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APPLIED SCIENCES AND ENGINEERING

3D curvature-instructed endothelial flow response

and tissue vascularization

Christian Mandrycky'?, Brandon Hadland®*, Ying Zheng'?

Vascularization remains a long-standing challenge in engineering complex tissues. Particularly needed is recapit-
ulating 3D vascular features, including continuous geometries with defined diameter, curvature, and torsion. Here,
we developed a spiral microvessel model that allows precise control of curvature and torsion and supports homo-
geneous tissue perfusion at the centimeter scale. Using this system, we showed proof-of-principle modeling of
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tumor progression and engineered cardiac tissue vascularization. We demonstrated that 3D curvature induced
rotation and mixing under laminar flow, leading to unique phenotypic and transcriptional changes in endothelial
cells (ECs). Bulk and single-cell RNA-seq identified specific EC gene clusters in spiral microvessels. These mark a
proinflammatory phenotype associated with vascular development and remodeling, and a unique cell cluster express-
ing genes regulating vascular stability and development. Our results shed light on the role of heterogeneous vascular
structures in differential development and pathogenesis and provide previously unavailable tools to potentially

improve tissue vascularization and regeneration.

INTRODUCTION

The human vasculature forms a complex three-dimensional (3D)
architecture spanning a large range of diameter, curvature, and tor-
sion to provide efficient perfusion and tissue oxygenation. Its structure
continues to adapt and remodel throughout life to meet changing
energy demands in both regeneration and disease progression. The
sources of vascular remodeling, however, remain elusive, partially due
to the complex and heterogeneous vascular structure found in vivo
and the lack of tools to recapitulate them in vitro. Vascularization
remains a critical challenge in engineering complex tissue for po-
tential tissue repair and disease modeling (1, 2).

Hemodynamic forces have been identified as one major driver of
vascular development and remodeling (3, 4). By sensing the forces of
blood flow, endothelial cells (ECs) lining the blood vessel wall regu-
late their morphology, phenotype, and cell behavior and further modify
the structure of the vascular wall and vascular networks to support
tissue growth (5-7). Extensive efforts have been made in under-
standing EC response to flow using flow chambers and microfluidic
channels (8, 9), through which the EC response has been binned into
one of two categories: laminar or disturbed (6, 10, 11). Laminar flow,
defined as the parallel flow in devices such as parallel plate flow
chambers, cone and plate viscometers, and straight tubes, applies
uniform shear stress on ECs, and promotes EC alignment along the
direction of flow and EC quiescence and maturation (12-14). Disturbed
flow on the other hand has been described by distinct hemodynamic
features like flow separation, flow reversal, or recirculation and mod-
eled in step flow devices or specific pathological large vessel models
in vitro (6, 10). Locations of disturbed flow are often associated with
hotspots for atherosclerotic plaques in vivo, like in the aortic arch or
at the bifurcations of vessels branching off the aorta (15, 16).

This dichotomous view of the endothelial response to flow has
led to substantial advances in our understanding of EC biology, mechano-
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transduction, and vascular pathologies (7, 10, 17). Perfect axial flows
and highly disturbed flows, however, represent the two extremes
of a wide spectrum of flow profiles found throughout the vasculature.
They do not reflect the extensive range of flow characteristics in the
blood vessels that bend and twist through 3D space with varying levels
of curvature and torsion (i.e., the deviation of curvature from its oscu-
lating plane) (17-21). For example, small vessels in vivo with low flow
and high curvature and torsion have been associated with heterogeneous
vascular remodeling (17, 18, 22, 23), but this phenomenon and the
effect of complex nondisturbed flows have not been well studied.

The flow profile of curved vessels was first described by W. R. Dean,
who found that curvature modifies the flow by introducing a sec-
ondary flow orthogonal to the primary flow axis, known as Dean
flow. To characterize this phenomenon, the Dean number (De) was
defined, combining the Reynolds number (Re = # ; U, velocity; D,
diameter; p, density; and p, viscosity) with measures of the vessel’s
curvature (De = Re z%c; D, diameter; R, radius of curvature of the
channel path). Additional research has extended Dean flows into
3D space and demonstrated theoretically that out-of-plane torsion
modifies the secondary flow and also adds rotation into the primary
flow at low Re (Re < 1) (24, 25). In these curved vessels, ECs would
experience not only the laminar shear force in the longitudinal di-
rection but also curvature-dependent centrifugal and Coriolis forces
and torsion-dependent forces that can be at normal, binormal (cir-
cumferential), or tangential (longitudinal) directions to the axial flow
(26). In vivo, the values of curvature and torsion can range from
107 to 10° mm ™, with the largest values found in the microvas-
culature of complex vascular beds like the brain (27), where vessel
diameter is very small, flow is very low, and therefore the Dean effect
is very small. On the other extreme, a large vessel like the aortic arch
has curvature and torsion on the order of 107 to 10> mm', but
with high flow (and Reynolds number), which has been shown to
lead to large Dean flows and a disturbed flow effect on ECs lining
the curved walls (16, 28). At intermediate levels of curvature and
torsion (i.e., of order ~10° mm™") where Dean flows are not negligi-
ble, comparatively little is known despite the prevalence of these
geometries in both normal and pathological vessels, like corkscrew
collaterals and varicose veins (20).
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This gap in the literature can be attributed to the difficulty of
studying vessels with defined diameter, curvature, and torsion. Small
curved vessels in vivo are often hard to image and measure flow,
highly variable in geometry, and difficult to isolate for the study of
cellular structure, function, and gene expression. In vitro, methods
for engineering small vessels with 3D continuous curvature are limited.
Microfluidic designs are typically confined to a single plane with zero
torsion (29). Recent advances in bioprinting have made it possible
to fabricate constant curvature conduits with torsion in biocompat-
ible materials, but small vessel diameters are difficult to achieve and
printing artifacts (e.g., layer lines) alter the shape of flow (30). A new
method enabling the rapid fabrication of vessels with controllable
diameter, curvature, and torsion would help fill this gap in under-
standing of the heterogeneous EC flow response and guide the de-
sign of vascularization in regenerative medicine.

Here, we have addressed these challenges by developing a spiral
microvessel system with robust endothelium along the lumen and
precisely controlled diameter, curvature, and torsion in 3D space. We
showed that the spiral vessels supported rapid vascularization and
homogeneous perfusion of thick (>5 mm) engineered tumor models
and cardiac constructs. We show that small vessels of intermediate
curvature and torsion (~10° mm™) in laminar flow regimes induced
distinct changes in EC phenotype and transcriptional profiles com-
pared to straight vessels. Our results shed light on the role of vascular
geometry in the heterogeneous vascular response to flow and show
the promise of an easy-to-fabricate 3D platform for investigating the
effect of curvature and torsion on vascular biology.

RESULTS

Fabrication and endothelialization of spiral tubes in PDMS
and collagen gels

We exploited subtractive molding techniques to fabricate spiral tubes
in both polydimethylsiloxane (PDMS) and collagen hydrogels and
tested the fabrication limit and fidelity. In PDMS, stainless steel
springs of various dimensions were molded in liquid-phase PDMS
(10:1, base:curing agent) and manually removed after cross-linking.
Robust perfusable spiral tubes with constant curvature were gener-
ated in PDMS with a diameter larger than 200 um and a pitch greater
than 1 mm per turn. The fabrication of smaller spiral tubes in PDMS
is less consistent because of the distortion of the channel structure
during spring removal. In collagen hydrogels (6 to 7.5 mg/ml), an
automatic two-axis motion system was designed to retract the spring
from the hydrogel after thermal gelation. Automatic retraction was
critical to minimize distortion of the spiral pattern and maximize
continuity of the luminal geometry in three dimensions in soft ma-
trices (see Materials and Methods) (Fig. 1A). Spiral tubes of a wide
range of wire diameter (d,, = 120 to 400 pm), spiral diameter (ds = 1
to 3 mm), and pitch (p = 400 um) were formed in collagen hydro-
gels, corresponding to curvature k in the range of 0.43 to 1.05 mm ™"
and torsion 7 in the range of 0.32 to 0.72 mm™" (fig. S1A). Fluores-
cent beads were perfused to visualize the 3D structure of the spiral
lumen [Fig. 1B (a); fig. S1, A and B; and movie S1], where loops of
the spiral tubes were periodically spaced with distinct boundaries.
Using off-the-shelf springs, we were able to achieve spacing be-
tween loops (8 = p — d,) as small as 210 um. We further modified
the spiral mold by adding a cylinder in the center of the spring to
generate a second independently perfusable lumen in the hydrogel
structure [Fig. 1B (b)]. We fabricated constructs with a central tube
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concentrically wrapped with a spiral tube and separated by a wall as
thin as 200 pm.

Next, we perfused human umbilical vein ECs (HUVECs) into the
spiral tubes in either PDMS or collagen to allow cell attachment fol-
lowed by culture under flow. Both materials supported the growth
of a robust endothelium under steady flow for at least 1 week (Q =
1 ul/min; Fig. 1, C to E). PDMS spiral vessels with a lumen diameter
of less than 200 um often had sparse coverage of ECs on the vessel
surface after seeding and were not used in experimental conditions.
Collagen spiral vessels better supported endothelialization, and HUVECs
were seeded and cultured under similar flow conditions for spiral
vessels as small as 180 um with high reproducibility (fig. S1C). ECs
in PDMS vessels (lumen diameter > 200 um) and all sized collagen
vessels had robust junctions at cell-cell contacts and localized expres-
sion of CD31 to the plasma membrane (Fig. 1, C to E). Together,
we successfully generated spiral microvessels with constant curvature
and torsion at high fidelity and reproducibility and with robust
endothelialization and perfusion.

Spiral vessels for 3D vascularization

The fabrication process for spiral vessels has the flexibility to inte-
grate with existing vascularization approaches to further enhance tissue
perfusion. By incorporating ECs into the bulk matrix, the endothe-
lium in spiral tubes was readily anastomosed with self-assembled
vessel networks and increased vascular density (fig. S1D). When
combined with lithography and injection molding techniques (31),
we successfully connected a spiral vessel with a microfabricated rec-
tilinear vessel so that the spiral outflow was connected to the perfusion
of microvessels in an orthogonal direction to the spiral. This inte-
gration allows the rotation of the spiral flow direction into another
plane and mimics the architecture of the spiral artery to vascular bed
connection found in vivo (Fig. 1F). We observed a continuous en-
dothelium in the spiral microvessel connection [Fig. 1F (a)]. ECs in
the planar microvessels near the spiral vessel outflow showed greater
alignment with the direction of flow, likely due to higher flow stresses
[Fig. 1F (a); average angle, 13.5° + 10.2°] compared to cells in regions
distant from the spiral microvessel interface [Fig. 1F (b and c); average
angle, 39.3° £ 23.7° and 58.13° + 29.25°, respectively]. These findings
illustrate the potential of spiral vessels as a new strategy for rapidly
generating long and high surface area vascular structures that may
enhance tissue vascularization.

Using the concentric spiral platform in collagen gel, we further
demonstrated the potential of spiral vessels in supporting 3D tissue
function. By dispensing tumor cells (KG1a, a leukemia cell line; Ma-
terials and Methods) in a collagen gel (6 mg/ml) into the spatially
defined center cylinder (1.3 mm diameter), we formed an artificial
tumor surrounded by spiral vessels and monitored the sprouting of
vessels from the spiral. This cell-remodelable system mimics the physi-
ological origins of some tumors, where malignancies begin as an avas-
cular cellular mass surrounded by host vasculature that it must recruit
for expansion (32). When cultured under flow (Q = 1 ul/min) in
normal growth medium, spiral vessels (d,, = 400 pm, ds = 3.0 mm,
and p = 1 mm) maintained patency throughout 7 days of culture and
sprouted consistently by day 7, but not at day 3 (N =4 for each time point)
(Fig. 1G). These sprouts extended exclusively toward the tumor, with
sprouts reaching as far as 220 um from the vessel wall by day 7. No
sprouts were observed when there were no tumor cells in the center.

We also created a thick cardiac chamber supported by a spiral vessel
using the same concentric model (1.3-mm-diameter by 6-mm-long
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Fig. 1. Spiral vessel fabrication and engineered tissue models. (A) Schematic of spiral vessel fabrication strategy. Top: A hydrogel is cross-linked around an off-the-
shelf spring (a), the pattern is retracted from the gel via a two-axis motion system (b), and vessels were seeded with cells by perfusion (c). Bottom: An independent rod
was introduced at the center of the spring to form an additional lumen for independent access and cell seeding. (B) (a) Maximum intensity projection (MIP) of a confocal
z-stack of a spiral vessel in collagen perfused with fluorescent beads. (b) Optical section of a collagen spiral vessel (magenta) with an independently perfused center
channel (green). Scale bars, 500 um. (C to E) MIP of side (C) and top (D) views of an endothelialized spiral vessel in PDMS and top view of endothelialized collagen vessel
(E). Scale bars, 750, 600, and 150 um. (F) Integrated fabrication of spiral vessel (z directional flow) and planar microvessel (x and y directional flow) showing MIP of side and
top views with magnified views of regions near (a) and distant from the connection of spiral to planar microvessels (b and c). Magenta, CD31; green, von Willebrand factor;
blue, nuclei. Scale bars, 200 um and 50 um (inset). (G) Engineered vascularized tumor model with ECs from the spiral vessel sprouting toward avascular tumor cells em-
bedded in the center lumen of the spiral. Green, CD31; red, KG1a cancer cells; blue, nuclei. Scale bars, 200 um (left) and 100 um (right). (H) Vascularized cardiac chamber
model. Green, CD31; red, cTnT; blue, nuclei. Scale bars, 500 um.
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chamber surrounded by spiral vessel). GCaMP3-transduced human
embryonic stem cell-derived cardiomyocytes (hESC-CMs) and stromal
cells (HS27a) were added into the bulk collagen matrix (33) and ECs
(HUVEGC:) into both the bulk matrix and the spiral lumen, while the
center of the tissue was kept open (Fig. 1H). By day 12 of culture,
organized calcium waves were observed and appeared to propagate
in three dimensions along the spiral vessel wall (movie S2). The con-
duction velocity in engineered cardiac tissues was 2.7 + 0.97 cm/s,
as determined by analysis of the GCaMP?3 signal (fig. S2). These
proof-of-concept examples show that the spiral vessel platform can
be used to support 3D vascularization and perfusion in large tissues,
to study the vascular-tissue interaction in a spatially and temporally
controlled manner, and to model complex tissue functions.

Flow characteristics of spiral tubes

We next examined the flow characteristics in these spiral microves-
sels and compared them with straight vessels of the same caliber.
We visualized the flow characteristics by perfusing fluorescent bead
solutions in two parallel streams through straight and spiral PDMS
vessels of the same diameter and length (dyessel = 400 um, dpira =
, and

-1 -1
3 mm, pspiral = 1 MM, Kepiral = 0.46 mm ~, Tgpirat = 0.31 mm

A L =L,=65mm

L = 6.5 cm) at three steady flow conditions (Q = 1, 50, and 100 ul/
min, corresponding to Re = 0.01, 0.76, and 1.52, respectively). The
3D flow images were taken under confocal fluorescence microscopy
at set distances (Ly = 5, 30, and 55 mm in straight vessels, or loops
%4, 3%/4,and 6 %/4in spiral vessels) from the vessel inlet. Straight tubes
displayed a classical parallel flow profile where the two streams of
beads traveled to the outlet and maintained their position over the
whole vessel length at both flow rates (Fig. 2, A and C). In spiral
tubes, the two bead streams remained distinct and parallel at low
flow (Q = 1 pl/min) but rotated over the vessel length without obvi-
ous mixing in the bulk [Fig. 2B (a to c)]. The orientation of the two
parallel streams inverted after approximately four loops from the inlet
[Fig. 2B (b)] and completed a full rotation at approximately loop 7
[Fig. 2B (c)]. At a higher flow rate (Q = 50 pl/min) in the same spiral
geometry (De = 2.77), the two bead streams developed obvious bulk
mixing with the leading edge of flow rotating 270° after three loops
[Fig. 2B (e)] and completed another full rotation by loop 7 [Fig. 2B
(D)]. At even higher flow (Q = 100 pl/min), a stronger mixing effect
was observed in the same spiral geometry [Fig. 2B (g to 1)], whereas
the two streams remained parallel and unmixed in straight vessels
under the same flow conditions.
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Fig. 2. Flow in straight and spiral vessels. (A and B) Confocal cross sections of perfusion of two parallel streams of red and blue beads into a straight PDMS vessel (A) at
a flow rate of Q=50 ul/min and a spiral PDMS vessel (B) at three flow rates (Q=1, 50, and 100 pl/min) at three distances from the vessel inlet (AL, 2~ 5 mm, ALy, =30 mm,
and AL, =55 mm), corresponding to the 3,3 3/4, and 6 3/, spiral loops (L, =linear length, L, = vessel length, d, = vessel diameter, p = pitch). (C and D) Computational
fluid dynamics plots of straight (C) and spiral (D) vessels at Q=50 ul/min for (a) streamlines (color expressed with primary velocity magnitude), (b) primary velocity mag-
nitude, (c) secondary flow velocity orthogonal to cross-sectional plane, and (d) shear rate at the cross-sectional views.
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Using numerical simulation with COMSOL, we confirmed these
flow characteristics: (i) Idealized parallel streamlines were present
in fully developed flow in straight vessels [Fig. 2C (a)]; (ii) parallel
streamlines in spiral vessels slightly rotate along circumferential di-
rection at low flow (Q = 1 ul/min; fig. S3A); and (iii) streamline ro-
tation was enhanced in spiral vessels and developed twists at higher
flow [Q = 50 pl/min; Fig. 2D (a)] and had clear twists at Q = 100 ul/min
(fig. S3B). The spiral geometry did not induce a significant change
in the primary flow compared to straight vessels but did lead to the
emergence of secondary flows with a peak magnitude of around 1%
of the primary flow velocity [Q = 50 pl/min; Fig. 2, C (b and ¢) and
D (b and ¢)]. This also led to the development of a shear stress gra-
dient in 3D space and a change in the wall shear stress (WSS), with
a maximum (10% increase over the straight tube) on the surface of the
inner curvature and minimum on the outer bend, unlike in a straight
tube where the WSS was constant across the lumen cross section with
zero gradients [Fig. 2, C (d) and D (d)]. These data demonstrated
that spiral vessels induced bulk flow mixing and heterogeneous he-
modynamic forces on the endothelium lining the wall due to 3D cur-
vature and torsion.

3D curvature alters endothelial morphology and mRNA
expression under flow

To understand how the distinct hemodynamic features of flow in
spiral vessels affected ECs, we cultured cells in both geometries un-
der flow. In straight and spiral vessels, ECs formed robust junctions
and a stable endothelium in low (Q = 1 ul/min and WSS = 0.1 dyne/ cm?
in straight vessels) and high (Q = 50 ul/min and WSS = 4.6 dynes/cm’
in straight vessels) flow conditions. The increased flow appeared to
change the EC morphology and enhance EC alignment in the direc-
tion of flow (Fig. 3A). Under low flow conditions (Q = 1 ul/min;
Fig. 3B), fewer Ki67" proliferating cells were observed in spiral ves-
sels than in straight vessels. When exposed to higher flow, however,
more proliferating cells were observed in the spiral geometry than
the straight geometry, suggesting distinct roles for geometry and flow
on the ECs. Previous literature has highlighted that very low laminar
flows activate ECs, whereas high laminar flow enhances EC quies-
cence (11). Our data were consistent with this in straight vessels with
significantly reduced cell proliferation at higher flow. In spiral ves-
sels, however, the flow rotation in low flow may alter transport and
promote quiescence at low flow. Given that the magnitude of flow
forces is very low in the low flow conditions, it is also likely that
differences in substrate curvature between straight and spiral geom-
etries contribute to these observed differences (34).

We next examined the transcriptional changes in ECs in these
conditions via RNA sequencing (RNA-seq) for ECs cultured under
both flow conditions in straight and spiral vessels and under static
conditions. Principal components analysis (PCA) of gene expres-
sion data showed clustering of individual groups, with the largest
variance between static and all flow conditions (Fig. 3C). Activation
of classical flow-dependent genes was confirmed in all flow condi-
tions compared to static culture (Fig. 3, D and E). Among these genes,
KLF2 and KLF4 appeared to only change with the onset of flow but
were not sensitive to a further increase in flow, whereas SMAD6,
SMAD?7, and NOS3 increased further at higher flow conditions.
Among the genes differentially expressed in straight vessels due to
the increase of flow, 52% (533 of 1012) overlap with genes differentially
expressed in the onset of flow (static versus low flow condition) (fig. S4,
A and B). The genes unique to the increase of flow include up-
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regulation of many genes previously reported to regulate vascular
development and flow sensing (35), such as Notch ligands JAGI
and JAG2; Notch target HEY2 and other transcription factors such
as SNAI2; transmembrane proteins IL21R and EFNB2; transporter
GJAS5; peptidases MMP10, MMP1, and MTIF; growth factors and
cytokines NOG, DKK2, WNT4, CXCL12, and TGFBI; and other
molecules such as VCAN and CYP1BI (fig. S4C). Gene Ontology
(GO)-enriched terms for this group of genes showed up-regulation
of cellular response to growth factors, vascular development, trans-
membrane receptor protein tyrosine kinase signaling pathway, blood
vessel morphogenesis, cell migration and motility, and others (fig. S4D).

Approximately 66% (722 of 1136) of differentially expressed genes
in straight vessels overlap with those in spiral vessels in response to
increased flow (Fig. 3D). Almost all overlapping genes are changed
in the same direction (99%), suggesting a conserved response to flow
in both geometries (fig. S5A). MARC2, PTX3, and STX11 did not
follow this trend and were up-regulated in spiral vessels with in-
creased flow but down-regulated in straight vessels. PTX3 has been
reported as a biomarker for endothelial dysfunction in preeclampsia,
which is a disease caused by spiral artery dysfunction (36). Many genes
down-regulated in straight vessels by the increase of flow did not
show changes in spiral vessels, such as growth factors CTGF, FGF2,
NRGI, and FGF16; transmembrane proteins CAVI, UNC5A, KIT,
and SMAD4A; transcription regulators EGR1/2/3, MAF, MYRF,
and MZFI; transporters such as LDLR; and cytokines TNFSF18,
IL12A, CCL2, CCL16, and CCL28 (fig. S5B). This suggests that the
EC response to flow in spiral vessels is a combination of both canoni-
cal flow pathways and a distinct response involving a wide range of
other transcripts.

Increased flow also led to an additional 1294 genes significantly
changed in spiral vessels that were not in straight ones (Fig. 3F). High
flow in spiral vessels appeared to activate growth factors such as
DKK1, ESM1, BMP2, PDGFA, OSGIN2, and VEGFC; many solute
carrier (SLC) and adenosine triphosphate (ATP)-binding cassette
(ABC) superfamily transporters; transcriptional regulators such as
GLI2; cytokine CXCLI; peptidases TLLI, ADAMTS1, ADAMTS?,
and TASPI; and kinases PODXL, EPHA5, HK2, PRKCA, CCT2, and
MAP2K] (Fig. 3G and fig. S6A). In addition, high flow in spiral ves-
sels repressed growth factors such as MST, NRG2, GDF3, GAS6, and
IGF2; transmembrane receptors CHRNA1I, SELP, LRP1, ITGB3, and
ROBO3; transporters including MAL2, ATP2A3, RBP1, and APOLI
and several members of SLC and ABC superfamilies; transcription-
al regulators such as NOTCH3, CITED4, CAND2, FOX0O4, DACH1,
and EBF3; cytokines DKK3, CSF1, and FLT3LG; GPCR (G protein-
coupled receptor) group SIPR4, OPRLI, and HTR2B; and kinases
PDGFRB, CKB, and SBK1 (Fig. 3F and fig. S6A). GO term analysis
showed the up-regulation of primarily ribosome biogenesis, which
would be critical for cellular growth and proliferation (fig. S6B). These
expression profiles show that spiral vessels share a common set of flow-
responsive elements with straight vessels but have an additional re-
sponse that appeared to promote vascular growth.

PCA analysis showed that the separation of straight and spiral
geometries was enhanced under higher flow conditions (Fig. 3E).
Under low flow conditions (Re << 1; inertia effect is negligible), ECs in
the two geometries were largely similar, with only a handful of sig-
nificantly regulated transcripts (fig. S7A). These included CYTLI,
which is known to up-regulate proangiogenic function, but not proin-
flammatory pathways (37). HES2, a downstream Notch pathway
gene, STK32B (serine/threonine kinase 32B), and CCND]I, a cell cycle
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Fig. 3. Endothelial response to flow in straight and spiral vessels. (A) MIP of EC cultured under flow (Q =50 pl/min) for 24 hours. Blue, nuclei; green, CD31; red, Ki67.
Scale bar, 50 um. (B) Quantification of the percentage of Ki67-positive nuclei by counting 100+ cells per vessel in N =3 vessels at two flow conditions (Q =1 and 50 ul/min).
Error bars represent 95% confidence interval of the mean. *P < 0.05 using a one-way analysis of variance (ANOVA) with Tukey’s pairwise comparisons. (C) PCA of RNA-seq
data from cells cultured at static and at two flow conditions in two vessel geometries (N = 3). (D) Venn diagram showing the overlap of genes significantly changed by
increasing flow in straight and spiral geometries. (E) Heatmap of log counts per million (CPM) values of known flow-responsive genes. All genes are present in the over-
lapping region of (D) (green). (F) Heatmaps of the CPM values of significantly regulated transcripts belonging to the nonoverlapping regions of (D). Three hundred fifty-five
genes uniquely regulated in straight high versus low (top, yellow) and 1261 genes uniquely regulated in spiral high versus low (bottom, blue). (G) Heatmaps of the CPM
values of selected growth factors, transporters, and transcription factors. (H) IPA functional pathways identified by comparing spiral to straight vessels under high flow.
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regulation gene, were also up-regulated in low flow spiral vessels.
The up-regulation of these genes was further enhanced in high flow
conditions. In addition, many genes that regulate vascular develop-
ment were up-regulated when comparing spiral to straight vessels
at high flow, for example, growth factors HGF, DKKI, ESM1, PGF,
PDGFA, GDF6, PDGFB, CTGF, VEGFC, BMP2, and PDGFC; pepti-
dases ADAMTSI1, ADAMTS9, MME, and CTSS; kinases EPHAS,
MPP4, PODXL, SPRY2, CDK7, and MAP2K1; transmembrane re-
ceptors KIT, SELE, ULBP2, PLXNA2, and LRPS; transcriptional
regulators GLI2 (a hedgehog pathway mediator), ATF3 (required for
endothelial regeneration) (38), and FOSLI (required for vascular
formation) (39); and many SLC and ATP family transporters (Fig. 3G).
Ingenuity Pathway Analysis (IPA) showed that ECs in spiral vessels
have activated upstream regulators including prosurvival factors
HGF, PGF, EGF, VEGF, and HIF-1a. Up-regulated functional path-
ways included vascular development, angiogenesis, vasculogenesis,
cell invasion, and cell survival, whereas cell death and necrosis were
decreased compared to the straight vessel in high flow conditions
(Fig. 3H and fig. S7B). Spiral vessels also showed the activation of anti-
apoptotic and proliferative pathways marked by cell cycle and mitotic
genes. PDGF (platelet-derived growth factor) family members were
relatively more abundant, as were molecules associated with IL-8
(interleukin-8) and HGF (hepatocyte growth factor) signaling (fig. S7B).

Together, the bulk RNA-seq showed that spiral vessels maintain
a normal flow response to a certain extent, but curvature and tor-
sion modified the response by up-regulating markers for transporters,
cycling, and survival and down-regulating markers of cell death. These
data suggest that flow in spiral vessels promoted vascular growth or
development rather than inducing a common inflammatory response
to disturbed flow.

Single-cell RNA-seq reveals heterogeneity in transcriptional
responses to flow based on vessel geometry
We hypothesized that ECs exposed to flow within spiral vessels ex-
perienced a spatial variation in hemodynamic forces not present in
straight vessels that would result in a heterogeneous transcriptional
response to flow. To understand this heterogeneity at the single-cell
level, we sequenced the transcriptomes of more than 2000 individ-
ual ECs pooled from three to four devices of each geometry cultured
at high flow (Q = 50 pl/min). Dimensionality reduction by Uniform
Manifold Approximation and Projection (UMAP) and cluster analy-
sis was performed using Monocle (40-42). Projection in the top two
UMAP dimensions shows overlapping contributions of ECs from
spiral and straight vessels that form mostly contiguous clusters with
nearly uniform expression of pan-endothelial markers such as CDH5
(VE-cadherin) (Fig. 4, A and B). Expression of classical flow-dependent
genes, including KLF4 and NOS3, is distributed throughout the major
clusters of ECs in this projection (Fig. 4C). We identified variation
in gene expression across the first UMAP dimension driven largely
by cell cycle genes that have been shown to be regulated, in part, by
flow. Specifically, a large cluster of cells to the right in UMAP space
(cluster 3) express genes such as MKI67, consistent with active cell
cycle status, whereas cells clustered to the opposite pole (cluster 1)
express genes implicated in cell cycle arrest and arterial phenotype
shown to be regulated by the Notch pathway downstream of laminar
shear stress (including CDKNIC, EFNB2, HEY1, GJA4, and IL33;
Fig. 4C) (43-45).

To evaluate heterogeneity in the transcriptional response of ECs
resulting from vessel geometry, we next identified differentially ex-
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pressed genes on the basis of single-cell RNA-seq (scRNA-seq) data
of EC from straight versus spiral vessels. Examination of the third
UMAP dimension revealed separation in transcriptional space be-
tween EC from straight versus spiral vessels, with many of the identi-
fied differentially expressed genes polarized in this dimension (Fig. 4,
D to F). Among the genes up-regulated in EC from spiral vessels are
many that were also identified as differentially expressed in bulk
RNA-seq analysis, including ATF3, SPRY2, IL8, JUN, AKAPI12,
ANGPTL4,FOSL1, ADAMTSI,and ADAMTS?9 (Fig. 4G and fig. S8A).
Most of these genes are expressed in a common pattern, with increased
expression in cells localized in UMAP space to the lower (spiral) por-
tion of cluster 2. This suggests a distinct transcriptional program
among the primarily spiral ECs in this region that may correspond
with their transcriptional response to specific hemodynamic condi-
tions unique to spiral vessels under high flow. In further support of
this hypothesis, analysis of the scRNA-seq data also identified dif-
ferentially expressed genes not detected in bulk RNA-seq, including
DCN, SLC6A9, GEM, NRG1, RSPO3, BAMBI, TGFBI, and PRRX2,
that were highly specific to EC from spiral vessels localized in cluster 2
(Fig. 4G and fig. S8B). These data suggest that flow in spiral vessels
induced a population of ECs with unique gene expression profiles
that are not present in straight vessels, with potential roles in pro-
cesses such as angiogenesis, vascular growth, and inflammatory and
stress responses.

DISCUSSION

3D vascular networks have been engineered to support complex tis-
sues, but most designs have been geometrically limited to rectilinear
structures with a constrained range of hemodynamic profiles (31, 46).
Reproducing the structure of complex networks with continuous
curvature was only made possible by recent advances in bioprinting
(30) and is still restricted by printable materials. Printing artifacts create
discontinuity and stepwise changes in wall geometry that disturbs
the flow in vessels. Building perfusable and endothelialized vessels
with continuous curvature and torsion as in vivo have not been
achieved. Here, we developed a spiral vessel platform that allows the
systematic control of 3D vessel geometry (diameter, curvature, and
torsion) and is easy to fabricate rapidly and reproducibly. In one step,
this approach creates a versatile vascular conduit that spans several
orders of magnitude. Vessel diameters approach 100 um and span
spiral diameters in the millimeters, and the total vessel length stretches
easily into many centimeters. Under perfusion, these vessels support
a healthy endothelium with robust junctions and rich granules and
appeared to guide the architecture and functional organization of
parenchymal cells. This large vessel surface area can be tuned to fit
into tissues of various shapes and sizes and can serve as a founda-
tional vascular structure in engineering vascularized tissues.

The precise control of 3D geometries in this spiral vessel plat-
form provides opportunities to study the contribution of individual
geometric parameters to blood flow and corresponding vascular
response that are otherwise hard to dissect in vivo or in other in vitro
models. In this work, we took the first step to compare the 3D flow
in spiral and straight vessels of same diameter at the same flow rate
and the corresponding EC response. We showed that 3D curvature
had little change in the primary flow but led to bulk flow rotation in
spiral vessels in a creeping flow regime (Re < 0.1 and De < 0.1) and
mixing at a slightly higher flow rate (Re < 1 and De < 2). The spiral
curvature led to changes of WSS along circumferential direction and

7 of 12



SCIENCE ADVANCES | RESEARCH ARTICLE

@ Spiral
® Straight

I MKI67

o

o

<

=

=

L \
UMAP-1

® Spiral F
® Straight

Cluster

® 102036014

GJA4

a ; . e
< D
< : e
2 5 X “

\ E <
L»lJMAP-1 benN

Log(normalized expression)

_ I CDKN1C I EFNB2

GJA4 IL33

G Cluster 2 genes
ADAMTS9 AKAP12 ANGPTL4

10.0

ADAMTS1

100 100

01

100

c
e}
&“' — —— () ] — — ()] — — () ] ——
g GEM NRG1 PRRX2
u’j” e £ {00 0 wss wes 30 -
104 wmmer o cmm— 1,04 e—— anm— 10 - c—
10
03 03 03

0.1 — c— (] cm—— e ]

3.0 « = .-

014 e— c— 014 c— c—— 0.1 e—— c— 0.1 c— e—
Straight Spiral Straight Spiral Straight Spiral Straight Spiral

Low n High No expression

Fig. 4. scRNA-seq comparison of cells cultured under high flow in spiral and straight vessels. (A) UMAP plots of spiral high flow and straight high flow cells, computation-

ally derived clusters (B), and the distribution of endothelial and cell cycling genes ac

ross cells (C). (D) UMAP plots of the first and third UMAP dimensions, the corresponding

location of clusters in this dimensional space (E) with examples of cluster specific genes (F), as well as a selection of genes identified as significantly differentially expressed (G).

generated a stress gradient in 3D space. This additional stress gradi-
ent, distinct from the pressure gradient driving axial flow, likely in-
duced flow mixing in the high flow condition. By culturing ECs in
spiral and straight vessels with the same vessel diameter and length,
we were able to distinguish the effect of curvature from the conven-
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tionally recognized flow response in ECs to laminar flow using both
bulk and scRNA-seq.

The effects of laminar and disturbed flows have been documented
through a variety of in vivo and in vitro systems to characterize a
generalized response to disturbed flow conditions (10). Comparison
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of the responses of spiral vessels to known disturbed flow responses
by bulk RN A-seq gives important context to the effect of secondary
flows. A common marker of disturbed flows is the up-regulation of
cell adhesion-associated transcripts (10). In this group, both E-selectin
(SELE) and MCP-1 were significantly up-regulated in higher spiral
flow, but neither VCAM-1 nor ICAM-1 was significantly changed
relative to the straight vessel. This inflammatory axis also commonly
correlates with the up-regulation of HuR (47), TGF1 (48), and BMP4
(49), but these were not significantly different between straight and
spiral vessels. Some smooth muscle signaling-associated transcripts
were activated in a disturbed flow pattern, with endothelial nitric
oxide synthase decreased (NOS3; logFC = —0.60) and PDGFA (log-
FC = 1.09) and PDGFB (logFC = 0.98) mildly increased. Endothe-
lin-1 transcripts, however, were not unchanged between spiral and
straight vessels. Proangiogenic transcripts were mixed, with a mild
disturbed-like increase in CTGF (logFC = 0.94) but a laminar-like
decrease in VEGF transcripts (logFC = —1.03) and no significant
changes in angiopoietin-2. Oxidative stress pathways are also com-
monly altered in disturbed flow through changes to genes like NOX4,
NQO1, SOD1, HO-1, PRX, and GSH (50), but none of these tran-
scripts were differentially regulated between straight and spiral ves-
sels. Together, the bulk RNA-seq analysis revealed that spiral vessels
display features of both laminar and disturbed flows. When disturbed
flow-like responses were observed as in some proinflammatory and
proangiogenic targets, however, the magnitude of change was gen-
erally small (logFC < 1.8). This mixed laminar-disturbed expression
profile highlights the unique response of ECs in the presence of sec-
ondary flows.

Most studies on curvature have focused on large vessels, and
cells located in the inner or outer curves have shown altered pheno-
types corresponding to the different shear stress levels in these re-
gions (15, 16, 26). Our spiral microvessels showed little change in
the primary flow but introduced a weak secondary flow with no
“disturbed flow” features when compared to the straight vessels at
the same flow condition. Using scRNA-seq, we did not identify two
distinct cell groups in spiral vessels deviating from the straight vessels;
rather, cell clusters overlap significantly in the two geometries, con-
firming that ECs in spiral vessels share significant gene regulation with
straight vessels in response to laminar flow. In addition, there is a group
of ECs in spiral vessels separated from the main flow-responsive
clusters, suggesting a different EC response mechanism than WSS. It is
possible that the combined WSS gradient and bulk flow mixing provide
a previously unidentified set of perturbations on ECs. This suggests
that the twists and turns found throughout the vascular system contribute
toa more heterogeneous EC response to flow than is currently appreciated.

During development and tissue regeneration, curved vessels of-
ten appear. Our data indicate that the transient appearance of com-
plex vascular curvature may benefit vascular growth and remodeling.
ECs in small curved vasculature may provide angiocrine or growth
signals to surrounding tissue and promote tissue organization and
regeneration. The spiral vessel system we developed here provides
opportunity to systemically define and evaluate the role of hetero-
geneous vessel geometries in the EC response to flow. Future
studies would be critical to understand how these transcriptional pro-
grams translate to EC behavior and modify vascular remodeling. This
understanding will provide important insights into how heteroge-
neous vascular structures contribute to differential development and
pathogenesis, as well as informing new engineering strategies to im-
prove tissue vascularization and support tissue regeneration.
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MATERIALS AND METHODS

Fabrication of endothelialized spiral vessels in PDMS

Spiral PDMS devices were formed by casting a mixture of Sylgard
184 (10:1, base:curing agent) around springs of varying pitch, wire
diameter, and spiral diameter. The mixture was cured at 60°C for
2 to 3 hours, and the spring was removed from the polymerized
PDMS. Before seeding cells, PDMS spiral devices were exposed to
oxygen plasma for ~90 s and then immediately incubated with a
0.1% gelatin solution at 37°C for 20 min. HUVECs were trypsinized
and resuspended to 10 million to 12 million cells/ml. Spiral vessels
were seeded by perfusion of 20 to 40 ul of this suspension at 20 ul/
min. Devices were rotated every 15 min for 1 hour to ensure even
coverage of seeded cells on the vessel wall. Vessels were subject to
constant flow perfusion between 4 and 12 hours after seeding. Un-
less noted otherwise, PDMS vessels were cultured under a flow of
1 ul/min, driven by syringe pump (KD Scientific KDS 220) with
endothelial growth media (EGM) supplemented with 3.5% dextran.

Design and fabrication of spiral retractor system

An automated retraction device was designed to reproducibly cre-
ate spiral features in cross-linked hydrogels. A custom two-axis ma-
chine was fabricated from a combination of 3D-printed and machined
components. Linear motion in +Z and rotation about Z were con-
trolled through two stepper motors connected to an Arduino micro-
controller. The microcontroller was programmed to “unscrew” a
spring from a cross-linked hydrogel when given the spring pitch
(mm/turn) as an input. This controlled movement is independent
of the other features of the spring (i.e., wire diameter and spring
diameter). While a purely mechanical device can be fabricated to
accomplish the same task, it would require a unique set of compo-
nents for every spring pitch of interest.

A set of spiral vessel holders was also designed and milled out of
polysulfone. Each holder consisted of a small rectangular reservoir
(~10 mm x 5 mm X 5 mm), where the spiral vessel was formed in
collagen gel. For visualization, two of the walls of this reservoir were
formed by using PDMS to bond glass microscope coverslips to the
polysulfone device. To connect spirals to a perfusion system, a hole
was drilled in the side of each holder to provide a slip-fit interface
for connecting 23-gauge hypodermic tubing.

Fabrication of endothelialized straight round vessels in PDMS
Straight round vessels in PDMS were formed by suspending lengths
of 28-gauge stainless steel hypodermic tube in a custom-machined
acrylic mold. PDMS was poured over this mold and cured as for spiral
PDMS devices. The hypodermic tubing was removed from the cured
PDMS, leaving round straight channels in PDMS with a single inlet
per channel and an outlet that drained into the tissue culture dish.
Before seeding cells, round straight PDMS devices were exposed
to oxygen plasma for ~30 s and then immediately incubated with a
0.1% gelatin solution at 37°C for 20 min. HUVECs were seeded into
this lumen via perfusion, as described in spiral PDMS devices.

Fabrication of endothelialized spiral vessels in collagen

Collagen gels were prepared by mixing an acidic collagen stock
solution (at 15 mg/ml) with 1 N NaOH, 10x Medium M199, and
endothelial growth medium (Lonza) to reach neutralization and
targeted concentration (6 or 7.5 mg/ml). After homogenizing, the
collagen mixture was degassed by placing under vacuum for 30 to
60 min. While the gel solution was under vacuum, spiral vessel holders
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were prepped by brief corona treatment (<30 s) and subsequent coat-
ing of polyethylenimine (1%; Sigma-Aldrich) with glutaraldehyde
(0.1%; Sigma-Aldrich) cross-linking. After five washes with auto-
claved water, vessel holders were dried and placed in the spiral retrac-
tor system where the spiral pattern was brought into contact with a
25 mm length of 23-gauge hypodermic tubing within the holder. The
degassed gel mixture was then pipetted into the reservoir and allowed
to cross-link at room temperature for 1 hour. After cross-linking, the
spiral pattern was removed from the gel using the spiral retraction
system and submerged in warm medium. Each spiral vessel was
seeded with cells following the same protocol as in PDMS vessels.

Fabrication of combination microvessel-spiral vessel devices
in collagen

Planar vascular networks in collagen were formed by modification
of a previously described protocol (31). Briefly, microvessels are
fabricated by sandwiching a bottom flat layer of collagen gel with an
injection-molded top layer of collagen gel bearing a microfabricated
vessel pattern. To form combination vessels, the spiral pattern was
introduced during the molding step for the top layer of collagen and
the spiral vessel connected directly to the microfabricated pattern.
Microvessels were otherwise assembled normally, and devices were
seeded by gravity perfusion of a cell suspension from the top of the
spiral vessel. Devices were cultured under gravity-driven flow (~6-mm
H,O pressure head) that was replenished every 12 hours.

Anastomosis of spiral vessels with self-assembled
connective vascular tubes in collagen

The spiral microvessels were formed following the same general
protocol as collagen spiral vessels described above, but with the ad-
dition of ECs within the bulk matrix. Collagen gel was prepared and
degassed, followed by the addition of HUVEC:s into the gel to reach
a final concentration of 2.5 million cells/ml in collagen (7.5 mg/ml).
The mixture was then added into spiral vessel holders for thermal
gelation. Additional HUVECs were then seeded into the lumen of
spiral vessels, as described above in other devices. The culture was
then maintained under gravity-driven flow (~6-mm H,O pressure
head) and replenished every 12 hours.

Fabrication of tumor spiral vessels to support tumor
angiogenesis in collagen

An 18-gauge needle was added to the center of the spiral pattern
before gelation of collagen gel to form tumor spiral vessels. After
gelation at 37°C for 30 min, both the spiral and the 18-gauge needle
were retracted simultaneously, leaving a spiral vessel and an open
center channel for the final collagen structure. A separate collagen
gel (6 mg/ml) was prepared with a suspension of KGla cancer cells
(final concentration of 5 million cells/ml). This KGla-collagen gel
was then pipetted into the central space in the collagen spiral device
and polymerized at 37°C for 30 min. After this second step of po-
lymerization, the spiral vessel was seeded with HUVEC as described
previously and cultured under 1 ul/min flow with EGM supple-
mented with 3.5% dextran for up to 7 days.

Fabrication of thick cardiac tissue perfused with spiral
vessels (cardiac spirals) in collagen

Cardiac spirals were formed using the same spiral and 18-gauge
needle pattern as tumor spirals described as above. The collagen
cell-gel mixture (6 mg/ml) for these devices consisted of hESC-
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derived cardiomyocytes (20 million cells/ml), HS27a stromal cells
(10 million cells/ml), and HUVEC (2 million cells/ml) (33). Trans-
genic RUES2 hESCs expressing the fluorescent calcium reporter
GCaMP3 were differentiated to cardiomyocytes by modulation of
activin A, BMP4, and Wnt signaling using a previously reported pro-
tocol (51). The void space in the center of these devices was left unfilled
but seeded with HUVEC in the process of seeding the spiral vessel
lumen.

Computational fluid dynamic analysis in spiral vessels
compared to straight vessels

The fluid flow characteristics in the 3D straight tubes and spiral tubes
were simulated with COMSOL Multiphysics software, package version
5.0. The Navier-Stokes equation was used as predefined in COMSOL
and solved with the stationary solver for laminar flow. The fluid
properties were defined as follows: viscosity of 3 x 107> Pa/s (mim-
icking that of endothelial growth medium with 3% 70-kDa dextran)
and density of 3 x 107 kg/m’. The inlet boundary conditions are
laminar flow with a constant flow rate at Q = 1, 50, or 100 ul/min,
corresponding to the average inlet velocity at 0.14, 7, and 14 mm/s,
and the outlet boundary conditions are laminar flow with zero pres-
sure. The channel walls were set to no-slip boundary condition. We
decreased the length of the modeled channel (~40 mm and 6.5 loops)
to enhance computation speed. Approximately 3 x 10° mesh elements
were used in each simulation, and the simulation results were demon-
strated mesh independent when changing the mesh size. The average
secondary flow velocity was calculated as the velocity at the direction
orthogonal to the primary flow direction. The primary flow, sec-
ondary flow velocity, and shear rate were exhibited at the cross-
sectional plane that is orthogonal to the primary flow direction.

Immunofluorescent staining and imaging

Spiral and straight vessels, after culture for the designated time, were
fixed by treatment with 4% formaldehyde for 15 min (for PDMS
devices) or 60 min (for collagen devices). Devices were permeabi-
lized by incubation in phosphate-buffered saline (PBS) containing
Triton X-100 (0.5%) and bovine serum albumin (BSA; 2%) for
30 min. Unconjugated primary antibodies were added into the spi-
rals (and onto collagen gels), incubated overnight at 4°C, followed
by washing with PBS for three times (5 min for each time), and in-
cubated with secondary antibodies and Hoechst 33342 (40 pg/ml)
for 1 hour at room temperature before a final round of washing. Devices
were stained for factors including CD31 (1:30; Abcam ab28364),
VE-cadherin (1:100; Abcam ab33168), von Willebrand factor (1:100;
Abcam ab8822), cTnT (cardiac troponin T) (1:100; Thermo Fisher
Scientific MS-295-P1), and F-actin (1:100; Thermo Fisher Scientific
A12379). Stained devices were imaged using a Nikon A1R confocal
microscope or a Yokogawa W1 spinning disc confocal system.

RNA sequencing

For RNA-seq studies, PDMS spirals, PDMS round straight channels,
PDMS square straight channels, and collagen spiral devices were used.
All PDMS devices were fabricated to have either a 400-um lumen
diameter or 400-pm square cross section and equal total vessel length
(~68 mm). All devices were perfused at either 1 pl/min (“Low”) or
50 pl/min (“High”) for 3 days. On day 3, vessels were perfused with
RLT lysis buffer and the lysate was collected. For PDMS devices,
350 ul of RLT was perfused per device and RNA was isolated using
an RNeasy Mini kit (Qiagen). For collagen spirals, 175 pl of RLT
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was perfused per device. Before RNA isolation, the lysate from two
collagen spirals was pooled to form one sample replicate.

Isolated RNA samples were then processed for RNA-seq (Illu-
mina NGS, paired-end 50 cycles, low-input library prep). RNA-seq
data were aligned using TopHat (52). Aligned count data were nor-
malized and evaluated using EdgeR (53), where genes with adjusted
P values and false discovery rates of less than 0.05 and log(fold
change) > 0.585 were considered differentially expressed. Gene set
enrichment analysis was performed using clusterProfiler (54) to probe
KEGG (55), WikiPathways (56), and GO (57) gene set libraries. IPA
(Qiagen) was also used to probe for upstream regulators of differen-
tially expressed genes.

scRNA sequencing

For scRNA-seq studies, spiral or straight vessels containing ECs
were perfused under high flow conditions (50 pl/min). ECs were
harvested from three to four vessels of each geometry by trypsiniza-
tion and pooled. Cells were washed with PBS and resuspended in
0.04% ultrapure BSA (Thermo Fisher Scientific) in PBS on ice. Ap-
proximately 3500 cells were loaded on the 10X Genomics Chromi-
um platform in one lane per sample. The 10X Genomics Version 2
Single Cell 3" Kit was used to prepare single-cell mRNA libraries.
Sequencing was performed for pooled libraries from each sample on
[lumina NextSeq 500 using the 75-cycle, high-output kit. The Cell
Ranger 2.1.1 pipeline (10X Genomics) was used to determine cell
barcodes and unique molecular identifiers (UMIs) per cell and to ex-
clude low-quality cells, using default parameters. The Monocle (version
2.99.3) platform (41) was used for downstream analysis of scRNA-seq
data, combining read-depth normalized data from spiral and straight
vessel samples. Dimensionality reduction with UMAP (42) was used
to project cells in three dimensions, using the top 20 principal com-
ponents, with the reduceDimension function (reduction_method =
‘UMAP’, max_components = 3). Clustering was performed by Lou-
vain method with the clusterCells function, using default parameters
with the exception of resolution set to 8 x 10~%. The principalGraph-
Test and differentialGeneTest functions in Monocle were used to
determine genes differentially expressed between clusters in the
UMAP projection and between ECs in spiral versus straight vessel
geometries, respectively, selecting genes based on specificity and ex-
pression level (for cluster-specific genes) and significance (q < 0.01)
(for genes differentially expressed between samples).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/38/eabb3629/DC1

View/request a protocol for this paper from Bio-protocol.
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