish them
from hematopoietic cells, we used the pan-hematopoietic marker CD45 in combination with CD144.
ECs were identified as CD144 positive and CD45 negative (CD144"/CD45) by flow cytometry. Single cell
suspensions, obtained by enzymatic digestion of mechanically minced fresh tissue followed by the filtered
removal of large vessels and tissue chunks, showed well-demarcated CD144*/CD45 populations in each
of the four fetal organs (Figures 1G and S1A). The highest percentage of ECs was from the heart
(mean = standard error [SE]: 4.7% + 0.7 %), whereas the lowest percentage of ECs was found in the liver
(0.8% + 0.3%); the kidney and lung ECs represented 3.4% =+ 1.6% and 3.4% + 0.7%, respectively, of the
entire cell suspension. The liver was the only tissue that showed a significant CD144*/CD45"* double-pos-
itive population, supporting the hematopoietic role of this organ during early stages of development. Kid-
ney and lung ECs show distinct CD144" population from the epithelial cell population (Epcam™) with
no overlap (Figure S1B). Among the CD144"/CD45  cell population, the percentage for EphB4+ is
70%-90% for lung, liver, and kidney with no statistical significance among the three, whereas the heart
cell suspension has significantly lower percentage for EphB4+ (~25%). (Figure S1C). The majority of these
ECs are CD34+ (85%-90% for heart and kidney ECs) (Figure S1C). Less than 2% ECs are GP38+ (podoplanin)
for all four vascular beds, suggesting little lymphatic vascular development at this stage (Figure S1C). There
is no detection of Robo1+ cells in this population (data not shown), which also suggests sufficient removal
of large vessel tissue and minimal EC contaminations from large vessels (Figure S1D).

Human Fetal ECs Retain Ex Vivo Heterogeneity upon In Vitro Expansion

To study the persistence of EC heterogeneity in vitro and the epigenetic contribution to EC heterogeneity,
we isolated and cultured the four human fetal organ-derived ECs through five passages (in each passage
the cell number doubles). Important steps of the isolation procedure included the filtering and removal of
large vessels and tissue chunks after enzymatic digestion, the removal of Epcam+ epithelial cell fraction
from the whole tissue single cell suspension (particularly important for kidney and lung), the enrichment
of the endothelial fraction through culture in low oxygen atmosphere with vascular endothelial growth fac-
tor (VEGF), the purification of the CD144+ endothelial fraction by flow cytometry, and the culture in VEGF-
containing EC growth media for up to five passages (detailed in Methods). This isolation procedure also
allows for the purification of other cell populations, important for further studies of regional organ hetero-
geneity and perivascular and parenchyma interactions (Figures 2A and S2A). The majority of cultured
ECs are EphB4+ (>90%), with little contamination of lymphatic (GP38+ % < 4%) or large vascular
(Robo1+ % < 1%) ECs; the CD34+ population in these cultured ECs ranges between 25% (liver) and 85%
(kidney) (Figure S2B).

Isolated ECs displayed typical endothelial cobblestone appearance and maintained their morphologies
through five passages in culture (Figure 2B). ECs also expressed CD31 with a high purity, greater than
99%, for all four fetal organs (Figure 2B). Similar to the ex vivo expression patterns, the isolated heart
and lung ECs contain higher levels of vWF proteins, whereas the kidney and liver ECs have more PV1 pro-
tein expression (Figures 2B-2D). PV1 distributed largely at the peripheral cell surface membrane of the kid-
ney and to a lesser extent in the liver ECs, whereas only a small fraction colocalized with Cav1, indicating the
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Figure 3. Ultrastructural Heterogeneity of Human Fetal ECs upon In Vitro Expansion

(A) Projected immunofluorescence images and cross-sectional views of engineered perfusable, collagen-embedded, three-dimensional (3D) microvessel

networks generated using the four types of organ-specific ECs (scale bar: 100 pm).

(B) Transmission electron microscopy of 3D microvessel networks showing distinctive structural signatures. Black arrows indicate the presence of fenestrae,

and red circles denote clathrin-coated alveolae.

presence and persistence of fenestral diaphragms in these two EC types after isolation and expansion. In
contrast, the heart and lung ECs expressed much more Cav1 but less PV1 than the kidney and liver ECs, with
PV1 located mostly in the perinuclear region in the heart and lung ECs.

We used these ECs at passage 2 to engineer three-dimensional endothelialized microvascular networks.
These were embedded in collagen microfluidic channels and cultured under gravity-driven flow, as previ-
ously described (Zheng et al., 2012). Cells from all four sources created similar networks of tubular endo-
thelium (Figure 3A). Ultrastructural analysis via transmission electron microscopy revealed the formation
of junctional complexes at cell-cell contacts and distinctive structures along the cell periphery in four types
of microvessels (Figures 3B and S3). Engineered heart and lung microvessels showed focal contacts be-
tween adjacent cells and contained caveolae with stomatal diaphragms. Engineered kidney and liver mi-
crovessels showed complex and intercalated junctions between adjacent cells and presented numerous
fenestrae (black arrows) along the peripheral regions of the cell membrane. The fenestrae in kidney endo-
thelium contained diaphragms and had uniform morphology and size, whereas liver endothelium had
discontinuous openings and contained fenestrae in varying sizes and structure along peripheral mem-
branes. Not all fenestrae in the liver endothelium had diaphragms. In addition, the liver endothelium
showed multivesicular bodies, lysosomes, and other distinct structures inside the cytoplasm (Figures 3B
and S3). Although not directly compared with the microvascular ultrastructure in the four fetal tissues, these
results establish the structural heterogeneity of organ-specific structural endothelium in vitro, which is
consistent with known organotypic vasculature in vivo (Aird, 2007a; Augustin and Koh, 2017).
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Figure 4. Global RNA Sequencing Reveals Heterogeneous Gene Expression Profiles among Four EC Types (n = 3 Donors)

(A) 2D principle component analysis of RNA sequencing data for cultured organ-specific ECs showing clustered heart ECs compared with the kidney, lung,
and liver ECs.

(B) Venn diagram of differentially expressed heart-specific ECs genes with respect to kidney, lung, and liver ECs.

(C and D) Gene Ontology terminology analysis (C) and volcano plot (D) showing different gene clusters for heart versus kidney ECs.

(E) Heatmaps of bona fide markers for the heart-, kidney-, and lung-specific EC transcription factors and co-factors (i), angiocrine and signaling factors (ii),
and metabolism-related and other genes (iii).

(F) PCR validation of selected heart- and kidney-specific genes for additional three donor sets.

Global RNA Sequencing Reveals Heterogeneous Gene Expression Profiles in Cultured Organ-
Specific ECs

We next sought to determine whether these cells have distinct molecular signatures after removal from the
original microenvironment. We collected RNA for transcript profiling using RNAseq from single-donor
derived heart, lung, liver, and kidney ECs obtained from three different donors after two passages
in vitro. A total of 102 transcription factors and 93 co-factors were identified as highly expressed (top
20% transcript intensities) in all four types of cultured ECs (Figure S4A). These factors include known key
regulators of vascular development such as ETS factor family (i.e., ETST, FLI1, ELK3, ELF1 etc), ID proteins,
KLF gene family (i.e., KLF3, KLFé, KLF10 etc), and genes important for vascular remodeling and VEGF
signaling (i.e., SP1, HES1, SOX18, HIF1A, NFKBI1, etc.) (De Val and Black, 2009; Lee et al., 2004; Park
et al., 2013).

Principle component analysis showed distinct clustering of heart-derived ECs compared with the other
three EC types (Figure 4A), and Venn diagrams defined the characteristic gene clusters for heart-specific
ECs (Figure 4B). Differential expression analysis and Gene Ontology terminology analysis (Figures 4C, S4B,
and S4C) showed that cultured heart ECs have higher gene expression levels, when compared with the
other three types of ECs, with respect to extracellular matrix and structure organization, blood vessel
morphogenesis, angiogenesis, VEGF production, heart chamber and valve morphogenesis, coronary
vascular development and morphogenesis, branching morphogenesis, as well as regulation of vascular
permeability. Compared with the heart ECs, lung ECs have higher expression for artery morphogenesis
and development, developmental growth, and regionalization; liver ECs have higher expression for
pattern specification, embryonic skeletal system development, regulation of leukocyte and homotypic
cell-cell adhesion, regulation and activation of immune response, and bone marrow development;
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and kidney ECs in culture have higher expressions for regionalization, pattern specification process,
embryonic organ morphogenesis/development/identity, hormone secretion and transport, and nephron
development. These analyses are consistent with the corresponding stage of distinct organ
development and function and indicate the important roles of different ECs in their corresponding
organ development.

Differential expression analysis further revealed differentially expressed genes in paired comparison (Fig-
ures 4D and S4D). For example, genes such as GATA4, TBX5, TBX20, and HANDZ are expressed more than
200-fold higher in heart ECs, with high counts in RNAseq, compared with kidney ECs. These genes,
although not studied in ECs, are known to be critical in heart development, heart valve formation, etc. (Riv-
era-Feliciano et al., 2006; Roche et al., 2013). Kidney ECs, on the other hand, highly and uniquely express
many HOX genes that are known to be critical for kidney development. We further identified clustered
genes as bona fide markers for organ-specific ECs by comparing one with the other three (fold change >
1.5 and false discovery rate [FDR] < 0.05). There are 74 heart-specific, 29 kidney-specific, 13 lung-specific
highly expressed EC genes, whereas the numbers of liver-specific endothelial genes were not significant
(Figures 4B and S4E). These organ-specific genes include transcription factors and regulation co-factors,
angiocrine factors, extracellular matrix proteins, cell adhesion molecules, membrane transporters,
signaling molecules, and metabolism-related genes (Figure 4E).

Heart-derived ECs showed upregulated expression of zinc finger, T-box, and basic-helix-loop-helix tran-
scription factors involved in heart and embryonic vascular development (Brand, 2003; Fischer et al.,
2004; Roche et al., 2013; Rutenberg et al., 2006; Xin et al., 2006) (GATA6, HANDZ2, HEY2, TBX18); transcrip-
tion factors and co-factors involved in the heart valve and chamber development (Chakraborty et al., 2010;
Chu et al.,, 2000; Lee and Yutzey, 2011) (FHL1); as well as factors involved in signaling regulation (Bergwerff
et al., 2000; Chamberlain et al., 2014; Green and Vetter, 2011; Rhinn and Dolle, 2012) (EBF3, NCOA?7,
PRRX1, RARB, etc.). Kidney-derived ECs displayed upregulated expression of the helix-loop-helix tran-
scription factor EBF1, which is critical in glomeruli development and maturation (Fretz et al., 2014; Schell
et al., 2014), and the transcription factor PAX2, important for the regulation of branching morphogenesis
and kidney development (Narlis et al., 2007). In addition, kidney ECs also expressed a large number of ho-
meobox transcription factors, known as master developmental regulators in the kidney (Lechner and Dress-
ler, 1997; Patterson and Potter, 2004) (HOXA9, HOXB7, HOXB8, HOXB9, HOXC8, HOXC?9, HOXD3,
HOXD4, HOXD?9, HOXD11, etc.). Lung-derived ECs showed higher expression of the forkhead transcrip-
tion factor FOXF2, known for the activation and regulation of pulmonary genes and embryonic develop-
ment (Aitola et al., 2000); the T-box transcription factor TBX4, critical for lung branching (Arora et al,,
2012); and the co-factor KHDRBS2, which regulates signal transduction during lung development (Lin
et al., 2008). These organ-specific genes have not been found and studied in ECs previously, which may
be important for the study of specific EC contribution during organ development.

Beside transcriptional regulators, heart-derived ECs highly expressed clusters of genes encoding for an-
giocrine factors, including annotated cytokines and growth factors (CCL2, IL6, IL33), signaling molecules,
and extracellular matrix-remodeling proteins (BMPER, CTQTNF1, CTSK, HAPLNI1, IL6ST, LTBPI1,
PCOLCE2, PLAC9, POSTN, RGS5, SFRP4, TNFAIP8L3). Other identified heart-derived EC-specific gene
clusters included glycoproteins and surface receptors that mediate host defense, cell-cell adhesion and
cell-matrix interaction (COLEC12, EFEMP1, ITGB3, LRRC4B, FBLN1, RADIL, PCDH10, PRRT2, SELL,
SRPX), cytoplasm- and cytoskeleton-associated proteins (AMPH, CLMN, DRP2, FRMD3, MYRIP, GRB14),
transporters (KCNH7, GRB14, ABCA8, ABCA9, EVA1C, GPR158, NIPAL1, RASSF10, SLC7A2), and meta-
bolic regulators (ART4, ATP13A3, CAMK2B, GCNT1, GLT8D2, PDE3A, PLA2G5, PLPP1, PTGS1, ST6GALT,
etc.) (Figure 4F).

We validated the expression of selected genes from the kidney-specific and heart-specific EC gene lists by
real-time polymerase chain reaction (PCR) analysis on both the RNA subjected to RNA sequencing and the
three new RNA sets collected from single-donor organ-specific ECs (Figure 4F). The expression of EC
genes identified as heart specific (i.e., HAND2, TBX18, IL33, ART4, ABCAS8, BMPER, RGS5, TNFAIP8L3,
HAPLN1, and SMAD?) were significantly upregulated in the heart-derived ECs compared with the kid-
ney-derived ECs, and conversely kidney-specific genes (i.e., PAX2, HOXC10, MMP7, and HNF1B) were
significantly upregulated in kidney-derived ECs. These organ-specific genes have minimal changes in
the expression level through passage 5 (Figure S4F). We further used quantitative PCR (gPCR) analysis

iScience 4, 20-35, June 29, 2018 27



iIScience

to validate the low expression of perivascular cell genes (i.e., NG2 and PDGFRb), confirming the absence of
contaminating perivascular cells (Figure S4G).

Altogether, gene expression data show that ECs from fetal organs maintain organ-specific transcription pro-
files; in particular, heart-derived ECs display distinct clusters of transcription factors, angiocrine factors, surface
glycoproteins, and metabolism that significantly distinguish these ECs from the other three EC types.

In Vitro-Ex Vivo Correlation of EC Heterogeneity

We then examined the EC heterogeneity ex vivo via RNAseq analysis and in situ immunofluorescence mi-
croscopy, to validate organ-specific gene clusters identified from cultured cells and further differentiate
between the environmental and epigenetic contributions to EC heterogeneity. Freshly isolated ECs
were collected via column purification with Epcam™CD144"/CD45 ", and high-quality RNA were extracted
for sequencing to assess gene expression in three single-donor organ sets. Column purification signifi-
cantly enhanced cell survival during fresh isolation process. Fluorescence-activated cell sorting analysis
for the column-purified ECs showed 70%-98% CD144+ cells and with no detectable perivascular cell con-
taminations for all four organs (Figure S5A). Principal component analysis revealed that ECs isolated from
the four organs were distinct from each other, with organ replicates clustering tightly together (Figure S5B),
suggesting higher degree of organ specificity when compared with the in vitro cultured ECs. Comparing
heart and kidney ECs alone, there were more than 5,000 genes differentially expressed with significance
in freshly isolated ECs, whereas only 867 genes were identified in culture (fold change >1.5 and
FDR <0.1). This suggests that the majority of differentially expressed genes were likely dependent on
the native microenvironment. However, a small portion of the expressed RNAs remained differentially ex-
pressed even in culture, suggesting that the differentiation has occurred at an epigenetic level. A potential
epigenetic assay would help to confirm the epigenetic stability of ECs between in vivo and in vitro cultures.

Most top transcription factors and co-factors commonly expressed in culture were also highly expressed in
freshly isolated ECs, whereas genes such as KLF2, KLF4, SOX4, SOX7, ID2, SNAI1, NR4A1, and EGR3, were
significantly downregulated after in vitro expansion (Figures S5C and S5D). Among these highly expressed
genes in freshly isolated sets, 32 transcription factors and 17 co-factors were differentially expressed in at
least one type of EC and five transcription factors (ETS1, ELK3, SOX18, HMGA1, SOX7) were highly ex-
pressed with significant variation among all the ECs (Figure S5C), a difference not detected in cultured
EC sets. Other top transcription factors, such as COUP-TFIl (NR2F2) and ETS2, were differentially ex-
pressed in kidney versus heart, whereas ERF, ID1, E2F4, and SOX4 in the liver are different from those in
the kidney, heart, and lung, which appear similar. These transcription factors have been recognized as
important regulators of EC development and specification, and their differential expression suggests
that vascular development occurs at a different pace in some of the four organs at the gestation time
evaluated.

Next we validated the differentially expressed genes from cultured cells in freshly isolated cell sets, using
heart and kidney paired comparison. Although the majority of differentially expressed genes in EC sets
in vivo were lost after culture, over 100 highly upregulated genes (fold change >10) in either the heart or
kidney ECs identified in culture remained elevated in freshly isolated ECs (Figure 5A). These differentially
expressed gene clusters represent the epigenetic contribution to the organ-specific EC signature, which
has the capacity to maintain in culture. Some of these identified genes were also verified in immunofluo-
rescence staining in ex vivo tissues (Figure 5B: human and Figure 5C: mouse). The loss of differential
expression of the highly expressed genes, from freshly isolated ECs to the cultured ECs, suggested the sig-
nificant microenvironmental specifications for the developing ECs.

Heart-Derived ECs Have the Highest Transendothelial Electrical Resistance, Angiogenic
Potential, and Metabolic Rates among All Four ECs

We next evaluated whether the variations in the transcriptional profiles of the four different EC types in
culture led to distinct functions with respect to their barrier properties, angiogenic potential, and meta-
bolic rates in vitro. To match the cell condition (passage 2) in RNAseq analysis, we used four ECs from
single donor sets at the same passage number and culture media conditions for all the functional
studies. Using xCELLigence RTCA SP instrumentation (ACEA Bioscience), we measured the real-time
electrical impedance of EC monolayers at a particular frequency (f = 10 kHz). When EC monolayer
reached confluency, the electrical impedance, recorded as the cell index, reached a plateau (Figure 6A),
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Figure 5. Validation of Heterogeneous Gene Expression Profiles in Freshly Isolated ECs and Ex Vivo Tissue Sections (n = 3 Donors)

(A) Organ-specific genes identified from cultured sets (heart versus kidney) were validated in freshly isolated EC sets.
(B) Immunostaining of selected genes for heart and kidney in human fetal tissues at 120 days. Scale bar: 100 pm.

(C) Selected organ-specific gene expression in mouse embryo for heart and kidneys at E14.5 from Genepaint (genepaint.org).

from which the transendothelial electrical resistance was measured. The monolayer of heart-derived ECs
showed the highest electrical resistance (~35 + 1 Q at f = 10 kHz) with statistical significance, whereas
the electrical resistance of the kidney-derived ECs was the lowest among the four ECs (~ 21 + 2 Q) (Fig-
ure 6A), supporting a better barrier function for the heart ECs when compared with cultured ECs from the
fetal kidney.

We then evaluated the ability of the ECs derived from four fetal organs to form new vessels in vitro using the
spheroid sprouting assay (Heiss et al., 2015). Endospheroids were embedded in collagen and methylcellu-
lose matrix and overlaid with endothelial growth medium, with or without 40 ng/mL VEGF, and grown for
24-48 hr to allow sprout formation (Figure 6B, i). Without VEGF exposure, most endospheroids were quies-
cent and devoid of any sprouting, except for the heart endospheroids. In the presence of 40 ng/mL VEGF,
all endospheroids showed angiogenic activity, which was evident from the extensive capillary-like sprout
formations. However, under VEGF exposure, heart endospheroids displayed a significantly higher number
of sprouts (Figure 6B, ii).

Finally, we examined EC metabolism through the measurements of cellular oxygen consumption (respira-
tion) and proton excretion (glycolysis) with a Seahorse Analyzer (Figures 6C and 6D). The oxygen consump-
tion rate and extracellular acidification rate were measured at baseline, and in the presence of oligomycin,
CCCP (carbonyl cyanide m-chlorophenylhydrazone), and rotenone/antimycin A, which were added
sequentially (Figure 6C), and allowed for the calculation of respiration rates due to mitochondrial activity,
ATP synthase, and spare capacities, as well as the glycolysis rate. Heart ECs showed the highest oxygen
consumption rate due to an increase in both non-mitochondrial and mitochondrial respiration, which relied
on enhanced ATP synthase activity, and also a significant spare respiratory capacity. A significantly higher
glycolysis rate in addition to the mitochondrial respiration (Figure 6D) demonstrated that heart ECs
possess the highest metabolic rate among the four types of ECs investigated, consistent with enhanced
energetic support that can fuel a higher angiogenic potential.

Human Fetal Liver ECs Support Hepatocyte Function

We further examined whether organ-specific ECs can support specific parenchyma function. The four types
of human fetal ECs at passage 2 were co-cultured with primary hepatocytes freshly isolated from rat liver.
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Figure 6. Cultured Organ-Specific Human Fetal ECs Display Distinct Vascular Functions and Bioenergetics and Support Specific Parenchyma
Function

(A) Left panel: Raw data of transendothelial electrical resistance measurement versus time for four types of ECs in monolayer culture. Cell index is calculated
as Cl(t) = R(fn-tJER(fmfn)
frequency f, at time point t, to is the time when the background is measured, and Z,, is the corresponding frequency factor of f, (Z, = 15 Q). Right panel:

, where f, is the frequency at which the impedance measurement is carried out (f, = 10 kHz), R(f, t) is the measured impedance at

Electrical impedance measurements (10 kHz frequency) for confluent monolayers of organ-specific ECs (n = 5 cultures).

(B) Spheroid sprouting assay measurements of organ-specific EC angiogenic potential. (i) Representative bright-field images of heart and kidney EC
sprouting spheroids, collagen-embedded, upon 24 hr of VEGF stimulation (40 ng/mL) (scale bar: 75 pm) and (i) quantification of sprouts number at baseline
and after VEGF stimulation (40 ng/mL) for organ-specific EC spheroids embedded in collagen matrix (24 hr) (n = 3 donors).

(C) Seahorse measurements of total cellular oxygen consumption rate (OCR) in organ-specific ECs: (i) time course of cellular oxygen consumption upon
sequential addition of oligomycin (1 pM), CCCP (1 uM), and rotenone/antimycin A (1 uM each); (ii) quantification of mitochondrial OCR obtained upon
electron transport chain inhibition with rotenone and antimycin A; and (iii) quantification of mitochondrial OCR due to ATP synthase activation obtained
upon ATP synthase inhibition with oligomycin (n = 3 donors).

(D) Seahorse measurements of total extracellular acidification rate (ECAR) in organ-specific ECs (n = 3 donors): (i) time course of extracellular acidification
upon sequential addition of oligomycin (1 uM), CCCP (1 uM), and rotenone/antimycin A (1 pM each) and (i) ECAR quantification.

(E) ELISA measurement of albumin production from rat hepatocytes when cultured alone and when co-cultured with heart, lung, liver, and kidney ECs after
7 days (n = 4 replicates).

Data information: data are presented as mean + SEM *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. SEM, standard error of the mean.

Each type of ECs was added on top of primary rat hepatocyte monolayers after their attachment for 24 hr
following fresh isolation, at a ratio of 1 endo: 3 hepatocytes. Rat albumin was measured via enzyme-linked
immunosorbent assay (ELISA) in media collected every 24 hr and compared after 7 days of culture. Co-
culturing with ECs showed significant improvement in general compared with hepatocytes culture alone,
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in both albumin production and hepatocyte survival (Figures 6E and S6). Hepatocytes co-cultured with liver
ECs showed significantly higher albumin production (~200 pg/million cells per day) than those co-cultured
with heart, lung, and kidney ECs (Figure 6E). Liver ECs appeared to provide additional signaling that pro-
motes hepatocyte function (Figure S6C).

DISCUSSION

Twenty years ago, studies in chick quail hybrids showed that the endothelium all over the body arises from
blood islands that first appear in the embryonicyolk sac (DieterlenLievre et al., 1996; LeDouarin et al., 1996).
Cells that arise from these early structures migrate throughout the body forming branches, and with time,
they organize themselves into the arborized network of the adult arteries, veins, and capillaries. The initial
formation of blood islands and tubes is called “vasculogenesis.” The lymphatic system develops in a similar
fashion, originating from the venous branches. Blood vessels themselves can develop branches, primarily
from the postcapillary venules. These branches form the vasculature of organs. More recently, it appears
that endothelia can also arise locally within the mesenchyme of organs, including the heart and lungs.
Thus diversity might arise both by interaction with parenchyma and by changes within the branched struc-
ture itself. Obviously, determining mechanisms that control local differentiation of ECs is difficult in whole
tissue. We felt, therefore, that it would be desirable to develop cell lines. Because cells from fetuses usually
have long replicative life spans, we chose to derive EC lines from four fetal tissues. We show that these hu-
man fetal ECs maintain stable organ-specific morphology and gene expression through five passages in
culture. These fetal ECs express genes that are supportive to specific organ development and are different
in metabolism, gene expression, and angiogenic responses to VEGF that may be relevant in vivo.

Among many possible organ-specific endothelial properties, we focused on three major categories: (1)
vessel barrier, (2) angiogenic potential, and (3) metabolic functions. From a structural point of view, we
showed that heart and lung ECs are continuous endothelium with focal close-contact junctions and no fe-
nestrae formation, whereas kidney and liver ECs contain abundant fenestrae along the peripheral cell
membrane but have complex intercalated junctions. These transcellular fenestrae would allow for large
molecules to transport directly across the kidney and liver endothelium with low resistance, coinciding
therefore with lower barrier strength. In addition, heart ECs have higher expression levels for adherent
junctions, which not only contribute to higher barrier but also play important roles in signaling (Bazzoni
and Dejana, 2004). Heart ECs also showed significantly higher transendothelial electrical resistance than
kidney and liver ECs. Although not achieving physiological level of barrier in a monolayer culture (Kluger
et al., 2013), these data suggest that at least one route of transport (transcellular or paracellular) (Komarova
and Malik, 2010; Mehta and Malik, 2006) is higher in kidney and liver ECs compared with the heart ECs.

Our study specifically addressed ECs from the heart, liver, kidney, and lung, mainly owing to the tissue
availability, and did not investigate ECs from other organs, such as the highly permeable high endothelial
venules or the impermeable brain vasculature with unique distribution of tight junctions (Hirase et al., 1997;
Schnitzer et al., 1994). Future studies of these ECs could provide more insights into the heterogeneous
structure and molecular regulation of the endothelial barrier.

The second organ-specific property we demonstrated was the different angiogenic potential of ECs. Inter-
estingly, heart ECs proved much more angiogenic than the other ECs derived from the other three organs
under the same culture conditions and in the presence of identical stimuli. The higher angiogenic function
in heart ECs is supported by a distinct cluster of genes categorized as angiocrine factors and signaling fac-
tors. These genes not only regulate angiogenesis but also provide important paracrine signaling for the
maturation and function of developing cardiomyocytes. The different angiogenic potential may also be
due to the specific origin of each EC type. Heart ECs are derived from at least three different sources,
including the endocardium, sinus venous, and proepicardium (Zhang and Pu, 2013). Recent studies showed
that ECs may even originate from different germ layers (del Monte and Harvey, 2012; Goldman et al., 2014;
Mugford et al., 2008; Sims-Lucas et al., 2013; Wang et al., 2010). These varied origins could then lead to
different capacities for angiogenesis via differential epigenetic control.

The endothelium has been shown critical to organ development and maturation, for example, in the
pancreas, liver, and kidney (Abrahamson et al., 2009; Chen et al., 2016; Cleaver and Melton, 2003; Lammert
et al., 2003; Schell et al., 2014; Tirziu and Simons, 2009; Villasenor and Cleaver, 2012), and can serve as pro-
genitors for perivascular cells (Chen et al., 2016). It is possible that the endothelium is required to facilitate
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the differentiation of endoderm or mesoderm in the heart and to achieve mature function. Here, organ-
specific EC identities, defined from the developing organs, could provide instructional signals toward
the construction of organ-specific vascular microenvironments, and further the maturation of the devel-
oping parenchyma. This regulatory feedback system involving the endothelium is likely critical for success-
ful organ regeneration, and for engineering functional parenchyma in vitro using stem cells.

We also observed heterogeneity in organ-specific EC metabolism. Remarkably, heart ECs showed the
highest rates of oxygen consumption and glycolysis, supported by a distinct cluster of upregulated genes
involved in metabolic regulation. ECs in mature vessel beds, despite their exposure to high oxygen levels,
are known to be quiescent and to rely mostly on glycolysis (Eelen et al., 2015). During activation, ECs in-
crease mitochondrial activity (Marcu et al., 2015), as well as glycolysis for energy production (De Bock
et al.,, 2013a, 2013b). However, little is known as to whether endothelial mitochondrial ATP generation is
static or varies between vascular beds. Little is also known about the role of endothelial metabolism during
development. Metabolism has been recently noted to be critical in regulating stem cell fate during early
differentiation (Shyh-Chang and Daley, 2015; Shyh-Chang et al., 2013; Teslaa and Teitell, 2015). Our find-
ings suggest that metabolism may also play an important role during the differentiation of endothelium
toward organ-specific vasculature.

We further demonstrated the supportive role of these human fetal ECs in organ development and function
by co-culturing with hepatocytes. Interestingly, these fetal ECs support hepatocyte survival and function,
and liver-specific ECs also showed significantly superior supportive function in terms of albumin production
from the hepatocytes. Although the mechanisms remain elusive and require investigation in depth, this
functional study showed proof of principle that organ-specific ECs would be beneficial to support organ
development, and engineer organ-on-a-chip to better recapitulate structure and function in vivo.

In summary, we have examined transcription profiles from fetal ECs cultured and passaged from four major
human organs— the heart, lung, liver, and kidneys. We showed the distinct structural, and functional prop-
erties maintained over at least five passages in these four types of ECs. The results are still preliminary in
several ways. First, we do not know how many more passages these cell lines can go through while preser-
ving these properties. Longer replicative life spans could provide us with cells that would be reproducible
reagents for mechanistic studies. Second, we do not know how closely the cultured cells themselves have
diverse expression patterns that could represent the diversity of different EC phenotypes in vivo. For
example, the high incidence in EphB4-positive cells in cultured sets suggest that endothelium form veins
may be over-represented. Significant loss of differentially expressed genes from in vivo after culture sug-
gest the importance of identifying environmental cues in vivo to understand and recapitulate the vascular
and organ function. Third, although we did see some diversity in the structures of the EC-cell junctions, our
measurement of electrical resistance suggests that none of these cell lines reproduce the functional imper-
meability of ECs with tight junctions. This is a general issue with cultured ECs with, as far as we know, only
two reported exceptions. Aside from the cell junction, this may be important for other EC functions
including control of endothelial differentiation by VE cadherin and shear-dependent transcription depen-
dent on several cell junction proteins.

Nevertheless, our findings allowed us to identify for the first time the linkage between human EC hetero-
geneity and organ development, and differentiation between the intrinsic and microenvironment contribu-
tion to human EC heterogeneity. The availability of methods to culture organ-specific ECs makes it feasible
to understand several organ-specific processes, including heart valve formation through the studies of
endothelial-mesenchymal transition in vitro, formation and functional maturation of the kidney filtration
barrier, and gas exchange interface in the lungs. Our work also provides important insights toward identi-
fying precise organ-specific vascular targets and developing appropriate therapeutic interventions toward
the treatment of organ-related vascular injuries and diseases.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Transparent Methods and six figures and can be found with this article
online at https://doi.org/10.1016/].isci.2018.05.003.
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Transparent Methods

Isolation and culture of organ specific endothelial cells. All experiments were approved
by the Institutional Review Board of the University of Washington (IRB447773EA).
Normal human fetal organs were obtained upon informed consent from abortion material
(age 16-20 weeks) and the same donor tissues (kidney, lung, liver, and heart) were used
to isolate organ specific endothelial cells. Tissues were minced finely in serum-free
EBM-2 endothelial growth medium (Lonza) supplemented with 0.2 mg/ml Liberase and
100 U/ml DNase (Roche) and incubated for 30 min at 37 °C in a water bath with shaking.
The resulting tissue homogenate was filtered twice through a 40 um cell strainer to
remove tissue debris and large vessels. For the isolation of fresh endothelial cells,
EpCAM-positive cells were depleted first from the cell suspension using EpCAM
microbeads (Miltenyi Biotec), followed by the depletion of CD45-positive cells using
CD45 MicroBeads (Miltenyi Biotec). Then the CD144 positive cells were magnetically
separated using CD144 MicroBeads (Miltenyi Biotec) on 2 different columns. For
cultured endothelial cells, the cell suspension was plated on gelatin coated T-75 flasks in
EBM-2 medium supplemented with antibiotic/antimycotic (Invitrogen), 10% FBS
(Invitrogen), 100 pg/ml ECGS (Millipore), 50 png/ml Heparin (Invitrogen), and 40 ng/ml
VEGF (R&D Systems). For kidney and lung samples, epithelial cells were removed from
the cell suspension before plating using EpCAM microbeads (Miltenyi Biotec) to prevent
epithelial cell overgrowth. Cells were cultured at 5% Oz until confluent and then
endothelial cells as the CD144 positive and CD45 negative population were sorted on BD
FACSAria Il at the UW SLU Flow Cytometry Facility. After sorting, organ specific
endothelial cells were cultured in EBM-2 supplemented with antibiotic/antimycotic, 10%
FBS, 100 ug/ml ECGS, 50 ug/ml Heparin, and 20 ng/mL VEGF, on gelatin-coated plates

and used for further experiments between passages 1-3.

Histology. Human fetal organs (kidney, lung, liver and heart) were embedded in Tissue-
Tek O.C.T. compound (Sakura) and kept as frozen blocks at -80 °C. Frozen organ
sections were cut to a thickness of 9 um using a cryostat (Leica CM 1850) and placed on

HistoBond adhesive glass slides (Marienfeld). The glass slides were air-dried for 30 min



and fixed in 4% formaldehyde. Fixed tissues were stained with hematoxylin and eosin

(H&E).

Immunofluorescence. Tissue cryosections and organ specific endothelial cells plated on
gelatin-coated glass slides were fixed with 3.7% formaldehyde, permeabilized with 2%
BSA and 0.5% Triton x-100 in PBS, blocked with Background Buster (Innovexbio), and
incubated overnight at 4 °C with primary antibodies against CD31 (Life Technologeis),
CD144 (Abcam), PLVAP (Abcam), Caveolin-1 (Abcam), VWF (Abcam), ART4 (Bioss
Inc), TBX5 (Santa Cruz Biotechnology), HNF1B (Abnova), and KCNJ16 (LSBio),
followed by Alexa-488, -568, or -647 secondary antibodies (Invitrogen) and Hoechst
(Life Technologies) staining. Cells were imaged with a Nikon Confocal microscope or
Nikon wide filed microscope using 20X and 40X objectives. Image analysis was
performed using the Image J software (U.S. National Institute of Health, Bethesda,

Maryland).

Flow cytometry analysis. To characterize single endothelial cell populations within each
fetal organ, multiparameter FACS analysis of stained organ suspensions was performed
on a BD FACSCanto Il and quantitated with FlowJo software (Tree Star). The following
antibodies were used: APC-anti-CD144 (eBioscience), FITC-anti-CD31 (BD
Biosciences), Pacific Blue-anti-CD45 (BioLegend), FITC-anti-CD34 (BD Biosciences),
PE-anti-EphB4 (R&D systems), FITC-anti-gp38 (R&D systems), FITC-anti-Robol
(R&D system), PE-anti-CD144 (BioLegend), APC-anti-PDGFRp (BioLegend), PE-anti-
EpCAM(Miltenyi Biotec), PE-anti-a-SMA (R&D systems) and FITC-anti-NG2 (R&D
systems). Unstained controls, single stained cellular controls, and single stained BD™
CompBead particles were used for compensation and voltage adjustment. Isotype control

antibodies were used to distinguish non-specific background signals from specific signals.

RNA isolation, RNA sequencing and RT-PCR. Total RNA from cultured and freshly
isolated organ specific endothelial cells was purified using the RNAeasy Mini Kit
(Qiagen) and residual DNA was removed by on-column DNase digestion. RNA quality
was assessed with the Agilent RNA 6000 Nano Kit using the Agilent 2100 Bioanalyzer



(Agilent Technologies). Only samples with RNA integrity number higher than 8 were
kept for further analysis. RNA sequencing was performed on poly-A-enriched samples
using Illumina TruSeq. RT-PCR was performed using the Real-time PCR System
(Applied Biosystems) with Fast SYBR Green Master Mix (Applied Biosystems). The
abundance of each gene was determined relative to an internal control using GAPDH
RNA.

RNA-seq data analysis. RNA-seq samples were aligned to hg19 using Tophat (Trapnell et
al., 2009). Gene-level read counts were quantified using htseg-count (Anders et al., 2015)
using Ensembl GRCh37 gene annotations. Genes with total expression above 10
normalized read counts summed across RNA-seq samples were kept for further analysis.
princomp function from R was used to for Principal Component Analysis. DESeq
(Anders and Huber, 2010) was used for differential gene expression analysis. Genes with
fold change >1.5 and FDR<0.05 were considered differentially expressed. topGO R
package (Alexa et al., 2006) was used for Gene Ontology enrichment analysis. The gene
expression data set has been submitted to the public database in Gene Expression

Omnibus.

Western blot analysis. Cells and tissues were lysed in RIPA buffer (Sigma) supplemented
with protease inhibitor cocktail (Thermo Scientific). 3 ug proteins were electrophoresed
on NuPAGE 4-12% Bis-Tris Acrilamide gels (Invitrogen), transferred on PVDF
membrane and probed overnight at 4°C with primary antibodies against VVon Willebrand
Factor (Abcam), caveolin (Abcam), PV1 (Abcam) and GAPDH (Cell Signaling). HRP-

conjugated secondary antibodies (Thermo Scientific) were used for detection.

Endothelial barrier function measurements. The EC barrier function was evaluated by
real-time measurements of electrical impedance with the xCELLigence RTCA SP
instrumentation (ACEA Bioscience, Inc.). Organ specific endothelial cells were plated in
a 96-well electronic microtiter plates (E-Plate 96, ACEA Bioscience, Inc.), 10,000
cells/well, and allowed to reach cellular confluence, as indicated by plateau values
obtained for the electrical impedance (60-68 hours). At plateau, the electrical impedance



readout expressed in arbitrary units as the Cell index parameter, reflects changes in

barrier function and permeability of different endothelial cells.

Spheroid sprouting assay. Endothelial spheroids containing 1000 cells/spheroid were
generated using the “hanging drop” technique in endothelial growth medium with 20%
Methocel solution (2% Methyl cellulose (Sigma) in EBM2 growth medium). Spheroids
were plated into 24 well plates, 40 spheroids/well, embedded in 2 mg/ml type I collagen
and 30% Methocel matrix, overlaid with endothelial growth medium supplemented with
40 ng/ml VEGF. Spheroids were allowed to sprout for 24-48 hours and imaged using a
10x objective. Sprouts number and length were quantified using the Image J software
(U.S. National Institute of Health, Bethesda, Maryland).

Fabrication of vascular networks. Three-dimensional, perfusable vascular networks were
fabricated as described previously(Zheng et al., 2012). Briefly, microvessels were
fabricated by seeding organ specific endothelial cells in microfluidic channels embedded
in 6.5 mg/ml type I collagen matrix. The networks were cultured with gravity-driven flow
of endothelial growth medium for 5 days, fixed and employed for either electron

microscopy or confocal microscopy imaging.

Transmission electron microscopy. Microfluidic vascular networks were fixed by
perfusion in 2.5% glutaraldehyde for 20 min followed by immersion in half-strength
Karnovsky’s solution (2% paraformaldehyde/2.5% glutaraldehyde in 0.2M cacodylate
buffer) for 4 hr. These samples were rinsed in 0.1M cacodylate buffer then post-fixed
using 2% OsO4 in 0.2M cacodylate buffer followed by another rinse with 0.1M
cacodylate buffer. Sample dehydration was performed using immersions in graded
solutions of ethanol, then propylene oxide (PO), before 1:1 PO/Epon 812 (vendor)
immersion overnight. Fresh Epon 812 was then exchanged for 2 hr after which the blocks
were cured for 48 hr at 600C. Ultrathin sections (70 nm) were cut from blocks using a
diamond (vendor) blade on a Leica EMUCS6 ultra-microtome and placed onto grids. Grids
were stained with uranyl acetate for 2 hr and lead citrate for 5 min. Sections were imaged

using a JEOL JEM-1400 Transmission Electron Microscope (JEOL Ltd., Japan) using a



typical acceleration voltage around 100 kV. Images were acquired with a Gatan Ultrascan
1000XP camera (Gatan, Inc., Pleasanton, CA).

Metabolism. Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR)
were measured using the XF96 Seahorse Analyzer (Seahorse Bioscience). ECs were
plated into 96-well Seahorse assay plates in complete growth medium, 7000 cells/well, 3
days before measurements. OCR and ECAR measurements were performed in XF Assay
medium (Seahorse Bioscience), supplemented with 5 mM glucose, 1 mM sodium
pyruvate and 10 mM glutamine, at 9 minutes intervals. Time course of OCR and ECAR
was performed upon sequential addition of Oligomycin (1 uM), CCCP (1 uM), and
Rotentone/Antimycin (1 uM each). At the end of the measurements, the protein content
for each well was quantified, and OCR and ECAR values were normalized per

microgram of protein for each cell type.

Hepatocyte isolation, culture, and functional analysis: Hepatocytes were isolated from
100-140g adult female Lewis rats (Taconic), as described previously.(Dunn et al.) Briefly,
the animals were anesthetized using isoflurane, the portal vein was cannulated with an
18G catheter, and the liver was perfused and digested with collagenase type IV (Sigma).
Hepatocytes were purified via Percoll centrifugation and seeded at a density of 0.3e06
hepatocytes per well onto 24-well plates coated with 0.17 mg/ml rat tail Collagen-1 (BD
Biosciences). The next day, normal human dermal fibroblasts (Lonza, ratio of 1:1) or
fetal (isolated) liver, kidney, heart, lung, or human umbilical vein (Lonza) endothelial
cells (ratio of 1:0.3) were seeded onto the hepatocytes. Cultures were maintained for
eight days in a 1:1 mixture of “hepatocyte medium” [DMEM with high glucose (4.5g/L),
10% (v/v) fetal bovine serum (Biowest), 0.04 ug/ml dexamethasone, 7 ng/ml glucagon, 1%
ITS+ culture supplement (Corning), 1.5% 1M HEPES, and 1% penicillin-streptomycin]
and “endothelial medium” [EBM-2 supplemented with antibiotic/antimycotic, 10% FBS,
100 pg/ml ECGS, 50 ug/ml Heparin, and 20 ng/mL VEGF]. Culture media was collected
daily from each well before replacement with fresh medium. Rat albumin in collected
media was measured via enzyme-linked immunosorbent assay (Bethyl labs). After 7 days,

cultures were fixed and hepatocytes were stained against pan cytokeratin (Sigma) and



endothelial cells against VE-Cad and PV-1. The immunofluorescence images were taken

in Nikon wide filed microscope using 20X and 40X objectives.
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Fig. S1, related to Fig. 1. Characterization of cell population in human fetal tissue.
A-B. Representative flow cytometry profiles of fresh total cell tissue suspension from
fetal human heart, lung, liver and kidney stained with antibodies (A) against CD45 and
CD144 (VECad), in comparison with unstained controls, and (B) VECad amd EpCam. C.
Flow cytometry analysis of EC population in fresh fetal tissue for EphB4+, CD34+, and
Gp38+ with quantification for three donor sets. D. Representative immunofluorescence
images of small vessels and large vessels in frozen heart and kidney tissue sections

stained with antibodies against Robol and VECad.
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Fig. S2, related to Fig. 2. Analysis of enriched cell suspension. A. Representative flow
cytometry and sorting profiles of enriched cell suspension from fetal human heart, lung,
liver and kidney, stained with antibodies against NG2 and PDGFRb, with VECad+
population from Fig.2A marked as orange circles. B. Flow cytometry analysis of cultured
human heart, lung, liver, and kidney EC populations for EphB4+, Gp38+, CD34+ and
Robol+.

Foas > ¥es

Fig. S3, related to Fig. 3. Ultrastructural images of human fetal liver ECs. A-B.

Ultrastructural images of multivascular bodies, lysosomes, and other intracellular features
in liver ECs. C-D. Sinusoidal and fenestrated features on liver EC membranes.
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Fig. S4, related to Fig. 4. Global RNA sequencing analysis for four types of human
fetal ECs and gene validation. A. Top expressed transcripts (107 TFs) for organ-
specific ECs. Colormap: log(RPKM). B-C. Gene Ontology terminology analysis for lung
vs. heart (B) and liver vs. heart (C) differentially expressed EC genes. D. Volcano plots
of -log10 p-value vs. log2 fold change for lung vs. heart (left), and liver vs. heart (right)
differentially expressed EC genes. E. Venn diagram showing organ-specific,
differentially expressed genes for the lung and kidney ECs. F. Log fold changes of
selected gene expression comparing heart vs. kidney ECs at passage 2 and 5, showing no
significant difference. G. mMRNA expression of NG2 and PDGFRb comparing four
isolated and cultured fetal ECs with HUVECs and human kidney pericytes (HKPs), the
isolated NG2+PDGFRb+ population shown in Supplementary Fig. 2.
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Fig. S5, related to Fig. 5. Characterization of freshly isolated ECs. A. Representative
flow cytometry analysis of freshly isolated ECs via MACS column purification from fetal
human heart, lung, liver and kidney stained with antibodies against CD144 (VECad), a-
SMA and NG2, in comparison with isotype controls. B. 2D principal component analysis
of RNA sequencing data shows organ-specific clusters. C. Heat map of differentially
expressed transcription factors (TFs) (i) and co-factors (ii), and other top expressed TFs
(iii) in top 20% expressed transcripts in freshly isolated ECs. C. Heat map of the top 20%
expressed TFs and co-factors in freshly isolated heart, lung, liver and kidney ECs.
Colormap: log(RPKM).
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Fig. S6, related to Fig. 6. Human fetal liver ECs superiorly support hepatocytes
function. A. Bright field images of 2-D culture after 7 days for EC co-cultured with
hepatocytes, hepatocytes alone, or liver ECs alone. B. Immunofluorence image of liver
ECs alone and them co-cultured with hepatocytes after 7 days. Hepatocytes were stained
with anti-cytokeratin. C. ELISA measurement of albumin production from rat
hepatocytes when cultured alone and co-cultured with heart, lung, liver and kidney ECs
after 7 days for two donor sets with four replicates in each donor.

Data information: data is presented as mean + SEM. *p<0.05, ** p<0.01, ***p<0.001,

#xxn<0.0001.
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