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Specification of endothelial cells (ECs) into arterial, venous, and lymphatic cells is a crucial process of vascular
development, and expanding our knowledge about EC specification from human pluripotent stem cells (hPSCs)
will aid the design of optimal strategies for producing desired types of ECs for therapies. In our prior studies, we
revealed that hPSC-derived VE-cadherin(V)+CD31+CD34+ ECs are heterogeneous and include at least three
major subsets with distinct hemogenic properties: V+CD43/235a-CD73- hemogenic endothelial progenitors
(HEPs), V+CD43loCD235a+73- angiogenic hematopoietic progenitors (AHPs), and V+CD43/235a-73+ non-
HEPs. In this study, using angiogenesis assays, we demonstrated that ECs within these subsets have distinct
endothelial colony- and tube-forming properties, proliferative and migratory properties, and endothelial nitric
oxide synthase and inflammatory cytokine production potentials. Culture of isolated subsets in arterial, venous,
and lymphatic conditions revealed that AHPs are skewed toward lymphatic, HEPs toward arterial, and non-
HEPs toward venous differentiation in vitro. These findings suggest that selection and enhancement of pro-
duction of a particular EC subset may aid in generating desirable EC populations with arterial, venous, or
lymphatic properties from hPSCs.
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Introduction

Endothelial cells (ECs) lining different vessels differ
in morphology, function, and gene expression. Vascular

endothelium consists of a dynamic and highly heterogeneous
population of cells that differ not only between various organ
beds but also exhibit functional and morphological differ-
ences within the same vascular compartment [1–3]. In vivo,
ECs perform important barrier functions by forming tight
continuous monolayers in organs as in the brain or discon-
tinuous layers in organs such as the kidney and bone marrow,
which require rapid exchange of fluids and cells [4,5]. EC
diversity is also reflected at the molecular level by vessel
size-specific, tissue-specific, and even disease-specific dif-
ferences [5–12].

During development, ECs emerge de novo from the me-
soderm to form a primary vascular plexus. Establishment of
arteriovenous fate during development is genetically deter-
mined, while blood flow is required for maintaining vascular
fate [13,14]. Specialization of the endothelium to arterial,
venous, hemogenic, and lymphatic subtypes is necessary to
fulfill diverse functions of the vasculature [15,16]. Human
pluripotent stem cells (hPSCs) offer the opportunity to study

endothelial development in a dish and produce ECs for
therapies. Although multiple protocols for EC generation
from PSCs have been established, little is known about EC
heterogeneity in hPSC cultures and their specification to-
ward arterial, venous, or lymphatic cells.

In our prior studies, we revealed that VE-cadherin(V)+-

CD31+CD34+ ECs are heterogeneous and include three
major subsets with distinct hematogenic properties: (i)
V+CD43/CD235a-73+ nonhemogenic endothelial progeni-
tors (non-HEPs) that have all of the functional and molec-
ular features of ECs, but do not produce blood cells; (ii)
V+CD43loCD235a+73- angiogenic hematopoietic progenitors
(AHPs) that possess primary hematopoietic characteristics and
FGF2 and hematopoietic cytokine-dependent colony-forming
potential in serum-free semisolid medium, but are capable
of generating ECs, and (iii) V+CD43/CD235a-CD73- hemo-
genic endothelial progenitors (HEPs) that have primary
endothelial characteristics and lack hematopoietic CFC po-
tential and surface markers, but are capable of generating
blood and ECs upon coculture with stromal cells or on a
matrix with hematopoietic cytokines [17].

In the present study, we assessed the endothelial progenitor
potential of these three subsets in vitro and in vivo and their
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capacity to support arterial, venous, or lymphatic properties
following culture in corresponding conditions in vitro. We
found that AHPs are skewed toward lymphatic, HEPs toward
arterial, and non-HEPs toward venous differentiation.

Materials and Methods

Maintenance and differentiation of human
embryonic stem cells

The hESC H1 and H9-EGFP human embryonic stem cell
(hESC) lines and fibroblast-derived iPSC line DF-19-9-7T
were obtained from WiCell Research Institute. The mouse
OP9 bone marrow stromal cell line was provided by Toru
Nakano (Osaka University, Japan). hPSCs were maintained
on irradiated mouse embryonic fibroblasts, as described
previously [18], and induced to differentiate in coculture
with OP9 stromal cells [19].

Cell sorting and culturing of endothelial subsets

V+ cells were isolated from day 5 hESC/OP9 cocultures
by positive MACS selection using the corresponding
FITC-conjugated antibodies and anti-FITC magnetic beads
(Miltenyi). MACS-enriched cells were stained with CD73-
PE and CD43 and CD235a-APC antibodies and sorted using
an FACSAria II cell sorter (BD Biosciences) to select EC
subsets. Sorted endothelial subsets were cultured on fibro-
nectin (5mg/mL)-coated plates in TGFb inhibitor (SB431542;
10mM) containing the endothelial cell medium (ECM; Sci-
enCell Technology). Media were refreshed every alternate
day and cells were passaged at day 4/5.

Single-cell assay

For single-cell assay, FACS was used to place one single
live EC/well of a 96-well, flat-bottom tissue culture plate
precoated with human fibronectin (5 mg/mL) containing
200mL of ECM with SB (10mM) and rock inhibitor. In-
dividual wells were examined under a fluorescence micro-
scope at 20 · magnification to ensure that only one cell had
been placed into each well. Cells were cultured at 37�C, 5%
CO2, in a humidified incubator. Media was changed every
4 days with fresh complete endothelial media. At day 14, each
well was examined for EC growth using VE-cadherin im-
munostaining and those wells in which two or more ECs were
identified under a fluorescence microscope at 20 · magnifi-
cation were scored as positive. To enumerate the number of
cells per well, we counted cells by visual inspection with a
fluorescence microscope at 20 · magnification [20].

In vivo Matrigel model

Animal protocol was approved by the School of Medi-
cine and Public Health Institutional Animal Care and Use
Committee at the University of Wisconsin, Madison. En-
dothelial subset spheroids (1,000 cells per spheroid) were
generated as previously described [21]. Cells were sus-
pended in culture medium containing 0.25% (w/v) meth-
ylcellulose and seeded on plastic dishes in a hanging drop
to allow overnight spheroid aggregation. All suspended
cells contribute to the formation of a single spheroid per
drop of defined size and cell number. The spheroids gen-

erated from 1 · 106 cells from each subset were harvested
and suspended in cold growth factor-reduced Matrigel (BD
Biosciences) and fibrinogen (2 mg/mL; CalBiochem) con-
taining 250 ng/mL vascular endothelial growth factor
(VEGF) and 250 ng/mL fibroblast growth factor (FGF). For
the in vivo Matrigel plug assay, 10-week-old NOD-SCID
mice were injected subcutaneously in the back with 0.5 mL
of Matrigel containing the cells after addition of thrombin
(0.4 U; CalBiochem) [22]. Seven days after injection, Ma-
trigel plugs were removed and processed for paraffin em-
bedding. Sections were rehydrated, followed by antigen
retrieval using citrate buffer. The sections were stained with
mouse anti-human CD31 (Thermo Scientific), mouse anti-
human CD43 (Santa Cruz Biotechnology), and mouse anti-
human CD45 (E-Biosciences) antibodies. The sections were
developed using the HRP/DAB (ABC) IHC detection kit
(Abcam). For sections stained with CD45, vina green sub-
strate (Biocare Medical) was used. Slides were then coun-
terstained with hematoxylin, dehydrated, cleared, and
mounted. The number of total blood vessels and CD43- and
CD45-positive cell clusters were manually counted using a
Nikon Microphot SA microscope.

Analysis of arterial, venous, and lymphatic
endothelial potential

For arterial specification, the FACS-isolated EC subsets
were cultured on plates coated with fibronectin (5mg/mL)
and Jagged-1/Fc chimera (1 mg/mL) in endothelial medium
(Science Cell Technology) containing 100 ng/mL VEGFA
and 0.5 mM 8-Br-cAMP [23]. For venous specification, EC
subsets were cultured on fibronectin-coated plates in endo-
thelial medium containing 10 ng/mL VEGFA and 1mM of
g- secretase inhibitor [24]. For lymphatic specification, EC
subsets were cultured on fibronectin-coated plates in endo-
thelial medium and OP9-conditioned medium containing
100 ng/mL VEGFC and 100 ng/mL Ang-1 [25]. Cells were
incubated at 37�C and 5% CO2 for 14 days before har-
vesting for immunostaining and RNA isolation.

Immunofluorescent staining

For immunofluorescent staining, samples were fixed with
4% paraformaldehyde at 20�C and permeabilized with 0.1%
Triton X-100. Blocking solution consisted of PBS, 1% bo-
vine serum albumin, and 5% goat serum. Primary antibodies
were diluted in blocking solution and applied overnight at
4�C. The primary antibodies used were VE-cadherin (BD
Biosciences), NOTCH1 (Cell Signaling Technology), COUP-
TFII (Perseus Proteomics), PROX1 (ReliaTech GmbH), and
endothelial nitric oxide synthase (eNOS; BD Biosciences).
After incubation, nonspecific binding was washed with a
solution of PBS and 0.1% Tween 20. Secondary antibody at
a dilution of 1:1,000 in PBS was applied for 1 h at RT.
Nonadherent antibody was washed with PBS and 0.1%
Tween 20, after which samples were mounted using DAPI
(Vector Laboratories) as a nuclear marker. For controls,
cells were labeled with unspecific immunoglobulins (Santa
Cruz Biotechnology), followed by incubation with the
secondary antibody. The immunolabeled cells were ex-
amined using the Nikon Eclipse Ti-E confocal system
(Nikon Instruments, Inc.).
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Tube formation assay

For tube formation assay, endothelial subsets (3 · 104/
well of a 24-well plate) were seeded on presolidified Ma-
trigelTM (BD Bioscience) in EGM-2 media (PromoCell)
containing 20 ng/mL VEGF. The cells were incubated for
24 h at 37�C, 5% CO2, in a humidified atmosphere. The
vascular network was photographed at indicated time points
using a Nikon Eclipse Ti-E configured with an A1R con-
focal system (Nikon Instruments, Inc.) and quantified using
Wimasis tube analysis software (Wimasis Gmbh).

Endothelial sprouting assay

Endothelial subsets of spheroids (1,000 cells per spher-
oid) were generated and embedded into fibrin gels. In brief,
40 EC spheroids per gel were harvested and resuspended in

460 mL of endothelial basal medium (ECGM; PromoCell),
20 mL · 10 medium-199 (Thermoscientific), and 25 mL of
fibrinogen (50 mg/mL; CalBiochem). After resuspension,
5 mL of thrombin (50 U/mL; CalBiochem) was added to
start polymerization of the gel. The spheroid-containing
gel was rapidly transferred into prewarmed 24-well plates
and allowed to polymerize for 30 min at 37�C. Thereafter,
the gels were overlaid with the ECGM containing 10%
FCS medium and supplemented with recombinant VEGF
(25 ng/mL) and bFGF (25 ng/mL). The gels were incubated for
48 h at 37�C in 5% CO2 at 100% humidity. For quantitative
analysis of in-gel angiogenesis, the cumulative length of all
capillary-like sprouts originating from the central plain of an
individual spheroid was measured. Five spheroids per experi-
mental group were analyzed. Mean values and standard de-
viations are shown.

FIG. 1. Characterization of
V+ EC subsets. (A) Schematic
representation of isolation of
V+ endothelial subsets from
hESCs after 5 days of cocul-
ture on OP9. (B) Phenotype
and functionality of endothe-
lial subsets studied by im-
munostaining, AcLDL uptake,
tube formation, and sprouting.
(C) Length of the tubes
formed by each subset was
measured using Wimasis SS
software. (D) Sprout length of
each subset was measured
manually using the micro-
scope. (E) Quantitation of the
clonogenic and proliferative
potential at the single-cell le-
vel in studied EC subsets. The
percentage of single ECs un-
dergoing at least 1 cell divi-
sion after 14 days of culture is
shown. (F) Number of cell
progeny derived from a single
EC in an individual well after
14 days of culture. Results
represent the average– SEM
of three independent experi-
ments. *P < 0.05 by Student
paired t test. Scale bar repre-
sents 100mm. AcLDL, acety-
lated low-density lipoprotein;
EC, endothelial cell; hESC,
human embryonic stem cell.
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Wound healing assay

V+ ECs isolated from H9-EGFP ESCs were cultured on
fibronectin-coated plates in TGFb inhibitor containing ECM.
The confluent monolayer of cells was scratched using a pipette
tip and detached cells were aspirated and rinsed with PBS.
Cell migration of EGFP cells was monitored under the Nikon
Eclipse Ti-E confocal microscope at 0, 12, 24, and 48 h.

Monocytic adhesion assay

The three subsets were cultured in arterial, venous,
and lymphatic conditions on fibronectin-coated plates for
14 days. On day 14, cells were washed and incubated for 4 h
with or without recombinant IL-1b (Peprotech). H9- GFP
ES cells were differentiated to generate monocytes, as pre-
viously described [26]; 5 · 106 GFP monocytes were added
to each well of endothelial culture and incubated for 10 min

with gentle agitation. Unattached monocytes were removed
by rinsing with medium three times before cultures were
fixed in 4% PFA, followed by CD31 staining. The remain-
ing attached monocytes were counted and normalized by the
area of each individual endothelial sheet using ImageJ
software (arbitrary unit).

RNA extraction and quantitative RT-PCR

RNA was extracted with the Illustra RNAspin mini RNA
isolation kit (GE Healthcare) and reverse transcribed using the
Advantage RT-for-PCR kit (Clontech). Quantitative RT-PCR
analysis was performed for all cDNA samples using speci-
fic primers and Power SYBR Green PCR master mix (Life
Technologies). PCR was performed using the Mastercycler
realplex thermal cycler (Eppendorf), and expression levels
were calculated by minimal cycle threshold values (Ct) nor-
malized to GAPDH. In some cases, the gene expression was

FIG. 2. Day 5 V+ ECs pos-
sess functional properties. (A)
Day 5 subsets were either not
treated or treated with sim-
vastatin for 24 h, RNA was
isolated, cDNA transcribed,
and expression of NOS3 was
studied by qRT-PCR. Left
graph shows relative expres-
sion and right graph presents
fold change in the expression
of NOS3 in treated cells
compared with the untreated.
(B) Day 5 subsets treated with
simvastatin for 24 h were im-
munostained for eNOS. Scale
bar represents 50mm. (C)
Confluent monolayers of ECs
derived from three V+ ECs
generated from H9- EGFP
hESCs were scratched using a
pipette tip and migration of
the cells was monitored for 0,
12, 24, and 48 h. Scale bar
represents 100mm. (D) Day 5
subsets were either not trea-
ted or treated with TNFa and
INFg for 24 h, and expres-
sion of IL8, CCL2, CCL5,
and CXCL10 was studied by
qRT-PCR. Results represent
the average – SEM of three
independent experiments.
*P < 0.05 by Student t test.
eNOS, endothelial nitric
oxide synthase.
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presented as fold changes compared with the untreated sam-
ples. Primer sequences are listed in Supplementary Table S1
(Supplementary Data are available online at www.liebertpub
.com/scd).

Statistical analysis

Values were analyzed for statistical significance using an
unpaired Student t-test. Statistical significance was defined
when P < 0.05.

Results

Characterization of functionally distinct
ECs from V

+
cells

To assess endothelial properties of VE-cadherin+ cell
subsets identified in our prior studies [17], we differenti-
ated hESCs in the OP9 coculture system for 5 days [27,28]
and isolated all three major cell subsets, as demonstrated in
Fig. 1A and B. When cultured on fibronectin in standard
EC culture medium, all 3-day 5 V+ subsets (HEPs, AHPs,
and non-HEPs) formed a monolayer of adherent cells with
endothelial morphology, which were capable of uptaking
acetylated low-density lipoprotein (AcLDL), indicative of
endothelial function (Fig. 1B). However, the studied cell
subsets demonstrated some differences in Matrigel tube for-
mation assay. The mean tube lengths (Fig. 1C) and sprouting
lengths (Fig. 1D) formed by AHPs and HEPs were not dif-
ferent, while tubes and sprouts formed by non-HEPs were
significantly shorter. To confirm the reproducibility of the
obtained result, we performed similar studies in fibroblast-

derived iPSCs. Similar to hESCs, all three V+ subsets from
hiPSCs generated endothelium with the capacity to form
tubes, with the highest tube length observed in AHPs (Sup-
plementary Fig. S1A, B).

To determine the frequency of endothelial progenitors and
their proliferative potential within each subset, we conducted
a single-cell deposition assay using FACS (Fig. 1E). Re-
markably, the percentage of single cells undergoing at least
1 cell division was higher for HEP and non-HEP ECs
compared with AHPs (Fig. 1E). More than 50% of the single
EC subsets that divided gave rise to small colonies or clusters
ranging from 5 to 100 cells each (Fig. 1F). Approximately
20% of single ECs within HEP and non-HEP populations did
form colonies containing more than 100 cells, but no colonies
of more than 100 cells were observed in AHP ECs. In ad-
dition, the number of small colonies (0–5 cells) was higher in
the AHP population compared with HEP and non-HEP ECs
(Fig. 1F). Thus, our single-cell studies demonstrated that
different subsets of ESC-derived ECs have distinct endothe-
lial, proliferative, and clonogenic potentials in addition to
differences in their ability to form blood identified in our
prior studies.

Nitric oxide production is a known characteristic of ECs.
To further elucidate endothelial properties of the three V+

subsets, we studied eNOS (or NOS3) production in response
to simvastatin, an HMG-CoA reductase inhibitor known to
upregulate eNOS. These studies revealed the highest basal
level NOS3 production in non-HEPs (Fig. 2A). Although
treatment with 10mM of simvastatin for 24 h increased NOS3
mRNA levels in all subsets, the response to simvastatin was
more pronounced in AHPs and HEPs as determined by the

FIG. 3. In vivo assessment
of hESC-derived EC subsets.
(A) Schematic representation
of the in vivo studies. En-
dothelial spheroids were
mixed with VEGF and FGF
and injected subcutaneously
into mice along with Ma-
trigel, fibrin, and thrombin.
(B) Histochemical represen-
tation of microvessels and
cell aggregates formed by
hESC-derived day 5 EC
subsets in vivo. The paraffin
sections were stained for
hCD31, hCD43, and hCD45
antibodies. (C) The numbers
of CD31-positive microvessels
and CD43- and CD45-positive
cell clusters were counted
manually. Scale bar represents
500mm. *P < 0.05 by Student
paired t test. VEGF, vascular
endothelial growth factor;
FGF, fibroblast growth factor.
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FIG. 4. V+ day 5 EC subsets have distinct arterial, venous, and lymphatic fates. (A) Schematic representation of culture
conditions of the V+ ECs favoring arterial, venous, and lymphatic specification. (B, C, D) Day 5 subsets in the arterial,
venous, and lymphatic conditions were immunostained for VE-cadherin, NOTCH-1, COUP-TFII, and PROX-1. In addition,
arterial, venous, and lymphatic markers were analyzed by qPCR. Scale bar represents 100 mm for phase-contrast images and
50 mm for immunofluorescence images. Results represent the average – SEM of three independent experiments. *P < 0.05 by
Student paired t test.
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ratio of NOS3 expression in the presence versus absence of
simvastatin (Fig. 2A). NOS3 expression following simvastatin
treatment was confirmed by immunofluorescence (Fig. 2B).

We also assessed if the three EC subsets performed dif-
ferently in a wound healing assay using H9- EGFP cells for
better visualization of cell migration in the scratched area. Of
the three subsets, the HEP and non-HEP subsets were able to
fill up the scratched area in 48 h (Fig. 2C), while AHPs
demonstrated delayed migration and healing of the scratched
area. Another essential feature of ECs is response to inflam-

matory stimuli. To study this property, we treated the three
subsets with TNFa and INFg for 24 h and analyzed the
mRNA expression of IL8, CCL2/MCP-1, CCL5/RANTES, and
CXCL10/IP10 proinflammatory cytokines. These studies re-
vealed that all three EC subsets respond to TNFa and INFg by
upregulating expression of inflammatory cytokines. However,
we noted that AHPs tended to produce lower amounts of
RANTES and IP10 and higher amounts of IL8 and MCP1
mRNAs, while non-HEPs typically produced lower levels of
IL8 and higher levels of IP10 mRNAs (Fig. 2D).

FIG. 6. Schematic summary of the
arterial, venous, and lymphatic differ-
entiation potential of V+ EC subsets.

FIG. 5. Day 5 endothelial
subsets have monocytic ad-
hesiveness in response to
inflammatory stimuli. (A) H9-
GFP ESCs were differentiated
in OP9 coculture for 9 days,
the myeloid progenitors were
expanded for 2 days and cul-
tured in monocyte-inducing
conditions for 7 days. The
presence of monocytic cells
was confirmed by flow cyto-
metry. (B) Endothelial sheets
were stimulated in the pres-
ence of IL-1b for 4 h and GFP
monocytes were allowed to
adhere. An image of mono-
cytes adhered to endothelial
sheets was taken. (C) The
number of monocytes attached
to the endothelial sheets was
counted. Scale bar represents
100mm. Results represent the
average – SEM of three inde-
pendent experiments. *P <
0.05 by Student paired t test.
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Transplantation of day 5 EC subsets results
in formation of microvessels

After studying the in vitro potential of day 5 EC subsets,
we investigated whether these ECs have the potential to
form microvessels upon transplantation into a mouse model.
EC subsets as spheroids were generated using methylcellu-
lose, suspended in Matrigel, fibrin, and thrombin along with
VEGF and FGF, and injected subcutaneously into the mice
(Fig. 3A). The plug was harvested after 7 days and paraffin
sections were stained with hCD31, hCD43, and hCD45. The
antibodies used did not cross-react with the mouse. Matrigel
plugs implanted with all 3 subsets showed the presence of
microvessels within the matrix, which stained positive for
human CD31 antibody, indicative of their human origin
(Fig. 3B). Interestingly, HEPs and AHPs also showed the
presence of human CD45- and CD43-positive clusters,
which were not seen in the non-HEP subset (Fig. 3B).
Clusters from each subset were counted manually using the
Nikon Microphot SA microscope. The HEP subset showed
the highest number of clusters that stained positive with
hCD45 or hCD43 antibodies (Fig. 3C). These findings are
consistent with our prior studies that demonstrated the he-
mogenic potential of CD73- EC subsets in vitro.

PSC-derived endothelial subpopulations
are skewed toward distinct arterial,
venous, and lymphatic fates

To determine whether different V+ EC subsets are able to
differentiate into distinct vascular lineages, we cultured
FACS-sorted cells in arterial, venous, and lymphatic culture
conditions for 14 days (Fig. 4A). qPCR analysis of arterial,
venous, and lymphatic marker expression of freshly sorted
EC subsets revealed expression of both venous and arterial
markers, although AHPs demonstrated lower levels of these
markers (Supplementary Fig. S2A). However, in arterial
cultures, only HEP subsets showed simultaneous upregulation
of NOTCH1, HEY2, EFNB2, and DLL4 arterial markers, as
determined by immunofluorescence and qPCR (Fig. 4B). In
the venous condition, the non-HEP subset displayed a higher
affinity toward venous lineage as seen by positive staining for
COUP-TFII. Expression levels of COUP-TFII and EFNB4
genes were also higher in this subset compared with the other
two subsets (Fig. 4C). Of the three subsets that were cultured
in lymphatic conditions, only the AHP subset showed dis-
tinct lymphatic features, as evidenced by positive PROX-1
staining and greater expression of PROX-1, LYVE-1, and

VEGFR3 lymphatic markers by qPCR (Fig. 4D). Similar
results were seen using V+ ECs from fibroblast-derived iPSCs
(Supplementary Fig. S2B).

Monocytic adhesiveness in response to inflammatory
stimuli is a characteristic of the venous endothelium. We took
advantage of this property to confirm that ECs with arterial or
venous phenotype possessed corresponding functional prop-
erties. The arterial, venous, and lymphatic endothelial cul-
tures were generated from three EC subsets, as described
above, and incubated with IL-1b for 4 h. Subsequently, H-9
eGFP-derived monocytes (Fig. 5A) were added to the cul-
tures and incubated for 10 min. Unattached cells were rinsed
off using PBS. As seen in Fig. 5B and C, only cells cultured
in venous conditions showed distinct monocyte adhesion.
Importantly, monocyte adhesion was the most pronounced in
venous cultures of non-HEPs, confirming that this subset
skewed toward venous differentiation.

Discussion

During development, ECs emerge de novo from the me-
soderm to form a primary vascular plexus. Further special-
ization of the endothelium to arterial, venous, hemogenic,
and lymphatic subtypes is necessary to fulfill diverse func-
tions of the vasculature [15,16]. Knowledge about various
molecular pathways involved in the specification to various
endothelial lineages has become extremely important, not
only in the context of development but also in understanding
diseases of arteries or veins specifically [29–31].

In our previous studies, we have shown that ECs can be
derived from hESCs by coculturing with an OP9 feeder
layer [17]. The emerging ECs generated on day 5 of dif-
ferentiation can be identified by the expression of VE-
cadherin and CD31 and further separated into subsets based
on the presence or absence of CD73 and CD43/235a ex-
pression. We also have shown that these subsets have dis-
tinct blood-forming potential.

In the present studies, we investigated whether the identi-
fied EC subsets possess distinct endothelial properties. We
have found that each subset of emerging V+CD31+ ECs differs
in frequency of clonogenic progenitors and their proliferative
potential, wound healing capacity, eNOS, and inflammatory
cytokine production. Importantly, we revealed that different
V+CD31+ subsets also have different capacities to support
arterial, venous, and lymphatic properties when cultured in
corresponding conditions. Specification to various lineages
occurs very early in development and is influenced by
NOTCH signaling activation [32–34]. Several studies have

Table 1. Phenotypic Features and Characteristics of Subsets

Cell feature AHP HEP Non-HEP

Endothelial type Lymphatic Arterial Venous
Clonogenic potential Low High High
Tube length Long Long Short
Sprout length Long Long Short
NOS3 in response to simvastatin High High Low
Wound healing Slow in migration Fills up in 48 h Fills up in 48 h
CD43/CD45+ve clusters in vivo + ++ -
Differentiation potential Hematoendothelial Hematoendothelial Endothelial

AHP, angiogenic hematopoietic progenitor; HEP, hemogenic endothelial progenitor.
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shown that expression of arterial markers such as EFNB2,
DLL4, NOTCH1, and NOTCH4 has been upregulated in
response to higher concentrations of VEGF, while lower
concentrations led to venous identity [23,24,35,36]. In our
system too, we found that high concentration of VEGF in
the presence of Jagged-1 and cAMP significantly increased
the expression of arterial genes. However, this effect was
seen specifically in the HEP subset. Similarly, inhibiting the
Notch pathway using g-secretase inhibitor and lowering the
concentration of VEGF led to a venous phenotype, pre-
dominantly in the non-HEP subset.

The lymphatic system plays a crucial role in both normal
and pathological conditions of the body [37,38]. Consider-
able research has been accomplished that provides insights
into lymphatic specification and growth [39]. Similar to
blood cells emerging from the hemogenic endothelium,
lymphatic endothelial cells bud from a subset of ECs in the
cardinal vein. The process of lymphatic cell budding is
regulated by the master regulator PROX-1 [40–42]. In our
system, we found that the AHP subset in the presence of
VEGF-C and Ang-1 skewed toward a lymphatic phenotype
by upregulating the expression of PROX1, LYVE1, and
VEGFR3. As we revealed in prior studies [17], AHP cells,
in contrast to other V+CD31+ subsets, have a predominantly
round morphology consistent with budding cells, which
could represent blood cells or budding lymphatic endothelial
progenitors. As we found in previous studies, differentiation
potential of non-HEPs is restricted to ECs, while HEP and
AHP cells possess at least bipotential cell properties and
have the capacity to form both endothelial and blood cells.
At the moment, it remains unclear whether blood and en-
dothelial potential of these subsets could be related to the
heterogeneity within each subset due to the presence of
distinct hemogenic and nonhemogenic ECs or if each subset
contains bipotential hematoendothelial progenitors that can
undergo endothelial or hematopoietic differentiation de-
pending on specific environmental signaling. Our studies
using single-cell sorting have revealed the presence of bi-
potential hematoendothelial progenitors within the HEP
population. However, no such progenitors were detected
following NOTCH activation in single-cell cultures on OP9-
DLL4. In contrast, NOTCH inhibition with DAPT increased
the frequency of bipotential cells, thus suggesting the exis-
tence of bipotential hematoendothelial cells whose fate can
be determined by environmental signaling.

Overall, EC subsets derived from hPSCs have distinct
characteristics and have the capacity to incline to arterial,
venous, or lymphatic phenotypes (Fig. 6 and Table 1). These
findings suggest that strategies to enhance production and
selection of a particular EC subset may aid in generating
desirable EC populations with arterial, venous, or lymphatic
properties. In addition, functional heterogeneity within
hPSC-derived ECs should be explored for selecting optimal
EC populations to be used for therapeutic angiogenesis and
in vitro vascularization of engineered organs in appropriate
clinical settings.
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