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The success of tissue regenerative therapies is contingent on
functional and multicellular vasculature within the redevelop-
ing tissue. Although endothelial cells (ECs), which compose the
vasculature’s inner lining, are intrinsically able to form nascent
networks, these structures regress without the recruitment of
pericytes, supporting cells that surround microvessel endothelium.
Reconstruction of typical in vivo microvascular architecture tradi-
tionally has been done using distinct cell sources of ECs and peri-
cytes within naturally occurring matrices; however, the limited
sources of clinically relevant human cells and the inherent chemical
and physical properties of natural materials hamper the transla-
tional potential of these approaches. Here we derived a bicellular
vascular population from human pluripotent stem cells (hPSCs)
that undergoes morphogenesis and assembly in a synthetic ma-
trix. We found that hPSCs can be induced to codifferentiate into
early vascular cells (EVCs) in a clinically relevant strategy amenable
to multiple hPSC lines. These EVCs can mature into ECs and peri-
cytes, and can self-organize to form microvascular networks in an
engineered matrix. These engineered human vascular networks
survive implantation, integrate with the host vasculature, and es-
tablish blood flow. This integrated approach, in which a derived
bicellular population is exploited for its intrinsic self-assembly ca-
pability to create microvasculature in a deliverable matrix, has vast
ramifications for vascular construction and regenerative medicine.

codifferentiation | hydrogels

Perhaps the greatest roadblock to the success of tissue re-
generative therapies is the establishment of a functional mi-
crovascular network to support tissue survival and growth (1).
Microvascular construction or regeneration depends on endo-
thelial morphogenesis into a 3D tubular network, followed by
stabilization of the assembling structures by recruited pericytes
(2, 3). To create such a construct for therapeutic applications,
patient-derived ECs and pericytes must be incorporated into
a synthetic matrix, which confers an advantage in controlling and
modulating vascular morphogenesis and also represents a clini-
cally relevant construct in which to deliver the engineered mi-
crovascular networks to in vivo environments (4).

Human pluripotent stem cells (hPSCs), including human em-
bryonic stem cells (hESCs) and human induced PSCs (hiPSCs),
offer the opportunity to derive EVCs from the same source,
which offers patient specificity. Various cell markers have been
proposed to identify vascular precursors (of ECs and pericytes)
from differentiating hPSCs including CD34 (5, 6), VEGF receptor-2
(VEGFR2)/kinase domain receptor (KDR) (7), and apelin re-
ceptor (8). Purification of such progenitors is required from an
uncontrolled differentiated cell population [i.e., via embryoid
body (EB) formation or coculture on mouse feeder layer]
through marker enrichment or selection through genetic ma-
nipulation. Importantly, none of these derived cells have been
demonstrated to self-assemble into functional microvasculature
containing both ECs and pericytes.

Current approaches for the differentiation of hPSCs toward the
vascular lineage typically use a purified, single derivative—either
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a progenitor or a mature cell type—with the goal of fully charac-
terizing the fidelity of differentiation from a PSC. From this body
of work, it has become apparent that various cell markers and
biochemical cues can be used to guide differentiation and derive
functional ECs (5, 9-12), vascular smooth muscle cells (5, 11, 13)
and pericytes (14). Building on these previous studies, in the
present study we hypothesized that hPSCs can be induced to dif-
ferentiate into early derivatives of the vascular lineage (i.e., EVCs)
that compose the microvascular architecture without a specific
differentiation-inducible feeder layer, EB formation, or genetic
manipulation (Fig. 14, i); and that such EVCs can mature into
ECs and pericytes and can self-assemble to form vascular net-
works in an engineered matrix (Fig. 14, ii).

We present a unique conceptual approach in which the cells of
the microvasculature are derived in a bipotent population, which
is able to recreate the tissue. Our protocol uses a monolayer
culture and avoids an EB intermediate and sorting, thereby en-
abling reproducibility and clinical applicability. We harness in-
trinsic tissue-level differentiation and self-assembly capabilities
toward the translational realization of hPSCs. This paradigm
could prove useful for the construction of other multicellular
tissues for regeneration.

Results and Discussion

Derivation of EVCs from hPSCs. Toward clinically relevant out-
comes, and because microvascular architecture is a bicellular
entity, we first sought to develop a robust and controlled method
to differentiate hPSCs into a bicellular vasculogenic population
with maturation capacity to both ECs and pericytes. CD105 and
CD146 are common to both cell types (14-17), whereas vascular
endothelial cadherin (VEcad) has been shown to specify a line-
age commitment of ECs (10). Although no single marker des-
ignates pericytes, pericytes can be distinguished by the expression
of platelet-derived growth factor p (PDGFR() in conjunction
with CD146 (18).

Acknowledging that cocultures of pericytes and ECs typically
result in pericyte-mediated EC growth inhibition (14, 19), we
focused on inducing VEcad™ cells early in the differentiation
process to ensure EC maturation. Building on previous work (10,
20, 21), we developed a stepwise differentiation procedure to
induce vascular lineage specification. hPSCs (SI Appendix, Table
S1) were first allowed to undergo differentiation in a monolayer
(SI Appendix, Fig. S1). The subsequent addition of TGF-§ in-
hibitor SB431542 (10), supplemented with either high (50 ng/mL)
or low (1 ng/mL) concentrations of VEGF-A yielded up-
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Fig. 1.

Derivation of EVCs from hPSCs. (A) Schema for self-assembled vascular derivatives. (/) hPSCs are differentiated toward EVCs that can be matured into

functional ECs and pericytes. (ii) Derived EVCs are embedded within a synthetic HA matrix that facilitates self-organization into vascular networks. (B) VEcad
expression in day 12 differentiated hiPSC-MR31 and hESC-H9 cell lines comparing the three differentiation conditions tested (flow cytometry analysis; n = 3).
(Cand D) Flow cytometry plots (n = 3) of EVC derivatives assessing the expression of pluripotent markers TRA-1-60 and TRA-1-81 (C) and CD105 and CD 146 (D).
(E) EVC differentiation efficiency from hPSC lines per 1 million input hPSCs. (F) Flow cytometry plots (n = 3) of EVC derivatives assessing expression of VEcad
double-labeled with CD105 or PDGFRB. (Left) Isotype controls. (G) Quantitative RT-PCR analysis of EC and perivascular marker expression by EVCs and sorted
VEcad' and VEcad™ cells. # denotes not detected. Data are normalized to EVCs of each specific hPSC type. (H) Flow cytometry plots (n = 3) of hematopoietic
marker CD45 (hiPSC-BC1). (/) Quantitative RT-PCR of H9-EVCs for the expression of SMMHC and peripherin, compared with undifferentiated cells (d0) and
mature derivatives (13, 37). Isotype controls for flow cytometry are in gray. Flow cytometry results shown are typical of the independent experiments.

*P < 0.05; **P < 0.01; ***P < 0.001.

regulation of VEcad expression ranging from 20% to 60%
VEcad™ cells, depending on hPSC line (Fig. 1B and SI Appendix,
Fig. S2).

Undgr our differentiation strategy, hESC line H9 exhibited the
greatest potential to yield the largest percentage of VEcad* cells
compared with hiPSC lines BC1 and MR31. The expression levels
of CD31 were not changed under the various conditions, whereas
VEGFR2/KDR expression was higher in media supplemented
with a low VEGF concentration (S Appendix, Fig. S3). Expression
of tumor rejection antigen (TRA)-1-60 and TRA-1-81, markers of
pluripotency, was <1% when using high VEGF concentrations,
indicating that the vast majority of cells had been differentiated
(Fig. 1C and SI Appendix, Fig. S3). Thus, in all experiments, EVCs
were differentiated in medium supplemented with SB431542 and
with high VEGF concentrations.

EVCs derived from multiple hPSC lines using high VEGF
concentrations and SB431542 were highly purified (>95%) for
CD105 and CD146, surface antigens common to both ECs and
pericytes (Fig. 1D and SI Appendix, Fig. S4 A-C), expanding on
a previously reported approach that sorted out a CD105% pop-
ulation from spontaneously differentiating EBs with the focus on
pericytes (14). By eliminating a sorting step and guiding hPSCs
toward a bipotent population, our approach builds on this pre-
vious study and provides a unique strategy to yield a CD105*
CD146" population that composes the bicellular microvascular
architecture in a controlled, efficient, and robust manner.

Without our specific inductive protocol (i.e., removal of VEGF
and SB431542 supplementation), hiPSC-BC1 cells differentiated
for 12 d were still fairly well enriched in CD105 (95%) and
CD146 (93%); however, hESC-H9 cells differentiated for 12 d
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without these inductive conditions expressed ~90% CD105" cells
and only 54% CD146" cells (SI Appendix, Fig. S4D). Importantly,
both H9 and BC1 differentiated cell populations expressed very
low levels of VEcad. These results, along with the afore-
mentioned finding that high VEGF supplementation ensures
<1% TRA-1-60* cells in the various hPSC types (Fig. 1C and
SI Appendix, Fig. S3), further support our choice of inductive
media conditions.

Using our approach, we derived CD1057CD146" EVCs at an
approximate ratio of 1:1 of input hPSC to EVC (Fig. 1E). The
number of input hPSCs was calculated as the number seeded at
day 0, not the number of cells present after 1 d of differentiation,
as reported previously (10). The yield of VEcad* cells in EVCs
varied among cell lines, ranging from ~8 x 10* to 2.5 x 10° per
10° hPSCs (Fig. 1E), similar to what has been recently reported
for KDR™ EC derivatives (22). Flow cytometry analysis of EVCs
double-labeled with antibodies against CD105 and VEcad con-
firmed that a subset of cells coexpressed CD105 and VEcad
(Fig. 1F, Left). In contrast, EVCs double-labeled for VEcad
and PDGFRp revealed two distinct VEcad"PDGFRp' and
VEcad " PDGFRB* populations (Fig. 1F, Right and SI Appendix,
Fig. S5).

RT-F)'CR analysis of sorted VEcad™ and VEcad™~ subpopulations
from EVCs revealed distinct phenotypes (Fig. 1G). VEcad*
cells from both hESC-H9 and hiPSC-BCI1 cell lines demon-
strated greater expression of EC markers VEcad and CD31
compared with unsorted EVCs and sorted VEcad™ sub-
populations. Of note, endothelial nitric oxide synthase (eNOS),
a mature EC marker, was highly expressed in H9-VEcad* cells
compared with H9 EVCs and sorted VEcad™ cells, whereas
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eNOS was undetected in all tested BC1 samples. Sorted VEcad™
cells exhibited greater expression of pericyte markers PDGFRp
and NG2 compared with EVCs and sorted VEcad™* cells.

Our analysis also revealed differences in the differentiation
potential between hESC-H9 and hiPSC-BC1 lines using the ad-
herent, stepwise differentiation protocol, suggesting that hESC-
H9-differentiating cells may mature more rapidly toward these
lineages, owing to the fact that 12-d differentiated H9-EVCs
started to express eNOS at the mRNA level and yielded a
greater percentage of VEcad® (Fig. 1B) and CD31* cells at the
protein level (SI Appendix, Fig. S3) compared with the tested
hiPSC lines.

EVCs were negative for hematopoietic marker CD45 (Fig.
1H), and demonstrated negligible expression of the smooth
muscle cell marker smooth muscle myosin heavy chain (SMMHC),
as well as the peripheral neuron marker peripherin (Fig. 11).
Comparable marker expression profiles were obtained from
EVC:s derived using serum-free conditions in our adherent differ-
entiation scheme (SI Appendix, Fig. S6). Based on these analyses,
we considered this derived population to be vascular lineage-
specific and composed of early ECs and early pericytes. It should
be noted that these are not mature ECs and pericytes, given
that 12 d of differentiation was not sufficient to mature hPSCs
toward matured phenotypes, in agreement with numerous previous
studies (5, 14, 23).

Maturation of EVCs: ECs. We took two approaches to examine the
endothelial potential of hPSC-EVCs, (i) subculturing EVCs and
(i) sorting and expanding VEcad® cells, both under the same
culture conditions (i.e., 50 ng/mL VEGF and SB431542). Sub-
culturing yielded ECs that were enriched in VEcad and CD31
(SI Appendix, Fig. S7 A and B); however, this approach and
enrichment without cell sorting varied among three different
hPSC lines, and a hiPSC line with vector integration demon-
strated the best results (SI Appendix, Fig. S7C). Sorted VEcad™
cells from EVCs matured toward VEcad*CD31*CD146* ECs
(Fig. 24). The cells exhibited typical membrane expression of
VEcad and CD3l1, lectin binding, cytoplasmic expression of
eNOS and von Willebrand factor (vWF), uptake of acetylated
low-density lipoprotein (acLDL), up-regulation of intercellular
adhesion molecule 1 (ICAM1) in response to TNF-«, and net-
work formation on Matrigel (Fig. 2B and SI Appendix, Fig. S7 D
and E). We did not detect lectin, eNOS, vWF, or acLDL uptake
via immunofluorescence in our unsorted EVC populations,
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. 808 1A955 98,5
jﬂ “".‘.. :l "‘.l s LS
4 N i

L‘ A ‘ ) L3 ‘ / !
C CD73 NG2 PDGFRB
3 T
" | 955 W,__90.0
y \ {1
| \
CD44 CD146 CD105
1
-9»'1 , ] r'96.8 fl 69.3
[ / |
Pt 4 ﬂ_’r‘ "',l BN

Fig. 2.

B--

demonstrating that no subpopulation of EVCs expresses these EC
characteristics and that additional culture is needed to mature
early ECs from EVCs. These findings were consistent among the
different hPSC lines examined.

Maturation of EVCs: Pericytes. We next probed the pericyte po-
tential of the EVCs. EVCs, which do not express NG2 (SI Appendix,
Fig. S84), were cultured under pericyte-inducing conditions (19).
After 6 d of culture, cells were enriched in pericyte markers
CD73, NG2, PDGFRB, and CD44 (24) and depleted in EC
markers VEcad and CD31 (Fig. 2C and SI Appendix, Fig. S84).
Interestingly, most cells retained CD146™ expression, but some
lost CD105 expression (Fig. 2C). The spindle-shaped pericyte
derivatives expressed PDGFRp and NG2 proteoglycan and
exhibited filamentous calponin expression (Fig. 2D), as would
be expected for pericytes derived from fetal and adult sources.
Sorted VEcad* cells were not able to attach and grow under
pericyte-maturing conditions. An important function of pericytes
is their ability to behave as mesenchymal precursors (14, 18).
Indeed, the pericyte derivatives in our culture could be differ-
entiated to adipocytes and osteoblasts (SI Appendix, Fig. S8 B
and C), demonstrating their mesenchymal potential.

Furthermore, sorted VEcad™ cells, cultured under either EC
maturation conditions (50 ng/mL VEGF and SB431542) or
pericyte-maturing conditions for 6 d, expressed NG2, PDGFRS,
and CD44 (SI Appendix, Fig. S9). A small population (~8%) of
sorted VEcad™ cells acquired VEcad expression (but not CD31
expression) when cultured under EC maturation conditions, in-
dicating some degree of cellular plasticity.

Taken together, our cellular analysis results demonstrate that
EVCs composed of CD1057CD146"VEcad* and CD105"
CD146*PDGFRp* subtypes contain the cellular makeup nec-
essary for constructing a microvasculature.

Self-Organization of Bicellular Vascular Networks in Hydrogels. To
examine whether EVCs could be leveraged to self-organize into
a bicellular microvascular bed, we tested network formation in
collagen (2, 25) and in completely synthetic hyaluronic acid
(HA)-based hydrogel (3) (Fig. 34 and SI Appendix, Fig. S10). We
speculated that derived EVCs would be able to form vascular
networks in a 3D matrix. Indeed, in both hydrogel systems, EVCs
were found to form lavish networks (Fig. 34); sorted VEcad™ or
VEcad™ cells individually were unable to form such networks
when encapsulated within collagen gels (Fig. 3B). VEcad™ cells

LY

EVC maturation. (A) Sorted VEcad* from hiPSC-BC1-derived EVCs subcultured for an additional 6 d in 50 ng/mL VEGF and SB431542-supplemented

conditions and analyzed for the expression of VEcad, CD31, and CD 146 (representative flow cytometry plots; n = 3). (B) Subcultured sorted VEcad* from hiPSC-
BC1-derived EVCs exhibited membrane localization of CD31 and VEcad (both in red), lectin binding (in green), cytoplasmic expression of eNOS, punctuated
VWEF, and uptake of acLDL (in red). (C) hiPSC-BC1-derived EVCs subcultured for an additional 6 d in pericyte-inducing conditions (19) were analyzed for the
expression of NG2, CD73, PDFGRp, CD44, CD146, and CD105 via flow cytometry. (D) Immunofluorescence analysis revealed appropriate localization of
PDGFRp, NG2, and calponin (all in green). Isotype controls for flow cytometry are in gray, and nuclei are in blue. Results shown are typical of the independent
experiments. (Scale bars: 100 pm.)
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Fig. 3. Self-assembly of EVCs to multicellular networks in a 3D matrix. (A) Network formation from BC1-EVCs in collagen (/) and HA hydrogels (ii). (B) Sorted
VEcad* and VEcad™~ cells encapsulated within collagen gels were unable to form networks. (Insert) Example of a cell with typical stellate morphology, with
phalloidin in green and nuclei in blue. (Scale bars: 100 um.) (C) Vacuole formation was observed after one day as evidenced by light microscopy (LM) (i) and
confocal images (ii) of vacuole vital stain, FM4-64, in red and nuclei in blue. (Scale bar: 10 pm.) (D) On day 2, network formation with enlarged lumen (i and ii)
and cell sprouting (iii and iv) were visualized by LM images (i and jii) and confocal images (ii and iv) of FM4-64 in red and nuclei in blue. (Scale bars: 10 pm in
i and iii; 20 pm in ji; 50 pm in iv.) (E) On day 3, complex networks were observed with enlarged and open lumen, as indicated by confocal z-stacks and or-
thogonal sections of FM4-64 in red and nuclei in blue. (Scale bar: 20 um.) (F) After 3 d, multilayered structures were also detected, as demonstrated by a 3D
projection image of NG2 (green), phalloidin (red), and nuclei (blue) showing NG2* pericytes integrated onto hollow structures. Images shown are typical of

the independent experiment. (Scale bars: 50 pm.)

formed primarily vacuoles and started to form nascent struc-
tures within the collagen gel, with some instances of sprouting
(Fig. 3B).

We attribute the lack of robust network formation from de-
rived ECs in collagen gels to the lack of pericytes in culture, and
speculate that the addition of support cells help form the net-
works seen with EVC encapsulation. VEcad™ cells exhibited
cell spreading and a characteristic stellate morphology, but no
network formation (Fig. 3B).

Vascular Morphogenesis of EVCs Within HA Hydrogels. We next ex-
amined the progress of EVC network formation within the HA
hydrogel, a xeno-free synthetic construct engineered to recapi-
tulate tubulogenesis-inducing signals (3). In vitro assessment of
cellular behavior revealed the formation of multicellular net-
works via a sequential process typical of vascular morphogenesis.
After 1 d of culture, we observed vacuole formation in many, but
not all, of the cells. Some of these vacuoles had coalesced into
a larger structure, resembling lumen (Fig. 3C and SI Appendix,
Fig. S114).

To elucidate the phenotype of either cell type after 1 d, we
also encapsulated VEcad* and VEcad™ subpopulations in-
dependently. After 1 d, we clearly observed vacuoles in the en-
capsulated sorted VEcad™ subpopulation after 1 d; however,
encapsulated sorted VEcad™ cells primarily spread, with no
vacuole formation (SI Appendix, Fig. S11 B and C).

After 2 d of EVC encapsulation, we observed the progression
of tubulogenesis, including extensive sprouting and an occasional
open lumen (Fig. 3D and SI Appendix, Fig. S124). By day 3,
vascular networks had grown, with comprehensive multicellular
networks clearly visible within HA hydrogels. Complex vascular
networks with patent lumen structures were readily detected
throughout the hydrogels, suggesting an engineered vascular
network (Fig. 3E and SI Appendix, Fig. S12B). Interestingly, on
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day 3, we detected NG2* pericytes incorporated in the luminal
structures and encircling the emerging tubular structures (Fig. 3F
and SI Appendix, Fig. S13).

Integration of hPSC-Bicellular Microvascular Constructs. In vivo in-
tegration of vascular networks is crucial to the success of derived
EVCs in regenerative medicine applications. We first tested
whether EVCs can survive implantation, assemble into micro-
vascular networks, integrate with the host vasculature, and es-
tablish blood flow. A Matrigel plug assay (5) revealed EVCs
incorporated with perfused host microvasculature and generated
human-only microvascular structures (SI Appendix, Fig. S14).

Next, to harness the self-organizing capability of EVCs in HA
hydrogels, we implanted the engineered microvascular networks
s.c. and assessed their survival and integration after 2 wk. We
found that EVCs (derived from a BC1 or GFP-hiPSC cell line)
were incorporated into or wrapped around the mouse micro-
vasculature (Fig. 4 A and B and SI Appendix, Fig. S15), and that
the hydrogels were largely degraded by 2 wk. HA gels without
encapsulated cells exhibited slower remodeling and degradation
in vivo compared to gels with cells, as we reported previously (3).
Perfused microvasculature (as indicated by tail-injected, mouse-
specific fluorescein-conjugated GS-IB4 lectin) containing human
ECs (with cross-sectional areas ranging from 100 to 25,000 pm?)
were abundant throughout the explant (~15 vessels per mm?),
demonstrating that the transplanted human vascular networks
had anastomosed with the host circulatory systems (Fig. 4 C-E).
Moreover, NG2* human pericytes were found to migrate toward
and encircle the perfused vasculature (Fig. 4F and SI Appendir,
Fig. S16).

Although our bicellular constructs present several fundamen-
tal advancements to the future of cell-based therapies, additional
studies are needed to fine-tune the ratio of early ECs to pericytes
within EVC populations, owing to the wide variability of this

Kusuma et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1306562110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1306562110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1306562110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1306562110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1306562110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1306562110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1306562110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1306562110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1306562110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1306562110/-/DCSupplemental/sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1306562110

1E CD31+ vessels CD31+ vessels

& O 60 T
il T 8 1%
= 6000 X, 3
S 5000 E’E 5
i -
S 24 &
g 4000 s g
£ 30001 -2

[7] -
® 2000 820
n >
@ 1000~
S
(&) 0- 0=

Fig. 4. Perfusion of EVC networks in vivo in synthetic hydrogels. (A and B) Confocal images of 2-wk explants of BC1-EVC (A) or GFP-hiPSC-EVC (B) networks
in HA hydrogels demonstrate incorporation of human cells (A, red; B, green; arrows) into host vessels (tail vein-injected, mouse-specific Alexa Fluor 488-
conjugated (A) or Alexa Fluor 546-conjugated (B) GS-IB4 lectin and human cells exhibiting pericyte behavior (arrowheads). (Scale bars: 50 pm.) (i and ii) High-
magnification views of indicated regions. (C and D) Histological examination of the explants stained for human specific CD31 expression via immunofluo-
rescence (CD31 in red; RBCs in green; DAPI in blue) (C) and immunohistochemistry (CD31 in brown, counterstain in blue) reveals functional vessels containing
human CD317 cells with perfused blood cells (D). *Perfused human vessel; *perfused mouse vessel. (Scale bars: 10 um in C; 50 pm in D.) (E) Quantification of
cross-sectional areas and vessels per mm? of microvasculature containing human CD31* cells depicts large perfused vessels and smaller vessels lacking RBCs in
explants. (F) Immunofluorescence staining of sectioned explants for human specific NG2* (red) cells reveals functional human pericytes wrapping perfused

vessels. RBCs are in green, and DAPI is in blue. (Scale bar: 10 pm.)

ratio in different tissues and organs (26). Further investigation is
also needed for clinical translation, including understanding of
cell—cell interactions and appreciation of the longevity and du-
rability of the human vascular networks. Future studies should
focus on determining the in vivo longevity of engineered human
networks to reveal not only the long-term integration of the
human vasculature in the tissue, but also whether teratoma
formation is of concern, a vital consideration of pluripotent stem
cell therapies.

The balance between commitment and plasticity of the EVCs
specifically within the vascular lineage allows for vascular fate
and network maturation. This controlled system is reproducible,
generates physiologically relevant vascular networks in implant-
able matrices, and thus provides the next fundamental step
toward patient-specific engineered tissue with clinically trans-
latable potential.

Experimental Procedures

Detailed descriptions of the materials and methods used in this study are
provided in S/ Appendix, Materials and Methods.

hPSC Culture. The hESC lines H9 and H13 (passages 15-40; WiCell Research
Institute) and hiPSC lines MR31 (27), MMW?2 (28), BC1 (29, 30), and a GFP
transgenic hiPSC line (clone 26 hCBiPS aMHCneoPGKhygro + pCAGGS2
passage 47+10, kindly provided by Dr. Ulrich Martin, Hannover Medical
School, Hannover, Germany) (31) were cultured as described previously (13,
32). Cell lines were routinely examined for pluripotent markers using im-
munofluorescence staining and flow cytometry analysis for TRA-1-60, TRA-
1-81, stage-specific embryonic antigen-4 (SSEA4), and Oct4. Details of the
various hPSCs are provided in S/ Appendix, Table S1.

Kusuma et al.

Differentiation Protocol. hPSCs were collected through digestion with EDTA
(Promega), separated into an individual cell suspension using a 40-pm mesh
strainer (BD Biosciences), and plated onto collagen IV (Trevigen)-coated
plates at a concentration of 5 x 10* cells/cm?. Cells were cultured for 6 d in
a differentiation medium composed of alpha-MEM (Invitrogen), 10% FBS
(HyClone), and 0.1 mM B-mercaptoethanol (B-ME), with the medium
changed daily. On day 6, differentiated cells were collected through di-
gestion with TrypLE (Invitrogen), separated with a 40-um mesh strainer, and
seeded at a concentration of 1.25 x 10* cells/cm? on collagen type IV-coated
plates in endothelial cell growth media (ECGM) (PromoCell) supplemented
with 2% FBS, 50 ng/mL VEGF with or without 10 pM SB431542 (Tocris), or
1 ng/mL VEGF plus 10 pM SB431542, for 6 d. The medium was changed every
other day.

To elucidate whether serum-free conditions could be used to derive EVCs,
we followed the aforementioned protocol, except differentiating the cells in
alpha-MEM media supplemented with 20% knockout serum replacement,
0.1 mM B-ME, 1x nonessential amino acids (Gibco), and 1x L-glutamine
(Invitrogen) for 6 d, followed by 6 d in ECGM base media (Promocell) sup-
plemented with 50 ng/mL VEGF, 10 pM SB431542, 10% knockout serum
replacement, p-ME, essential amino acids, and glutamine. These conditions
were used only when specified in the text for serum-free differentiation.

EC Maturation. On day 12, derived EVCs were either subcultured in EC dif-
ferentiation medium or sorted for VEcad* cells. For the latter, EVCs were
collected through digestion with magnetic activated cell sorting (MACS)
buffer (0.5 M EDTA and 1% BSA in PBS), incubated with 10 pL of anti-human
PE-conjugated VEcad (BD Biosciences) in MACS buffer for 45 min on ice,
washed, incubated again with 20 pL of anti-PE microbeads (Miltenyi Biotec)
in 80 pL of MACS buffer for 15 min at 4 °C, and finally washed twice. Cells
were resuspended in 500 pL of MACS buffer and separated using a MS MACS
separation column (Miltenyi Biotec). VEcad enrichment or depletion was
confirmed by flow cytometry. Sorted cells were cultured on collagen type
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