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The microvasculature is principally composed of two cell types: endothelium and mural support cells. Multiple
sources are available for human endothelial cells (ECs) but sources for human microvascular mural cells (MCs)
are limited. We derived multipotent mesenchymal progenitor cells from human embryonic stem cells (hES-MC)
that can function as an MC and stabilize human EC networks in three-dimensional (3D) collagen-fibronectin
culture by paracrine mechanisms. Here, we have investigated the basis for hES-MC-mediated stabilization and
identified the pleiotropic growth factor hepatocyte growth factor/scatter factor (HGF/SF) as a putative hES-MC-
derived regulator of EC network stabilization in 3D in vitro culture. Pharmacological inhibition of the HGF
receptor (Met) (1 mm SU11274) inhibits EC network formation in the presence of hES-MC. hES-MC produce and
release HGF while human umbilical vein endothelial cells (HUVEC) do not. When HUVEC are cultured alone
the networks collapse, but in the presence of recombinant human HGF or conditioned media from human HGF-
transduced cells significantly more networks persist. In addition, HUVEC transduced to constitutively express
human HGF also form stable networks by autocrine mechanisms. By enzyme-linked immunosorbent assay, the
coculture media were enriched in both angiopoietin-1 (Ang1) and angiopoietin-2 (Ang2), but at significantly
different levels (Ang1 = 159 – 15 pg/mL vs. Ang2 = 30,867 – 2685 pg/mL) contributed by hES-MC and HUVEC,
respectively. Although the coculture cells formed stabile network architectures, their morphology suggests the
assembly of an immature plexus. When HUVEC and hES-MC were implanted subcutaneously in immune
compromised Rag1 mice, hES-MC increased their contact with HUVEC along the axis of the vessel. This data
suggests that HUVEC and hES-MC form an immature plexus mediated in part by HGF and angiopoietins that is
capable of maturation under the correct environmental conditions (e.g., in vivo). Therefore, hES-MC can function
as microvascular MCs and may be a useful cell source for testing EC–MC interactions.

Introduction

The microvasculature is principally composed of two
cells: the endothelium (endothelial cell [EC]) that provi-

des the perfusion conduit and mural cells (MCs) (i.e., peri-
cytes) that provide the structural support.1 A large body of
work has examined the formation of the vasculature from
early developmental sources (for reviews see 2,3) and shown
that the endothelium originates from the mesodermal germ
layer.4–6 However, vascular MCs (i.e., smooth muscle and
pericytes) have multiple developmental origins (for reviews
see7,8). MCs of the cranial vasculature and cardiac outlet tract
originate from neural crest9,10 and coronary MCs derive from
proepicardium11,12 while most other MCs are of mesoderm

origin.13,14 Smooth muscle cells are easily identifiable as they
form concentric layers surrounding arteries and veins15

while expressing multiple contractile proteins, such as
a-smooth muscle actin, smooth muscle-myosin heavy chain,
smooth muscle-22a, and calponin.13,16,17 In contrast, peri-
cytes of the microvasculature have historically been identified
by position on the vessel18,19 as protein marker expression is
species, developmental stage, and vascular bed dependent.20

In vitro, cells commonly used to model pericytes are trans-
formed mouse embryonic mesenchymal cells (10T1/2)21 and
perivascular cells isolated from the brain or retina.22,23 Al-
though perivascular cells have been derived from mouse and
human embryonic stem cells, most vascular characterization
has focused on functioning as smooth muscle (e.g., arterial)
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rather than at the microvascular level.24,25 An additional in-
teresting characteristic of microvascular MCs described in the
literature for over 40 years26–30 is their phenotypic plasticity
allowing them to differentiate along multiple lineages similar
to adult mesenchymal stem cells (MSCs).31,32 Recently, it was
proposed that some portion of perivascular cells may be the
source of MSCs.33

A stable microvasculature is required to maintain ho-
meostasis in native tissue and is an essential technical hurdle
for the engineering of clinically relevant-sized organ re-
placements.34 Although immature vascular networks can
form from EC alone, they tend to be leaky, unstable, and
prone to regression.35,36 Microvascular maturation requires
the interaction between EC and MC for the assembling
vasculature to progress to the mature state capable of pro-
viding for a tissue’s metabolic needs.37 Several mechanisms
have been identified as mediating stages of microvascular
assembly, such as platelet-derived growth factor (PDGF)-B,37

transforming growth factor (TGF)b,38,39 and angiopoietin-
1/ - 2 (Ang1, Ang2),40–42 yet it is unclear how EC and MC
interact to form stable architectures. One of the difficulties of
investigating EC–MC interactions is a lack of mural pro-
genitor cells of human origin that can undergo the different
stages of assembly from recruitment to mature integration.35

We have used human embryonic stem cells (hESC) to derive
multipotent mesenchymal cells (hES-MC) that we have
shown are myogenic, osteogenic, and chondrogenic,43 are
responsive to PDGF-B and TGFb1 signaling, and stabilize EC
networks in three-dimensional (3D) collagen-fibronectin (Fn)
gels by both paracrine and direct heterotypic contact.44 Be-
cause these cells demonstrated multiple functional charac-
teristics of microvascular MCs, we hypothesized that they
may be MC precursors.

To test this hypothesis we further investigated the ability
of hES-MC to interact with and stabilize EC networks. In this
study we show that hES-MC and ECs form immature vas-
cular plexus-like networks that (1) are stabilized by hepato-
cyte growth factor/scatter factor (HGF/SF), (2) differentially
express Ang1 and Ang2, and (3) hES-MC integrate into EC
networks in vivo similar to native MCs.

Materials and Methods

Reagents

Antibodies. Antibodies were purchased from the fol-
lowing sources: CD146 (550315; BD Biosciences), Cx43
(SAB4501174; Sigma), Tie2-Fc (313-TI) and IgG-Fc (110-
HGm) from R&D Systems, NG2 (AB5320) and Met (05–1049)
from Millipore, Akt (9272) and Phospho-Akt (4058) from Cell
Signaling Technology, and EphrinB2 (SC-1010) and IgG2b

isotype control (SC-3879) from Santa Cruz Biotechnology.
UEA1-Fluorescein (FL-1061) was purchased from Vector
Laboratories. Growth Factors: hHGF (294-HG), mHGF (2207-
HG), Ang1 (923-AN), VEGF (293-VE), and bFGF (233-FB)
were purchased from R&D Systems. Inhibitors: Met inhibitor
SU11274 (4101) was purchased from Tocris Bioscience. PI3K
inhibitors Wortmannin (681675) and LY294002 (440202) were
purchased from EMD Chemicals/Calbiochem. ELISA: HGF
(DHG00), Ang1 (DANG10), and Ang2 (DANG20) ELISA
Quantikine kits were purchased from R&D Systems. Re-
agents: All reagents were purchased from Sigma-Aldrich
unless noted otherwise.

Cell culture

hES-MC were derived from H9 (WiCell) hESC and sub-
sequently cultured in EGM2-MV (Lonza) as described previ-
ously.43 Human umbilical vein endothelial cells (HUVEC)
were purchased commercially and cultured in EGM2-MV
(Lonza). HepG2 were a kind gift of Dr. Steven Stice of the
Animal and Dairy Science Department at the University of
Georgia. HepG2 were cultured in DMEM high glucose, 10%
FBS (Hyclone-Thermo Fisher), 1 · pen/strep, and 1 · L-gluta-
mine (Invitrogen). Cells were cultured at 37�C in 5% CO2.

3D collagen-Fn constructs and experimental media

For all in vitro experiments, HUVEC alone or in coculture
with hES-MC were cultured in experimental media (EM)
consisting of DMEM/F12, 1 · pen/strep, 1 · L-glutamine
(Invitrogen), 1mM insulin, 5mg/mL transferrin, 0.2 mM
ascorbate (Sigma-Aldrich), 40 ng/mL VEGF, and 40 ng/mL
bFGF.44 For in vitro network formation assays, HUVEC
alone or HUVEC with hES-MC were seeded into 1.5 mg/
mL rat tail collagen I (BD Biosciences) with 90mg/mL fi-
bronectin (Sigma-Aldrich) at a concentration per mL of
106:0.2 · 106 (EC:hES-MC). Two hundred microliters of cell-
gel solution was transferred per well of a 48-well plate (BD
Falcon) and polymerized at 37�C for 30 min and then EM
was added.

Viral vectors and transduction

For stable expression of GFP, hES-MC were transduced
with pBMN-I-GFP retrovirus (Addgene plasmid 1736; Gary
Nolan Lab) as described previously.44 HUVEC were stably
transduced with DsRed-Express pMXs retrovirus (Addgene
plasmid 22724; Toshio Kitamura Lab)45 as described previ-
ously.44 HepG2 or HUVEC were stably transduced with
pBABE-puro-Empty control (Addgene plasmid 1764; Wein-
berg Lab46) or pBABE-puro-HGF (Addgene plasmid 10901;
Weinberg Lab47). Viral particles were generated using
Phoenix ampho-packaging cells (Orbigen) as previously
described.44 The pBABE-puro vector backbone contains a
puromycin antibiotic-resistant gene cassette allowing non-
transduced cells to be killed off by the addition of puromycin
to the culture. Because cell lines have different tolerances to
puromycin, we determined the concentration to use for se-
lection on HepG2 and HUVEC by performing a puromycin
dose curve from 0 to 10mg/mL on nontransduced cells. The
lowest puromycin concentration that killed 100% of the
nontransduced cells within 3 days was selected (10 mg/mL
and 1mg/mL of puromycin [Invitrogen] for HepG2 and
HUVEC, respectively). All recombinant DNA work was
approved by the University of Louisville Institutional Bio-
safety Committee.

Flow cytometry

HUVEC or hES-MC were incubated with Accutase (In-
novative Cell Technologies), a nonenzymatic dissociation
buffer, followed by three successive incubations on ice for
30 min each of 5% normal goat serum (Fisher Scientific), anti-
Met or IgG2b isotype control antibody, and goat anti-mouse
PE or goat anti-rabbit PE secondary antibody. Cells were
quantified on a BD FACScaliber with CellQuest Pro software
(BD Biosciences).
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Quantitative real-time polymerase chain reaction

Samples were processed for total RNA isolation using
Qiagen Qiashredder and RNeasy kit according to the man-
ufacturer’s instructions (Qiagen). cDNA was generated using
AfinityScript QPCR per the manufacturer’s instructions
(Agilent Technologies). Each sample was processed with and
without reverse transcriptase (RT). Quantitative RT–poly-
merase chain reaction (PCR) was performed on each sample
for expression of human HGF (forward: 5¢-CAGCGTTGGG
ATTCTCAGTAT-3¢, reverse: 5¢-CCTATGTTTGTTCGTGTT
GGA-3¢) and ACT-b loading control (forward: CTGTGGC
ATCCACGAAACTA, reverse: AGTACTTGCGCTCAGGA
GGA) using a Corbett Rotor Gene 6000. Samples were
quantified by Comparative CT48 and normalized to HGF
transduced cells.

Fluorescence microscopy

For fluorescence microscopy, HUVEC were treated with
UEA1-fluorescein (Vector Labs) or transduced with DsRed
while hES-MC were stably transduced to express GFP as
described earlier. The cells were fixed with 4% PFA (Electron
Microscopy Sciences) for 10 min, they were washed with
phosphate-buffered saline (PBS), and images were acquired
on an Olympus IX71 inverted fluorescence microscope
(Olympus). Confocal image stacks of construct implants
were obtained using sequential channel acquisition for GFP
and DsRed with 1mm step size at 40 · magnification using
an Olympus BX61SWI laser scanning confocal microscope
controlled by FluoView software (Olympus).

Trans-well migration assay

Trans-well inserts with 8-mm pore size (BD Biosciences)
were coated with 50mg/cm2 of fibronectin (Sigma-Aldrich)
and incubated for 2 h at 37�C and then coated with 0.1%
gelatin (Sigma-Aldrich) for an additional 2 h at 37�C before
plating HUVEC at 3.3 · 105/cm2 in a base media of DMEM/
F12 with 0.5% FBS (Invitrogen).49 HUVEC were subjected to
the following conditions for 12 h: negative control (base media
only), base media with Ang1 (50 ng/mL), Ang1 with Tie2-Fc
(20mg/mL), or Ang1 with IgG-Fc (20mg/mL). The transwell
membrane was fixed in 4% PFA for 10 min; the inside of the
well was swabbed with a Q-tip and rinsed twice with PBS and
then incubated in 1mg/mL DAPI (4¢,6-diamidino-2¢-pheny-
lindole, dihydrochloride; Thermo-Scientific). The membrane
was cut from the well and placed on a glass slide, treated with
anti-fade mounting media Prolong Gold (Invitrogen), and
covered with a glass slip. Ten random fields were taken from
each condition; nuclei were counted and quantified.

Conditioned media experiments

For conditioned media experiments, hES-MC or trans-
duced HepG2 (pBABE-puro-Empty or pBABE-puro-HGF;
see ‘‘Viral vectors and transduction’’ section) were plated
into 48-well tissue culture plates at 2 · 105/well for each day
of the experiment (i.e., 5 wells/cell line for experiments
lasting 5 days). Twenty-four hours after plating, a well was
washed 2 · with PBS and 200mL of EM was added. Negative
control wells did not contain cells but had an equivalent
volume of EM added for the same time period. Fresh con-
ditioned media or negative control was added to the HUVEC

experimental wells daily. For Tie2 experiment, CM from one
well of hES-MC was divided into half with one sample in-
cubated with IgG-Fc and the other with Tie2-Fc at 20mg/mL
(R&D Systems). CM samples and non-CM negative control
were incubated at 37�C for 30 min before adding to HUVEC.
For HepG2 – HGF CM, the experiment was performed as
just described, but CM was generated from HepG2-Empty,
HepG2-HGF, and non-CM (i.e., no cells but incubated in
same tissue culture plate for 24 h). Fluorescence images of
HUVEC-DsRed were acquired daily with quantification of
networks performed on last day of experiment (i.e., day 7).
Human HGF protein expression from hES-MC, and trans-
duced HUVEC and HepG2 was performed using human
HGF Quantikine Kit per the manufacturer’s directions. Ang1
and Ang2 enzyme-linked immunosorbent assay (ELISA) was
performed by collecting nonconditioned EM or EM condi-
tioned from HUVEC/hES-MC coculture, HUVEC alone, or
hES-MC alone in 3D collagen-Fn and assayed with the
Quantikine kit per the manufacturer’s instructions.

Inhibitor studies

Cytotoxicity (Cytotox-Fluor Assay; Promega), inhibitor
dose, and equivalent maximum dimethyl sulfoxide (DMSO)
volume controls were performed to determine the minimum
inhibitor concentration to use. Cultures of HUVEC with
hES-MC were treated with inhibitors at the noted concen-
tration or an equivalent volume of DMSO at the begin-
ning of the experiment (i.e., when media are added to the
polymerized construct). Quantification of networks was
performed as described in ‘‘Mono- and coculture network
analysis’’ section. To test downstream Akt inhibition by
Wortmannin and LY294002, HUVEC were serum starved for
4 h in DMEM/F12 with 0.5% FBS and then pretreated for
30 min with 10mM Wortmannin, 50mM LY294002, or DMSO
negative control. Human HGF was added to the culture for
30 min and then samples were prepared for western blot for
Phospho-Akt and Akt as described previously.44

HGF rescue of HUVEC networks

HUVEC alone were added to collagen-Fn gels and al-
lowed to polymerize as described. EM was added without
HGF (negative control) or with increasing doses of human or
mouse HGF. Experiments lasted 7 days and networks were
quantified as described in ‘‘Mono- and coculture network
analysis’’ section.

HUVEC HGF autocrine regulation of network formation

HUVEC transduced and puromycin selected for expres-
sion of empty or HGF were placed into collagen-Fn gels as
described and cultured for 7 days in EM. At the end of each
experiment, networks were quantified as described in
‘‘Mono- and coculture network analysis’’ section.

In vivo coculture implant

HUVEC-DsRed and hES-MC-GFP were added to growth-
factor-reduced Matrigel at a concentration of 2 · 106 and
0.4 · 106, respectively. Cell–Matrigel constructs were added
to four-well Nunc IVF plates (Nunc) at 200 mL/well and
polymerized for 30 min. EM was added and networks were
allowed to form for 3 days. Constructs were then implanted
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subcutaneously in the backs of Rag1 immune compromised
mice (B6.129S7-Rag1tm1Mom/J; Jackson Laboratories) for 1
week.50 Animals were euthanized and constructs were har-
vested and fixed for 30 min in 4% PFA. Samples were wa-
shed with PBS and imaged by confocal microscopy as
described. All animal studies were performed in accordance
with the University of Louisville IACUC approval.

Mono- and coculture network analysis

For network analysis, constructs were imaged at 4 · for
two-dimensional (2D) fluorescence imaging and 20 · and 40 ·
for laser scanning confocal microscopy. For each 2D sample,
10 fields were acquired. For 3D confocal images, a minimum
of five image stacks were acquired. Confocal image stacks
were first imported into NIH ImageJ and converted to eight-
bit grayscale; stack attributes were noted and saved for further
processing in a commercial image processing software
(Amira; Visage Imaging) as originally described by Krishnan
et al.51 Briefly, images were corrected for imaging depth, de-
convolved, median filtered, and binarized (Supplementary
Figs. S3 and S4; Supplementary Data are available online at
www.liebertpub.com/tea). The connected components were
evaluated in binarized images of both the HUVEC networks
and the hES-MC. The locations of overlap between the two
were then determined by calculating the volume common to
both the images using a logical ‘‘and’’ function based on the
description by Nunes et al.52 The overlap volume represents
the volume common to both the HUVEC networks and the
hES-MC. This volume was then represented as a ratio of the
total network volume and the total cell volume.

The 2D fluorescence images were first converted to
grayscale, deconvolved, filtered, binarized, and size filtered
in Matlab (MathWorks, Inc.). These binarized images were
then imported into Amira to extract the medial skeleton of
the networks. This skeletonized data were then parsed by
a custom C + + program (WinFiber 3D; Musculoskeletal
Research Labs, University of Utah, Salt Lake City, UT;
http://mrl.sci.utah.edu/software/winfiber3d) as described
earlier.51,52 The coordinates from the skeletonized data were
evaluated to obtain the total number of vessels, the number
of branch points, the total number of end points, segment
(section between two nodes: branch or end), and vessel
lengths and diameters. The mean network (vessel) length,
calculated from all images of the replicates of a treatment
group, was used as the primary index of network stabiliza-
tion and compared across groups for statistical significance.

Statistical analysis

Mean network lengths were compared between the vari-
ous treatment groups using multiple one-way analysis of
variance (ANOVA) or its nonparametric equivalent in Sig-
maStat (Systat) as appropriately indicated with each com-
parison (alpha = 0.05). The number of independent
experiments is noted in the text as ‘‘n = x.’’

Results

Cell characterization

We have previously shown that hES-MC possess similar
functionality to that of MSCs being osteogenic, chondro-
genic, myogenic, and interact with EC.43,44 The literature

suggests that MSCs and perivascular cells may have a
common lineage and are functionally interchangeable.29,30

Therefore, we asked whether hES-MC express markers
that can be associated with perivascular cells. In Figure 1A,
hES-MC were found to be positive for CD146 (55%), NG2
(99%), EphB2 (90%), and Cx43 (91%). Because the pleiotropic
molecule HGF is an angiogenic growth factor expressed by
mesenchymal cells,53 we then tested by ELISA whether hES-
MC express HGF (Fig. 1B). When cultured in the defined EM
as described in the ‘‘Materials and Methods’’ section,
the hES-MC conditioned media were found to contain
5302 – 1022 pg/mL (mean – SE, n = 3) of HGF. We then tested
whether HUVEC and hES-MC express the HGF receptor Met
(Fig. 1C) and found that both cell types showed significant
populations positive for Met (HUVEC = 56%; hES-
MC = 75%). This data suggests that hES-MC posses multiple
characteristics typically attributed to perivascular cells.

HGF/Met mediates EC network stability

From our previous work we have shown that hES-MC are
capable of stabilizing HUVEC networks in 3D constructs
in vitro by paracrine mechanisms.44 However, it was unclear
what mechanisms were responsible for these effects. Al-
though VEGF and bFGF are potent angiogenic factors,54 they
are insufficient to induce human EC survival and network
formation.44,55 Therefore, other paracrine factors from hES-
MC must be mediating the EC network stability. Because
hES-MC express HGF, we tested what role it may contribute
to the paracrine stabilization of EC (Fig. 2). HUVEC and hES-
MC were combined in collagen-Fn gels and then exposed to
the Met inhibitor SU1127456,57 (1 mM) or an equivalent vol-
ume of DMSO at the initiation of coculture (Fig. 2A). At this
dose, no cytotoxic effects were detected by Cytotox assay on
either cell types (Supplementary Fig. S1). Addition of DMSO
had no deleterious effect (middle panel) while blockade of Met
by SU11274 resulted in disruption of network formation
(right panel). One-way ANOVA indicated a significant effect
on mean network length with SU11274 treatment compared
with DMSO (Fig. 2B; *p = 0.001, n = 3). If blockade of Met
disrupted EC network formation, we reasoned that exoge-
nous addition of HGF in the absence of hES-MC should
rescue network formation (Fig. 3A). As expected, the nega-
tive control omitting HGF showed poor network formation
(first panel), but the addition of 50 and 100 ng/mL of re-
combinant human HGF rescued network formation (middle
panels). In agreement with what other labs have shown,58

mouse recombinant HGF is not recognized by human Met
resulting in networks paralleling the negative control (last
panel). ANOVA analysis and pairwise comparison indicated
that 50 and 100 ng/mL human HGF had a statistically sig-
nificant effect on mean vessel length (MVL) compared with
the negative control and mouse HGF (*p < 0.05, n = 3) while
no difference was detected between 50 and 100 ng/mL hu-
man HGF or the negative control and mouse HGF (Fig. 3B).
Together these data suggest that HGF plays a significant role
in the stability of EC networks mediated by hES-MC.

HGF paracrine and autocrine signaling stabilizes
HUVEC networks

While blockade of Met and addition of exogenous
recombinant HGF differentially mediated EC network
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stability, it was unclear whether paracrine-mediated stability
could be replicated by other cells. HepG2 are hepatocellular
carcinoma epithelium that do not express HGF59; therefore,
we stably transduced HepG2 with empty or human HGF
retrovirus and selected for expression using 10mg/mL pu-
romycin. HGF gene transcription and protein expression
were confirmed by PCR (Fig. 4A) and ELISA ( > 50,000 pg/
mL), respectively (Fig. 4B). We then generated conditioned
media from each cell or no conditioning negative control

(Fig. 4C). Conditioned media from the empty transduced
HepG2 showed more networks (left panel) than the non-CM
negative control (right panel), but HUVEC exposed to HepG2
transduced to express HGF formed significantly more net-
works than the empty transduced cells (middle panel).
Quantification of the formed networks showed a significant
difference by one-way ANOVA in the networks formed by
exposure to the paracrine release of HGF (Fig. 4D; *p < 0.001,
n = 3).

FIG. 1. Cell characterization. (A) Flow cytometry analysis of marker expression on human embryonic stem cells–
mesenchymal cells (hES-MC). (B) hES-MC express HGF protein at a level of 5303 – 1022 pg/mL as detected by ELISA.
(C) Flow cytometry analysis of Met expression on human umbilical vein endothelial cells (HUVEC) and hES-MC. HGF,
hepatocyte growth factor. Color images available online at www.liebertpub.com/tea

FIG. 2. Met blockade
disrupts hES-MC-stabilized
EC networks. (A) HUVEC
and hES-MC coculture alone
(Control, left) or treated with
either dimethyl sulfoxide
(DMSO) (middle) or Met
inhibitor SU11274 at 1 mM
(right). (B) Quantification of
mean network length and
one-way analysis of variance
(ANOVA) indicated a
significant effect of SU11274
(61 – 2 mm) treatment
compared with DMSO
control (658 – 200mm)
(*p = 0.001, n = 3; 4 · , scale
bar = 250 mm). Color images
available online at
www.liebertpub.com/tea
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HUVEC do not normally express HGF60 (Fig. 5A); there-
fore, to test whether autocrine HGF expression by HUVEC
could rescue network formation, we transduced HUVEC-
DsRed with the same empty or HGF retroviral vectors used
with the HepG2 and selected for expression with 1 mg/mL
puromycin. ELISA-confirmed HGF protein expression was
essentially absent in the empty transduced HUVEC but
abundantly produced by the HUVEC transduced with the
HGF vector (Fig. 5B; > 80,000 pg/mL). HUVEC expressing

the empty vector showed little network stability (Fig. 5A,
left panel) while autocrine expressed HGF led to partial
rescue of network formation and stability (right panel).
Quantification of the formed networks showed a significant
difference by one-way ANOVA in the networks formed by
exposure to the autocrine release of HGF (Fig. 5C; *p < 0.001,
n = 3). This data suggests that HGF can act as a significant
paracrine/autocrine mediator of the stability of EC net-
works in 3D culture.

FIG. 3. Exogenous
recombinant human HGF
rescues EC networks. (A)
HUVEC cultured in collagen-
Fn gel were exposed to no
treatment (left, 209 – 16 mm),
50 or 100 ng/mL of human
HGF (middle, 453 – 56mm and
382 – 23 mm, respectively), or
100 ng/mL mouse HGF (right,
191 – 12 mm). (B) Mean
network length and one-way
ANOVA indicate significant
effect of treatment with
human HGF on network
formation (*p < 0.05, n = 3; 4 · ,
scale bar = 250mm). EC,
endothelial cell. Color images
available online at
www.liebertpub.com/tea

FIG. 4. HGF-conditioned media stabilize EC networks. (A) Non-HGF-expressing HepG2 were stably transduced with empty
(Empty) or human HGF (HGF) retrovirus and transcription was confirmed by polymerase chain reaction. (B) HepG2 transduced
to constitutively express HGF produced 53,072 pg/mL as detected by ELISA. (C) HUVEC cultured in collagen-Fn gel were
cultured in HepG2-CM-expressing empty vector (left, 164 – 4mm), human HGF (middle, 503 – 48mm), or non-CM (right). (D)
Mean network length and one-way ANOVA indicate significant effect of conditioning media with HepG2 expressing human
HGF on network formation (*p < 0.001, n = 3; 4 · , scale bar = 250mm). Color images available online at www.liebertpub.com/tea
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PI3K/Akt mediates HUVEC network stability
in 3D culture

Met is a tyrosine kinase receptor61 and signals through the
downstream PI3K/Akt, MAPK, and other pathways. Be-
cause of their roles in cell survival, angiogenesis, and tubu-
logenesis, we investigated whether PI3K/Akt and MAPK
play roles in hES-MC-mediated EC network stability (Fig.
6A). While MAPK inhibitors PD98059 and U0126 had some
effect on disrupting EC-hES-MC networks (data not shown),
the PI3K/Akt inhibitors Wortmannin (10 mM, top row) and
LY294002 (50 mM, bottom row) showed significant disruption
of HUVEC networks compared with DMSO controls. Inter-
estingly, the inhibitors primarily appeared to affect HUVEC
survival (first and third columns) while showing modest effect
on hES-MC survival (second and fourth columns). Treatment of
HUVEC with either LY294002 (50 mM) or Wortmannin
(10 mM) blocks phosphorylation of Akt induced by HGF
(50 ng/mL) (Fig. 6B). This data suggests that the EC stabi-
lizing effect of hES-MC paracrine signaling is at least par-
tially mediated through the PI3K/Akt signaling pathway.

Ang1 and Ang2 expression
in HUVEC-hES-MC coculture

Because angiopoietins play a role in vascular assem-
bly,62,63 we tested whether Ang1 and Ang2 were being
expressed in the 3D environment of HUVEC/hES-MC co-
culture versus HUVEC alone versus hES-MC alone (Fig. 7).
Fresh EM was added to each culture on day 2 and collected
for ELISA analysis on day 4. EM is a defined media without
the supplementation of Ang1 (Fig. 7A) or Ang2 (Fig. 7B) and
the ELISA-indicated levels of 26 – 5 pg/mL and 622 – 101 pg/
mL, respectively, was within the range of background for the
assay. The coculture conditioned media (Co) contained levels
of Ang1 and Ang2 at 159 – 15 pg/mL and 30,867 – 2685 pg/
mL, respectively, that were statistically significantly greater
than EM control (*p = 0.004 and 0.01, respectively, n = 3).

When cells were analyzed individually, HUVEC Ang1 ex-
pression was not different from the EM control (25 – 4 pg/
mL, NS) while hES-MC alone produced 100 – 18 pg/mL,
which was significantly greater than EM control (#p = 0.02)
but significantly less than the coculture ( p = 0.004). ELISA
analysis of the same media samples for Ang2 indicated
robust expression in the coculture media that was signifi-
cantly greater than EM control (30,867 – 2685 pg/mL,
#p = 0.01). However, opposite to Ang1, HUVEC expressed
a significantly greater amount compared with EM control
(14,289 – 1318 pg/mL, *p = 0.007) but less than coculture
( p = 0.009). For Ang2, hES-MC expression was not different
from EM control (600 – 144 pg/mL, NS). We then tested
whether Ang1 and Ang2 mediate HUVEC network forma-
tion by exposing hES-MC conditioned media to the blocking
antibody Tie2-Fc (20 mg/mL)64,65 shown to inhibit angio-
poietin activity66 or IgG-Fc (20 mg/mL) control before adding
it to HUVEC seeded in collagen-Fn gels. This concentration
of Tie2-Fc inhibits HUVEC migration in a transwell assay
when exposed to 50 ng/mL HGF while no effect on HUVEC
migration is seen when exposed to an equivalent dose of
IgG-Fc (Supplementary Fig. S2). As can be seen in Figure 7C
(left panel), HUVEC exposed to control EM formed few net-
works while hES-MC CM containing IgG-Fc control gener-
ated networks similar to what we have previously
reported44 (middle panel). However, when Tie2-Fc was ad-
ded to the CM (right panel) there was no difference in the
capacity for HUVEC to form networks compared with IgG-
Fc treatment. One-way ANOVA comparing the MVL of
control to IgG-Fc- and Tie2-Fc-treated CM indicated a sig-
nificant increase in network formation in the treated cul-
tures (Fig. 7D; *p > 0.05, n = 3) while network length from
hES-MC CM treated with IgG-Fc or Tie2-Fc showed no
significant difference (Fig. 7D; p = 0.74, n = 3). Although the
Tie2-Fc antibody was able to block recombinant-HGF-
mediated migration of HUVEC, it was unclear whether the
lack of network disruption was due to the elevated levels of

FIG. 5. HUVEC autocrine
expression of HGF stabilizes
networks. (A) HUVEC were
stably transduced with empty
(left, 116 – 6 mm) or human
HGF (right, 325 – 10 mm) and
cultured in collagen-Fn gel.
(B) HUVEC transduced to
constitutively express HGF
produced 81,680 pg/mL HGF
as detected by ELISA. (C)
Mean network length and
one-way ANOVA indicate
significant effect of HUVEC
autocrine expression of
human HGF on network
formation (*p < 0.001, n = 3;
4 · , scale bar = 250 mm). Color
images available online at
www.liebertpub.com/tea
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angiopoietins or angiopoietins not regulating network for-
mation under these conditions.

hES-MC integrate into a perivascular position in vivo

From our previous work we have shown that hES-MC
have the capacity to stabilize and make heterotypic contact
with ECs,44 but they do not appear to take up a position of
integration into the network wall in vitro, suggesting an
immature state of assembly. Therefore, we asked whether
the implantation microenvironment would induce integra-
tion of hES-MC into the vessel wall. HUVEC-DsRed and
hES-MC-GFP were placed in coculture for 3 days and then
implanted subcutaneously on the backs of immune com-
promised Rag1 mice for 1 week (Fig. 8). The constructs were
examined by confocal microscopy at 40 · , the series stacks
were volume rendered into 3D images, and the percent
volume overlap was calculated as described in the ‘‘Mate-
rials and Methods’’ section (Supplementary Figs. S3 and
S4). Within 1 week, HUVEC assembled into vessel-like
structures with hES-MC recruited to the wall (Fig. 8A,
Merge–arrows). The hES-MC positioned themselves in an
elongated configuration in parallel with the HUVEC net-
work. Although some hES-MC remained resident in the
bulk matrix, most appeared associated with the vessel-like
structures. Quantification of the contact between the two
cell types (Fig. 8B; cell overlap/HUVEC volume) indicated
13.6% – 1.6% of HUVEC volume was shared with hES-MC
while 17.2% – 3.1% of hES-MC volume was shared with

HUVEC (Fig. 8B; overlap/hES-MC). This data suggests that
hES-MC posses the capacity to associate with a vessel wall
and function as an MC in vivo.

Discussion

The main and novel findings of this study are as follows:
(1) hES-MC participate with HUVEC to form an immature
vascular-plexus-like structure in vitro, (2) hESC-derived
mesenchymal cells express the vascular stabilizing factors
HGF and Ang1, (3) HGF plays a significant role in hES-MC-
HUVEC network assembly and stability, and (4) hES-MC
can integrate into the vessel wall and function as an MC
in vivo.

Providing a functional vasculature is a key requirement
for the development of a therapeutic organoid and though
we know many of the factors involved in vessel assembly,
we still have major gaps in our understanding such that we
cannot engineer stable, mature vascular systems at will.67,68

Though some success in forming vessel structures has been
achieved with ECs alone, it is clear that multicellular ap-
proaches in 3D architectures are ultimately required.35,69,70

Thus, we need human cell sources that can accurately reca-
pitulate the biological processes we are trying to control
and manipulate for our purposes.35 To this end, the peri-
vascular cell in the microvasculature is of particular interest
for our discipline as it is a critical component of the vas-
cular tree that metabolically sustains the organ.71,72 Because
the functional characteristics of hES-MC parallel those of

FIG. 6. PI3K/Akt inhibitors
disrupt hES-MC-stabilized
EC networks. (A) HUVEC
and hES-MC were cocultured
in collagen-Fn gels and
treated with the PI3K/Akt
inhibitors Wortmannin
(10 mM, top), LY294002
(50 mM, bottom), or equivalent
volumes of DMSO (n = 3; 4 · ,
scale bar = 250mm). (B)
HUVEC exposed to HGF
showed phosphorylation of
Akt that was blocked by
addition of Wortmannin
(10 mM) or LY294002 (50 mM).
Total Akt and b-actin loading
controls. Color images
available online at www
.liebertpub.com/tea
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MSCs and perivascular cells, we hypothesized that hES-MC
are perivascular progenitor cells and tested them accord-
ingly.43,44

Perivascular cells, both smooth muscle and pericytes, are
enigmatic in part because of their uncertain lineage and lack
of specific markers.7,73–75 We have demonstrated previously
that hES-MC are responsive to TGFb1 and PDGF-B signal-
ing.44 Here we show that hES-MC express a battery of
markers associated with perivascular cells, CD146,29,30

EphB2,76 NG2,77 and Cx43.78 This of itself does not prove
that hES-MC are perivascular progenitors, but if one was
seeking this progenitor in vivo, a reasonable expectation
might be to detect their expression.

Vessels assemble in several identified steps, including EC
proliferation and migration by VEGF and bFGF, MC re-
cruitment through PDGF-B, MC differentiation through
TGFb1, vessel stabilization by Ang1, and destabilization by
Ang2.20 Though these mechanisms play leading roles in
vascularization, it is unclear how these processes interact and

what other mechanisms may be involved. Although bFGF
and VEGF are robust angiogenic inducers,79,80 they are in-
sufficient to maintain HUVEC networks44,55,81; though re-
cently Stratman and coworkers demonstrated that preculture
with VEGF and bFGF was required for cytokine stabilization
of cocultured EC-MCs.82 HGF is a pleiotropic factor
expressed by mesenchymal cells to affect Met-expressing
epithelial/ECs.83,84 HGF is angiogenic85; mediates pro-sur-
vival,86 tubulogenesis,87,88 and cell migration83; and can be
oncogenic.89 Xin et al.90 demonstrated that HUVEC alone can
survive in 3D collagen in vitro in the combined presence of
very high VEGF and HGF (up to 200 ng/mL each). They also
showed transcript upregulation of the pro-survival Bcl-2
family members A1 and Bcl-2. Our results indicate that HGF
plays a stabilizing role in assembly of network structures.

Both Ang1 (hES-MC) and Ang2 (HUVEC)91 are expressed
in the coculture; however, in spite of being angiogenic, Ang2
is insufficient to stabilize HUVEC networks and the copious
quantities may even play a role in HUVEC death.42,55 It is

FIG. 7. Angiopoietin1/2 expression by HUVEC and hES-MC. ELISA analysis for expression of (A) Ang1 and (B) Ang2 for
EM control, conditioned EM from coculture of HUVEC and hES-MC, HUVEC alone, or hES-MC alone. EM registered
background levels of 26 – 5 pg/mL and 622 – 101 pg/mL, while coculture (Co) measured 159 – 15 pg/mL and
30,867 – 2685 pg/mL, which were both significantly greater than EM control (*p = 0.004 and 0.01). Conditioned media from
HUVEC alone were not different compared with EM control for Ang1 (25 – 4 pg/mL) but showed significantly more ex-
pression of Ang2 than EM control (30,867 – 2685 pg/mL, #p = 0.01). In contrast, conditioned media from hES-MC alone were
significantly enriched in Ang1 (100 – 18 pg/mL, #p = 0.02) but not in Ang2 (600 – 144 pg/mL). (C) HUVEC were seeded in
collagen-Fn gels at 106/mL and cultured in EM only (left), CM incubated with IgG-Fc (middle), or CM incubated with Tie2-Fc
(right). (D) Mean network length quantification ( – SEM) and one-way ANOVA indicate that exposure to hES-MC CM
significantly increased network formation compared with EM control (*p > 0.05), but no significant difference was detected by
treatment with Tie2-Fc (494 – 58mm) compared with IgG-Fc (505 – 59mm) control ( p = 0.4) (HUVEC UEA-fluorescein, n = 3;
10 · , scale bar = 200mm). Color images available online at www.liebertpub.com/tea
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unclear how HGF and Ang1 from hES-MC may be inter-
acting to stabilize HUVEC networks, but these results indi-
cate that multiple factors are regulating these events.
Identifying and understanding how these factors interact
temporally and spatially will be key to engineer an effective
vascularization environment.

Our data indicate that, under the environmental condi-
tions examined, the networks resembled an immature
capillary plexus and though we have demonstrated by
high-resolution microscopy and image analysis ECs and
hES-MC direct heterotypic contact,44 hES-MC do not inte-
grate into the vessel-like structures in vitro as in native
vessels.29,44 However, when HUVEC and hES-MC are
precultured to initiate assembly and then implanted sub-
cutaneously, hES-MC attached to the forming vessel and
positioned themselves in an integrated location. In our
previous work,44 the in vitro contact percentage of HUVEC
on hES-MC ranged from 3% to 12% while hES-MC on
HUVEC was 2%–7%. Here, the implanted coculture percent
contact of hES-MC on HUVEC increased to 12%–15% with
HUVEC on hES-MC contact increasing to 14%–20%, indi-
cating that hES-MC are capable of responding to factors
within the in vivo environment that induce maturation
signals (e.g., interstitial flow92). It also suggests that hES-
MC can undergo the entire process of recruitment to vessel
maturation making it potentially useful as a microvascular
MC source for therapeutic applications. Thus, hES-MC may
be a robust source of microvascular MCs for therapeutic or
drug testing applications.34,35
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