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Adaptable haemodynamic endothelial cells
for organogenesis and tumorigenesis
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Endothelial cells adopt tissue-specific characteristics to instruct organ development
and regeneration'?. This adaptability is lost in cultured adult endothelial cells, which
donotvascularize tissues in an organotypic manner. Here, we show that transient
reactivation of the embryonic-restricted ETS variant transcription factor 2 (ETV2)?

in mature human endothelial cells cultured in a serum-free three-dimensional matrix
composed of amixture of laminin, entactin and type-IV collagen (LEC matrix) ‘resets’
these endothelial cells to adaptable, vasculogenic cells, which form perfusable and
plastic vascular plexi. Through chromatin remodelling, ETV2 induces tubulogenic
pathways, including the activation of RAP1, which promotes the formation of durable
lumens**. In three-dimensional matrices—which do not have the constraints of
bioprinted scaffolds—the ‘reset’ vascular endothelial cells (R-VECs) self-assemble into
stable, multilayered and branching vascular networks within scalable microfluidic
chambers, which are capable of transporting human blood. In vivo, R-VECs implanted
subcutaneously in mice self-organize into durable pericyte-coated vessels that
functionally anastomose to the host circulation and exhibit long-lasting patterning,
with no evidence of malformations or angiomas. R-VECs directly interact with cells
within three-dimensional co-cultured organoids, removing the need for the
restrictive synthetic semipermeable membranes that are required for organ-on-chip
systems, therefore providing a physiological platform for vascularization, which we
call‘Organ-On-VascularNet’. R-VECs enable perfusion of glucose-responsive
insulin-secreting human pancreaticislets, vascularize decellularized rat intestines
and arborize healthy or cancerous human colon organoids. Using single-cell RNA
sequencing and epigenetic profiling, we demonstrate that R-VECs establish an
adaptive vascular niche that differentially adjusts and conforms to organoids and
tumoroids in a tissue-specific manner. Our Organ-On-VascularNet model will

permit metabolic,immunological and physiochemical studies and screens to
decipher the crosstalk between organotypic endothelial cells and parenchymal

cells for identification of determinants of endothelial cell heterogeneity, and could
lead to advancesin therapeutic organ repair and tumour targeting.

Endothelial cells (ECs) in zonated capillaries sustain tissue-specific  adaptive tissue-specific heterogeneity or maladapt within the scarred
homeostasis and supply angiocrine factors to guide organregen-  tissues or tumour microenvironment are unknown. Identifying
eration'? By contrast, maladaptation of ECs contributes to fibrosis  the molecular determinants of vascular heterogeneity requires the
and tumour progression®’. The mechanism(s) by which ECs acquire  generation of malleable and perfusable vascular networks that are
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responsive and can conform to microenvironmental and biophysi-
cal signals®.

Attempts to uncover the crosstalk between adult ECs and
non-vascular cells—for example, through the generation of decellu-
larized scaffolds®', organ-on-chip models™*? and three-dimensional
(3D) bioprinting, as well as the culturing of normal® and malignant
organoids'*—have met with hurdles. In these approaches, ECs do not
have the cellular freedom to directly interact with parenchymal and
tumour cells, owing to the physical constraints that are imposed by
artificial semipermeable biomaterials used in organ-on-chip systems
and low-volume microfluidic devices, and the lack of adaptive ECs™.
Moreover, the use of non-physiological matrices such as Matrigel,
poses challenges for translation to the clinic. Thus, transcriptional
resetting of adult human ECs to generate adaptable tubulogenic and
perfusable ECs in defined matrices will provide insights into vascular
diversity and therapeutic organ regeneration.

During development, ETV2 functions as a pioneer transcription fac-
tor thatinduces vascular cell fate and lumen morphogenesis®>®.ETV2 is
expressedin ECs during vasculogenesis, butis turned off mid-gestation,
when the primitive capillary networks are established®, and is not
expressed in adult ECs. Transient reintroduction of ETV2 into paren-
chymal cellsinduces a stable EC fate'®. Here, we show that in addition
to specifying vascular cell fate, transient reactivation of ETV2 resets
mature adult human vascular ECs (VECs) to embryonic-like malleable
vasculogenic ECs, hereafter referred to as ‘reset VECs’ (R-VECs). R-VECs
self-organize into adaptable, large-volume 3D lumenized vascular
networks that can transport humanblood and physiologically arborize
decellularized tissues, islets and normal and malignant organoids, and
that can build durable capillaries in vivo.

R-VECs form stable vessels in vitro

Human ECs transduced with lentivirus to express ETV2, in serum-free
medium form functional, durable and adaptable 3D vessels by transi-
tioning through three stages (Fig.1a, Extended Data Fig.1a). Inthefirst
(induction) stage, ETV2 upregulates vasculogenic and tubulogenic
factorsin flat EC cultures. During the second (remodelling) stage,
R-VECs that are placed in matrices, self-assemble into sprouting and
lumenized 3D vessels. At the third stage, R-VECs are non-proliferative,
maintaining stabilized and adaptive 3D patterned capillaries (Extended
DataFig. 1b).

Humanumbilical vein ECs (HUVECs) transduced with ETV2 showed a
50-foldincreaseinthe area of vessels formed over 8 weeks compared to
naive HUVECs, which did not form durable vessels in any of the enriched
angiogenic media that we tested (Fig. 1b, c, Extended Data Fig. 1c, d,
Supplementary Video 1a). In addition, mature adult human EC popu-
lations isolated from adipose, cardiac, aortic and dermal tissues and
transduced with ETV2 formed long-lasting and patterned R-VEC plexi
(Extended DataFig.1e-g). Next, we investigated whether R-VEC vessel
formation could be achieved without Matrigel. We identified astoichio-
metrically defined ratio of laminin, entactin and type-IV collagen that
is sufficient for the self-assembly of R-VECs into lumenized vessels
similar to those formed in Matrigel (Fig.1d, Extended Data Fig. 1h). This
composite matrix of laminin, entactin and type-IV collagen is hereafter
referred to as LEC matrix. Confocal and electron microscopy showed
that R-VECs organized into vessels that exhibit a continuous, patent
(open) lumen with the apicobasal polarity on both Matrigel and LEC
matrix (Fig. le, Extended Data Fig. 1i). Moreover, transduction of ETV2
reduces stiffness in adult ECs (as measured by atomic force micros-
copy; AFM), which facilitates lumen formation (Extended Data Fig. 1j).
To assess whether this tubulogenesis-promoting activity is specific
to ETV2, we transduced HUVECs with a lentiviral vector expressing
another ETS transcription factor, ETS1; and to test whether the sur-
vival of ECs could drive tubulogenesis, HUVECs were also transduced
with alentiviral construct of constitutively active myristoylated AKT1
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Fig.1|R-VECs self-assemble into 3D durable vessels in vitro and in vivo.

a, Experimental set-up for vessel formation. A total of 10° control ECs or R-VECs
were plated on Matrigel in serum-free StemSpan tube-formation medium
(Supplementary Data2). Lenti-EVT2, lentiviral ETV2 expression construct.

b, Z-stack of GFP* R-VEC vessels at week 16. Scale bar, 1,000 pm. ¢, Quantification
of tube formation in control ECs (HUVECs) and R-VECs (HUVEC-ETV2).

d, Quantification of R-VEC vessels on Matrigel or LEC matrix. e, Electron
microscopy images of stage-3 vessels on Matrigel and LEC matrix. L, lumen. Scale
bars, 5 pm. f, Top, schematic of in vivo plug experiment in which control ECs or
R-VECs fluorescently labelled with GFP were subcutaneously injected as a
single-cell LEC suspension into SCID-beige mice. Bottom, whole-mount confocal
images of R-VEC plugs and control EC plugs at five months. A fluorescently
labelled antibody against human VEcadherin (hVEcad) was injected retro-orbitally
before mice were euthanized. Scale bars, 200 um. g, Orthogonal projection
showing the anastomosis of mouse vessels and human VEcad® vessels. Sections
were post-stained for mouse endomucin (mEndomucin). Scale bar, 10 pm.

h, Quantification of the density of human vessels in the plugs, defined as the
percentage of GFP positive vessels of the scanned area. , j, Experimental
procedure for the decellularized intestine cultures (i, left). R-VECs repopulated
the vasculature, lining blood vessels including the distal capillaries. At day 7 the
bioreactors were stained for human CD31, imaged (i, right) and quantified (j).
Scale bars, 500 pm. Data are mean +s.e.m. NS, not significant; *P< 0.05,*P< 0.01,
***P<(.001. For statistics, see Supplementary Data .

(myrAKT1). Neither ETSI1nor myrAKT1reset ECstoformstable vessels
(Extended Data Fig. 1k-m).

We quantified the mRNA and protein levels of ETV2in R-VECs from
stages1to3 (Extended DataFig.2a-d). ETV2 proteinlevels peaked dur-
ing stage 2but were downregulated by more than 90% at stage 3, which
could not be accounted for by the minor drop in ETV2 mRNA levels
(Extended Data Fig. 2a-d). Treatment with the proteasome inhibitor
MG132 at stage 3 restored ETV2 protein levels by sixfold—approach-
ingits original expression levels—which indicates that proteasomal
proteolysis regulates ETV2 expression (Extended Data Fig. 2e, f).
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To examine whether short-terminduction of ETV2is sufficient to gen-
erate R-VECs, we used areverse tetracycline-controlled transactivator
(rtTA) doxycycline-inducible system, in which doxycycline induces the
expression of ETV2 (induced R-VECs; iR-VECs) (Extended Data Fig. 2g,
h). Induction of ETV2 was transiently required until the first week of
stage 2; after that, iR-VEC vessels sustain their stability without continu-
ous ETV2induction (Extended Data Fig. 2i-k).

Thus, short-term expression of ETV2 confers adult ECs with the
capacity to self-assemble into stable and durable patterned vessels,
without affecting cell survival and proliferation and without the
physical constraints of artificial bioprinted scaffolds and restrictive
synthetic barriers.

R-VECs form durable vessels in vivo

SCID-beige mice were implanted subcutaneously with mCherry- or
GFP-labelled control human ECs or R-VECs suspended in LEC matrix.
One to five-months after implantation, R-VECs—but not control
ECs—self-organizedinto long-lasting, branching and patterned vessels
invivo. Injection of R-VEC-implanted mice with an antibody directed
against human vascular endothelial cadherin (VEcad) showed that R-VEC
vessels anastomose to the endomucin-positive mouse vasculature,
establishing a mosaic of functional perfused vessels throughout the
plug (Fig. 1f-h, Extended Data Fig. 3a). Mouse perivascular cells wrap
around R-VEC vessels, with larger arterioles covered with a thicker
layer of smooth muscle cells and less coverage in smaller capillaries
(Extended Data Fig. 3b, c). iR-VECs also assembled into stable vessels
in LEC matrix, and one week of doxycycline treatment in vivo was suf-
ficient toretain vascular stability (Extended DataFig. 3d, e). The lack of
extravasation ofintravenously injected 70-kDa dextranin miceindicated
that R-VEC and iR-VEC vessels in in vivo plugs were non-leaky and pat-
ent. By contrast, human ECs that were transduced with KRAS formed
leaky and disorganized vessels, reminiscent to those of haemangiomas
(Extended DataFig. 3f). Unlikeimplants of KRAS-transduced endothelial
cells, R-VEC implants did not exhibit aberrant growth, haemangiomas
or tumours, and they retained perfused and organized vessels for 10
months (Extended Data Fig. 4a-e). Insummary, R-VECs build durable,
anastomosed and pericyte-covered capillaries that are structurally
normal and show no signs of vascular anomalies or tumours.

R-VECs arborize decellularized scaffolds

We next examined whether R-VECs can functionally populate the
denuded vascular lining of decellularized tissues. Although large ves-
selsin decellularized scaffolds canbe colonized with ECs, itis challeng-
ingtovascularize the abundant smaller capillaries’. Stage-1R-VECs, but
not control ECs, fully populated the narrow small capillaries evenly
throughout the decellularized rat intestine scaffolds ex vivo (Fig. 1i, j,
Extended Data Fig. 5a-d). After one week of ex vivo culture, the revas-
cularized intestinal explants were implanted in the omentum of immu-
nocompromised mice. Intravital anti-human VEcad staining at one and
four weeks showed that R-VEC-vascularized scaffolds retained their
patency and anastomosed to the mouse vasculature (Extended Data
Fig.5e). At four weeks, R-VEC vessels persisted at a higher rate in vivo
compared to naive control ECs, owing to their integrity and low rate of
apoptosis (Extended DataFig. 5f, g). Thus, R-VECs enable the functional
arborization of decellularized tissues for therapeutic regeneration.

ETV2remodels ECs to primitive plexi

Touncover the mechanism by which ETV2 drives vascular resetting, we
performed RNA sequencing (RNA-seq) in stage-1 R-VECs and control
ECs (Fig. 2a-c). Gene Ontology (GO) analyses revealed the upregula-
tion of genes in pathways that regulate vasculogenesis, angiogenesis,
GTPase activity, extracellular matrix remodelling and the response
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Fig.2| Transcriptome and epigenetic analyses of R-VEC signatures.
a,Schematic of RNA-seqand ChIP-seq performedin theinduction phase (day 14)
onR-VECs and control ECs. b, RNA-seq of R-VECs or control HUVECs instage 1
(2D monolayers). GO term analysis was performed on differentially expressed
genes. GO categories are ordered on the basis of the number of differentially
expressed genes. Heat maps for GO categoriesinred are presentedin Fig.2c
and Extended Fig. 6b. ECM, extracellular matrix; Pos. reg., positive regulation.
c,Heat map of genes in one top GO category. Values are log,-normalized counts
per million (CPM), centred and scaled by row. ETV2 binding from ChIP-seq at
the promoter of each differentially expressed geneis shownin the yellow-
and-green heat map (left). d, Heat map of 490 differentially expressed genes
across ECs of different tissues (stage 1, induction phase) upon ETV2 expression.
Tissue-adjusted log,-transformed CPM, centred and scaled by row. e, ETV2
ChIP-seqinR-VECs during theinduction phase (stage 1; 2D) using an anti-Flag
antibody or mouse IgG as control. ChIP for H3K4me3, H3K27acand H3K27me3
was performedinboth control ECsand R-VECs atstage 1. Enriched regions
were analysed by ChIP-seq. Horizontal bars underneath peaks represent
significantly changed regions. Promoter regionsbound by ETV2 are
highlightedin cream. Trackrange ETV2/K27me3/K27ac, 0-0.3; K4me3/input/
1gG, 0-1.f, Western blot for active RAP1-GTP compared to total RAP1input for
stage 12D control ECs (HUVECs) and R-VECs (HUVEC-ETV2). The quantification
of RAP1-GTP compared to total RAP1is shown below the blot and presented as
mean ts.e.m. g, Quantification of R-VEC vessel formation after treatment with
RAPlinhibitor or dimethyl sulfoxide (DMSO). h, Z-stack confocal images and
electron microscopy images of R-VEC vessels treated with RAP1inhibitor or
DMSO at four weeks. Red circlesindicate orthogonal cross-sections. Scalebars,
Sum (top); 2pum (bottom). Dataare mean +s.e.m. NS, not significant; *P<0.05,
**P<0.01.For statistics, see Supplementary Data1.

to mechanical stimuli (Fig. 2b, ¢, Extended Data Fig. 6a, b). At stage 1,
R-VECs maintain their vascularidentity by sustaining the expression of
EC-specificgenes (Extended DataFig. 6¢). After ETV2induction, agroup
0f 490 genes was differentially expressed among various tissue-specific
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e, Intact heparinized human peripheral blood (100 pl) composed of a full
complement of red blood cells, white blood cells, platelets and unperturbed
plasmawasinjected and perfused through the R-VEC vessels. Right,
representative live image of blood flow through R-VECs (see also Supplementary
Video 1b, c). Scale bar, 25 um. f, Experimental set-up for co-seeding human islets
with control ECs or R-VECs in microfluidic devices. g, Fluorescently labelled
human heparinized whole blood (red, PKH26 red fluorescent dye) was perfused
through the microfluidic devices (day 4) (see also Supplementary Video 2b-d).
Z-stack projections of whole devices of islet explants post-stained with EpCAM
and VEcad (day 4). Scale bars, 3 mm. h, Magnified area of direct interaction of
R-VECs with co-cultured islets in a microfluidic device. Scale bar, 100 um.

i, Single section and orthogonal projection of humanislets vascularized by
R-VECs ina microfluidic device. Scale bars, 50 pum. j, Experimental set-up for

the glucose-stimulation test in microfluidic devices. k, Insulin levels were
measured at2 mM glucose (¢=-10 and O min, basal level) and 9 and 24 min after
stimulation with 16.7 mM glucose. * represents statistical tests versusislets alone;
#represents statistical tests versusislets + control ECs. 1, Fold change ininsulin
levels at the outlet (insulin levels at 16.7 mM/insulin levels at 2 mM), 9 min after
high-glucose stimulation. Data are mean + s.e.m. NS, not significant; *P<0.05,
*P<0.01,**P<0.001, ###P< 0.001. For statistics, see Supplementary Data 1.

adult human ECs, including cardiac, dermal, aortic, pulmonary and
adipose-derived R-VECs (Fig. 2d, Extended Data Fig. 6d). Chromatin
immunoprecipitation followed by sequencing (ChIP-seq) analysis of
K4me3, K27ac and K27me3 histone modifications in both R-VECs and
control ECs showed that ETV2 bound to the promoters of several dif-
ferentially expressed vascular-specific genes—and to the promoters of
pro-tubulogenesis genes, which are silenced in mature ECs (Fig. 2c, e,
Extended Data Fig. 6e-h). Therefore, ETV2 resets the chromatin and
transcriptome of mature ECs through the direct reactivation of sup-
pressed tubulogenic and vasculogenic genes.

After ETV2 transduction, genes encoding Ras-interacting protein 1
(RASIPI) and three guanine nucleotide exchange factors (GEFs) that are
involvedin theactivation of the small GTPase RAP1(RASGRP2, RASGRP3
and RAPGEF5)—all of which are crucial for lumen formation**—were
upregulatedin all tissue-specific ECs (Fig. 2c, d). Similarly, differential
expressionof genes inthe RAP1 pathway was found in ETV2-positive ECs
isolated from ETV2-Venus reporter mouse embryos at embryonic stage
9.5 (E9.5) (Extended DataFig.7a, b). ChIP-seq analysis of stage-1R-VECs
confirmed the directbinding of ETV2 to RASGRP3 and RASIPI promot-
ers and a subsequent increase in K4me3 and K27ac histone marks at
these genes (Fig.2e). A pull-down of active RAP1-GTP in stage-1R-VECs
showed that the levels of active RAP1-GTP were higher in R-VECs than
innaive ECs (Fig. 2f). Vessel formation was reduced and no lumenwas
present after treatment with the RAP1inhibitor GGTI-298 (Fig. 2g, h).
Similarly, knockdown of RASGRP3 by short hairpin RNA (shRNA)
disrupted R-VEC-mediated tubulogenesis (Extended Data Fig. 7c).
Therefore, ETV2 potentiates lumen formation in part through the
upregulation of RAP1 GEFs.

Invitro, stage-3 R-VECs upregulate the expression of genes that are
involved in mechanosensing (PIEZ02,KLF2 and KLF4) and EC remodel-
ling (ATF3), whichare not expressed in cultured mature ECs (Extended
DataFig.7d). We confirmed this result by isolating R-VECs fromin vivo
plugs and comparing their transcriptome to that of freshly isolated
HUVECs and stage-3 R-VEC stable vessels (Extended Data Fig. 7d). Nota-
bly, the genes upregulated in stage-3 R-VECs (PIEZ02, KLF2 and KLF4)
were bound by ETV2 and epigenetically primed for expressionin stage-1
two-dimensional (2D) R-VECs (Extended DataFig.7e). Thus, ETV2resets
the chromatin landscape of mature ECs to an in vivo physiological
configuration thatis responsive and conforms to microenvironmental
cues—reminiscent of generic vasculogenic ECs.

R-VECs build haemodynamic vessels

We tested the capacity of R-VEC vessels to self-congregate into sprout-
ing vascular networks in the absence of pre-patterned scaffolds and
synthetic barriers and to sustain alaminar flowinvitroinlarge-volume
microfluidic devices. R-VECs or control ECs wereseededina5 x3x1-mm
microfluidic device thatcanaccommodate more than 45,000 stage-1ECs
within a15-pl volume of fibrin gel" (Fig. 3a). Within three days, R-VECs
self-organized into a multilayered, branching and interconnected
vascular plexus, maintaining their 3D lumenized stability (Fig. 3b-d).
Notably, R-VEC vessels allowed the gravity-driven transport of heparin-
ized human whole peripheral blood with a full complement of plasma,
platelets, white and red blood cells (Fig. 3e, Supplementary Video1b, c).
Duringthe transport of blood, R-VEC capillary networks sustained their
vascularintegrity and were haemodynamically stable fromtheinlet to
the outlet chambers of the microfluidic device, enduring the force of
blood flow without collapse, regression or thrombosis. R-VECs therefore
maintain the haemodynamic vascularization of tissues, and pave the
way for an Organ-On-VascularNet platform (Supplementary Video 1d).

R-VECs physiologically vascularize islets

We assessed the potential of R-VECs to functionally vascularize human
isletsin the perfusable microfluidic devices. Currently, organ-on-chip
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Fig.4 | R-VECs arborize and conform to normal and tumour organoids.

a, Control ECs or R-VECs were seeded with human normal colon organoids (COs)
or colorectal cancer organoids (CRCOs) in Matrigel droplets. b, ¢, Confocal
Z-projections (b) and magnified images (c) of human COs alone or co-cultured
with control ECs or R-VECs on day 8. Scale bars, 1 mm (b); 100 um (c, left image);
50 um (c, rightimages). d, Surface area of control ECs or R-VECs interacting with
human COs in LEC matrix, quantified over a 72-h time lapse. e, Quantification of
colon area (as stained by EpCAM) per field in COs alone or co-cultured with
control ECs or R-VECs on day 8. f, Human CRCOs were seeded with control ECs or
R-VECs in Matrigel droplets. Confocal images of CRCOs alone or co-cultured with
control ECs or R-VECs, post-stained for KRT20 at day 8 after a4.5-h EdU pulse.
Scale bars, 100 um. g, Surface area of control ECs or R-VECs interacting with
human CRCOs in Matrigel, quantified over a 78-h time lapse. h, Quantification of
EdU* CRCO cells (inf) in CRCOs alone or CRCOs co-cultured with control ECs or
R-VECsonday 8.1,j, R-VECs in single-cell suspension were cultured either alone

devices™?segregate ECs from parenchymal cells with physical barri-

ers, and are thus unsuitable for studying islets, which require active
interaction with ECs to maintain their function’®. We seeded around
40 humanislets, alone or in the presence of control ECs or R-VECs,
in 15-pl microfluidic devices (Fig. 3f). Within three days, R-VECs—but
not control ECs—arborized islets with continuous 3D vascular net-
works, which extended deep into islets and metabolically irrigated
insulin-secreting B-cells (Fig. 3g-i, Supplementary Video 2a-f). Hep-
arinized humanbloodtravelled through the R-VEC-co-opted islets, with
intact haematopoietic cells perfusing the vascularized islets (Fig. 3g,
Supplementary Video 2b-e).

Weused aglucose-stimulation test to assessislet function (Fig. 3j), and
found that islets arborized with R-VECs responded to high glucose by

430 | Nature | Vol 585 | 17 September 2020

Human CRCOs
No ECs

Human CRCOs
+Control ECs

Human CRCOs
+R-VECs

KRT20 EC EdU

KRT20 EC EdU

ek Kk
Hkk Tk khk

Area of ECs interacting with
human CRCOs (um? x 103)
~

— R-VECs
1 —— Control ECs
M—-ﬁ
0 10 20 30 40 50 60 70 80
Time (h) No ECs Control ECs R-VECs
I m
1_R-VEC alone
4
N N
o o
< <
= =
=) =1 R
5_R-VEC + CRCO
6_R-VEC alone
6_R-VEC + CRCO
7_R-VEC alone
7_R-VEC + CRCO m
8_R-VEC alone
R VE(L;JMAF: RAVEG UMAP1 8_R-VEC + CRCO -
A S - S + — QMO N DOVHIQFMOQ ngz
aone  CRCOs ©000® 538855828083~
SIRTISBEGISH
TRXRTIFITARET
o " Mg, {
-\
S Wapt Expression

D14
JUNB *
CLDNS ¥

Normal Cs

CRCOs

or mixed with human COs and subjected to scRNA-seq on day 7. i, Uniform
manifold approximation and projection (UMAP) plot for the EC fractions of
R-VECs alone and R-VECs co-cultured with COs. j, UMAP plot of 9 unique clusters,
in ECs from both the R-VECs alone group and the R-VECs +COs group. k, Heat map
of differentially expressed genes from cluster 5, enriched among R-VECs but
absentin R-VEC-alone cultures.l, m, R-VECs in single-cell suspension were
cultured either alone or mixed with human CRCOs and subjected to sScRNA
sequencing on day 7.1, UMAP plot for the EC fractions of R-VECs alone and R-VECs
co-cultured with CRCOs. m, UMAP plot of 8 unique clusters, in ECs from both the
R-VECs alone group and the R-VECs + CRCOs group. n, Heat map of differentially
expressed genes from cluster 8, enriched among R-VECs in culture with CRCOs.
0, Schematic of the adaptation and maladaptation of R-VECs. Data are

mean +s.e.m. NS, not significant; *P< 0.05, **P< 0.01, **P< 0.001. For statistics,
see Supplementary Datal.

secretinginsulin,as measured at the device outlet at 9 and 24 minutes of
stimulation (Fig. 3k). There was asevenfold increaseininsulin secretion
in glucose-stimulated R-VEC-co-opted islets, but not in control ECs or
islet-alone cultures (Fig. 31). Similar results were observedin co-cultured
isletexplantsarborized by R-VECsin static Matrigel droplets (Extended
DataFig.8a-e). Thus, R-VECs self-congregate in large-volume microflu-
idicdevicesinto haemodynamically stable vessels that physiologically
perfuse and sustain glucose-sensing human f3-cells.

R-VECs vascularize organoids and tumoroids

We next assessed the capacity of R-VECs to functionally arborize
organoids composed of healthy or malignant human cells, in order



to model tissue- and tumour-specific adaptive responses of ECs and
set the stage for organ regeneration. Normal colon organoids (COs)
were established and maintained from healthy human colon crypts'®*
(Extended DataFig. 8f). Next, the COs were mixed with either control
ECsor stage-1R-VECs in static 50-pl droplets of Matrigel or LEC matrix
(Fig.4a).R-VECs sustained the arborization of the COs throughout the
matrix droplet, with a higher vessel area than control ECs (Fig. 4b, c,
Supplementary Video 3a). Moreover, as tracked in a 72-h time-lapse
video, R-VECs interacted and engaged significantly more with the
cellswithinthe COs, as compared to control ECs (Fig. 4d, Supplemen-
tary Video 3b). The surface area of COs was larger in the presence of
R-VECs, with no change in the differentiation of COs as assessed by
the expression of stem and progenitor cell markers (Fig. 4e, Extended
DataFig.8g). R-VECs also arborized mouse smallintestinal organoids,
with anincrease in the vessel area and the number of R-VEC sprouts
per organoid (Extended Data Fig. 8h—j). Thus, R-VECs instructively
sustain the proliferation and integrity of COs, while preserving their
differentiation status.

Tumour vasculature is composed of abnormal capillaries that supply
aberrant factors thatinstigate tumour growth’. To determine whether
R-VECs can acquire and report on the maladapted features of tumour
vessels, we mixed stage-1R-VECs with patient-derived colorectal can-
cer organoids (CRCOs) (Fig. 4f, Supplementary Video 3c). Within 24
hours, R-VECs, but not control ECs, migrated to and erratically infil-
trated tumour organoids (Supplementary Video 3c¢). Similar to human
COs, the vessel area in CRCOs mixed with R-VECs, and the interaction
of R-VECs with CRCOs—as tracked in a 72-h time-lapse video—were
increased compared to control ECs (Fig. 4f, g, Extended Data Fig. 8k,
Supplementary Video 3c¢). Staining for the epithelial marker EpCAM
revealed intimate cell-cellinteractions between the tumoroids and the
R-VECs, with ahigher percentage of EdU-positive proliferating tumour
cellsinthe R-VEC than the control EC co-cultures (Fig. 4f, h, Extended
Data Fig. 8l). Hence, R-VECs establish an adaptive 3D vascular niche
that canbe used to decipher the crosstalk between ECs and normal or
tumour organoids.

R-VECs adapt to organoids and tumoroids

We performed single-cell RNA-seq (scRNA-seq) on the 3D
R-VEC-vascularized human COs or CRCOs to assess the adaptability
of R-VECs. R-VECs were cultured alone or co-cultured with human COs
or CRCOs for seven days, isolated and subjected to scRNA-seq using
the 10X Genomics Chromium platform (Extended Data Figs. 9a,10a).
ECswereidentified by their expression of VEcad (also known as CDHS)
CD31 (PECAMI) and VEGFR2 (KDR) and epithelial cells by their expres-
sion of EPCAM, CDH1 and KRT19 (Extended Data Figs. 9b-e, 10b-e).
Theidentity of the COs was validated by the expression of SATB2, CA4
and CA2,among other genes (Extended Data Fig. 9f).

R-VECs that were co-cultured with malignant or normal organoids
showed changes in their clustering patterns and gene expression
when compared to R-VECs that were cultured alone (Fig. 4i-n).
R-VECs that interacted with COs were enriched in EC organotypic
marker genes, including PLVAP and TFF3 (cluster 5, absentin R-VECs
alone)* (Fig. 4i-k). By contrast, R-VECs that arborized CRCOs were
enrichedin clusters of genes with typical attributes of tumour ECs,
including /D1,JUNB and ADAMTS4 (cluster 8), whereas genes respon-
sible for junctional integrity—such as CLDNS5 (cluster 5, cluster 7)—
were selected against® (Fig. 41-n). In response to association with
R-VECs, colon tumour cells upregulated their expression of marker
genes that are linked to poor prognosis and high rates of metas-
tasis, including higher levels of MSLN*, and downregulated their
expression of MTIG, MTIX and MT2A** (Extended Data Fig. 10f-h).
These data provide further evidence that R-VECs model an adapt-
able 3D vascular niche that responds to microenvironmental stimuli
(Fig. 40).

Discussion

We have created haemodynamic, self-organizing, large-volume 3D
R-VEC vascular plexiinaMatrigel-free LEC matrix, which mimic primi-
tive pliable blood vessels. R-VECs sustain their tubulogenic potential
in diverse serum-free media compositions enabling the functional
vascularization of organoids and tissue explants, notably islets. These
networks do not have the constraints of synthetic scaffolds and semi-
permeable membranes, and allow the direct cellularinteraction of ECs
with parenchymal and tumour cells. Transient reintroduction of ETV2—
which is silenced during fetal development—into adult human ECs
induces amolecularreset of cell tubulogenic and adaptability attributes
that are lost in cultured mature ECs*®. In R-VECs, the RAP1 pathway is
activated through RAP1GEFs and the RASIP1 effector, allowing lumen
formationinaflow-and pericyte-independentmanner. ETV2 resets the
vasculogenic memory to an early embryonic stage, and thereby renders
R-VECs receptive to microenvironmental cues'? In stabilized R-VEC
vessels, the expression of ETV2 was spontaneously reduced through
proteasomal proteolysis, suggesting that transient expression of ETV2
issufficient toreset ECs into a plastic and adaptive state.

The capacity of R-VECs to self-assemble into perfusable vascular
networks that can transport human blood enables the 3D physiologi-
cal vascularization of scalable and organ-level micro- and macroflu-
idic devices. This licenses R-VECs to recapitulate the physiochemical
and multicellular geometry of blood-perfusable vascular niches that,
by deploying angiocrine factors, directly enhance the frequency of
co-cultured organoids. In addition, R-VECs conform to signals that
are produced by organoids or tumoroids and, reciprocally, tumour
cells upregulate markers that are associated with poor outcomes
in response to signals induced by subverted R-VECs. Our R-VEC
Organ-On-VascularNet platform therefore overcomes the constraints
of costly, technically challenging and non-physiological organ-on-chip
models, the design of which prevents the direct cellular interaction of
ECs with non-vascular cells.

Co-cultures of organoids with blood-perfusable pericyte-coated
R-VECs could serve as atissue-specific biological platform for the deliv-
ery ofengineered immune cells (such as CAR-T cells) and chemothera-
peutic agents, and could also be used to unravel the pathogenesis of
microangiopathyin diseases such as coronavirus disease 2019 (COVID-
19). The durable tubulogenic capacity, scalability, haemodynamicblood
perfusibility, geometrical malleability, medium compatibility and cel-
lular adaptability of R-VECs—which are capable of vascularizing normal
and malignant organoids, as well as decellularized scaffolds—will lay
the foundation for physiological, metabolicand immunological stud-
ies and pharmaceutical screening. The R-VEC Organ-On-VascularNet
model permits the construction of functional and perfused implantable
tissues ex vivo, opening a new chapter in translational vascular medi-
cine for tissue-specific regeneration and for targeting the corrupted
vascular niches of tumours.
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Methods

Cell culture of ECs

Approvalforthe use of discarded left-over HUVECs and human adipose
tissue ECs was obtained through the Weill Cornell Medicine Institu-
tional Review Board (IRB). The ECs wereisolated inthe laboratory as pre-
viously described, using a collagenase-based digestion approach®?.
The cells were then grown in tissue culture dishes coated with 0.2%
gelatinin complete EC medium. Complete EC mediumis composed of
400 mIM199,100 ml heat-inactivated fetal bovine serum (FBS), 7.5 ml
HEPES, 5 ml antibiotics (Thermo Fisher Scientific,15070063), 5 ml glu-
tamax (Thermo Fisher Scientific,35050061), 5 ml lipid mixture (Thermo
Fisher Scientific,11905031), and 25 mg EC growth supplement (Alpha
Aesar,)64516-MF) (Supplementary Data 2). The cells were transduced
with lenti-PGK-ETV2 or an empty lentiviral vector at passage 1-2. In
some instances, the cells were also labelled by using PGK-mCherry or
PGK-GFP lenti-viral vectors. The cells were split 1:2 using accutase and
passaged on gelatinized plates. Asrequired, cellsin 2D (stage1, induc-
tion) were frozen down to be used in future experiments. Comparisons
for all assays and co-cultures were performed using the same parental
EClinelentivirally transduced with and without ETV2. Overall, HUVECs
frommore than10 different isolations were used for the experiments.
R-VECs used for tube-formation assays were of passage 5-10.

Human adipose-derived ECs were isolated by mechanical fragmen-
tation followed by collagenase digestion for 30 min. After plating
the crude population of cells on the plastic dish and expansion for
5to 7 days, the cells were then sorted to purify VEcad"CD31" ECs and
expanded as described above. Human adipose ECs were cultured in
the same medium as that described above for HUVECs. At least three
different isolations of adipose ECs were used in our experiments.
Human microvascular cardiac (PromocCell, C12286), aortic (PromocCell,
C12272), pulmonary (PromoCell, C-12282) and microvascular dermal
(PromocCell, C12265) ECs were acquired from PromoCelland cultured
in EC growth medium MV (PromocCell, C22020).

Lentiviral transduction of ECs

ECs were transduced with ETV2 lenti-particles or empty vector
lenti-particles. ETV2 cDNA (NM_014209.3) was introduced into the
pCCL-PGKlentivirus vector (Genecopeia). For ChIP analysis, atriple Flag
tagwas subclonedinthe ETV2 construct at the amino terminus?. After
one week of transduction, ECs were collected for mRNA isolation and
quantitative PCR with reverse transcription (QRT-PCR) analysis. The
relative ETV2RNA unit was determined by calculating the relative ETV2
mRNA expression compared to GAPDH using the following formula:
(2" ICHETV2)-CGAPDH)]) 5 1 00 0. Primers are found in Supplementary Data4).
Cells with arelative ETV2 RNA unit within the range of 60-100 were
used for all experiments. A multiplicity of infection (MOI) of 3 gave us
relative expression levels of 60-80 as calculated by mRNA expression.
MOl was calculated by converting particles of antigen P24 to infectious
units per ml (IFU) and then to MOI based on cell number (kit: Katara,
632200). An MOl of 3 was found to be adequate for cardiac and aortic
ECs; an MOl of 6 was required for adipose and dermal ECs. Polybrene
at2pg ml™was used forall transductions. ETS1, myrAKT, mCherry and
GFPwere also introduced into the pCCL-PGK lentivirus vector and an
MOI of 3 was used for all transductions.

For inducible expression of ETV2, ECs were transduced with
doxycycline-inducible ETV2 lenti-viruses (pLV[Exp]-Puro-TRE
> hETV2 (NM_014209.3), VectorBuilder VB170514-1062dfs and
pLV[Exp]-Neo-CMV >tTS/rtTA_M2, VectorBuilder VB160419-1020mes)
inwhichthe presence of doxycycline turns on ETV2 expression. After 1
week of doxycycline (1 pg ml™) induction of ETV2, cells were collected
to determine the relative ETV2 mRNA unit. Cells with a relative ETV2
RNA unit within 60-100 were used for all experiments. An MOI of 50
was required for the inducible ETV2 lentiviral particles and rtTA len-
tiviral particles.

Lentivirus production

Alllentiviral plasmids were prepared with a DNA Midiprep kit (Qiagen,
12145). Viruses were packaged in 293T cells by co-transduction with
asecond or third generation of packaging plasmids. Culture media
were collected 48 h after transduction and virus particles were con-
centrated using aLenti-X concentrator (Katara, 631232), resuspended
in phosphate-buffered saline (PBS) without calcium or magnesium
(Corning, 21040CV) and stored at -80 °Cinsmall aliquots. Virus titres
were determined with a Lenti-X p24 titre kit (Katara, 632200).

Tube-formation assays

Twenty-four-well plates were coated with 300 pl of Matrigel (Corn-
ing) for 30 min in a 37 °C incubator. Meanwhile, cells with or without
ETV2 were accutased and counted. Cells were then resuspended in
StemSpan (Stem Cell Technologies) supplemented with10% knockout
serum (Thermo Fisher Scientific,10828028) and cytokines: 10 ng ml™
FGF2 (bFGF) (Peprotech, 1000-18B), 10 ng mI™ IGF1 (Peprotech, 100-
11), 20 ng mI EGF (Peprotech, AF-100-15), 20 ng mI™ SCF (Peprotech,
300-07) and 10 ng mI IL-6 (Peprotech, 200-06). One hundred thou-
sand cells either with or without ETV2 were then dispersed in each
well in1ml of medium. Cultures were placed ina37 °Cincubator with
5% oxygen for the remainder of the tube-formation experiments. The
medium was changed every other day, by replacing 750 pl of medium
with fresh medium. Care was taken to not disrupt the tubes during
all medium changes. In several cases, a mixture of defined matrices
comprising a mixture of laminin and entactin (Corning, 354259) and
collagenlV (Corning, 354245) (LEC matrix) was used instead of Matrigel
asindicated in the text. We combined these defined matrices at differ-
ent ratios of laminin, entactin and collagen IV (LEC) components and
ultimately found the most effective combination of these gel mixtures
for tube-formation assays, which was: 200 pl of laminin and entactin
(note that concentrations slightly vary for each lot; always diluted
to16.5mg ml™in PBS first) and 100 pl of collagen IV (concentrations
slightly vary for each lot; first diluted to 0.6 mg ml™ in PBS), mixed
together on the ice and stored at 4 °C overnight before use. The final
format of the LEC matrix consisted of 11 mg ml™ of the laminin and
entactin mixture, and 0.2 mg ml™ collagen IV. The volume of LEC was
increased as needed, as long as the ratios and final concentrations
were maintained. Vessel area was measured over the course of 24 h to
12 weeks for stage-2 (remodelling) and stage-3 (stabilization) phases.
AnEVOSinverted microscope with a4x objective was used to capture
images in their different (randomized) locations in each well for each
condition and time point. All of the images were then analysed for the
lumenized vessel area using ImageJ to trace the vessel area. The same
procedure was used for cells transduced with ETS1 or myrAKT1%, and
for KRAS-transduced ECs?.

Tube-formation assay in different medium formulations

ECswereaccutased and plated on Matrigel at 100,000 cells per wellin
24-well plates as described above. To assess the tube-formation assays
of ETV2 ECs versus control ECs, we compared their capacity to forma
tubular networkin three different enriched pro-angiogenic medium
formulations (Extended Data Fig. 1d). Medium formulation 1 (MF1)
is a StemSpan tube-formation medium (Supplementary Data 2)—a
serum-free medium containing StemSpan supplemented with knock-
out serum and cytokines (StemSpan (Stem Cell Technologies) sup-
plemented with 10% knockout serum (Thermo Fisher Scientific,
10828028) and cytokines: 10 ng ml™ FGF (Peprotech, 1000-18B), 10
ng ml IGF1 (Peprotech, 100-11), 20 ng mI™ EGF (Peprotech, AF-100-
15), 20 ng mI™' SCF (Peprotech, 300-07) and 10 ng mI™ IL-6 (Pepro-
tech,200-06)). Medium formulation 2 (MF2,EGM-2) isan EC growth
medium (Supplementary Data 2) (PromocCell, C22111). Medium for-
mulation 3 (MF3)is the complete EC medium (Supplementary Data 2)
with serum that was used to maintain and propagate ECs (400 ml
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M199,100 ml heat-inactivated FBS, 7.5 ml HEPES, 5 ml antibiotics
(Thermo Fisher Scientific,15070063), 5 ml glutamax (Thermo Fisher
Scientific, 35050061), 5 ml lipid mixture (Thermo Fisher Scientific,
11905031) and 25 mg endothelial cell growth supplement (Alpha
Aesar, ]64516-MF). Media were changed every other day. Images were
acquired at different time points. ImageJ was used to measure vessel
areaover time.

Video set-up for HUVECs cultured in 3D matrices in different
medium formulations

GFP-labelled control HUVECs and R-VECs were embedded inside
LEC matrix at 5 million cells per ml. Gels were polymerized on
glass-bottomed culture dishes at 37 °C incubator for 15 min. Subse-
quently, either EGM-2 or StemSpan tube-formation medium (Supple-
mentary Data 2) was added into the cell culture as described above.
The medium was also supplemented with Trolox, a vitamin E analogue
(6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) (Sigma)
at100 pM to enable long-term imaging. The cultures were mounted
in a temperature- and gas-controlled chamber for live-cell imaging.
Time-lapse videos were acquired with a Zeiss Cell Observer confocal
spinning disk microscope (Zeiss) equipped witha Photometrics Evolve
512 EMCCD camera at an interval of 40 min over 3 days. The medium
was refreshed every two days.

Immunofluorescent staining of tubesin vitro

At 8to12 weeks all medium was removed from the wells. The tubes were
washed once with PBS and fixed for 30 min in 4% paraformaldehyde
(PFA) at room temperature. Then, the wells were rewashed with PBS
and put in blocking buffer (containing 0.1% Triton-X) for 1 h at room
temperature. For proliferation studies, a16-h pulse of EAU (Click-iT
EdUkit, Thermo Fisher Scientific, C10337) was used for all three stages
of vessel formation.

Electron microscopy

Tissues were washed with serum-free medium or PBS then fixed
with a modified Karmovsky’s fix of 2.5% glutaraldehyde, 4% PFA and
0.02% picric acid in 0.1 M sodium cacodylate buffer at pH 7.2. After a
secondary fixation in 1% osmium tetroxide and 1.5% potassium fer-
ricyanide, samples were dehydrated through agraded ethanol series
andembedded inan Epon analogue resin. Ultrathin sections were cut
using a Diatome diamond knife (Diatome) on a Leica Ultracut S ultra-
microtome (Leica). Sections were collected on copper grids, further
contrasted with lead and viewed on a JEM 1400 electron microscope
(JEOL) operated at100 kV.Images were recorded with a Veleta 2k x 2k
digital camera (Olympus SIS).

AFM measurements

AFM was used to examine the stiffness of HUVECs and adult human
adipose ECs. Bright-field images of cells, for determination of the
location of stiffness measurements, were acquired using an inverted
microscope (Zeiss Axio Observer Z1) asthe AFM base (20x 0.8 NA objec-
tive). An MFP-3D-BIO Atomic Force Microscope (Asylum Research) was
used to collect force maps. A 5-um borosilicate glass beaded probe
(Novascan) with a nominal spring constant of 0.12 N m™ was used for
all measurements. Each force map sampled a 60 pm x 60-um region,
ina20 x 20 grid of force curves (400 force curves total) under fluid
conditions which covered an area of 360 um? The trigger point was
setto2nNwithanapproachvelocity of 5ums™ The force-indentation
curves were fit to the Hertz model for spherical tips using the Asylum
Research software to determine Young’s modulus, with an assumed
Poisson’s ratio value of 0.45 for the sample. Force maps of stiffness
along with individual stiffness values for each measured point were
then exported from the Asylum Research software for further analysis.
A custom-made MATLAB (MathWorks) script was written to correctly
analyse the data for the stiffness of the cells and filter measurements

such that only data1pm from the glass bottom dish were analysed (to
remove any substrate effect from the measurements).

RNA and protein collection from endothelial cell tubular
capillaries

Atindicated time points, capillaries of ECs from tube-formation assays
were collected for RNA sequencing and western blotting. Before the
cells were collected, the medium was completely removed from the
well. Two millilitres of 2 mg ml™ dispase (Roche 38621000) was added
into eachwell to dissociate the EC tubes for 45 minat 37 °C with gentle
shaking. Dissociated cells were pelleted, washed once in PBS and sub-
sequently collected for either mRNA or protein isolation. On several
occasions, dissociated ECs from tubes were pooled from multiple wells
ofthe same ECline and experiment to allow sufficientisolation of mMRNA
and protein for downstream analysis.

Westernimmunoblot

Cells were lysed into 1x SDS loading buffer (50 mM Tris-HCI pH 6.8,
5% B-mercaptoethanol, 2% SDS, 0.01% bromophenol blue, 10% glyc-
erol) followed by sonication (Bioruptor, 2 x 30 s at high setting). Pro-
teins were solved on a 5-15% gradient Tris-glycine SDS-PAGE gel and
semi-dry-transferred to nitrocellulose membranes. The following pri-
mary antibodies were used at theindicated dilutions: RAP1(CST, 2399,
1:1,000); RASGRP3 (CST, 3334,1:1,000), GAPDH (CST, 5174,1:10,000);
AKT (CST, 34685, 1:5,000); p-S473-AKT (CST, 4060, 1:2,000); ETS1
(CST,14069,1,000) and ETV2 (Abcam, ab181847,1:1,000). All antibody
information can be found in the Reporting Summary. Horseradish
peroxidase (HRP)-conjugated secondary antibodies and the ECL prime
western blotting system (GE Healthcare, RPN2232) were then used.
Chemiluminescent signals were captured with a digital camera (Kindle
Biosciences) and images of protein bands were taken for quantifica-
tion using Image).

Invivo experiments

All animal experiments were performed under the approval of the
Weill Cornell Medicine Institutional Animal Care and Use Committee
(IACUC).HUVECs transduced with anempty lentiviral vector or lentivi-
ralvectors carrying ETV2 construct, and labelled with GFP or mCherry
(2 million cells per plug), were injected subcutaneously into male or
female 8-12-week-old SCID-beige mice (Taconic). The cells were first
resuspended in PBS (50 pl) and then mixed with Matrigel (Corning,
356237) or LEC matrix as described above to a final volume of 350 pl.
The gels were also supplied with FGF2 (10 ng mI™) (Peprotech, 1000-
18B), VEGF-A (20 ng mI™) (Peprotech,100-20) and heparin (100 pg mi™)
(SigmaH3149-100KU). Each mouse received two plugs: one with control
cellsand the other with cells transduced with ETV2. Mice implanted with
plugs wereinjected retro-orbitally with anti-human VEcad (clone BV9-
Biolegend) conjugated to Alexa-647 (25 1gin100 pl of PBS) or 70-kDa
fluorescently labelled lysine-fixable dextran (Thermo Fisher Scientific)
and euthanized 8 min after injection. Whole-mountimages were taken
directly on a Zeiss 710 confocal microscope using a well containing a
coverslip bottom. The plugs were fixed in 4% PFA overnight and then
dehydrated in ethanol or put in sucrose for furtherimmunostaining.
The dehydrated plugs were sent to Histoserv for further processing,
sectioning and haematoxylin and eosin (H&E), picrosirius or Masson
staining. The sections were processed forimmunostaining as described
below. GFP-labelled lentiviral KRAS-transduced cells were injected in
mice as described above, but owing to a rapid increase in size, mice
bearing plugs with KRAS-transduced cells were euthanized at 2 weeks.

Immunostaining of sections

Optimal cutting temperature compound (OCT) -frozen sections (20
pm), previously fixed in 4% PFA and treated in sucrose, were washed
once with PBS. The slides were then incubated in blocking buffer (0.1%
Triton-X, 5% normal donkey serum, 0.1% bovine serum albumin (BSA),



for 30 min at room temperature and overnight in primary antibodies
at the appropriate dilution (listed in the Reporting Summary) at 4 °C
in blocking buffer. For thicker sections (50 um) tissues were blocked
overnightinblockingbufferat4 °C (0.3% Triton-X, 5% normal donkey
serum, 0.1% BSA) and then for two days in primary antibody in blocking
buffer at4 °C(0.3% Triton-X, 5% normal donkey serum, 0.1% BSA). The
next day, the slides were washed 3 times for 10 min at room tempera-
ture and then incubated for three hours in fluorescently conjugated
secondary antibodies (1:1,000). Finally, the slides were washed 3 times
for10 minand counterstained with DAPI. The sections were mounted
oncoverslips. A Zeiss 710 confocal or Zeiss Cell Observer confocal spin-
ning disk microscope was used to acquire images. For stromastaining, a
mouse anti-PDGFR antibody (1:500, Biolegend) or an anti-mouse SMA
antibody (1:200, Abcam) was used. Mouse ECs were counterstained with
mouse anti-endomucin antibody (1:100, Santa Cruz). Several images
were taken from sections from different layers of each plug. At least
12 pictures (4 per mouse) from different slides were taken for each
condition and time point. Images were processed using ImageJ and
the percentage of vessel area within the area of each image field was
quantified using the threshold feature in ImageJ.

RAP1 pull-down and western blots

A 10-cm plate of either HUVECs or ETV2-transduced HUVECs (flat
2D induction stage) was used for the active RAP1 assay (Cell Signal-
ing, 8818S) according to the manufacturer’s guidelines for the kit. In
brief, the cells were washed once with PBS and then starved for three
hoursin M199 medium with 0.5% BSA. The cells were then scrapedin
thelysis buffer supplied with the kit and resuspended at around 1 mg
ml™. A fraction was saved as input and the rest of the cells were used
for RAP1-GTP pull-down. Positive and negative controls, as well as a
beads-only control, were performed according to the manufacturer’s
guidelines. Proteins were solved on a 5-15% gradient Tris-glycine
SDS-PAGE gel and semi-dry-transferred to nitrocellulose membranes.
The membranes were then blocked in 5% milkin PBST and incubated in
the provided RAP1 (1:1,000) antibody, GAPDH and/or ETV2 antibody
for 48 h. After 48 h, the membranes were washed 3 times for Smin and
incubated in HRP-conjugated secondary antibody. Finally, after sec-
ondary washings, themembrane wasblotted in ECL, chemiluminescent
signals were captured with a digital camera (Kindle Biosciences) and
images of protein bands were taken for densitometric quantification
using Image).

RAPlinhibition experiment

Tube-formation assays for ECs with or without ETV2 were setup in 24
wells as described above. The next day, RAP1inhibitor (GGTI-298, Toc-
ris) resuspended in DMSO was added to the wells at a1:1,000 dilution
atthefinal concentration of 10 uM, and the same amount of DMSO was
added to the control wells. The inhibitor and medium were changed
every other day for 4 weeks.Images were obtained and the vessel area
was calculated as described above at one-week and four-week time
points.

RASGRP3 knockdown experiments

shERWOOD-UltramiR RASGRP3 shRNA lentiviral constructs (in
pZIP-TRE3G) were purchased from TransOMIC Technologies. The
clone number and targeted RASGRP3 sequences are as follows:
ULTRA-3265848, AAGGGCAGAAGTCATCACAAA;ULTRA-3265850,
CCTTGGAGTACACTTGAAAGA. The control shRNA (ULTRA-NT,
ATGCTTTGCATACTTCTGCCT) targets a fly luciferase RNA sequence.
Lentivirus was prepared as described above, using second-generation
packaging plasmids. R-VECs (stage 1) were transduced with either
shRNA virus or control shRNA virus (MOI=3). Doxycycline was added
atdayloftheremodelling stage (stage 2) and the medium with doxycy-
clinewasreplaced every other day for 4 weeks. Images were obtained
andthe vessel areawas calculated as described above at two-week and

four-week time points. To confirm RASGRP3 knockdown, doxycycline
was added to stage-1R-VEC cells for one week and then the cells were
collected for western blot analysis.

Proteasome inhibition experiment

R-VEC vessels were prepared on Matrigel as described above. At the
stabilization stage (4 weeks), R-VEC tubes were treated with either
20 utM of MG132 (Selleck Chemicals) or DMSO for 6 h. The medium was
removed and the wells were washed once with PBS. R-VEC tubes were
then incubated in a solution of 2 mg mI™ Dispase (Roche) for 45 min
at 37 °C to dissociate the tubes. 20uM of MG132 (Selleck Chemicals)
or DMSO was continuously provided during the dissociation period.
Dissociated cells were collected and further processed for western
blotting as described above.

Isolation of ECs from ETV2 reporter mice

ETV2-Venus reporter mice were a gift from V. Kouskoff?, In brief,
embryos were isolated at E9.5 from pooled litters of ETV2-Venus
reporter mice. For each independent biological replicate,
five litters of mice at E9.5 were pooled together. All embryos
were accutased for 20 min at 37 °C and then triturated several
times with a pipette. The cells were post-stained for anti-mouse
CD31 and anti-mouse CD45 antibodies, and then sorted as either
ETV2Y"s*CD31'CD45 or CD31'CD45 (ARIAII, BD). Cells were sorted
straightinto Trizol-LS and the RNA was further purified using a Qiagen
RNA-easy isolation kit.

Intestinal tissue collection and decellularization

Intestines were collected from Sprague Dawley rats ranging from 250~
350 ginweight. Inbrief, under aseptic conditions amidline laparotomy
was performed and the intestine exposed. A 5-cm-long intestinal seg-
mentwasisolated, preserving the mesenteric artery and the mesenteric
vein that perfuse the isolated segment. Both vessels were cannulated
with a 26G cannula, and the intestinal lumen was cannulated using
1/4-inch barbed connectors. The isolated segments were decellular-
ized, with perfusion through vasculature and lumen provided at 1 ml
min~using a peristaltic pump (iPump). The decellularization process
consisted of Milli-Q water for 24 h, sodium deoxycholate (Sigma) for
4hand DNasel (Sigma) for 3 h. Decellularized intestines were sterilized
with gamma radiation before use.

Bioreactor culture

Decellularized intestines were seeded either with Smillion GFP'ETV2*
human ECs or with 5million GFP* control ECs. Cells were seeded through
the mesenteric artery and mesenteric vein. Seeded intestines were
mounted inside a custom-made bioreactor under sterile conditions.
After24 h, perfusion was started through the mesentericartery at 1ml
minusing a peristaltic pump (iPump). Cells were grown in complete
EC medium (M199/EBSS (HyClone, SH302503.01) supplemented with
20% heat-inactivated FBS, 1% penicillin-streptomycin, 1.5% HEPES
(Corning, 25-060-Cl), 1% glutamax (Gibco 35050-061), 1% lipid mix-
ture (Gibco, 11905-031), 1% heparin (Sigma, H3149-100KU) and 15 pg
ml™endothelial cellgrowth supplement (Merck, 324845)) for the first
5days, and then cells were grown for 2 days in StemSpan (Stem Cell
Technologies) supplemented with10% knockout serum (Thermo Fisher
Scientific,10828028),1% penicillin-streptomycin, 1% glutatamax, 10 ng
ml™ FGF2 (Peprotech100018B), 20 ng ml™ EGF (InvitrogenPHGO311),
10ng mI™'IGF2 (Peprotech100-12), 20 ng mI™ SCF (Peprotech 300-07)
and 10 ng mI™IL-6 (Peprotech 200-06). After 7 days, re-endothelialized
intestines were collected under sterile conditions and segments of
5 x 7 mm were excised for heterotopic implantation. The remaining
intestinal tissue was then fixed in 4% PFA, mounted and prepared for
imaging by fluorescent microscopy. To assess the patency of the vessels,
some re-endothelialized intestines were perfused with fluorescently
labelled LDL.
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Heterotopic graftimplantation

Mice used for these studies were maintained and experiments per-
formed in accordance with the UK Animals (Scientific Procedures)
Act 1986 and approved by the University College London Biological
Services Ethical Review Process (PPL 70/7622). Animal husbandry at
UCL Biological Services was in accordance with the UK Home Office
certificate of designation. NOD-SCID-gamma (NSG) mice, aged between
8and12weeks, were anaesthetized with a2-5% isoflurane-oxygen gas
mix for induction and maintenance. Buprenorphine (0.1mgkg™) was
administered at the induction of analgaesia. Amidline laparotomy was
performed under aseptic conditions. The stomach was externalized
from the incision and the omentum stretched from the great curva-
ture. A segment of the engineered intestine was then enveloped in
the omentum, using 8/0 prolene sutures to secure the closure of the
omentalwrap. The stomach and the omentum were placed backin the
abdomen and the laparotomy closed using 6/0 vicryl sutures. Mice
were allowed to eat and drink normally immediately after surgery and
no further medications were administered during the post-operative
periods. After one week or four weeks, the mice were intravenously
injected with fluorescently labelled anti-human VEcad (BV9 Biolegend)
asdescribedin’Invivo experiments’,and then euthanized. Grafts were
retrieved together with the omental envelope and fixed in 4% PFA,
mounted and prepared for imaging by fluorescent microscopy.

Analysis of vascular parameters for decellularized intestine
experiments

Images forinvitro ECrevascularization were processed using ImageJ by
settinga threshold and quantifying the area covered by the CD31 signal
withrespect to theintestine area. Invivo quantification of cells positive
for GFP and VEcad was performed onimages acquired with aconfocal
microscope (Zeiss LSM710) and evaluation of vascular parameters was
performed using Angiotool software (National Cancer Institute)*°.

Quantification of proliferating cells and apoptoticcellsin
decellularized scaffolds

Explanted intestinal grafts were fixedin 4% PFA, embedded in OCT and
sectioned. Sections were stained for cleaved caspase 3 (Cell Signaling,
9661S) and for Ki67 (Abcam, AB15580). First, the sections were blocked
for 1hin PBS with 10% donkey serum. Then, primary antibodies were
incubated overnight at 4 °C in blocking solution with the addition of
0.5% Triton-X. Primary antibodies were washed 3 times with PBS before
the secondary antibody was added. Secondary antibody for donkey
anti-mouse or rabbit (Alexa Fluor 547 or 647; Life Tech) was used at
adilution of 1:500 in blocking solution with 0.5% Triton X-100 and
incubated at room temperature for 1 hour. Secondary antibody buffer
was washed off with PBS 3 times and the slides mounted in a solution
containing DAPI. Images were acquired with a confocal microscope
(Zeiss LSM710). Three fields of view (425.10 pm x 425.10 pm in size)
were evaluated per animal and the ratio between human VEcad (injected
intra-vitally before euthanasia) and cleaved caspase 3- or Ki67-positive
cells quantified.

Primary human pancreatic islets in static co-culture with ECs

Primary human islets were purchased from Prodo Laboratories.
Twenty-five human islets were cultured alone, co-cultured with con-
trol ECs or co-cultured with R-VECs. Control ECs and R-VECs were used
at 5 million cells per ml. The human islets with and without ECs were
mixed in 40 pl Matrigel and plated into wells of a Nunc IVF 4-well dish
(Thermo Fisher Scientific,144444).Islets and ECs were co-cultured with
serum-free islet medium (SFIM, Supplementary Data 2). The medium
was composed of glucose-free RPMI 1640 supplemented with 0.1%
human serum albumin, 10 pg mI™ human transferrin, 50 uM ethanola-
mine, 50 uM phosphoethanolamine, 6.7 ug ml™ sodium selenite, 10 ng
ml?FGF2,100 pg ml™ heparinand 5.5 mM glucose. After two weeks of

co-culture, samples were prepared for glucose-stimulated insulin secre-
tion (GSIS). Samples were starved in Krebs-Ringer bicarbonate HEPES
(KRBH) buffer containing 2 mM glucose for 2 h, followed by 45 minin 2
mMglucose as the basal insulin secretion and 45minin16.7 mM glucose
as the stimulated insulin secretion. Insulin concentrations at the end
of basal and stimulated phases were determined using the STELLUX
Chemi Human Insulin ELISA (ALPCO). For each group, there were 11
replicates, withislets derived from 4 different donors. In other experi-
ments, 200 human islets were cultured alone or mixed with 250,000
control ECs or 250,000 R-VECsin 50-pl Matrigel droplets. Humanislet
explantsinco-culture were stained for EpCAM and VEcad and imaged
atoneand two weeks. In brief, the growth medium was removed and the
cells were fixed in 4% PFA for 20 min. They were then permeabilized in
0.5% Triton-X for 20 min and blocked in IF Buffer (PBS, 0.2% Triton-X,
0.05% Tween, 1% BSA) for 1h. Then, the cellswere incubated in primary
antibodies overnightin IF buffer: anti-EpCAM (1:100, Biolegend), VEcad
(1:100, R&D). They were then washed 3 times with PBS 0.1% Tween. The
wells were then incubated with secondary antibodies (1:1,000) in the
IF buffer for 3 h. The solution was removed, DAPlin PBS was added for
5minand cells were washed twice with PBS 0.1% Tween.

To quantify the interacting vessels with human pancreatic islets,
co-cultures were imaged using a 10x objective to capture both
GFP-labelled vessels and human pancreatic islets in the bright field.
Using the custom MATLAB code, we traced the area of GFP-labelled
vessels that surrounded and wrapped the human pancreaticislets for
co-cultures with control ECs and with R-VECs.

Vascular network formation in microfluidic devices

We produced amore substantial scale device using photo-lithography
aspreviously described”. The distance between the two fluidic channels
or the width of the device is 3 mm (increased from 1 mm). The length
of the device or the length of the fluidic channels is 5 mm. The height
of the device is1 mm. The total volume of the device is 15 pl. In brief,
each device comprises two layers of poly(dimethylsiloxane) (PDMS;
Sylgard 184; Dow-Corning), which are cast from silicon wafer masters.
The devices are plasma-treated with plasma etcher (PlasmaEtch) and
subsequently treated with (3-glycidyloxypropyl)trimethoxysilane
(Sigma, 440167) overnight. The next day, they are submerged in water
to wash overnight before use. All devices are keptina37 °Cincubator
with 20% oxygen.

Amixture of 3 million mI™ ETV2 HUVECs or control HUVECs in 5mg
ml™ bovine fibrinogen (Sigma) and 3 U ml™” bovine thrombin (Sigma)
was injected into the devices with two 400-pum acupuncture needles
(Hwato). After the cell and gel mixture polymerized, the acupuncture
needles were pulled out leaving two hollow channels. HUVECs were
seeded into the hollow channels to form two parent vessels on the
next day. The devices were placed on a platform rocker for the entire
experiment (Benchmark). Cells were cultured in the medium for ves-
sel formation in microfluidic devices (Supplementary Data 2) and
refreshed daily until day 7, when the devices were fixed and imaged.

For human pancreatic islet culture experiments, devices were set
up similarly to experiments with ECs alone. Approximately 75 human
pancreaticislets were mixed either alone or with control ECs or R-VECs
(4 million cells per ml) cellsin 5mg ml™bovine fibrinogenand 3 U ml™
bovine thrombintoatotal volume of 30 pland injected into the devices.
The needles were removed after fibrin gel polymerization, and 200 pl
of human pancreaticislet co-culture medium (Supplementary Data 2)
was added into each of the fluidic channels. The devices were placed
onaplatformrocker (Benchmark2000) during the entire experiment.

GSIS assay for human pancreaticislets in the devices

Human pancreaticislets were placed in the devices as described above
eitheralone orin co-culture with control ECs or R-VECs. Human cadav-
ericislets (Prodo Labs) were procured from three healthy separate
donors, with atotal of n=4devicesforno ECs, n=4 devices for control



ECsand n=8devicesfor R-VECs. After 4 days, the medium was removed
inallthe devices. The devices were then starved with2 mM glucose for
2 hintheincubator. At the end of starvation, 300 pl of 2 mM glucose
KRBH buffer was added at the inlet of the device, and devices were
incubated at 37 °C for 3 min. Driven by gravity, KRBH buffer perfused
through to the other side (outlet) of the device during the incubation.
After the 3-min incubation, fluid from the outlets was collected for
insulinmeasurement through ELISA. Theinlets were also emptied of any
remaining fluid. Then, another 300 pl KRBH buffer was added toinlets,
leaving the outlets empty. In R-VEC co-culture devices, 30-150 pl fluid
collected in the outlets, owing to high perfusion rates. In islets-alone
and control-EC co-culture devices, only a small amount of fluid (less
than 10 pl) was found in the outlets. To enable sample collection, we
rinsed the outlets of islets alone and control-EC co-culture devices with
150 pl KRBH buffer and collected all outlet liquid for insulin measure-
mentusing ELISA. Sample collection was repeated for a total of 8 times
using 2 mM glucose KRBH buffer, and another 8 times using 16.7 mM
glucose KRBH buffer.Inthe end, we acquired a series of semi-dynamic
GSIS samples. We examined the insulin concentration at the outlet of
the device at the third (at =9 min) and eighth (¢=24 min) collections
atboth the 2 mM and the 16.7 mM glucose phases. The insulin level
per device was calculated as: insulin per device = insulin concentra-
tion x collected volume. Basal insulin levels were determined as the
average of the third and eighth collections at 2 mM glucose. Insulin
concentration was determined using the STELLUX Chemi Human Insu-
lin ELISA (ALPCO).

Staining protocol for experimentsin devices

Tostainfor ECsinthe devices,immediately before the experiment was
terminated, all medium was aspirated in both fluidic channels in the
devices. VEcad antibody (200 pl) conjugated with Alexa 647 at 10 pg
ml™ (Biolegend) was placed in one of the fluidic channels and allowed
to slowly perfuse through the lumenized R-VEC vessels for 15-20 min
inthe incubator from one fluidic channel to the other fluidic channel.
The device was then washed 3 times with basal medium and fixed with
PFA for 45 min.

When co-culture experiments were set up with human pancreatic
islets, the same protocol was used to stain for R-VEC lumenized ves-
sels with VEcad-conjugated antibody. Post-fixation, the device was
permeabilized with 0.1% Triton-X for 45 min and further stained with
either EpCAM for human COs or EpCAM and insulin for human pancre-
aticislets. To stain for EpCAM (Biolegend) the conjugated antibodies
were added to both fluidic channels at 10 pg ml™ for 48 h on a rocker
at4 °C.Thedevices were washed 3 times with 1x PBS and subsequently
washed and submergedinto 1x PBS for 24 honarocker at4 °C. Asimilar
staining procedure was used for insulin and post-VEcad staining, except
that permeabilization was carried out overnight, followed by primary
antibody staining as described above and secondary staining for 24 h
onarocker at4 °C. The devices went through washing for another 24
h with 1x PBS on a rocker at 4 °C and were then imaged using a Zeiss
710 confocal microscope.

Whole-blood perfusionin vascularized microfluidic devices

Forblood perfusionvideos, vessels were prepared with 3 million R-VEC
cells per ml, as described above. Medium (400 pl) (Promocell) was
refreshed. On day 7, blood was collected from a donor following IRB
protocol in a heparinized tube. We sealed one end of both of the flu-
idic channels leaving two reservoirs diagonal to one another open
for the perfusion experiment. Human heparinized whole peripheral
blood (BD Vacutainer) was obtained from consented healthy individuals
by phlebotomy. Then 200 microlitres of whole blood were immediately
pipetted into one of the fluidic channels at the open reservoir. The
blood cells along with intact plasma entered the fluidic channel, tra-
versed through the lumenized R-VEC vessels and exited to the reservoir
diagonal to the reservoir in which blood entered. In experiments to

perfuse blood in devices with R-VECs in co-culture with human pan-
creatic islets, we stained blood cells with PKH26 red fluorescent dye
(Sigma, MMIDI26-1KT) according to the manufacturer’s protocol for
5minonice. Fluorescently labelled blood cells were pipetted into the
reservoir, traversed through the lumenized R-VEC vessels and exited to
the diagonal reservoir. In other devices (control ECs + human pancreatic
islets,and human pancreaticislets alone), fluorescently labelled blood
cells were not able to traverse from one fluidic channel to the other
fluidic channel.Images were taken with an Axio Observer Z1 equipped
with Hamamatsu Flash 4.0 v2,sCMOS camera and 10x/0.45 objective.

Isolation and culture of mouse small intestine organoids
Mousesmallintestine organoids wereisolated as previously described®.
Fifteen centimetres of the proximal small intestine was removed and
flushed with cold PBS. After opening longitudinally, it was washed in
cold PBS until the supernatant was clear. The intestine was then cutinto
5-mm pieces and placed into 10 ml cold 5mM EDTA-PBS and vigorously
resuspended using a 10-ml pipette. The supernatant was aspirated
and replaced with 10 ml EDTA and placed at 4 °C on abenchtop roller
for 10 min. This was then repeated for a second time for 30 min. The
supernatant was aspirated and then10 ml of cold PBSwas added to the
intestine and resuspended with a10 ml pipette. After collecting this 10
mlfraction of PBS containing crypts, this was repeated and each succes-
sive fraction was collected and examined underneath the microscope
for the presence of intact intestinal crypts and lack of villi. The 10-ml
fraction was then mixed with 10 ml DMEM basal medium (Advanced
DMEM F12 containing penicillin-streptomycin, glutamine, HEPES (10
mM) and ImM N-acetylcysteine (Sigma Aldrich A9165-SG) containing
10 Uml?DNasel (Roche, 04716728001), and filtered througha100-um
filterinto a BSA (1%)-coated tube. It was then filtered througha 70-pm
filterinto a BSA (1%)-coated tube and spun at 1,200 rpm for 3 min. The
supernatant was aspirated and the cell pellet mixed with 5 ml basal
medium containing 5% FBS and centrifuged at 200g for 5 min. The
purified crypts were then resuspended in basal medium and mixed
1:10 with Growth Factor Reduced (GFR) Matrigel (Corning, 354230).
A 40-pl sample of the resuspension fluid was plated in a 48 well plate
and allowed to polymerize. Mouse small intestine organoid growth
medium composed of basal medium containing 40 ng mI™ EGF (Invit-
rogen PMG8043),100 ng mI™ Noggin (Peprotech 250-38) and 500 ng
ml™R-spondinl (R&D Systems, 3474-RS-050), were then laid on top of
the Matrigel. In some experiments, small intestinal organoid growth
medium was made with R-spondinl from conditioned medium, col-
lected from HEK293 cell lines expressing recombinant R-spondinl
(provided by C. Kuo).

Maintenance of mouse small intestine organoids

The medium of the organoids was changed every two days and they
were passaged 1:4 every 5-7 days. To passage, the growth medium was
removed and the Matrigel was resuspended in cold PBS and transferred
toal5-mlfalcontube. The organoids were mechanically disassociated
usingapl000 ora p200 pipette and pipetting 50-100 times. Seven ml
of cold PBS was added to the tube and pipetted 20 times to fully wash
the cells. The cells were then centrifuged at 1,000 rpm for 5 min and
the supernatant was aspirated. They were then resuspended in GFR
Matrigel and replated as above. For freezing, after spinning the cells
were resuspended in basal medium containing 10% FBS and 10% DMSO
and stored in liquid nitrogen indefinitely.

Mouse small intestine organoid co-culture and staining

Mouse smallintestine organoids were co-cultured for 4-7 days either
alone or with control ECs or R-VECs, at afinal concentration of S5million
cell per ml of Matrigel. Organoids were mechanically dissociated as
described above and mixed with the ECs, spun down and resuspended
in GFR Matrigel. The mixture was then dispersed in 30-pl droplets in
8-well chamber slides (Lab-Tek 11, 154534) or 50-pl droplets in a Nunc



Article

IVF 4-well dish (Thermo Fisher Scientific, 144444). Cells were cultured
inmouse smallintestine organoid medium (Supplementary Data 2) as
described above (EGF 40 ng ml™, Noggin 50 ng ml™, R-spondinl condi-
tioned medium (10%) + FGF-2 (10 ng mI™) (Peprotech, 1000-18B) and
heparin (100 pug mI™) (Sigma, H3149-100KU). Vessel area was quantified
by the threshold function in ImageJ and individual sprouts in contact
with the mouse small intestine organoids were counted and reported
as vessel sprouts per organoid. Where indicated, 10 uM EdU was added
to the growth medium for 6 h before fixing. The growth medium was
removed and the cells were fixed in 4% PFA for 20 min. They were then
permeabilized in 0.5% Triton-X for 20 min and blocked in IF buffer (PBS,
0.2% Triton-X, 0.05% Tween, 1% BSA) for 1 h orimmediately processed
for EdU staining according to directions provided with the Click-iT
Edu Imaging Kit (Invitrogen C10340). For immunofluorescent stain-
ing, cells were incubated in primary antibodies overnight in IF buffer:
anti-KRT20 (1:200, Cell Signaling Technologies, 13063). They were
then washed 3 times with PBS 0.1% Tween. The wells were then incu-
bated with secondary antibodies (1:1,000) in the IF buffer for 3 h. The
solution was removed, DAPIin PBS was added for 5 min and cells were
washed twice with PBS 0.1% Tween. The chambers were then removed
and cover slips were mounted using Prolong Gold antifade medium
(Invitrogen P36930).

Isolation and culture of human normal and tumour colon
organoids

Isolation of human colonic crypts and adenoma, and culture and
maintenance of organoid cultures, were performed as previously
described*. Normaland adenoma tissues were collected from colonic
resectionsaccordingto protocols approved by the Weill Cornell Medi-
cine IRB. In brief, human colonic mucosa samples were obtained by
trimming surgically resected specimens. The underlying muscle layer
was removed using fine scissors under astereomicroscope, leaving the
mucosa, which was cut into 5-mm pieces on a Petri dish, placed into a
15-ml centrifuge tube containing 10 ml of cold DPBS and washed 3 times.
Ten millilitres of cold DPBS supplemented with 2.5 mM EDTA was added
tothetube andthetube wasincubated for1hatroomtemperature with
gentle shaking. Isolated crypts were mixed with Matrigel (Corning,
354230), dispensed in the centre of each well of a 6-well plate using a
200-ul pipette and placed at 37 °C for 10 min to solidify the Matrigel.

Normal COs were procured from Jason Spence’s (J.S.) laboratory
at the University of Michigan as previously described®?* (specifi-
cally, human CO lines 87 and 89). Healthy human COs were passaged
1:3 every 7 days by mechanical dissociation (pipetting) and grown
in 12-well low-attachment plates in 30-pl Matrigel droplets. Normal
COs were cultured in human CO medium (Supplementary Data 2)
comprising Advanced DMEM F12, penicillin-streptomycin, 4 mM
glutamax, 1% HEPES, primocin (100 pg ml™), 50% L-WRN (WNT3a,
R-spondinl, Noggin)-conditioned medium, N2, B27 without vita-
min A, N-acetylcysteine (1 mM), human recombinant EGF (50 ng
ml™), Y-27632 (10 puM), A-83-01 (500 nM) and SB202190 (10 pM). The
L-WRN-conditioned medium was generated using L-WRN cells. Condi-
tioned medium was collected for 4 days, pooled, sterile-filtered and
frozeninto aliquots until use.

Human CRCOs were procured through the Institute for Precision
Medicine at Weill Cornell Medicine®. The CRCOs were split 1:3 every
7 days by digesting in TrypLE Select (Thermo Fisher Scientific) sup-
plemented with 10 pM Y27632 (Tocris Bioscience), and were main-
tained in human CRCO medium and propagated in GFR Matrigel.
Human CRCO medium (Supplementary Data 2) comprises Advanced
DMEM F12, 1% penicillin-streptomycin, 1% glutamax, 1% HEPES,
R-spondinl-conditioned medium (5%), N-acetylcysteine (1.25 mM),
human recombinant EGF (50 ng ml™), human recombinant FGF-10 (20
ngml™), FGF-2 (1ngml™), Y-27632 (10 pM), A-83-01 (500 nM), SB202190
(10 pM), nicotinamide (10 mM), PGE2 (1 pM), NRG (10 ng ml™) and
human gastrin1 (10 nM).

Co-cultures of normal and tumour organoids with ECs

R-VECs or control ECs (at afinal concentration of 5 million cells per ml)
were mixed with healthy human COs or patient-derived CRCOs, spun
downandresuspended in Matrigel (Corning, 354230) or LEC matrix as
described above. The cells were then dispersed in 30-70-pl Matrigel
or LECdropletsin 8-well chamber slides (Lab-TekII,154534) or aNunc
IVF 4-well dish (Thermo Fisher Scientific, 144444) and cultured in the
respective organoid medium with the addition of FGF-2 (10 ng mI™)
(Peprotech,1000-18B) and heparin (100 pg mI™) (Sigma H3149-100KU).
The medium was changed every other day. A 4.5-h pulse of EAU was
used for alltumour organoid co-culture experiments (Click-iT EdUkit,
Invitrogen C10340). The co-cultures were maintainedina37 °Cincuba-
tor with 20% oxygen. Human COs and CRCOs were stained similarly to
mouse smallintestinal organoid co-cultures. Antibodies against human
EpCAM (Biolegend) and VEcad (R&D) were added and co-cultures were
incubated overnight, followed by secondary antibody staining.

Preparation of normal and tumour organoids cultured with ECs
for molecular profiling and single-cell sequencing

Forsingle-cell sequencing, co-cultures were maintained for seven days.
To collect cells in co-culture for single-cell sequencing, the medium
was removed from the culture and the organoid-endothelial cell
droplets were incubated in 2 mg ml™ dispase (Roche) for 20 min at
37 °Cwith shaking. The cells were then spun down and incubated for
an additional 15 min at 37 °C in accutase. At this point, the endothe-
lial cells were mostly released from the co-cultures and collected
by filtering through a 40-pm mesh. The rest of the undigested cells
(mainly organoid clusters) were further dissociated into single cells
by incubating with TryplE for an additional 45 min at 37 °C until the
cells were completely separated as single cells. This two-step diges-
tion allowed for increased viability and efficient dissociation of both
endothelial cells and organoids. Both the first and the second fraction
were further processed for single-cell analysis. Single cells were col-
lected and filtered through a 35-pm nylon mesh and processed for
single-cell sequencing.

For qRT-PCR experiments, co-cultures were maintained for
seven days in Matrigel. To collect cells and dissociate organoids in
co-cultures, we incubated the Matrigel droplets with TrypLE-Express
enzyme (Thermo Fisher Scientific, 3 ml per 50-pul Matrigel droplet)
for 45 min at 37 °C with vigorous shaking. The dissociated cells were
then washed twice, once with organoid culture medium and once
with MACs buffer. Dissociated cells were resuspended in 100 pl MACS
buffer and anti-human CD31 (Biolegend, 10 pg ml™) was used to stain
for endothelial cells for 30 min onice. The cell suspension was washed
with MACS buffer and resuspended in MACS buffer with DAPI (1pg ml™).
Subsequently, cells were sorted to purify the DAPI"CD31” population.
An Accurus PicoPure RNA isolation kit (Thermo Fisher Scientific) was
used toisolate RNA from the collected cells.

Quantification of vessels that interact with human COs and CRCOs
inserial confocal videos

Human CRCOs and COs were stained with CellTracker (Invitrogen,
C34565) as per the instruction manual of the manufacturer. CRCOs and
COswere embedded inside Matrigel or LEC matrix with either control
ECs or R-VECs at 5 million cells per ml. A mixture of gel and cells was
pipetted onto a glass-bottomed dish and polymerized inside a 37 °C
incubator for 15 min. The culture was then fed with organoid medium
supplemented with 10 ng mI™ bFGF (Peprotech) and100 pg ml™ heparin
(Sigma H3149-100KU). To enable long-termimaging, 6-hydroxy-2,5,7,8
-tetramethylchroman-2-carboxylic acid (Sigma), as an antioxidant, was
also added into the medium at 100 pM. The culture was immediately
mounted onto atemperature-and gas-controlled chamber. Time-lapse
videos were acquired with a Zeiss Cell Observer confocal spinning disk
microscope (Zeiss) equipped with a Photometrics Evolve 512 EMCCD



camera at aninterval of 40 min over 3-4 days. Medium was refreshed
every two days.

To quantify the vessels interacting with normal and tumour colon
organoids, Z-projection images of time-lapse videos from several time
points were obtained using ImageJ. Custom MATLAB codes were written
to quantify the interacting vessel areas with all individual organoids.
The custom MATLAB codes are provided in Supplementary Data 3. In
brief, the code was used to manually trace the perimeter of all vessels
around which ECs were wrapping and tapping the organoids. The area
ofthe manually traced interacting vessels was quantified and reported.

RNA library preparation and analysis of sequencing data

RNA was isolated and purified using the Rneasy Mini Kit (Qiagen) or
Accurus PicoPure RNA isolation kit (Thermo Fisher Scientific). RNA
quality was verified using an Agilent Technologies 2100 Bioanalyzer.
RNA libraries were prepared and multiplexed using the [llumina TruSeq
RNA Library Preparation Kit v.2 (non-stranded and poly-A selection)
and 10 nM of cDNA was used as input for high-throughput sequencing
with Illumina’s HiSeq 2500 or HiSeq 4000, producing 51-bp paired-end
reads. Sequencing reads were de-multiplexed (bcl2fastq) and mapped
with STAR v.2.6.0c (ref. *®) with default parameters to the appropriate
NCBIreference genome (GRCh38.p12 for human samples and GRCm38.
p6 for mouse samples). Fragments per gene were counted with fea-
tureCounts v.1.6.2 (ref. ) with respect to Gencode comprehensive
gene annotations (release 28 for human samples and M17 for mouse
samples).

Transcriptome data analysis

Differential gene expression analysis was performed using DESeq2
v.1.18.1 (ref. *8), and only false discovery rate (FDR)-adjusted Pvalues
of less than 0.05 were considered statistically significant. Before dif-
ferential gene expression analysis, genes expressed at low levels were
filtered out by only retaining genes that have more than 1ICPM in the
condition with the least number of replicates. Base-2 log-transformed
CPM values were used for heat map plots, which were centred and
scaled by row. Before visualization, tissue-specific effects were removed
using the removeBatchEffect function fromlimmav.3.34.9 (ref.*). GO
analysis was performed using DAVID Bioinformatics Resource Tools
v.6.8 (ref. ).

ChIP and antibodies

To identify the genome-wide localization of ETV2, K4me3, K27me3
and K27ac modifications in R-VECs or control ECs, ChIP assays were
performed with approximately 1 x 107 cells per experiment, as previ-
ously described*. Cells introduced with triple Flag-tagged ETV2 len-
tivirus (as described above) were used for the ETV2 ChIP. In brief, cells
were cross-linked in1%PFA for 10 min at 37 °C, then quenched by 0.125
M glycine. Chromatin was sheared using a Bioruptor (Diagenode) to
create fragments of 200-400 bp, immunoprecipitated by 2-5 pg of
antibody or mouse IgG bound to 75 pl Dynabeads M-280 (Invitrogen)
and incubated overnight at 4 °C. Magnetic beads were washed and
chromatin was eluted. The ChIP DNA was reverse-cross-linked and
column-purified. All ChIP antibodies are identified in the Reporting
Summary.

ChIP-seqlibrary construction and sequencing

ChIP-seqlibraries were prepared with the lllumina TruSeq ChIP Library
Preparation Kit for DNA from ETV2 ChIP, and K4me3, K27me3 and
K27ac modification ChIP. ChIP-seqlibraries were sequenced with the
lllumina HiSeq 4000 system.

ChIP-seq data processing and analysis

ChIP-seq reads were aligned to the reference human genome (hg19,
GRCh37) using the BWA alignment software (v.0.5.9)*2. Unique reads
mapped to asingle best-matchinglocation with no more than4% of the

read length of mismatches were kept for peak identification and profile
generation. Sequence data were visualized with IGV by normalizing to
1million reads®. The software MACS2 (ref. **) was applied to the ChIP-
seq data with sequencing data from input DNA as control to identify
genomic enrichment (peak) of ETV2. The SICER (v.1.1) (ref. *) algorithm
was applied to the ChIP-seq data with sequencing datafrominput DNA
as a control to identify genomic regions with significant enrichment
differencesindifferent cell types. The resulting peaks were filtered by
P<0.05for ETV2 and FDR < 0.01 for histone modifications. We com-
puted the read counts in individual promoters using HOMER*®, Each
identified peak was annotated to promoters (+2 kb from transcription
start site), gene body or intergenic region by HOMER. Summary and
peak call information for all ChIP-seq data processing and analysis is
provided in Supplementary Table 1.

10X Chromium single-cell transcriptomics and analysis

The following two experiments were performed for single-cell library
preparation to establish the adaptation of R-VECs when co-cultured
with normal or malignant organoids.

Experiment1: R-VECs were co-cultured alone or together withhuman
COs for seven days in human CO medium supplemented with 10 ng
mI™?FGF2 (Promocell) and 100 pg ml ™ heparin. COs were also cultured
alonein CO mediumsupplemented with10 ng mI™ FGF and100 ng mi™*
heparin for seven days. After seven days, all three conditions (R-VECs
alone, R-VECs + COs, or COs alone) were dissociated with dispase and
TryplE (Thermo Fisher Scientific) as described above, and submitted
for10X Chromiumsingle-cell analysis. All three samples were processed
and run at the same time.

Experiment 2: R-VECs were co-cultured alone or together with human
CRCOs for seven days in CRCO medium supplemented with 10 ng mi™
FGF2 and 100 pg ml™ heparin. The CRCOs were also cultured alone in
CRCO medium with 10 ng mI™ FGF and 100 pg ml™ heparin for 7 days.
After 7 days, all three conditions (R-VECs alone, R-VECs + CRCOs, or
CRCOs alone) were dissociated with collagenase, dispase and TryplE as
described above, and submitted for 10 Chromium single-cell analysis.
Allthree samples were processed and run at the same time.

The single-cell suspension was loaded onto a well on a10X Chro-
mium Single Cell instrument (10X Genomics). Barcoding and cDNA
synthesis were performed according to the manufacturer’s instruc-
tions. In brief, the 10X GemCode Technology partitions thousands
of cells into nanolitre-scale gel bead-in-emulsions (GEMs), in which
all the cDNA generated from an individual cell share acommon 10X
barcode. To identify the PCR duplicates, a unique molecular identi-
fier (UMI) was also added. The GEMs were incubated with enzymes to
produce full length cDNA, which was then amplified by PCR to gener-
ateenough quantity for library construction. Qualitative analysis was
performed using the Agilent Bioanalyzer High Sensitivity assay. The
cDNA libraries were constructed using the 10X Chromium single-cell
3’ Library Kit according to the manufacturer’s original protocol. In
brief, after the cDNA amplification, enzymatic fragmentation and size
selection were performed using SPRIselect reagent (Beckman Coulter,
B23317) to optimize the cDNA size. P5, P7, a sample index and read 2
(R2) primer sequence were added by end repair, A-tailing, adaptor
ligationand sample-index PCR. The final single-cell 3’ library contains
standard Illumina paired-end constructs (P5and P7), Read 1 (R1) primer
sequence,16-bp 10X barcode, 10-bp randomer, 98-bp cDNA fragments,
R2 primer sequence and 8-bp sample index. For quality control after
library construction, 1l of the sample was diluted 1:10 and run on the
Agilent Bioanalyzer High Sensitivity chip for qualitative analysis. For
quantification, the lllumina Library Quantification Kit (KAPA Biosys-
tems, KK4824) was used.

Libraries were sequenced onan Illumina NextSeq500 with a150-cycle
kit using the following read length: 26-bp Read 1 for cell barcode and
UMI, 8-bp17index for sampleindex and 132-bp Read 2 for transcript. Cell
Ranger 2.2.0 (http://10xgenomics.com)was used to process Chromium
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single-cell 3’ RNA-seq output. First, ‘cellranger mkfastq’ demultiplexed
the sequencing samples based on the 8-bp sample index read to gen-
erate fastq files for the Read 1 and Read 2, followed by extraction of
16-bp cell barcode and 10-bp UMI. Second, ‘cellranger count’ aligned
the Read 2 to the human reference genome (GRCh38) using STAR®.
Then aligned reads were used to generate the data matrix only when
they have valid barcodes and UMl and map to exons (Ensembl GRCh38)
without PCR duplicates. Valid cell barcodes were defined on the basis
of UMl distribution.

Allsingle-cell analyses were performed using the Seurat package
inR (v.2.3.4) (ref. ¥). Once the gene-cell data matrix was generated,
poor-quality cells were excluded, including cells with more than 6,000
uniquely expressed genes (as they are potentially cell doublets). Only
genes expressed inthree or more cellsinasample were used for further
analysis. Cellswere also discarded if their mitochondrial gene percent-
ageswere over 10% or if they expressed fewer than 600 unique genes,
resulting in 20,778 genes across 24,478 cells, with the median UMI
count foreachcellacrossthe entire dataset being 7,845 and the median
number of unique genes per cell being 2,397. Further information on
each sample that passed the quality filters is available in Supplemen-
tary Table 2. Following best practicesin the package suggestions, UMI
counts were log-normalized and after the most highly variable genes
were selected the data matrices were scaled using alinear model, with
variation arising from UMI counts and mitochondrial gene expres-
sion mitigated for. Principal component analysis was subsequently
performed on this matrix and after reviewing principal component
heat maps andjackstraw plots, UMAP visualization was performed on
thetop 29 components and the clustering resolution was set at 1.0 for
visualizations. Differential gene expression for gene-marker discovery
across the clusters was performed using the Wilcoxon rank-sum test
inthe Seurat package.

Epithelial cells were identified by the epithelial cell markers EPCAM,
CDHIand KRT19 and ECs were identified by the EC markers VEcad, CD31
and VEGFR2. Epithelial cells were filtered out from the next analysis to
identify heterogeneity amongst the EC populations of the co-cultured
normaland tumour cell populations. The epithelial cell fraction was also
analysed onits owninthe tumourand co-cultured samples. Inboth of
these analyses best practices were again followed for cluster discovery
using the top 20 components and cluster resolution 0.6 in the matched
tumour and normal sample sets and differential gene expression for
gene-marker discovery across the clusters were performed using the
Wilcoxon rank-sum test in the Seurat package.

Statistical analysis and datareporting

Datawere assessed and analysed using appropriate statistical methods.
The normality of data was assessed using the Kolmogorov-Smirnov
test. Sample sizes and statistics for each experiment are provided in
Supplementary Data 1. GraphPad Prism v.7 was used for all statistical
analysis, unless otherwise indicated. No statistical methods were used
to determine sample size. Unless otherwise stated, the experiments
were notrandomized. Theinvestigators were not blinded to allocation
during experiments and outcome assessment.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

Source ChIP-seq data are provided in Supplementary Table 1 and
source scCRNA-seq data are provided in Supplementary Table 2. The
RNA-seq data can be viewed at the Gene Expression Omnibus (GEO)
under accession number GSE131039. The ChIP-seqdataand scRNA-seq
data can be viewed at the GEO under accession numbers GSE147746
and GSE148996, respectively. Source dataare provided with this paper.

Code availability

All of the code used in this paper is available from the authors on
request.
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Extended DataFig.1|ETV2 confers mature humanECs with the ability to
autonomously self-assembleinto lumenized, durable, branchingand
patterned vesselsinvitrowithout the constraints of bioprinted scaffolds.
a, Overview of experimental set-up for vessel formationin vitro for screen of
different media, extracellular matrix components and tissue-specific ECs.

b, The proliferation of GFP-transduced R-VECs and control ECs (CTRL-ECs) at
eachstage of vessel formation. EdU" cells were quantified after a16-hour EQU
pulse.c, Time course of vessel formation on Matrigel for GFP* CTRL-EC and
R-VECs over 8 weeks. d, Vessel formation using R-VEC or CTRL-ECin three
differentenriched pro-angiogenic media (Supplementary Data 2): Serum-

free StemSpanwith Knockout serumreplacement and Cytokines, EGM-2and
complete EC media on Matrigel. R-VEC formed the most robust lumenized
vesselsin serum-free StemSpan with knockout serum replacement medium
and cytokines, as compared to other media with serum. CTRL-EC failed to form
durable stable vessels. e, f, Time course (e) and quantification (f) of tube
formation for GFP* human Adipose CTRL-EC and human Adipose R-VEC on
Matrigel. g, Representative images of tissue-specific GFP* R-VEC and CTRL-EC
isolated from adult human heart (cardiac EC), aorta (aortic EC) and skin (dermal
EC) demonstrated robust and stable vessels at 4 weeks on Matrigel.

h, Representative images of GFP* R-VEC vessels formed on Matrigel or a pre-
defined matrix of laminin/entactin and collagen 1V (LEC). i, Inmunostaining of
R-VEC-tubes displayed apicobasal proper polarity with podocalyxin, apical (in
red) and laminin, basal (in green). Therightimage is an orthogonal projection.
j, Stiffness measurements by atomic force microscopy (AFM) of adult Adipose
and HUVECECs withand without ETV2.Inboth cases, ETV2-transduced ECs are
significantly less stiff than their counterparts. The abbreviated box plots
indicate theinterquartile range and median for each condition. k, HUVECs were
transduced with either anempty lentiviral vector or lentiviral vectors with
ETV2, myrAKT or ETS1constructs, and used in a vessel formation assay.
Western Blot analysis for expression of ETV2, p-AKT, total AKT and ETS1in
those cells. 1, Representative images for ETS1or myrAKT1transduced GFP*
HUVECsinavessel formation assay on Matrigel. m, Quantification of vessel
areafor ETS1, myrAKT1and ETV2 (R-VEC) cellsindicated that ETSI-EC and
myrAKT1-EC fail to form robust vessel formation as compared to R-VEC. Data
aremean +s.e.m. NS, notsignificant; *P<0.05,**P<0.01, ***P<0.001. For
statistics, see Supplementary Data 1. For medium formulations, see
SupplementaryData2.
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Extended DataFig.2|Transient ETV2 expressioninadulthumanECsis
sufficient for the generation and maintenance of durable long-lasting
R-VECvesselsinvitro. a, Schematic for ETV2mRNA and proteinlevels
assessmentat each of the three stages of R-VEC vessel formation.

levels after doxycycline removal. i, Representative images of GFP*iR-VECs on
Matrigel with inducible ETV2 expressionat 2 months. ETV2 was turned
offatday 0, day 7 and at 4-weeks post start of the remodelling stage 2. j,
Quantification of iR-VEC vessels at 2 months. k, Electron microscopy pictures

b, Quantification of ETV2 mRNA levels at each stage of vessel formation.c, d,
Western blot analysis (c) and densitometric quantification (d) of ETV2 protein

levelsateach stage of vessel formation. GAPDH was used as aloading control. e,
Aproteasome inhibitor (MG132) restored ETV2levels by ~sixfold when added to

R-VECs during the stabilization stage. f, Densitometric quantification of
westernblotsine.g, qRT-PCR(g) and westernblot (h) assessment of ETV2

ofalumen present both in vessels in which doxycycline was continuously
presentandinvesselsin which doxycycline was removed after 1month. Data
aremeants.e.m. NS, notsignificant; *P<0.05,**P<0.01, ***P<0.001. For
statistics, see Supplementary Data 1. For medium formulations, see
Supplementary Data2.
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Extended DataFig. 3 | R-VEC vessels are functionally anastomosed to host
vessels and not leaky in vivo. a, Fluorescently labelled R-VEC or CTRL-EC cells in
LEC matrix were subcutaneously injected in the flank of SCID beige mice and
retrieved at 2 months. Human-specific VEcad antibody (hVEcad) was injected
intravitally right before euthanasia. Sections of the plugs were stained for mouse
ECs with an anti-mouse endomucin antibody (mEndomucin), identifying
properly organized human R-VECs anastomosing with mouse vessels

(thickness =50 pm). Sections were also stained with the nuclear stain DAPI. b, c,
Plugs inawere post-stained with hVEcad and amouse PDGFRf3 antibody (b) or
mouse SMA antibody (c) (thickness =50 pum). d, In vivo plug assay, in which mice
were subcutaneously injected with either control ECs (HUVECs transduced only
with rtTA lentivirus) or stage 1doxycycline-inducible-ETV2 ECs (iR-VECs: HUVECs
transduced with both rtTA and inducible ETV2 lentivirus) in LEC matrix. One
group of mice was on doxycycline (ETV2 continuously on) and another group of
mice was on doxycycline food diet for 1 week (ETV2 on) and then switched to

i R-VEC
(1 week on)
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(perfused)

hEndothelial Cells

KRAS-EC

R-VEC

100 um

iR-VEC iR-VEC
Dox 1 week Dox
regular food (ETV2 off). All mice were euthanized 2 months post-implantation.
Red indicates the GFP labelled human ECs, white: Anti-VEcad antibody that was
retro-orbitally injected before euthanizing the mice. e, Quantification of vessel
area for rtTA only plugs, mice on doxycycline for 1 week, and mice continuously
ondoxycycline diet (ETV2 on). All mice were euthanized 2 months post-
implantation. f, 70 kDa fluorescent dextran (in blue) and human VEcad (in white)
were injected in mice implanted with fluorescently labelled R-VECs (inred,
5-months post-implantation), iR-VECs (in red, 1 week on doxycycline food and
euthanized at 2 months) or K-RAS-HUVECs (K-RAS-EC) (inred, 2-weeks post-
implantation) to assess anastomosis and leakiness of vessels. K-RAS-EC vessels
showed dextran leakiness, whereas R-VEC and iR-VEC vessels exhibited patency
and non-leakiness. Green arrows point at perfused mouse vessels that were also
perfused with dextran. Data are mean +s.e.m. NS, not significant; *P<0.05,
**P<0.01, **P<0.00L. For statistics, see Supplementary Data 1. For medium
formulations, see Supplementary Data 2.
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Extended DataFig. 4 |Implanted R-VECs form stable, patterned, branching  months (c). There were no features of cysts or haemangiomas present, in

and durable vesselsin vivo without features of vascular malformations, contrast to KRAS-EC plugs (at 4 weeks) that formed an EC tumour (d). e, There
cysts, adenomas, haemangiomas or metastasis. a, Representativeimagesof =~ wasno metastasis of R-VECs to other tissues 10 months after plug implantation
non-haemorrhagic R-VEC plugs at 10 months. b, Whole-mount microscopy of andthe tissues were assessed to be normal without fibrosis and architectural
R-VEC plugs at 10-months post perfusion with anti-human VEcad antibody disruption or tumorigenesis as evaluated by H&E, Masson and picrosirius

(hVEcad). ¢, d, Representative H&E and Masson staining of R-VEC plugs at 10 staining.
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Extended DataFig. 5| Decellularized intestinal scaffolds re-endothelialized
with R-VECs engraft in vivo after omental implantation. a, Schematic of
experimental procedure for heterotopicimplantation of decellularized
intestinal scaffold vascularized using R-VECs. b, Ratintestines were cannulated
through lumen, mesenteric artery and mesenteric vein. ¢, Decellularized
intestine preserves native vasculature (green=GFP*R-VECs).d, Seeded GFP
labelled R-VECs spread evenly and reach distal capillaries. e, Heterotopic
implantation of re-endothelialized intestines inimmunodeficient mice
omentum shows engraftment after 1and 4 weeks of GFP*R-VECs and
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anastomosisto the host vasculature asindicated by intravitalintravenous
injection of anti-human VEcad antibody (hVEcad). Representative H&E
stainings show anatomical normal perfused vessels. f, Quantification of the
areacovered by R-VEC compared to CTRL-ECinimplanted re-endothelialized
intestinesat1week and 4 weeks. g, Quantification of R-VEC and CTRL-EC
proliferation and apoptosis inimplanted re-endothelialized intestines at1and
4 weeks.Dataaremean+s.e.m.NS, notsignificant; *P<0.05,**P<0.01,
***P<0.001. For statistics, see Supplementary Datal.
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was performed on R-VECs using an anti-flagantibody at the inductionstage 1
(2D), along with histone modification ChIP for H3K4me3 and H3K27ac.
Enriched regions were analysed by ChIP-seq. f, Genomicdistribution of ETV2
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cultured HUVECs. Values represent tissue-adjusted log,(CPM), centred and
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Extended DataFig. 8|See next page for caption.



Extended DataFig. 8| R-VECs physiologically arborize human pancreatic
islet explants and organoids. a, Humanislet explants were culturedin
Matrigel droplets (volume 50 pl) either with GFP labelled CTRL-EC or R-VEC
(day 4).b, Insulinsecretion fold change after glucose stimulationat16.7 mMvs.
2mMglucose (2-week time point). ¢, Vessel area of ECs directly interacting with
isletsatweek 2.d, EpCAM and VEcad staining of islets co-cultured in a Matrigel
droplets at2weeks. e, Orthogonal projections of R-VECs in co-culture with
humanislets at two weeks, demonstrating strong interaction of the sprouting
R-VECvessels withislets. f, Human COs were derived fromisolated crypts from
colonbiopsies of healthy human donors. Colon organoids were confirmed to
express proper markers by quantitative RT-PCR. g, Quantitative RT-PCR of
various colon markers for human COs, co-cultured with CTRL-EC or co-
cultured with R-VEC for 8 days. Epithelial cells were sorted out as live CD31"®
non-vascular cells. h, Mouse smallintestine organoids were cultured alone, or

inthe presence of CTRL-EC or R-VEC (day 8). Confocal representative images of
EdU’ (proliferating cells), KRT20" (differentiated epithelial cells in blue)

and ECs (mCherry - red) of co-culture experiment with mouse intestinal
organoids. i, Quantification of vessel area over the course of 7 days in co-
cultures of mouse intestine organoids with CTRL-EC or R-VEC. j, Vessel
arborization quantified as EC sproutsindirect contact/organoidin CTRL-EC
versus R-VEC wells. k, Time-lapse representative images show the progression
ofinteracting ECs with CRCOs. CTRL-EC (ingreen) did notinteract with CRCOs
(inred) (top panel), whereas R-VEC (in green) form robust EC tubes to tap and
wrap CRCOs (inred) (bottom panel). 1, Orthogonal projections of CRCOs co-
cultured with R-VECs (day 8). Data are mean + s.e.m. NS, not significant;
*P<0.05,**P<0.01,***P<0.001. For statistics, see Supplementary Datal. For
medium formulations, see Supplementary Data 2.



Article

a & —— —— i
] — 7days =" = __ 10xChromium
30 Matrix B Dissoiated RAVECS single cell  R-VEC alone
AR-VE?ZQX Y R-VECs inside R-VEC vessels from 3D matrix RNA
T 3D Matrix inside 3D Matrix Sequencing

&f/\ — -

] 7days S es T 10x Chromium
3D Matrix [ — s~ .—— singecel R-VEC +hCO
® Organoids [-%|  R-VECs and organoids R-VEC vessels el T RNA
—=R-VECs \:-7 inside 3D Matrix and organoids Dissociated R-VECs Sequencing
inside 3D Matrix and organoids
& /—\ from 3D matrix
T a a 7 days M 10x Chromium
3D Matrix |J# — — e SinglﬁACe" hCO alone
® Organoids |8 Normal colon Normal colon - -
v, organoids (hCO)  organoids (hCO) Dissoclated hCO Sequencing
inside 3D Matrix inside 3D Matrix from 3D matrix
- alone - + alone erged Samples
b R-VEC al R-VEC + hCO hCO al M d S I
£ % £
@ R-VEC alone
g o N IN @ R-VEC + hCO
< < g g
% % =] = @ hCO alone
&y
3
UMAP1 UMAP1
Cc
VEcad CD31 1 VEGFR2 EPCAM CDH1 KRT19
6 ¢ ¢
< (]
BN g g R F g .
zZ < 3 < 3 < 3 =< 3 < < 3
S = 2 = 2 = 2 T = 2 = 2 = 2
® 5 1 S 1 5 1 £5 i 5 l1 =] 1
3 : 0 0 k- 0 < o o
e £ a
w o) € w
d 1 &
UMAP1 UMAP1 UMAP1 UMAP1 UMAP1 UMAP1

, N

~ ! % |Epithelial cells
7/

Epithelial cells: clusters 8 + 9

~

? o1
o i o2
. 1 $
< ®
o 31 o5
g , o6
S \ 3 o7
s 8
\ % / ”
Endothelial cells

\

UMAP1
f
SATB2 MUCSb MUC5ac

\—vamwhw; =N T WO

0000000 0000000 0000000 0000000
Extended DataFig. 9 |Endothelial and epithelial cellidentification by positive for EPCAM and negative for any of the EC markers VEcad, CD31 or
scRNA-seq from co-cultures of normal COs with R-VECs. a, Schematic of 10X VEGFR2.d,UMAP of the 9 unique clusters identified in the merged samples.
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same compatible medium was used across all three conditions. b, UMAP of identity of epithelial cellsin clusters 8 and 9 was confirmed as colon-specific by
cellsfrom each condition alone and the three conditions merged. ¢, Endothelial ~ expressionof marker genesincluding SATB2, CA4, CA2and others. For
cellswereidentified as cells expressing either VEcad, CD31 or VEGFR2 and statistics, see Supplementary Data 1. For medium formulations, see

negative for the epithelial marker EPCAM. Epithelial cells were defined as Supplementary Data2.
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Extended DataFig.10|Endothelial and epithelial cellidentification by
scRNA-seq from co-cultures of CRCOs with R-VECs. a, Schematic of 10X
Chromium scRNA-seq experiments of R-VECs alone, R-VECs co-cultured with
human CRCOs or CRCOs alone. Samples were analysed 7 days after co-culture.
The same compatible medium was used across all three conditions. b, UMAP of
cells from each condition alone and the three conditions merged. ¢, Endothelial
cellswereidentified as cells expressing either VEcad, CD31 or VEGFR2 and
negative for the epithelial marker EPCAM. Epithelial cells were defined as
positive for EPCAM and negative for any EC markers VEcad, CD31 or VEGFR2.d,
UMAP of the 9 unique clusters identified in the merged samples. e, Endothelial

and epithelial cell-specific markers were used to confirm the endothelial cell
clusters (clusters 6, 7, 8) vs. epithelial cell clusters (clusters1,2,3,4,5,9).f,
UMAP of merged epithelial cell fractions from hCRCO cultured alone or
co-cultured with R-VECs. Six unique clusters were identified. g, h, Heat map (g)
and dot plot (h) of differentially expressed genesin tumour epithelial cellsin
cluster2and cluster 5 thatare enriched in co-culture with R-VECs. Differential
expression was performed using the Wilcoxon rank-sum test; FDR-adjusted
P<0.05.Forstatistics, see Supplementary Datal. For medium formulations,
see Supplementary Data2.
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Statistical parameters

When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main
text, or Methods section).

Confirmed
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~
Q

|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

|X| The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X| A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND
variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Clearly defined error bars
State explicitly what error bars represent (e.g. SD, SE, Cl)
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Our web collection on statistics for biologists may be useful.

Software and code

Policy information about availability of computer code

Data collection Zen Black 2012 and Zen Blue 2 and 2.5 were utilized for image collection. BD FACS Diva V8.0.1 was utilized for FACS data collection.
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Data analysis GraphPad Prism 7.0 as used for all statistical analyses.
Image J (Fiji Version 1.0) was used for image analysis/calculations.
Zen Black 2012 and Zen Blue 2 and 2.5 were utilized for image processing.
AngioTool v 0.6a
IGV2.3.94 ,DAVID 6.7, HOMER 4.10.4 were utilized for ChiP analysis.
MATLAB 2018 was used to analyze the interaction between organoids and endothelial cells
STAR v2.6.0c for alignment of bulk RNA-seq data.
featureCounts v1.6.2 for counting the number of reads mapping to each gene in bulk RNA-seq data.
RSEM v1.2.28 for quantification of isoform level counts for bulk RNA-seq data.
FastQC v0.11.7 for QC of bulk RNA-seq data.
QoRTs v1.3.0 for QC of aligned, bulk RNA-seq data.
DESeq2 v1.18.1 for differential gene expression analysis of bulk RNA-seq data.
limma v3.34.9 for removal of batch effects prior to some visualizations related to bulk RNA-seq .
Seurat V2.3.4 for single cell analysis
R 2.3.4 and 3.5.2 were used for Bulk and Single cell RNA-sequencing, ChIP-sequencing

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers
upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The raw data for Figures 1-4 and Extended Figures 1,2,3,5,7,8 are provided with the paper. The RNA-sequencing data can be viewed on GEO under the record
GSE131039. The ChIP-sequencing data can be viewed on GEO under the record GSE147746. The single cell RNA-sequencing data can be viewed on GEO under the
record GSE148996.

Field-specific reporting

Please select the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X] Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/authors/policies/ReportingSummary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were utilized to determine sample size. Sample size was determined based on previous experience in the lab and
previous publications. All experiments were repeated independently 3 times, unless otherwise noted. Sample size for each experiment is
included in Supplementary Data 1.

Data exclusions  There was no data exclusion.

Replication Attempts at replication have been successful. We have tested our system across more than n=10 R-VEC lines with several virus preparations,
across several years, and lot numbers for commercially available materials.

Randomization  Samples and animals were allocated randomly in each experiment.

Blinding For zonal confocal miscroscopy, the investigator setting up the time-lapse, picking the organoids to be imaged was blinded. This was done to
ensure that there was no bias in the organoids imaged based on size or endothelial cells around organoids at time 0.
For other experiments no blinding was done. In part, blinding was difficult in most experiments due to the obvious differences in vessel
formation between CTRL-EC and R-VEC. Indeed, R-VECs in most experiments manifested remarkable capacity to establish lumenized vascular
network, rendering blinding of experiments impractical. Experiments in the paper were quantified utilizing standardized quantitative
methods to avoid bias.
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Materials & experimental systems Methods

>

/a | Involved in the study

|X| Antibodies
|X| Eukaryotic cell lines
|:| Palaeontology

OOXOICI]

n/a | Involved in the study

|X| Unigue biological materials |:| |X| ChlP-seq

|:| |X| Flow cytometry

|X| |:| MRI-based neuroimaging

|X| Animals and other organisms
|X| Human research participants

Unigue biological materials

Policy information about availability of materials

Obtaining unique materials

Antibodies

Normal and tumor organoids are unique to the patients/human subjects they were isolated from. We have been able to repeat
our experiments across different organoid lines. Most of our tumor organoids were procured from the stocks at the Institution
from Precision Medicine at Weill Cornell Medicine.

Antibodies used

Validation

Eukaryotic cell lines

Anti-human VE-cadherin (BV9 clone) Biolegend 348514 Retro-orbital injection (25ug suspended in 100uL 1xPBS/mouse)
Anti-human CD31 Biolegend 303124 Flow cytometry: 10ug/ml

Anti-ETV2 Abcam Ab181847 WB: 1:1000

Anti-ETS1 Abcam Ab225868 WB: 1:1000

Anti-mouse PDGFRp Biolegend 136004 IF: 1:500

Anti-mouse SMA Abcam ab5694 IF: 1:200

Anti-mouse Endomucin Santa Cruz sc-65495 IF: 1:100

Anti-human CD31 (clone WM59) BD Biosciences 561654 IF: 1:100

Anti-RASGRP3 Cell Signaling 3334S WB: 1:1000

Anti-Keratin 20 Cell Signaling 13063S IF: 1:200

Anti-EpCAM Biolegend 324212 IF: 1:100

Anti-AKT Cell Signaling 4691S WB: 1:5000

Anti-phospho-AKT Cell Signaling 4060S WB: 1:2000

Anti-GAPDH Cell Signaling 5174S WB: 1:10000

Anti-mouse CD31 (Clone 390) Biolegend 102418 Flow Cytometry (1ul/1million cells)
Anti-mouse CD45 (clone F30-11) Biolegend 103124 Flow Cytometry (1ul/1million cells)
Anti-Ki67 Abcam AB15580 IF: 1:200

Anti-Cleaved Caspase3 Cell Signaling 9661S IF: 1:100

Mouse Isolectin B4 ThermoFisher 132450 Retro-orbital injection, 50ul/mouse
Dextran (70 kDa) ThermoFisher D1818 Leakiness test, 1.25 mg/mouse in 125 ul PBS
Anti-H3K4me3 Abcam Ab8580 ChlIP: 7.5ug for 1x107 cells

Anti-H3K27ac Abcam Ab4729 ChlIP: 7.5ug for 1x107 cells

Anti-Flag Sigma F1804 ChIP: 7.5ug for 1x107 cells

Anti-H3K27me3 Millipore 07-449 ChlIP: 1 ug for 10,000 cells

Anti-Insulin Abcam ab7842 IF: 1:100

Anti-VEcad R&D AF938 IF: 1:100

The following antibodies were validated in our experiments:

1) For Fig. 1f-h, Extended Fig. 3a-f, Extended Fig. 4b and Extended Fig. Se, the injected BV9 (Biolegend) anti VEcad antibody was
validated as specifically staining the human endothelial cells in the plugs/transplated intestines, as the antibody staining
specifically matched the fluorescent (GFP or mCherry) of the injected human endothelial cells .

2)For Extended Fig. 2c,e,h ETV2 antibody for Western Blots (Abcam) was validated by overexpressing an ETV2-flag construct.
Other antibodies were not validated. Manufacturer's guidelines about concentrations and expected results were followed.

Policy information about cell lines

Cell line source(s)

Authentication

Mycoplasma contamination

HEK293T (ATCC)
R-spondinl overexpressing line (derived in the laboratory of Calvin Kuo)
L-WRN overexpressing cell line (derived in the laboratory of Thaddeus Stappenbeck)

No authentication was performed.

CTRL-HUVECs and ETV2-HUVECs were routinely checked for mycoplasma and were found to be negative. Other cells/cell
llines were not tested for mycoplasma contamination.

=
Q
=3
C
=
@)
=
(D
W
()
Q
=
(@)
o
=
o)
o
[}
=
2
(@]
(2]
c
3
3
Q
=
S




Commonly misidentified lines  cells used in this study are not among the commonly misidentified lines.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Experiments utilizing the following animals were performed under the approval of Weill Cornell Medicine Institutional Animal
Care and Use Committee (IACUC), New York, NY.
-SCID Beige mice (male and female, 8-12 weeks old) from Taconic were used for implants and ischemic limb experiments.
-ETV2-Venus reporter mice were a kind gift of Dr. Valerie Kouskoff. Embryos from E9.5 pregnant female ETV2/+ reporter mice
were used to isolate endothelial cells with or without ETV2 expression. Only embryos positive for ETV2 reporter were used.
Animals used for decellularization experiments were maintained and experiments performed in accordance with the UK Animals
(Scientific Procedures) Act 1986 and approved by the University College London Biological Services Ethical Review Process (PPL
70/7622). Animal husbandry at UCL Biological Services was in accordance with the UK Home Office Certificate of Designation.
-NOD-SCID-gamma mice (male and female, 12 weeks old), bred at University of College London, were used for transplantation of
decellularized intestines.
-Sprague Dawley rats (male and female, 6-12 months, 250-350 g) were utilized for harvesting intestines for the decellularization
experiments.
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Wild animals The study did not involve wild animals.

Field-collected samples This study did not involve field-collected samples.

Human research participants

Policy information about studies involving human research participants

Population characteristics HUVECs were isolated from human umbilical cords obtained as left over discarded tissues at the New York Presbytarian Hospital.
The population are healthy full term pregnant women who have either gone Caesarian section or normal delivery. Fat
endothelial cells were isolated from human fat tissue obtained from leftover tissue after reconstruction surgery at the New York
Presbytarian Hospital. The population is healthy adult individuals. Normal and adenoma tissues were collected from colonic
resections.

Recruitment The IRB at Weill Cornell Medicine deemed the studies on HUVECs exempt from the requirement of informed consent. As
umbilical cords are deemed discarded tissues, the recruitment does not require informed consent and is obtained through the
hospital personnel depending on the availability of the discarded and left over umbilical cords. Fat endothelial cells, normal and
adenoma tissues from colonic resection were collected according to protocols approved by Weill Cornell Medicine Institutional
Review Board following appropriate consent.

ChlP-seq

Data deposition

|X| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|X| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links The ChIP-sequencing data can be accessed on GEO under GSE147746.
May remain private before publication.

Files in database submission See Supplementary Table 1
Genome browser session Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
(e.g. UCSC)

enable peer review. Write "no longer applicable" for "Final submission" documents.

Methodology

Replicates See Supplementary Table 1

Sequencing depth All ChIP-seq files are generated as single-end 51 bp reads. The information about sequencing depth in each ChIP-seq file was
attached in Supplementary Table 1.

Antibodies All antibodies used are attached in the "Antibodies" section of the reporting summary.

Peak calling parameters Command line for ChIP-seq read alignment:
bwa aln -t 4 hg19bwaidx file.fastq.gz > file.bwa
bwa samse hg19bwaidx file.bwa file.fastq.gz > file.sam
samtools view -bS file.sam > file.bam
samtools sort file.bam -o file.sort
samtools index file.sort.bam
java -Xmx2g -Dsnappy.disable=true -jar picard-tools-1.69/MarkDuplicates.jar INPUT=file.sort.bam OUTPUT=file.sort.rd.bam




REMOVE_DUPLICATES=true METRICS_FILE=file.rd.txt AS=true VALIDATION_STRINGENCY=LENIENT

Command line to identify ETV2 peak by MACS2 (p-value<0.05):
macs2 callpeak -t ETV2_ChIP.bam -c ETV2_input.bam -f BAM -g hs --outdir ETV2_peak -p 0.05

Command line to identify K27me3 peak with differential sequence intensity in different cell types by SICER (W=200, G=600,
FDR=0.01):

sh SICER-df.sh HUVEC_ETV2_tube_K27me3.bed HUVEC_ETV2_tube_input.bed HUVEC_ETV2_K27me3.bed
HUVEC_ETV2_input.bed 200 600 .01 .01

Data quality MACS2 was used to identify genomic enrichment (peak) of ETV2 from the ChIP-seq data, with sequencing data from input
DNA as control. We identified 24,570 ETV2 peaks in total with p-value < 0.05.

Software IGV2.3.94 was utilized for ChIP analysis.
BWA (version 0.5.9) was used for ChIP-seq reads alignment.
MACS2 was used to identify genomic enrichment (peak) of ETV2 from the ChIP-seq data, with sequencing data from input
DNA as control.
SICER (version 1.1) was used to identify genomic enrichment (peak) with different K27me3 modification in different cell
types, with sequencing data from input DNA as control.
HOMER was used to comput the read counts in individual promoters.
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Flow Cytometry

Plots
Confirm that:
|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
& All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
Sample preparation Embryos from ETV2 reporter mice were prepared as described in the methods.
Instrument BD FACS Ariall
Software FACS Diva for collection/analysis

Cell population abundance  FACS sorting efficiency could not be performed by flow-cytometry due to low cell number. The cells were submitted for RNA-seq
and ETV2 expression was found only in the ETV2 positive sorted fraction. CD31 as expected was found on both sorted
populations.

Gating strategy FSC-A/SSC-A for mononuclear cells followed by FSC-H/FSC-W and SSC-H/FSC-H for singlets, DAPI negative for live cells,

- CD45 negative, then double positive for CD31[APC] and ETV2 reporter [venus] were sorted for ETV2 positive ECs or positive
only for CD31[APC] but negative for ETV2 reporter [venus] were sorted for ETV2 negative ECs (Extended Figure 8c)

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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