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Abstract
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From the capillaries to the aorta, the behavior of endothelial cells lining the vasculature is
guided by local hemodynamic conditions that can induce both development and disease. Much
remains unknown, however, about how these local conditions are integrated by endothelial cells
to produce both endothelial and parenchymal responses. The lack of in vitro models that enable
careful perturbation with the diversity of biophysical conditions present in vivo has been a barrier
to a deeper understanding of these responses. The following dissertation reports on the
development of model systems to further understand the role of geometric and hemodynamic
cues on the response of endothelial cells to flow and their interactions with parenchymal
populations. We first develop a spiral microvessel model that enables precise control of vessel
curvature and torsion, showing that modification of these geometric features can alter the
response of endothelial cells and shedding light on the role of structural heterogeneity in
vascular biology. We further interrogate these curvature induced effects in a large vessel
aneurysm model, demonstrating changes in endothelial phenotype are associated with

geometric and hemodynamic conditions. Based on insights from these experiments we then



investigate the role of pressure in endothelial flow sensing and vascular remodeling. We find
that pressure conditions help shape the endothelial response to shear stress and can also guide
vascular remodeling in engineered tissues. To enable further study of pressure induced effects
we finally develop a perfusable model of early heart development in which pressure stimulated
endothelial-cardiomyocyte interactions can be interrogated. By modeling these diverse
geometric and hemodynamic features we gain valuable new insights into endothelial biology
and provide new tools for investigating endothelial responses to blood flow and interactions with

cardiovascular tissues.
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1. Chapter 1: Motivation and Specific Aims

1.1 Research Motivation

From the earliest stages of development through adult life, the cardiovascular system is under
constant revision. Hemodynamic forces'2 and a variety of signaling pathways*-° play key roles in
both cardiac and vascular remodeling in vivo. Pressure gradients, flow shear, and interstitial flow
have been shown in several in vitro systems to regulate cellular alignment,®” morphogenesis,®
and angiogenesis.® Nonetheless, a fundamental understanding of the role of hemodynamic forces
in cardiac and vascular remodeling remains elusive, and is partially attributed to the absence of
in vitro models that challenge cells with the full range of normal biophysical forces. The goal of
this dissertation work is to address this challenge by engineering cardiovascular systems for the
study of the hemodynamic factors and cellular mechanisms that control vascular and cardiac

remodeling, and to utilize this knowledge to guide the development of engineered tissues.

This will be achieved through three aims, each involving the development of new tools to
unravel the role of biophysical forces in cardiovascular biology. In Aim 1, we will engineer and
characterize vessels that mimic the geometry and biophysical forces experienced by cells in vivo.
In Aim 2, we will evaluate the role of pressure in the endothelial response to flow and the
regulation of vascular remodeling. Finally, in Aim 3 we will apply this approach to cardiac tissue
engineering and develop a model based on early heart development to investigate the effect the

of hemodynamic forces on engineered heart tissues.

1.2 Specific Aims

1.1.1 Aim 1 Engineer blood vessels with 3D curvature

Hypothesis: Endothelial cell phenotype will be altered by changes in blood vessel curvature and

flow. Blood vessels twist and curve in three dimensions throughout the body, but existing in vitro
systems fail to capture this complexity. As a result, a more complete understanding of the
independent effects of flow in 3D blood vessels on the endothelium has been limited. We
developed a platform to engineer blood vessels with controlled curvature to produce vascularized
3D tissues and to determine the response of endothelial cells to the fluid dynamics of flow in
curved vessels. We will demonstrate that endothelial cell gene expression is altered by curvature

and flow.



1.1.2 Aim 2: Determine the effect of pressure on the endothelial response to shear stress

and vascular remodeling.

Hypothesis: Changes in hydrostatic pressure can modulate the endothelial response to shear

stress and can alter vascular remodeling in engineered 3D tissues

A fundamental understanding of how the different hemodynamic forces interact to form a
coherent endothelial response remains elusive. In particular, the role of pressure in flow sensing
and vascular remodeling is not well defined despite its fluctuations in both disease and
development. We will develop systems to determine if pressure alters endothelial cell phenotype

and if pressure can serve as a guiding cue to create hierarchy in engineered blood vessels.

1.1.3 Aim 3: Develop a model for investigating the effect of hemodynamic conditioning on

engineered cardiac tissues

Hypothesis: Hemodynamic conditions can be used to control endothelial-myocardial crosstalk

and promote PSC-derived cardiomyocyte maturation.

The development of functional engineered cardiac tissues has been hampered by challenges in
promoting stem cell derived cardiomyocyte (CM) maturation. While mechanical cues promote CM
maturation, adult-like CM have not yet been created de novo. In addition to the mechanical
stresses present in development, signaling between the endocardium and myocardium is
essential for the development of the heart. In this aim we create a developmentally inspired
cardiac tube model to determine if hemodynamic forces can be used to promote CM maturation

through mechanical stimulation and endothelial-myocardial signaling.
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2. Chapter 2: Introduction

2.1 Vascular development and remodeling

The vasculature takes shape through multiple processes during development and is regulated
throughout life. New blood vessels form through vasculogenesis, where endothelial cells or
endothelial precursors form tubules and self-assemble into vascular structures.! This is a
distinct process from angiogenesis, or the growth of new blood vessels off the existing
vasculature by endothelial proliferation and migration.? Vascular regression and pruning
compete with these methods of vascular expansion to act to maintain an efficient vascular

network.3

In the embryo these processes are all on
display. The first blood vessels form as
mesodermal endothelial precursors (angioblasts)
surround primitive blood cells that have
aggregated to form blood islands.* These cells
undergo vasculogenesis as they coalesce
around the blood islands in the embryonic yolk
sac to form early vessels (around embryonic day
7.5 in the mouse). Angiogenesis supports the
anastomosis of island to island and in this
process forms a dense vascular plexus with little
apparent hierarchy. This changes rapidly as the
heart tube forms and blood begins to flow.
Overnight, the vascular bed undergoes
significant remodeling to pare down the plexus
to an organized and hierarchical vascular

network with vessels of different size and

smooth muscle coating.®

Figure 1. The yolk sac vasculature requires flow to
Here the Notch signaling pathway plays  remodel. The vascular plexus takes shape at E7.5
_ (A,B), E8.5 (C,D), and E9.5 (E, F). With knockout of
an important role. The Notch transmembrane MLC2a and an interruption to the heartbeat (B,D,F) this

its fami fli . . plexus does not remodel to form a hierarchical
receptor and its family of ligands are involved in vasculature as it does in wild-type (A,C,E) mice. Green

cells are GFP expressing erythroblasts. Figure adapted

vascular remodeling, where loss of function .
from Lucitti et al.

mutants can prevent the remodeling of the yolk

sac plexus.® Loss of the core endothelial Notch receptor (Notch1) prevents vascular remodeling

4



at this stage as well as other problems across the embryo.” Disruption in the expression of
individual Notch ligands, including DIl4 and Jag1, also acts against the formation of a branched
hierarchical vascular network.®® Loss of the Notch target genes Hey1 and Hey2 result in similar

remodeling defects.™

Remodeling at this stage is also dependent on flow through the vascular bed. If the
heartbeat is disrupted by mutation to atrial myosin light chain 2 (MLC2a), this plexus does not
undergo normal remodeling (Figure 1).""'2 Lucitti and colleagues showed through careful
analysis that this result is dependent on fluid forces on the endothelium, illustrating the
importance of hemodynamics in the vasculature from the earliest stages of development.
Mechanosensory components of the endothelial cell are activated in this stage of remodeling,
but it is not clear what the key regulators of that process are. How the cell senses flow and

transduces this into phenotypic changes is an essential feature of the endothelium.

2.2 Endothelial mechanotransduction and in vitro models of flow

Endothel ial Primary Cilium
Mechanosensors

lon Channels

Junctional Complex
PECAM-1
VE-Cadherin
VEGFR2

Integrins

\/ \/ \/ \/

dbdbdbdb

Figure 2. Mechanosensors line the endothelial cell. Mechanosensory proteins and structures exist on all surfaces

of the endothelial cell and include direct sensors of mechanical force like PECAM-1 as well as secondary and adaptor

proteins like VEGFR2.Figure adapted from Givens and Tzima.”3

In lining the blood vessels endothelial cells (ECs) act as both a barrier and an interpreter. ECs
sense patterns of shear stress and pressure in the circulatory system and initialize different
cellular programs. To serve this function endothelial cells harbor a wide array of

mechanosensory components (Figure 2).



Many of these sensors exist on the EC’s apical surface. G-protein coupled receptors
(GPCRs) are both involved in directly sensing shear stress as well as transducing shear
induced signals downstream. For example, the bradykinin B2 receptor has been shown to
undergo a conformational change in response to flow,' whereas the sphingosine-1-phosphate
receptor (S1P4) is a necessary component in activating other downstream shear responsive
pathways.'> Mechanosensitive ion channels including Piezo1'® and TRPV4'" act to depolarize
the cell under shear stress. Some ECs in development or in regions of low shear stress express

primary cilia,'® which directly sense shear stress.’®%°

Endothelial junctions are a source of additional mechanosensors. CD31 (Platelet
endothelial cell adhesion molecule) is phosphorylated on the onset of flow'® and can induce
shear stress-like signaling when it is mechanically brought under tension.?! VE-cadherin can act
as a partner to CD31 in the shear-response cascade,?? or it can induce shear signaling alone
when under tension.?® Other junctional molecules, including VEGFR2 and -3 are implicated in
the shear response pathway, but it is not yet clear if they directly detect mechanical signals.?*2°
A variety of molecules fall into this shear-related category where there is not convincing
evidence that they are mechanically sensitive. These are important components of the shear-

response pathway and include integrins,?®?" Tie receptors,? NOTCH1,2° and other proteins."

On signaling from these sensors, a variety of downstream effectors are activated by
flow. ERK and JNK signaling pathways are activated by laminar flow, and contribute to matrix
and cytoskeletal remodeling.3*-32 Nitric oxide (NO) production is rapidly ramped up through
endothelial nitric oxide synthase (eNOS) and triggers additional intracellular changes as well as
signaling to neighboring cells, like smooth muscle cells, where it can regulate vascular tone.3*3°
Importantly, these signals are dependent on the kind of flow sensed by ECs. In regions of
disturbed flow, like near vessel bifurcations or in bends, the patterns of shear-activation are
altered and lead to inflammatory signals through VCAM-1, ICAM-1 and other molecules that

bring monocytes and leukocytes to the vessel wall.

These discoveries have come through a combination of in vitro and in vivo
investigations. Methods for pursuing disturbed flow in engineered model systems, however,
rarely place endothelial cells in biomimetic conditions. Common approaches use parallel plate
flow chambers®” or cone-plate viscometers®® to apply shear stress to endothelial monolayers.
While the shear conditions on endothelial cells are precisely controlled in these systems, they
do not resemble the native environment in a blood vessel. Blood vessels in the body have

curvature and wind through space, causing alterations in the kind of flow that develops in the
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vessel and ultimately the response of ECs.* In vitro systems that recapitulate this can help

elucidate this endothelial response in the absence of complicating factors found in vivo.

2.3 Heart development

Endothelial mechanosensing is functionally important for cardiac development as well. In the
mouse, cardiomyocytes differentiate and begin beating as a closed heart tube is fully formed
and pumping by embryonic day 8.5 (E8.5).#° The transition between a linear heart tube and a 4-
chambered heart is an incredibly complex process characterized by many levels of cell
differentiation and large morphological changes.*' In this process and the steps of growth and
maturation that follow it, disruption of normal signaling pathways can lead to congenital heart
defects.*? This includes signals between the endothelial-like endocardial cells that line the inside
of the heart.

Endothelial production of a variety of factors, including neuregulin (Nrg),
neurofibromatosis type 1 (NF1), and
platelet derived growth factor-B (PDGF-
B) influence cardiac phenotype. Nrg can

stimulate cardiomyocyte differentiation
and proliferation in the heart and its

knockout is embryonic lethal by E10.5
with an abnormally thin myocardium.* (erreiton

Endothelial specific inactivation of NF1

- - ENO

results in multiple cardiac deformations,

proliferation

i i i maturation n ion colagenase
including ventricular septal defects and snmaston
thinning of the myocardium.** PDGF-B el

. . . . . collagen production
knockout mice display similar flaws in .
cardiac structure.* —omm—

. Figure 3. Shear sensitive endocardial-cardiomyocyte
The endocardium possesses signaling pathways. Shear stress activates signaling pathways
h of th fl . in the endocardium that affect cardiomyocytes. Disruption of

much of the same flow sensing normal flow profiles can alter endocardial-myocardial crosstalk

and lead to cardiac defects. Figure adapted from Andreas-

machinery as the vascular endothelium, Delgado and Mercader.

and flow sensitive pathways in the
endocardium act on cardiomyocytes throughout development (Figure 3).#6¢ Endothelin-1 (ET-1)

release is mediated by shear stress,*” and its knockout in mice causes septal defects in



development.*® ET-1 can also modify cardiomyocyte constriction by increasing intracellular
calcium on binding the ETa receptor.*® Stretching of the endocardium can also cause
upregulation of ET-1 through TRPC-6 ion channels.?® Shear sensitive NO signaling can alter
ET-1 production and modulate cardiomyocyte constriction. Unsurprisingly, loss of eNOS in mice
leads to congenital heart defects.>°? Flow induced changes in KIf2 expression also affect the

myocardium, as loss of KIf2 leads to heart failure and embryonic death by E14.5.53

The endocardial/myocardial signaling axis is clearly important in cardiac development,
but few engineered cardiac systems incorporate both the cells and the hemodynamic signals
that drive this pathway. Recapitulating this pathway in vitro may be a useful approach to
investigate the dynamics of endocardial/myocardial crosstalk and ultimately produce more

effective engineered tissues.

2.4 Significance

Engineering vessels with 3-dimensional curvature and flow

It is widely appreciated that bifurcations and bends in large vessels are sites of inflammation
and disease, but cellularized in vitro models that mimic these conditions for large or small
vessels do not exist. Approximations are made using simplified culture platforms, or studies are
performed in living animals where control over hemodynamic factors is significantly restricted.
These limitations impede the development of a more formal understanding of the vascular
response to all types of flow in the vasculature. Through our aims, we will address this
shortcoming of current model systems and characterize the response of endothelial cells to 3D
flow in curved vessels in vitro. This will be useful not only for investigating the effect of flow on
the endothelium, but also for interactions with cells that can be incorporated into the

parenchyma.

The effect of pressure on endothelial cell shear sensing and vascular remodeling

Blood flow in the vasculature is a key driver of endothelial cell function, but a fundamental
understanding of how the different hemodynamic forces interact to form a coherent endothelial
response remains elusive. In particular, the role of pressure in flow sensing and in vascular
remodeling is poorly understood. Pressure levels are elevated in prevalent diseases (i.e.

hypertension), but little is known regarding the mechanisms by which this force is transduced
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and the effect it has on endothelial cells. In other developmental and pathological conditions
relating to the development of vascular networks and vascular hierarchy, pressure levels are
also variable. Through these aims we will probe the effect of pressure conditions on endothelial
cell mechanotransduction, determining if it alters endothelial shear sensing pathways and if it
contributes to 3D vascular remodeling. Addressing these unknowns will help reveal the role of
pressure across multiple endothelial functions, indicating if it will have utility in manipulating

endothelial cell behavior in disease or in the development of engineered tissues.

Determining the effect of cardiomyocyte-endothelial crosstalk on cardiac maturation

The maturation of PSC-derived cardiomyocytes remains an open problem in tissue engineering.
Cardiomyocytes and endothelial cells are closely linked from the earliest stages of development
and signaling between these two cell types is key to the formation of healthy cardiac tissue. We
will engineer a model system to enable the study of the effect of hemodynamic cues on cardiac
tissue development. In this system endothelial-myocardial signaling derived from hemodynamic
cues acting on both cell types will allow for the effect of this signaling axis on engineered

cardiac constructs to be determined.
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3. Chapter 3: Engineering vessels with 3D curvature

3.1 3D curvature-instructed endothelial flow response and tissue

vascularization

3.1.1 Abstract

Vascularization remains a long-standing challenge in engineering complex tissues, particularly
in recapitulating 3D vascular features found in vivo, including continuous changes to diameter,
curvature and torsion. Here, we developed a new spiral microvessel model that allows for
precise control of curvature and torsion and supports homogeneous tissue perfusion at the
centimeter scale. Using this system, we showed proof-of-principle modeling of 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 RNAseq identified specific EC gene
clusters in spiral microvessels, marking a pro-inflammatory phenotype associated with vascular
development and remodeling, and a unique cell cluster expressing genes regulating vascular
stability and development. Our results shed light on the role of heterogeneous vascular
structures in differential development and pathogenesis and provide new tools to potentially

improve tissue vascularization and regeneration.

3.1.2 Introduction
The human vasculature forms a complex three-dimensional (3D) architecture spanning a large

range of diameter, curvature, and torsion in order 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
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a critical challenge in engineering complex tissue for potential tissue repair and disease

modeling.'2

Hemodynamic forces have been identified as one major driver of vascular development and
remodeling.>* By sensing the forces of blood flow, endothelial cells (ECs) lining the blood vessel
wall regulate their morphology, phenotype, and cell behavior, and further modify the structure of
the vascular wall and vascular networks to support tissue growth.>” Extensive efforts have been
made in understanding EC response to flow using flow chambers and microfluidic channels, &°
through which the EC response has been binned into one of two categories: laminar or
disturbed. ¢'°'" 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,
which promote ECs alignment along the direction of flow and EC quiescence and maturation.'
4 Disturbed flow on the other hand has been described by distinct hemodynamic features like
flow separation, flow reversal, or recirculation, and modeled in step flow devices or specific
pathological large vessel models in vitro.5'° Locations of disturbed flow are often associated
with hot-spots for atherosclerotic plaques in vivo, like in the aortic arch or at the bifurcations of

vessels branching off the aorta.'s"7

This dichotomous view of the endothelial response to flow has led to significant
advances in our understanding of EC biology, mechanotransduction and vascular pathologies.
7.10.18 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
osculating plane).'®22 For example, an analysis of vessels in the human cerebral cortex found

that more than 50% of arterioles and venules had high curvature (k = 1/R, k > 0.1 ym™").23
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Heterogeneous vascular remodeling'® 192425 has been found in small vessels in vivo with low

flow but high curvature and torsion.

The flow profile of curved vessels was first described by W.R. Dean, who found that
curvature modifies the flow by introducing a secondary flow orthogonal to primary flow axis,

known as Dean flow. To characterize this phenomena the Dean number (De) was defined,

combining the Reynolds number (Re = %, U = velocity, D = diameter, p = density, and pu =

viscosity) with measures of the vessel’s curvature (De = Re f%, 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).25%8 |n these curved vessels, ECs would
experience not only the laminar shear force in the longitudinal direction, but also curvature
dependent centrifugal and Coriolis forces and torsion dependent forces that can be at normal,
binormal (circumferential) or tangential (longitudinal) directions to the axial flow.?>° It is not
known how these complexities contribute to EC responses to flow, particularly in widespread

small vessels.

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.3! Recent advances in bioprinting have made it possible to fabricate constant
curvature conduits with torsion in biocompatible materials, but small vessel diameters are
difficult to achieve and printing artifacts (e.g., layer lines) alter the shape of flow.3233 A new

method enabling the rapid fabrication of vessels with controllable diameter, curvature and
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torsion would help fill this gap in understanding of the heterogenous EC flow response and

guide the design 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 the spiral vessels supported rapid vascularization and
homogeneous perfusion of thick ( > 5 mm) engineered tumor models and cardiac constructs.
We show for the first time that small vessels with constant curvature and torsion in laminar flow
regimes induced distinct changes in endothelial cell phenotype and transcriptional profiles
compared 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.

3.1.3 Methods
Fabrication of endothelialized spiral vessels in PDMS

Spiral polydimethylsulfoxone (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 — 3 hours and the spring was removed from the
polymerized PDMS. Prior to 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
minutes. Human umbilical vein endothelial cells (HUVEC) were trypsinized and resuspended to
10-12 million cells/mL. Spiral vessels were seeded by perfusion of 20-40 uL of this suspension
at 20 yL/min. Devices were rotated every 15 minutes for one hour to ensure even coverage of
seeded cells on the vessel wall. Vessels were subject to constant flow perfusion between 4 and
12 hours post-seeding. Unless noted otherwise, PDMS vessels were cultured under 1 yL/min
flow, driven by syringe pump (KD Scientific KDS 220) with EGM supplemented with 3.5%

dextran.
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Design and fabrication of spiral retractor system

An automated retraction device was designed to reproducibly create spiral features in
crosslinked hydrogels. A custom 2-axis machine was fabricated from a combination of 3D-
printed and machined components. Linear motion in £Z and rotation about Z were controlled
through two stepper motors connected to an Arduino microcontroller. The microcontroller was
programmed to “unscrew” a spring from a crosslinked 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, spring diameter). While a purely mechanical device can be fabricated
to accomplish the same task, it would require a unique set of components for every spring pitch

of interest.

A set of spiral vessel holders were 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. Prior to seeding cells, round straight PDMS devices were
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exposed to oxygen plasma for ~30 s and then immediately incubated with a 0.1% gelatin
solution at 37 °C for 20 minutes. HUVEC 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 1N
NaOH, 10X Medium M199, and endothelial growth media (Lonza) to reach neutralization and
targeted concentration (6 mg/mL or 7.5 mg/mL). After homogenizing, the collagen mixture was
degassed by placing under vacuum for 30-60 minutes. While the gel solution was under
vacuum, spiral vessel holders were prepped by brief corona treatment (< 30 s) and subsequent
coating of polyethylenimine (PEI, 1%, Sigma) with glutaraldehyde (0.1%, Sigma) crosslinking.
After five washes with autoclaved water, vessel holders were dried and placed in the spiral
retractor system where the spiral pattern was brought into contact with a 1-inch length of 23-
gauge hypodermic tubing within the holder. The degassed gel mixture was then pipetted into the
reservoir and allowed to crosslink at room temperature for 1 hour. After crosslinking, the spiral
pattern was removed from the gel using the spiral retraction system and submerged in warm
media. 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.3* 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
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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 addition of endothelial cells within the bulk matrix.
Collagen gel was prepared and degassed, followed by the addition of HUVECs into the gel to
reach a final concentration of 2.5 million cells/mL in 7.5 mg/mL collagen. 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 H2O 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 as well as an open center channel
for the final collagen structure. A separate 6 mg/mL collagen gel was prepared with a
suspension of KG1a cancer cells (final concentration 5 million cells/mL). This KG1a-collagen gel
was then pipetted into the central space in the collagen spiral device and polymerized at 37 °C

for 30 minutes. After this second step of polymerization, the spiral vessel was seeded with
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HUVEC as described previously and cultured under 1 uL/min flow with EGM supplemented 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 human embryonic stem cell (hnESC)-derived cardiomyocytes (20 million cells/mL), HS27a
stromal cells (10 million cells/mL), and HUVEC (2 million cells/mL).% Transgenic RUES2 hESC
expressing the fluorescent calcium reporter GCaMP3 were differentiated into cardiomyocytes by
modulation of activin A, BMP4, and Wnt signaling using a previously reported protocol.*® 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 three-dimensional straight tubes and spiral tubes were
simulated with COMSOL Multiphysics software, package ver. 5.0. The Navier-Stokes equation
was used as pre-defined in COMSOL and solved with the stationary solver for laminar flow. The
fluid properties were defined as follows: viscosity of 3 x 10 Pa s (mimicking that of endothelial
growth media with 3% 70kDa dextran), and density of 3 x 10 kg/m3. The inlet boundary
conditions are laminar flow with 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 pressure. 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
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results were demonstrated mesh-independent when change mesh size. The average secondary
flow velocity was calculated as the velocity at the direction orthogonal to the primary flow
direction. The primary flow, secondary 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 designated time, were fixed by treatment with 4 %
formaldehyde for 15 mins (for PDMS devices) or 60 mins (for collagen devices). Devices were
permeabilized by incubation in PBS containing Triton X-100 (0.5 %) and bovine serum albumin
(BSA, 2%) for 30 minutes. Unconjugated primary antibodies were added into the spirals (and
onto collagen gels), incubated overnight at 4 °C, followed by washing with PBS for three times 5
mins for each time), and incubation with secondary antibodies and Hoescht 33342 (40 pg/mL)
for 1 hour at room temperature before a final round of washing. Devices were stained for factors
including CD31 (Abcam ab28364, 1:30), VE-CAD (Abcam ab33168, 1:100), von Willebrand
Factor (Abcam ab8822, 1:100), cTnT (Thermo Fisher MS-295-P1, 1:100), and F-actin (Thermo
Fisher A12379, 1:100). Stained devices were imaged using a Nikon A1R confocal microscope

or a Yokogawa W1 spinning disk confocal system.

RNA-Seq

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 ym lumen diameter or 400 um square cross-section and equal total vessel length
(~68 mm). All devices were perfused at either 1 uL/min (“Low”) or 50 uL/min (“High”) for 3 days.

On day 3, vessels were perfused with RLT lysis buffer and the lysate collected. For PDMS
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devices, 350 yL RLT was perfused per device and RNA was isolated using a RNeasy Mini Kit
(Qiagen). For collagen spirals, 175 yL RLT was perfused per device. Prior to RNA isolation, the

lysate from two collagen spirals was pooled to form one sample replicate.

Isolated RNA samples were then processed for RNA sequencing (lllumina NGS, Paired
End 50 cycles, Low-input library prep). RNA sequencing data was aligned using TopHat to
hg38.3” Aligned count data was normalized and evaluated using EdgeR®* where genes with
adjusted p-values and false discovery rates less than 0.05 and log(fold change) = 0.585 were
considered differentially expressed. Gene set enrichment analysis was performed using
Enrichr® and clusterProfiler° to probe KEGG,*' WikiPathways,*? and Gene Ontology** gene-set
libraries. Ingenuity Pathway Analysis (Qiagen) was also used to probe for upstream regulators

of differentially expressed genes.

Single cell RNA-seq

For single cell RNA-seq (scRNA-seq) studies, spiral or straight vessels containing ECs were
perfused under high flow conditions (50 uL/min). ECs were harvested from 3-4 vessels of each
geometry by trypsinization and pooled. Cells were washed with PBS and re-suspended in
0.04% ultrapure BSA (ThermoFisher, Scientific) in PBS on ice. Approximately 3500 cells were
loaded on the 10X Genomics Chromium 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 an lllumina 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 UMIs per cell, and to exclude low-quality cells, using default parameters. The
Monocle (v.2.99.3) platform 44 was used for downstream analysis of scRNA-seq data, combining

read-depth normalized data from spiral and straight vessel samples. Dimensionality reduction
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with Uniform Manifold Approximation (UMAP) #° was used to project cells in three dimensions,
using the top 20 principle components, with the reduceDimension function (reduction_method =
‘UMAP’, max_components = 3). Clustering was performed by louvain method with the
clusterCells function, using default parameters with the exception of resolution set to 8e-4. The
principalGraphTest 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
expression level (for cluster-specific genes), and significance (q<0.01) (for genes differentially

expressed between samples).

3.1.4 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 crosslinking. Robust perfusable spiral
tubes with constant curvature were generated in PDMS with diameter larger than 200 ym and
pitch greater than 1 mm/turn. The fabrication of smaller spiral tubes in PDMS is less consistent
due to the distortion of the channel structure during spring removal. In collagen hydrogels (6 —
7.5 mg/mL), an automatic 2-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
matrices (Figure 3.1.1A). Spiral tubes of a wide range of wire diameter (dw= 120 — 400 ym),
spiral diameter (ds = 1 — 3 mm), and pitch (p = 400 um) were formed in collagen hydrogels,

corresponding to curvature x in the range of 0.43 — 1.05 mm™" and torsion t in the range of 0.32
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Figure 3.1.1 Spiral vessel fabrication and engineered tissue models. A. Schematic of spiral vessel
fabrication strategy: Upper panels: a hydrogel is crosslinked around an off-the-shelf spring (a), the pattern is
retracted from the gel via a 2-axis motion system (b) and vessels were seeded with cells by perfusion (c).
Lower panels: an independent rod was introduced at the center of the spring to form 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 bar: 500 ym C-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 ym, 600 um, 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, ¢). Magenta, CD31;
green, von Willebrand Factor; blue, nuclei. Scale bar: 200 um, inset 50 ym G. Engineered vascularized tumor
model with endothelial cells from the spiral vessel sprouting towards avascular tumor cells embedded in the
center lumen of the spiral. Green, CD31; red, KG1a cancer cells; blue, nuclei. Scale bar: 200 ym (left), 100
pum (right) H. Vascularized cardiac chamber model. Géﬁen, CD31; red, cTnT; blue, nuclei. Scale bar: 500
pm.



—0.72 mm™" (Appendix A, Figure A1A). Fluorescent beads were perfused to visualize the 3D
structure of the spiral lumen (Figure 3.1.1B(a), A1A, B, Movie A1), where loops of the spiral
tubes were periodically spaced with distinct boundaries. Using off-the-shelf springs, we were
able to achieve spacing between loops (6 = p - dw) 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 (Figure 3.1.1B(b)). We fabricated constructs with a
central tube concentrically wrapped with a spiral tube and separated by a wall as thin as 200

um.

Next, we perfused human umbilical vein endothelial cells (HUVEC) into the spiral tubes
in either PDMS or collagen to allow for cell attachment followed by culture under flow. Both
materials supported the growth of a robust endothelium under steady flow for at least one week
(Q =1 pL/min, Figure 3.1.1C-E). PDMS spiral vessels with a lumen diameter less than 200 pm
often had sparse coverage of endothelial cells 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 (Figure A1C). Endothelial cells in PDMS vessels (lumen
diameter > 200 um) and all sized collagen vessels had robust junctions at cell-cell contacts, and
localized expression of CD31 to the plasma membrane (Figure 3.1.1C-E). Altogether, we
successfully generated spiral microvessels with constant curvature and torsion at high fidelity

and reproducibility and with robust endothelialization and perfusion.

Spiral vessels enhanced 3D vascularization

The fabrication process for spiral vessels has the flexibility to integrate with existing

vascularization approaches to further enhance tissue perfusion. By incorporating endothelial
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cells into the bulk matrix, the endothelium in spiral tubes readily anastomosed with self-
assembled vessel networks and increased vascular density (Figure A1D). When combined with
lithography and injection molding techniques,3* we successfully connected a spiral vessel with a
microfabricated rectilinear vessel so that the spiral outflow was connected to the perfusion of
microvessels in an orthogonal direction to the spiral. This integration allows for 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 (Figure 3.1.1F). We observed a continuous endothelium
in the spiral-microvessel connection (Figure 3.1.1F(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, (Figure 3.1.1F(a), average angle 13.5 £ 10.2) compared to cells in regions distant
from the spiral-microvessel interface (Figure 3.1.1F(b,c) average angle 39.3 + 23.7 and 58.13 £
29.25 respectively). These findings show the high potential of spiral vessels as a new strategy

to enhance perfusion and support thick 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, 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. Cultured under flow (Q = 1 yL/min) in normal growth media,
spiral vessels (dw= 400 um, ds = 3.0 mm, 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) (Figure
3.1.1G). These sprouts extended exclusively towards 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 vascularized cardiac chamber by using the same concentric model (1.3

mm diameter x 6 mm long chamber surrounded by spiral vessel). GCaMP3-transduced human
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embryonic stem cell derived cardiomyocytes (hESC-CM) and stromal cells (HS27a) were added
into the bulk collagen matrix,® and endothelial cells (HUVEC) into both the bulk matrix and in
the spiral lumen, while the center of the tissue was kept open (Figure 3.1.1H). By day 12 of
culture, organized calcium waves were observed and appeared to propagate in 3 dimensions
along the spiral vessel wall (Supplemental Movie S2). The conduction velocity in engineered
cardiac tissues was 2.7 + 0.97 cm/s as determined by analysis of the GCaMP3 signal (Figure

A2).

These approaches show in proof-of-concept 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 microvessels 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 (dvesset = 400 Um, dspiral = 3 MM, Pspiral = 1 MM, Kspiral = 0.46 mm™",
tspiral = 0.31 mm™', and L = 6.5 cm) at three steady flow conditions (Q = 1, 50, and 100 pL/min,
corresponding to Re = 0.01, 0.76, and 1.52 respectively). The 3-D flow images were taken
under confocal fluorescence microscopy at set distances (L, = 5, 30, and 55 mm in straight
vessels, or loop %, 3% and 6% in 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 (Figure 3.1.2A, C). In

spiral tubes the two beads streams remained distinct and parallel at low flow (Q = 1 pyL/min) but

27



A L, =L,=65mm C

“

.;)\

Pr|mary Secondary  Shear rate
d
[ = ]

50 pL/min

Q=

1 yL/min

Q=

50 pL/min

Q=

100 pL/min

Q

| — L E ]
0 4 015 O 200
mm/s mm/s 1/s

Figure 3.1.2 Flow in straight and splral vessels. A-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 yL/min
and a spiral PDMS vessel (B) at three flow rates (Q = 1, 50, 100 pyL/min) at 3 distances from the vessel
inlet (AL, , = 5 mm, AL, =30 mm, AL, . =55 mm), corresponding to the %, 3% and 6% spiral loops. (L =
Linear length, L, = Vessel length, d, = Vessel diameter, p = pitch). C-D. Computational fluid dynamics
plots of straight (C) and spiral (D) vessels at Q = 50 yL/min for (a) streamlines (color expressed with

primary velocity magnitude), (b) primary velocity magnitude, (c) secondary flow velocity orthogonal to
cross-sectional plane, and (d) shear rate at the cross-sectional views.
rotated over the vessel length without obvious mixing in the bulk (Figure 3.1.2B(a-c)). The

orientation of the two parallel streams inverted after approximately 4 loops from the inlet (Figure

3.1.2B(b)) and completed a full rotation at approximately loop 7 (Figure 3.1.2B(c)). At a higher
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flow rate (Q = 50 yL/min) in the same spiral geometry (De = 2.77), the two beads stream
developed obvious bulk mixing with the leading edge of flow rotating 270 degree after 3 loops
(Figure 3.1.2B(e)), and completed another full rotation by loop 7 (Figure 3.1.2B(f)). At even
higher flow (Q = 100 pyL/min), a stronger mixing effect was observed in the same spiral
geometry (Figure 3.1.2B(g-i)), whereas the two streams remained parallel and unmixed in

straight vessels under the same flow conditions.

Using numerical simulation with COMSOL, we confirmed these flow characteristics: 1)
idealized parallel streamlines were present in fully-developed flow in straight vessels (Figure
3.1.2C(a)); 2) parallel streamlines in spiral vessels slightly rotate along circumferential direction
at low flow (Q = 1 yL/min, Figure A3A); 3) streamline rotation was enhanced in spiral vessels
and developed twists at higher flow (Q = 50 yL/min, Figure 3.1.2D(a)) and had clear twists at Q
= 100 uL/min (Figure A3B). 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 yL/min, Figure
3.1.2C(b,c), D(b,c)). This also led to the development of a shear stress gradient 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 (Figure
3.1.2C(d), D(d)). These data demonstrated that spiral vessels induced bulk flow mixing and
heterogeneous hemodynamic forces on the endothelium lining the wall due to 3D curvature 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 under flow. In straight and spiral vessels ECs formed robust

junctions and a stable endothelium in low (Q = 1 yL/min, WSS = 0.1 dyne/cm? in straight
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Figure 3.1.3 Endothelial response to flow in straight and spiral vessels. A. Maximum intensity projection (MIP) of
EC cultured under flow (Q = 50 pyL/min) for 24 hours. Blue, nuclei; green CD31; Ki67, red; scale bar = 50 ym. 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 pyL/min). Error bars represent 95% confidence interval of the mean. * p < 0 .05 using a one-
way ANOVA with Tukey’s pairwise comparisons. C. Principle component analysis of RNA sequencing 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 overlapping region of (D, green). F.
Heatmaps of the CPM values of significantly regulated transcripts belonging to the non-overlapping regions of (D). 355
genes uniquely regulated in straight high vs low (upper, yellow), and 1261 genes uniquely regulated in spiral high vs
low (lower, blue). G. Heatmaps of the CPM values of sele@®@@d growth factors, transporters, and transcription factors. H.
IPA functional pathways identified by comparing spiral to straight vessels under high flow.




vessels) and high (Q = 50 yL/min, WSS = 4.6 dyne/cm? in straight vessels) flow conditions. The
increased flow appeared to change the EC morphology and enhance EC alignment in the
direction of flow (Figure 3.1.3A). Under low flow conditions (Q = 1 pL/min, Figure 3.1.3B) fewer
Ki67* proliferating cells were observed in spiral vessels 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 endothelial cells.

We next examined the transcriptional changes in ECs in these conditions via RNA
sequencing for ECs cultured under both flow conditions in straight and spiral vessels as well as
under static conditions. Principle component analysis (PCA) of gene expression data showed
clustering of individual groups, with the largest variance between static and all flow conditions
(Figure 3.1.3C). Activation of classical flow dependent genes was confirmed in all flow
conditions compared to static culture (Figure 3.1.3D, 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, SMAD7, and NOS3 increased further at higher flow conditions. Among
the genes differentially expressed in straight vessels due to the increase of flow, 52%
(533/1012) overlap with genes differentially expressed in the onset of flow (static vs. low flow
condition) (Figure A4A, B). The genes unique to the increase of flow include upregulation of
many genes previously reported to regulate vascular development and flow sensing,*~*8 such
as Notch ligands JAG1, JAG2, Notch target HEY2 and other transcription factors like SNA/2,
transmembrane proteins IL21R, EFNB2, transporters GJAS5, peptidases MMP10, MMP1, MT1F,
growth factors and cytokines NOG, DKK2, WNT4, CXCL12, TGFB1, and other molecules such
as VCAN, and CYP1B1 (Figure A4C). GO enriched terms for this group of genes showed
upregulation of cellular response to growth factors, vascular development, transmembrane
receptor protein tyrosine kinase signaling pathway, blood vessel morphogenesis, cell migration

and motility and others (Figure A4D).
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Approximately 66% (722/1136) of differentially expressed genes in straight vessels
overlap with those in spiral vessels in response to increased flow (Figure 3.3D). Almost all
overlapping genes are changed in the same direction (99%), suggesting a conserved response
to flow in both geometries (Figure A5A). MARC2, PTX3 and STX11 did not follow this trend and
were upregulated in spiral vessels with increased flow, but downregulated in straight vessels.
Interestingly PTX3 has been reported as a biomarker for endothelial dysfunction in
preeclampsia, which is a disease caused by spiral artery dysfunction.*® Many genes
downregulated in straight vessels by the increase of flow did not show changes in spiral
vessels, such as growth factors CTGF, FGF2, NRG1, FGF16; transmembrane proteins CAV1,
UNCS5A, KIT, SMADA4A; transcription regulators EGR1/2/3, MAF, MYRF, MZF1; transporters
such as LDLR, cytokines TNFSF18, IL12A, CCL2, CCL16, CCL28 (Figure A5B). This suggests
that the EC response to flow in spiral vessels is a combination of both canonical 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 (Figure 3.1.3F). High flow in spiral vessels appeared to
activate growth factors such as DKK1, ESM1, BMP2, PDGFA, OSGIN2, and VEGFC; many
solute carrier (SLC) and ATP-binding cassette (ABC) superfamily transporters, transcription
regulations GLI/2, etc, cytokines CXCL1, peptidase TLL1, ADAMTS1, ADAMTSY, TASP1, etc,
kinase PODXL, EPHAS, HK2, PRKCA, CCT2, MAP2K1, etc (Figure 3.1.3G, ABA). In addition,
high flow in spiral vessels repressed growth factors such as MST, NRG2, GDF3, GAS6, IGF2;
transmembrane receptors CHRNA1, SELP, LRP1, ITGB3, ROBO3; transporters including
MAL2, ATP2A3, RBP1, APOL1, and several members of SLC and ABC super families;
transcriptional regulators such as NOTCH3, CITED4, CAND2, FOX0O4, DACH1, EBF3;
cytokines DKK3, CSF1, FLT3LG; GPCR group SIPR4, OPRL1, HTR2B; and kinases PDGFRB,

CKB, SBK1 (Figure 3.1.3F, ABA). GO term analysis showed the upregulation of primarily
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ribosome biogenesis, which would be critical for cellular growth and proliferation (Figure AGB).
These expression profiles show that spiral vessels share a common set of flow responsive
elements with straight vessels but have an additional response that appeared to promote

vascular growth.

PCA analysis showed the separation of straight and spiral geometries was enhanced
under higher flow conditions (Figure 3.1.3E). Under low flow conditions (Re << 1, inertia effect is
negligible) ECs in the two geometries were largely similar, with only a handful of significantly
regulated transcripts (Figure AGA). These include CYTL1, which is known to upregulate
proangiogenic function, but not proinflammatory pathways.®® HES2, a downstream Notch
pathway gene, STK32B (serine/threonine kinase 32B), and CCND1, a cell cycle regulation
gene, were also upregulated in low flow spiral vessels. The upregulation of these genes was
further enhanced in high flow conditions. In addition, many genes that regulate vascular
development were upregulated when comparing spiral to straight vessels at high flow. For
example, growth factors HGF, DKK1, ESM1, PGF, PDGFA, GDF6, PDGFB, CTGF, VEGFC,
BMP2, PDGFC; Peptidases ADAMTS1, ADAMTS9, MME, CTSS; kinases EPHAS5, MPP4,
PODXL, SPRY2, CDK7, MAP2K1; transmembrane receptors KIT, SELE, ULBP2, PLXNA2,
LRPS; transcriptional regulators GL/2, a hedgehog pathway mediator, ATF3, required for
endothelial regeneration,® FOSL1, required for vascular formation,%? and many solute carrier
and ATP family transporters (Figure 3.1.3G). Ingenuity pathway analysis showed ECs in spiral
vessels have activated upstream regulators including pro-survival factors HGF, PGF, EGF,
VEGF, and HIF-1a. Upregulated functional pathways 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 (Figure 3.1.3H, A7B).

Spiral vessels also showed the activation of anti-apoptotic and proliferative pathways marked by
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cell cycle and mitotic genes. PDGF family members were relatively more abundant, as were

molecules associated with IL-8 and HGF signaling (Figure A7B).

Taken together, the bulk RNAseq showed that spiral vessels maintain a normal flow
response to certain extent, but curvature and torsion modified the response by upregulating
markers for transporters, cycling, survival, and downregulating markers of cell death. These
data suggest flow in spiral vessels promoted vascular growth or development rather than

inducing a common inflammatory response to disturbed flow.

Single cell RNAseq reveals heterogeneity in transcriptional responses to flow based on vessel

geometry

We hypothesized that endothelial cells exposed to flow within spiral vessels experienced 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 over 2000 individual 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 analysis was performed
using Monocle 444553 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) (Figure
3.1.4A, B). Expression of classical flow-dependent genes, including KLF4 and NOS3, is
distributed throughout the major clusters of ECs in this projection (Figure 3.1.4C). Interestingly,
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
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Figure 3.1.4 Single cell RNA sequencing comparison of cells cultured under high flow in spiral
and straight vessels. Uniform manifold approximation and projection (UMAP) plots of spiral high flow
and straight high flow cells (A), computationally derived clusters (B), and the distribution of endothelial
and cell-cycling genes across cells (C). UMAP plots of the first and third UMAP dimensions (D), 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).
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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 CDKN1C, EFNB2, HEY1, GJA4, and

IL33, Figure 3.1.4C).%+%¢

To evaluate heterogeneity in the transcriptional response of ECs resulting from vessel
geometry, we next identified differentially expressed genes based on scRNA-seq data of EC
from straight verses spiral vessels. Examination of the third UMAP dimension revealed
separation in transcriptional space between EC from straight verses spiral vessels, with many of
the identified differentially expressed genes polarized in this dimension (Figure 3.1.4D-F).
Among the genes upregulated in EC from spiral vessels are many that were also identified as
differentially expressed in bulk RNA-seq analysis, including ATF3, SPRY2, IL8, JUN, AKAP12,
ANGPTL4, FOSL1, and ADAMTS1, and ADAMTS9 (Figure 3.4G, A8A). Most of these genes
are expressed in a common pattern, with increased expression in cells localized in UMAP space
to the lower (spiral) portion of cluster 2. This suggests a distinct transcriptional program
amongst the primarily spiral ECs in this region which may correspond with their transcriptional
response to specific hemodynamic conditions unique to spiral vessels under high flow. In further
support of this hypothesis, analysis of the scRNAseq data also identified differentially expressed
genes not detected in bulk RNA-sequencing, including DCN, SLC6A9, GEM, NRG1, RSPO3,
BAMBI, TGFBI, and PRRX2, that were highly specific to EC from spiral vessels localized in
cluster 2 (Figure 3.1.4G, A8B). 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 processes such as angiogenesis, vascular growth, and inflammatory and

stress responses.
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3.1.5 Discussion
3D vascular networks have been engineered to support complex tissues, but most designs have

been geometrically limited to rectilinear structures with a constrained range of hemodynamic
profiles.3*57:5¢ Reproducing the structure of complex networks with continuous curvature was
only made possible by recent advances in bioprinting,®? and is still restricted by printable
materials. Printing artifacts create discontinuity and stepwise changes in wall geometry that
disturbs flow in vessels. Building perfusable and endothelialized vessels with continuous
curvature and torsion as in vivo has not been achieved. Here, we developed a spiral vessel
platform which allows for 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, 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 the foundation of a highly vascularized tissue.

The precise control of 3D geometries in this spiral vessel platform 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 endothelial cell response. We showed
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 wall shear stress along circumferential
direction and generated a stress gradient in 3-D space. This additional stress gradient, distinct

from the pressure gradient driving axial flow, likely induced flow mixing in the high flow
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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 conventionally recognized

flow response in ECs to laminar flow using both bulk and single cell RNAseq.

Bulk RNAseq analysis revealed that, in addition to a common flow-responsive gene set
towards anti-inflammatory, anti-adhesion, and vascular development pathways with straight
vessels, ECs in spiral vessels express a distinct gene set associated with upregulated cell
cycling, transporters, pro-inflammation, cellular growth and vascular morphogenesis. The
combination of both features suggests that curvature and torsion in small vessels promote

vascular growth even under laminar flow regimes.

Most studies on curvature have focused on large vessels and cells located in the inner
or outer curves have shown altered phenotypes corresponding to the different shear stress
levels in these regions.'®7:2%% Qur 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 single cell RNAseq, 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, confirming 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 wall shear stress. It is possible that the combined wall
shear stress gradient and bulk flow mixing provide a new set of perturbations on ECs. This
suggests that the twists and turns found throughout the vascular system contribute to a more

heterogenous EC response to flow than is currently appreciated.

During development and tissue regeneration, curved vessels often appear. Our data
indicate the transient appearance of complex vascular curvature may benefit vascular growth

and remodeling. ECs in small curved vasculature may provide angiocrine or growth signals to
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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
heterogeneous vessel geometries in the EC response to flow. Future studies would be critical to
understand how these transcriptional programs translate to EC behavior and modify vascular
remodeling. This understanding will provide important insights into how heterogeneous vascular
structures contribute to differential development and pathogenesis, as well as informing new

engineering strategies to improve tissue vascularization and support tissue regeneration.

3.1.6 Conclusions
We have designed a platform to rapidly fabricate 3D constant curvature vessels for engineering

vascularized tissues and for investigating the effect of Dean flows on endothelial cells. Spiral

vessels can serve as the scaffolding for cardiac constructs, or as a model system for cancer

vascularization. We demonstrated that the non-uniform flow in curved vessels caused a clear
shift in RNA expression and believe that constant curvature spiral vessels represent a

controllable platform to systematically investigate these effects.
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3.2 Endothelial responses to curvature in engineered cerebral aneurysms

3.2.1 Abstract
Hemodynamic factors have long been associated with clinical outcomes in the treatment of

cerebral aneurysms. Computational studies have provided valuable estimates of these
conditions and correlated them with disease state, but they ultimately are not able to provide
measurable information on the response of the endothelial cells integrating these cues. Here we
bridge this gap by fabricating anatomic-scale idealized- and patient-specific aneurysms in which
the endothelial response to aneurysm-specific hemodynamic conditions can be investigated.
We show that vessel curvature induces changes in WSS and WSSG that are correlated with
differences in cell morphology, cellular protein localization, and RNA levels. Cells in higher WSS
are more aligned with flow and display strong Notch1-ECD polarization, while WSSG
differences due to curvature were associated with less alignment and an attenuation of Notch1-
ECD polarization in low WSS conditions. Gene expression information can be obtained from
these models providing further insight into the response of endothelial cells to patient-specific
hemodynamic features. These results highlight a new approach to connecting computational

studies to the underlying endothelial biology that is thought to mediate disease.

3.2.2 Introduction
With spiral vessels we explored curvature and secondary flows in small diameter vessels that

had not been well explored in the literature. In contrast to this, the effects of curvature and

disturbed flows are widely appreciated in large vessels but modeling the effects of large vessel
curvature on endothelial cells in vitro has remained challenging.' Interest in these vessels has
been driven by vascular pathologies where the local hemodynamic conditions are predictors of

disease or are clinically useful, as in the case of cerebral aneurysms.
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In this field, research over the last two decades on the effect of local hemodynamics on
the formation, progression, and rupture of cerebral aneurysms has attracted considerable
research attention.®®° Computational fluid dynamics (CFD) studies of patient specific aneurysm
geometries have correlated different hemodynamic patterns with aneurysm rupture®' and as a
result have spurred intense interest in the mechanisms that underlie this observation.
Endothelial dysfunction is thought to contribute to aneurysm formation, progression, and
rupture, and can develop as a consequence of certain hemodynamic stresses.®? For example, in
a retrospective analysis intra-aneurysm wall shear stress (WSS) and oscillatory shear index
(OSI) have been shown to have significant value in discriminating between ruptured and
unruptured aneurysm status.®® These connections between aneurysm rupture and
hemodynamic conditions, however, have not always been in agreement, with some studies
indicating high WSS is associated with rupture and others indicating low WSS.®* Sources for
this error are thought to arise from the heterogeneity of aneurysm pathology, but they highlight
the missing link in many CFD studies. While they provide insightful and significant quantification
of aneurysm hemodynamics, they do not provide measurable information on the response of

endothelial cells within the aneurysm.

The challenging problem of connecting the results of CFD studies to the biological
response of endothelial cells has been approached through a variety of methods. In vitro
models that replicate specific hemodynamic features, like high or low WSS % wall shear stress
gradients (WSSG),% or OSI,%” have proven useful in investigating the response of endothelial
cells to specific conditions. These kinds of studies in combination with animal models of
disease®®% have informed a greater understanding the disease pathology, but they are
ultimately limited by their inability to recapitulate the scale and complexity of normal human
anatomy. Recently, advances in 3D printing have made it possible to produce anatomical scale

copies of model and patient derived vascular geometries.”®”" These models have enormous
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potential to bridge the gap between CFD studies and endothelial responses, but have not yet
been applied to investigate the effects of geometrical and hemodynamic differences on

endothelial cells.

Here, we explored the effect of vessel curvature and the resulting changes in aneurysm
hemodynamics on the expression and distribution of endothelial markers associated with flow or
infammation. We fabricated idealized vessel geometries with either a straight or curved parent
vessels and equal sized saccular aneurysms and showed that these engineered geometries
could be cellularized, perfused at physiologic flow rates, and endothelial responses correlated
with local hemodynamic conditions. We further demonstrated that this approach could be
applied to geometries derived from patient-specific imaging data and used to identify

transcriptional differences between vessel regions.

3.2.3 Methods
Model fabrication

CAD designs of idealized aneurysm models with and without curvature were 3D printed using a
stereolithography printer (Form 2, Formlabs) to crosslink photoreactive resin (High Temp,
Formlabs) at 0.025 mm layer height. 3D printed models were sanded and polished until
transparent to remove printed layer lines. Smoothed 3D printed models were then embedded in
polydimethylsiloxane (PDMS, Sylgard 184, 10:1 base:curing ratio, Dow Corning) using a
machined acrylic mold that minimized the PDMS wall thickness and enabled high resolution
fluorescent imaging. The PDMS was cured by baking at 65 °C for at least 3 hours before the 3D
printed model was removed by cutting open the PDMS using a surgical scalpel. The PDMS vessel
was then carefully closed using additional uncured PDMS to seal the device and form a perfusable

PDMS vessel. Once sealed, PDMS vessels were sterilized by autoclaving. Patient specific
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aneurysm models were prepared in the same way, but 3D rotational angiography data was used

as the source for the model geometry using a previously reported pipeline.”

Cell culture

All experiments were performed using human carotid artery endothelial cells (HCtAEC, Cell
Applications) between passage 4 and 7. HCtAEC were cultured using Human MesoEndo Cell
Growth Media (Cell Applications) on standard tissue culture polystyrene in a 37 °C incubator with

5 % CO:a.

Model preparation and seeding

To improve cell adhesion, sterilized PDMS vessels were plasma treated for 1 minute at ~100
watts (Plasma Prep Il Etcher, SPI Supplies). Immediately after plasma treatment PDMS vessels
were filled with a 5 pug/mL fibronectin solution (MilliporeSigma) and placed in a 37 °C cell culture
incubator for 1 hour. After 1 hour the fibronectin solution was removed by aspirating. HCtAEC
were trypsinized and resuspended at 1 million cells/mL in culture media and added to fibronectin
coated PDMS vessels (~1 mL per vessel). Vessels were seeded at 37 °C for 15 minutes with the
model being inverted at least once to ensure even cell coverage over the luminal surface. Vessels
were then perfused with fresh media to clear any unattached cells and then returned to the

incubator for at least 6 hours prior to the initiation of flow.

Perfusion

Seeded vessels were connected to a peristaltic pump (Masterflex L/S Digital Drive, Cole-Parmer)
using platinum cured L/S 24 silicone tubing (Cole-Parmer) and custom-printed barbed connectors
to connect the tubing to idealized aneurysm models. Endothelial growth media (Lonza)
supplemented with 3.5 % dextran to mimic the viscosity of blood was used to as the media for
perfusion. Media reservoirs were vented through a 0.22 pm filter to allow for gas exchange. Flow
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was started at 30 mL/min for 30 minutes to purge the vessels of any bubbles and to confirm
vessels did not leak. The flow was then set to 150 mL/min and run continuously for 24 hours in
an incubator. After 24 hours the vessels were removed from the flow loop and formaldehyde fixed
(4% formaldehyde, 15 minutes). The flow waveform was recorded using an ultrasonic flow meter

(Titan Atrato).

Immunostaining and Imaging.

Fixed vessels were permeabilized and blocked in phosphate buffered saline (PBS) containing 2%
bovine serum albumin (BSA, MilliporeSigma) and 0.5% Triton X-100 (MilliporeSigma) for 30
minutes. Vessels were stained for CD31 (abcam ab28364, 1:30), von Willebrand Factor (VWF,
abcam ab8822, 1:100), VCAM-1 (R&D Systems, BBA5, 1:50), and Notch1-Extracellular Domain
(BD Biosciences, 566023, 1:100). For unconjugated primary antibodies, the antibody was diluted
in blocking solution and incubated at 4 °C overnight. After washing, secondary antibodies (Goat
anti-rabbit 568, Invitrogen A-11011, 1:100), Hoescht 33342 (40 ug/mL), and labeled primary
antibodies were added in blocking solution and incubated for 1 hour at room temperature. Vessels
were then washed and stored in PBS at 4 °C until imaging. 6 vessels for each geometry were
imaged, with 3 stained for nuclei, CD31, Notch1-ECD, and F-actin and the remaining 3 stained

for nuclei, VCAM-1, VWF, and F-actin.

For each device 20x fields were obtained at five predefined locations in the aneurysm model
(Figure A9). These were aligned relative to the bottom surface of the aneurysm dome and
included the dome, a region in the proximal neck of the dome, the distal neck of the dome, and
proximal and distal regions of the parent vessel. Each vessel was imaged on a Nikon Eclipse Ti
microscope equipped with a Yokogawa W1 spinning disk system using a 20x extra-long working
distance objective (Nikon MRH08230). Z-stacks at each region were collected with a 2 ym step
size.
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Image analysis

Maximum intensity projections of Z-stacks were used to manually outline cells in each region in
Fiji. Atleast 50 cells were identified in all fields. Cell outlines were then used to generate geometric
descriptors for morphological analysis and comparison using the built-in measurement tools in
Fiji. To determine the distribution of different labeled proteins we implemented an analysis pipeline
in Fiji. Briefly, whole field images were broken down into images of individual cells as defined by
cell traces. Each individual cell was evaluated independently by splitting the cell into equal length
segments along a vector defined by the direction of flow. The fluorescent intensity in these
segments was then compared to determine the segment with the greatest fluorescent intensity
for that cell. This process was repeated for all cells in the field and exported. Morphological and
segment intensity data was imported into R for processing and statistical analysis. Morphological
data was compared between groups using a Student’s t-test, while segment data was compared

using a Chi-squared test of independence. P values of less than 0.05 were considered significant.

Gene expression analysis

Patient derived 3D-printed aneurysm models were divided into three regions for gene expression
analysis: (1) the proximal parent vessel, (2) the aneurysm dome, and (3) the distal parent vessel.
After 24 hours of perfusion each region was mechanically separated and independently perfused
with RLT lysis buffer (Qiagen), and the lysate was collected. Total RNA from each zone was
purified using RNAeasy Mini Kit (Qiagen) and RT-PCR was performed using a real-time PCR
system (Applied Biosystems) with Fast SYBR Green Master Mix (Applied Biosystems). The
abundance of several key vascular factors (VCAM-1, ADAMTS-1, MMP-9, GJA4, and NOS3) was
determined relative to GAPDH. gPCR data were evaluated using R and Minitab 18. Data were
analyzed in a repeated measures analysis of variance design and pairwise comparisons were
performed using Tukey’s method. P values < 0.05 were considered statistically significant.
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3.2.4 Results
Curved and straight models were designed to provide different flow conditions in the aneurysm

neck and sac (Figure 3.2.1A). 3D CAD models were successfully fabricated by 3D printing (Figure
3.2.1B) and converted into perfusable vascular phantoms by casting in PDMS (Figure 3.2.1C).
Models fabricated in this way supported physiologic pressure and flow without leaking or
deformation in the vascular structure. The devices were autoclaved, plasma treated, coated with

fibronectin, and then seeded with HCtAECs before culturing under flow for 24 hours. Seeded
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Figure 3.2.1 Model fabrication workflow. Straight and curved idealized vessels were designed with identical
vessel and aneurysm diameter (A). Models were 3D printed and post-processed prior to embedding in PDMS
(B). After removal of 3D printed models from PDMS, devices were suitable for culture (C). Seeded PDMS
aneurysm models were cultured in independent flow loops using a peristaltic pump (D) with a pulsatile flow
waveform (E).
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vessels were cultured under in independent flow loops (Figure 3.2.1D) driven by a peristaltic pump
that provided a pulsatile flow waveform (Figure 3.2.1E).

After 24 hours devices were fixed, stained, and imaged to examine morphological and
protein localization differences in similar regions of different vessel geometries (Figure 3.2.2A, B).
Cells displayed good junctional staining and maintained confluency over the flow period in regions
of interest. Within the same vessel geometry cell area was highest in the proximal and distal
parent vessel regions were the flow was primarily axial. Cell area was not significantly different in
the three dome regions for the same geometry (Figure 3.2.2C). Cell perimeter followed a similar
trend (Figure 3.2.2D), but cell shape index was consistent among all regions of individual
geometries (Figure 3.2.2E). Although these trends were present in both geometries, the absolute
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Figure 3.2.2 Endothelial morphology in aneurysm regions under flow. Straight (A) and curved (B)
vessel geometries imaged at various regions near and within the aneurysm dome after 24 hours of flow.
Morphological parameters including area (C), perimeter, and shape index (E). Error bars represent 95%
confidence intervals. a: proximal, b: proximal dome, c: dome, d: distal dome, e: distal.
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area, perimeter, and shape index were lower in curved vessels than in straight vessels. Cell
orientation was also determined by assigning the major axis of an ellipse fit to the cell outline as
the cell direction. Cells in the center of the aneurysm appeared relatively unorganized, while cells
in the proximal and distal regions of the dome as well as the parent vessel were more aligned and
clustered around a smaller range of angles (Figure A10).

We next wanted to consider the intracellular distribution of proteins in regions of the
vessels where the hemodynamic conditions are different. To achieve this, we separated images
of individual cells into equal length segments along the direction of flow and identified the segment
with the most protein staining present (Figure 3.2.4A). From this we compiled frequency statistics
to evaluate which segment of the cell contained the maximum signal most often. The extracellular
domain of Notch-1 (Notch1-ECD) has been shown to polarize in the direction of flow and we
evaluated its cellular distribution along the length of the cell in different vessel regions. In the

proximal and distal regions of the parent vessel, the Notch1-ECD was strongly associated with
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Figure 3.2.3 Notch1-ECD Distribution in idealized aneurysm regions. Approach
to quantifying protein distribution in individual cells (A). Measured distribution of
Notch1-ECD in endothelial cells in different aneurysm models (B).
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the downstream segment of the cell. Within the aneurysm the distal and proximal neck regions
appeared to maintain some polarization in the downstream half of the cell, whereas the
distribution of Notch1-ECD in the center of the dome was uniform (Figure 3.2.4B).

The peak and time averaged values of wall shear stress (WSS, taWSS), wall shear
stress gradient (WSSG, taWSSG), as well as the oscillatory shear index (OSI) were calculated
through computational fluid dynamics simulations performed by the Aliseda group (Figure
3.2.5A, Figure A11A-D).”2 These showed that the highest shear forces were in the parent vessel
regions for both geometries, with curved vessels under higher absolute loads. The shear forces
were considerably lower and more comparable in all regions of the aneurysm dome for both
vessel geometries. The WSSG followed a similar trend peaking in the parent vessel regions, but
it was also significantly elevated at the distal neck of the aneurysm where flow is partially
diverted into the dome. This effect is greater in the curved vessel than the straight vessel and is
also associated with larger values of WSSG downstream in the distal parent vessel of curved
geometries. OSI, which measures the degree of shear reversal from the time averaged
direction during a pulsatile cycle, was greatest in aneurysm regions but reached a maximum in
the distal dome of the curved geometry. In the parent vessel regions where OSI values were
lowest and WSS levels were highest the greatest polarization of Notch1-ECD towards the
downstream segment were observed (Figure 3.2.5B). Polarization in the proximal and distal
dome regions was stronger in curved vessels than straight vessels, despite similar levels of
WSS. Neither VCAM-1 (Figure 3.2.5C) nor VWF (Figure 3.2.5D) showed polarization in the
direction of flow but did appear more frequently in the center segments of cells.

To further explore the possible applications of this fabrication technique we created
patient specific PDMS models from clinical 3D rotational angiography data of a cerebral
aneurysm. Angiography data was segmented and converted in 3D mesh files, 3D printed, and

cast into PDMS (Figure 3.2.6A-C). We seeded these models and cultured them under flow for
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Figure 3.2.4 Hemodynamic features and protein distribution in idealized aneurysms.
Hemodynamic features measured from CFD data in different aneurysm models (A). Distribution
of Notch1-ECD (B), VCAM1 (C), and VWF (D) along the length of cell (1 = upstream pole, 4 =
downstream pole). WSS: wall shear stress, WSSG: wall shear stress gradient, ta: time averaged,
OSI: oscillatory shear index. Units for WSS and taWSS are in Pa, WSSG and taWSSG are in
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hours, qualitatively observing flow induced alignment in parent vessel regions but not within the
aneurysm dome (Figure 3.2.6D). To determine if transcriptional differences existed between
ECs in different regions, we separated the PDMS molds into 3 segments (Proximal, Aneurysm,
and Distal, Figure 3.2.6C) after 24 hours of perfusion and isolated RNA from each. gPCR
showed cells in the distal region of the aneurysm had significantly reduced levels of GJA4
compared to the proximal and dome regions (Figure 3.2.6E). Higher variability was observed in
other genes tested and no statistically significant difference in expression were measured
although a trend toward lower levels of VCAM-1, NOS3, and ADAMTS1 in the aneurysm was
present in 2/3 samples, which correlated with regions of unique hemodynamic conditions in fluid

dynamics simulations performed by the Aliseda group (Figure A11E-G).

3.2.5 Discussion
A major challenge to translating CFD research on aneurysm hemodynamics into biological

responses has been the fabrication of anatomically relevant models. Recent advances in 3D
printing have enabled the straightforward fabrication of idealized and patient-derived aneurysm
models and these have been used for additional hemodynamic studies (e.g. particle image
velocimetry®), for surgical planning,”! and recently for seeding endothelial cells.” In this work
we extended this 3D printing approach and investigated the effect of vessel curvature on the
endothelial response to flow in model aneurysms. We further demonstrated this paradigm can
be used to correlate hemodynamic conditions in a patient specific model with the transcriptional
response of endothelial cells under flow.

Anatomically sized idealized models supported cell seeding and perfusion with pulsatile
and physiologically relevant shear stress and pressure levels. Endothelial cells in different
aneurysm regions displayed different shapes and sizes, reflective of their distinct hemodynamic
conditions. For both curvatures we observed smaller cells in regions of lower WSS in the

aneurysm sac, following well established trends for endothelial cells.” Cells in curved
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Figure 3.2.5 Fabrication, culture, and mRNA analysis of patient derived
aneurysm model. Pipeline for fabrication of patient specific aneurysm models
including 3D rotation angiogram (A), derived 3D model (B), and PDMS
aneurysm mold (C) showing segments used for RNA isolation. Representative
images of patient specific model seeding and cell orientation after 24 hours of
flow (green = CD31, blue = nuclei) (D). RNA expression of several transcripts
relative to GAPDH in proximal, aneurysm, and distal regions (E).
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geometries were almost always significantly smaller than cells in similar regions of straight
vessels. This difference in size may be related to the larger values of WSSG present in the
proximal and distal parent regions of curved vessels. Large WSSGs have been reported to
promote EC proliferation and inhibit alignment,” which could explain the differences in size
through additional proliferation in these regions. Further support for this phenomenon is
observed in the cell orientation data (Figure A10) where cells are significantly more aligned in
the direction of flow in the distal region of curved vessels where the WSSG is considerably
lower than in the proximal region. A similar shift in alignment is not observed in the straight
vessel with comparably small WSSG.

Notch1 was recently recognized as a mechanosensor in endothelial cells and its
extracellular domain is known to polarize towards the downstream pole under normal flow.5°
This relatively unique feature provides a visual marker of local endothelial shear sensing. We
characterized the cellular distribution of the Notch1-ECD in cells in all regions of both models
and found them to correlate well with WSS conditions. In the high WSS proximal and distal
regions of both geometries Notch1-ECD was highly polarized towards the downstream end of
the cell. In the center of the aneurysm sac Notch1-ECD appeared uniformly distributed,
consistent with the near zero WSS in that region. This polarization was also present in both the
proximal and distal aneurysm neck for curved vessels, but the effect appeared smaller for
straight vessels in the proximal dome and almost absent in the distal dome. The WSS in the
distal dome in both regions is less than 1 dyne/cm?, but the WSSG is more than 50% larger in
straight vessels, suggesting polarization may be altered by WSSG in low flow conditions. In the
higher WSS regions of both geometries, large WSSG values did not interfere with Notch1-ECD
polarization. Interestingly an oscillating flow direction (large OSlI) in the distal dome of curved
vessels did not prevent Notch1-ECD polarization. We also applied this approach to VCAM-1
and VWF, neither of which showed significant polarization or enrichment in different regions of
the aneurysm dome. We did not observe increased VCAM-1 staining in the aneurysm dome as
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has been reported previously.5%7® Other reports have indicated VCAM-1 levels in disturbed flow
in in vitro systems can peak after several hours of flow and then return to baseline by 24
hours.”” Investigating the expression at an earlier timepoint, or performing a more functional
adhesion assay with peripheral blood mononuclear cells”® would provide additional insight to the
conditions within the aneurysm.

In addition to these idealized models, we also fabricated and culture a model derived
from patient imaging data. With this patient-specific geometry we were able to perfuse and
collect RNA from distinct aneurysm regions. From this RNA we observed a significant decrease
in GJA4 in the distal vessel segment where WSS and WSSG were highest. GJA4 is
downstream of NOTCH signaling and is typically activated by increased shear stress.>* This
relative decrease provides further evidence higher WSSG may interfere with normal WSS
signaling pathways, but oscillatory flows like those present in the distal region are also known to
disrupt GJA4 expression.”® While not significantly downregulated, we also observed decreases
in NOS3, ADAMTS1, and VCAM-1 in the low shear stress aneurysm dome, matching previous
reports.””8%81 Some error in these observations is likely from small differences in sampling that
occurred when the aneurysm was manually separated into different regions. The hemodynamic
differences within the aneurysm do not match the sharp demarcations necessary for isolating
the sample and more granular transcriptional analysis through recently developed spatial gene
expression analysis tools would be particularly insightful 8283

Models like those presented here represent a powerful proof of concept for bridging the
gap between CFD and biological responses, but several limitations must be addressed to
provide deeper insight into aneurysm pathophysiology. While endothelial cells are a major
contributor to aneurysm pathology, the smooth muscle also plays a key role in aneurysm
formation and rupture® and efforts should be made to include them in future models. It is not
uncommon for aneurysms to significantly expand throughout the cardiac cycle, inducing strain
on both endothelial and smooth muscle cells.® These kind of strain cues can significantly alter
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endothelial® and smooth muscle biology,®” but the thick walled devices designed here do not
mimic this force. Other fabrication strategies can produce thin walled devices,’ although tuning
the mechanical properties to match native vessels remains a challenge. The applied flow
waveform is also a key variable that could more closely mimic native physiology. The peristaltic
pump used in this study provides pulsatile flow, but the resulting waveform is dissimilar to the

cardiac cycle and alters time-dependent hemodynamic features.

3.2.6 Conclusion
While considerable research has explored the computational fluid dynamics of cerebral

aneurysms, methods for directly linking CFD results to biological responses in complex
geometries remain in their infancy. By taking advantage of recent advances in 3D printing we
showed that models of anatomic-scale idealized- and patient-specific aneurysms can be seeded
with endothelial cells and cultured under flow to correlate CFD data with endothelial responses.
We showed that differences in vessel curvature caused localized changes in hemodynamic
features like WSS and WSSG that correlated with cell morphology, cellular protein localization,
and RNA levels. These to-scale models that more completely replicate the hemodynamic
conditions throughout an entire aneurysm represent a powerful new tool for understanding the
complex biological processes underlying aneurysm formation, progression, and rupture.
Advances that incorporate additional mechanical cues and relevant cell types will further this
understanding and may ultimately help to better inform clinical decision-making and the

development of novel therapeutic interventions.
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4. Chapter 4: The endothelial response to pressure

Abstract

Blood flow in the vasculature is a key driver of endothelial cell function, but a fundamental
understanding of how the different hemodynamic forces interact to form a coherent endothelial
response remains elusive. In particular, the role of pressure in flow sensing and vascular
remodeling, despite its association with vascular diseases like hypertension, is poorly
understood. Here we develop in vitro model systems to probe the effect of pressure conditions
on the endothelial cell shear response as well as vascular remodeling in 3D. First, using
hemodynamic conditions associated with pulmonary arterial hypertension we show that
pressure conditions can alter the morphology and density of endothelial cells and that the
transcriptional profiles of cells also shift under different pressure loads. High pressure conditions
interfere with shear induced flow alignment and can result in increased cell density reminiscent
of disease. RNA-sequencing results show that different pressure loads are associated with
unique transcriptional transitions at different shear stress levels. By extending our model to a 3D
system we also show that pressure conditions associated with early vascular development can
bias the vascular remodeling of self-assembled vascular networks. We observe that high
pressure conditions are associated with vascular regression and pruning, while low pressure
conditions promote the vessel density and interconnectivity. Taken together our results highlight
the need for an integrative and holistic view of endothelial cell mechanotransduction that

incorporates pressure induced effects.
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4.1 Pressure and shear interactions in endothelial cells

4.1.1 Introduction

One of the unique features of the spiral vessels developed in the previous chapter was their
relatively long length (> 6 cm). As a result of this length and their comparatively small diameter,
a not insignificant drop in transmural pressure developed from the inlet to the outlet. We noticed
cells in the inlet and outlet regions appeared morphologically different when we changed the
flow rate, despite there being no difference in shear stress between the two locations. With
higher levels of shear stress the difference in pressure from the inlet to the outlet grew larger
and the cells in the inlet (cells under higher pressure) were generally smaller and were less
aligned with the direction of flow than cells in the low-pressure outlet (Appendix B). Motivated by
this observation we were interested in exploring what effect pressure had on the endothelial

response to flow.

Under normal conditions in the vasculature endothelial cells are subject to shear stress
in the direction of blood flow, mechanical stretch circumferentially around the blood vessel, and
hydrostatic pressure normal to the endothelial surface. Shear forces have been the dominant
variable in EC mechanobiology studies," with additional research into cyclic mechanical stretch,?
but considerably less research attention devoted pressure loads. As a result, the effect of
pressure on ECs is less well understood than shear stress and even less is known about how

shear and pressure forces interact to guide signaling in ECs.

Work over several decades has shown that endothelial cells respond to changes in
hydrostatic pressure loading. Long term culture of ECs in elevated pressure has been shown to
induce basic fibroblast growth factor release® and can increase cell stiffness by promoting
cortical actin density.* Human umbilical vein endothelial cells (HUVEC) exposed to as little as 4
cm H20 of hydrostatic pressure were more proliferative than those under standard culture

conditions (~0.2 cm H-0) after just 24 hours and this effect could be blocked using a, integrin
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antagonists.® Others have shown that physiologic levels of pressure can make EC monolayers
more resistant to calcium-depletion induced damage to intercellular junctions.® ECs also
respond to changes in acute pressure loading. Within 1 hour of applying a 100 mmHg load to
cells, EC cortical stiffness significantly increases through myosin activation mediated by
mechanosensitive ion channels.* Importantly, however, almost no published work has explored
if these responses to hydrostatic pressure are maintained or altered when shear stress is

applied simultaneously.

Interest in the effect of different pressure conditions on endothelial cells is driven not
only by a desire to more fully define the mechanisms of endothelial mechanosensing, but also to
explore its role in pathology. High blood pressure is one of the largest drivers of cardiovascular
disease and it is prevalent in an increasingly large fraction of the global population,’ yet the
direct consequences of this altered load on the endothelium remain poorly understood. In
pulmonary arterial hypertension (PAH), endothelial cells and endothelial dysfunction are thought
to be major contributors to the development and progression of disease.® PAH is defined by a
resting mean pulmonary artery pressure of more than 25 mmHg and can ultimately lead to right
heart failure.® The increase in pressure is thought to arise from the loss of small pulmonary
arteries, which contributes to an increase in vascular resistance and concomitant increase in
pressure. The damaged pulmonary endothelium is then unable to repair itself through normal
vascular remodeling and angiogenic pathways, and further endothelial dysfunction can follow.®
The role of the hemodynamic increase in pressure on endothelial cell transcription and

ultimately function is not well understood.

From these observations we sought to determine the effect of different physiologic
pressure conditions on human pulmonary endothelial cells that were also challenged with
applied shear stress. To investigate this question, we designed a microfluidic system to control

the both pressure and shear conditions on endothelial cells while also enabling the collection of
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these cell populations for RNA sequencing. We showed that pressure conditions can alter the
shape and alignment of endothelial cells under perfusion and characterized the transcriptional
response of ECs to physiological pressures across multiple shear stress levels. Insight from
these observations provides a fuller picture of how endothelial cells integrate multiple

mechanical cues and how pathological pressure conditions shape endothelial transcription.

4.1.2 Methods
Microfluidic channel design and fabrication

In order to vary the pressure and flow conditions the experimental perfusion setup was designed
as a combination of multiple microfluidic channels where one device would serve as a channel
for culturing cells and additional downstream channels would act as resistors that increase
pressure in the culture channel. For cell culture, a single channel (w = 500 um, h =100 um, L =
20 mm) with higher aspect ratio was designed to minimize edge effects and provide space for
the culture of ~5000 cells. Resistance channels (w = 100 um, h = 100 ym) were designed to
provide 20 mmHg or 60 mmHg of resistance at flow rates corresponding to a shear stress of 5,
10, and 20 dyne/cm? in the culture channels. Shear stress for rectangular channels was
estimated by equation (1):

T
hZw

(1)

Where Q is the volumetric flow rate, u is the viscosity, h is the channel height, and w is the

channel width. The pressure drop in all channels was estimated by equation (2):

_1em?uQjL
A= "y
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Where L is the length of the channel and J is the polar moment of inertia for a rectangular cross-

section:

j= hw(h? + w?)

- 3)

Microfluidic channels following these guidelines were designed using LayoutEditor (juspertor
GmbH) and fabricated in silicon using standard lithography techniques. Briefly, chrome masks
of various channel designs were exposed on a DWL 66+ (Hiedelberg GmbH) and chromium
etched. Silicon wafers were spin coated with AZ9260 (Microchem, thickness = 6 um), exposed
using a contact aligner and chrome masks (ABM), and developed with AZ400K (Microchem).
Patterned wafers were then subject to deep reactive ion etching (SPTS Rapier DRIE) before the
resist was stripped (EKC, Dupont) and the final channel dimensions were measured optically

(Keyence VK-X150K) and physically (KLA Tencor P15 Contact Profilometer).

To transfer the finished patterns to PDMS, silicon wafers were then silanized with
trichloro(3,3,3-trifluoropropyl) silane (Sigma) and a 10:1 mixture of PDMS base and curing agent
(Sylgard 184, Dow) was poured over the wafer. PDMS was cured at 65 °C for at least 3 hours
before separating into individual channels and punching inlet and outlet holes with a 2 mm
biopsy punch (Integra Miltex). Patterned PDMS channels were then bonded to either cover
glass (Thorlabs #1.5) or plain glass slides (Fisher Scientific) using air plasma (Power = 75 W,

Plasma Etch) and annealed at 65 °C for at least 1 hour.

Resistor pressure validation

To validate the hemodynamic properties of fabricated channels we constructed a flow circuit
driven by a syringe pump (KD Scientific). Syringes were connected in series to a microfluidic

flow sensor (Elveflow MFS-80), a bare PDMS culture channel, a microfluidic pressure sensor
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(Elveflow MPS-1), and bare PDMS resistors of different lengths. Perfusion media (EGM2 +
3.5% dextran) was loaded into syringes and run through the flow circuit. Steady-state values for

flow rate and pressure were recorded using an Elveflow controller (Elveflow OBS).

Channel Seeding and Culture

Prior to cell culture, channels were sterilized by 30 minutes of UV exposure. Channels for cell
culture were coated with human fibronectin (5 pg/mL) for 1 hour at 37 °C in a cell culture
incubator. Channels were then rinsed with fresh culture medium (EGM2, Lonza) and seeded
with human umbilical vein endothelial cells (HUVEC, Lonza), or human pulmonary artery
endothelial cells (HPAEC, Lonza) by perfusion of 10 pL of a 4 million cells/mL suspension. Cells
were seeded for 1 hour at 37 °C before rinsing channels with fresh media to remove unattached
cells. Attached cells in the inlet and outlet reservoir were then removed by scraping the glass
surface of these regions with a gel loading pipette tip attached to a vacuum aspirator, leaving
cells present only in the channel cross-section. An empty filtered P1000 pipette tip was placed
on the outlet and a filtered P1000 pipette tip filled with 400 pL of culture medium was placed on

the inlet and allowed to equilibrate overnight in an incubator.

Channel Perfusion

The medium for perfusion consisted of normal culture medium supplemented with 3.5% dextran
to more closely mimic the viscosity of blood (~3.5 cP). Perfusion media was degassed by
placing under vacuum for 30 minutes, used to fill syringes (10 mL syringes for 5 dyne/cm? flow,
30 mL syringes for 10 and 20 dyne/cm? flow) and then placed on a syringe pump (KD Scientific).
Syringes were connected in series to culture channels with 1/32” ID PTFE tubing (Elveflow) and

then to resistor channels with 1/32” ID Tygon tubing (Cole-Parmer) and finally 50 mL conical
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tube collection reservoirs with 1/16” ID Tygon tubing (Cole-Parmer). The flow rate was set to

match the shear stress of the experiment and channels were perfused for 24 hours. Parameters

for flow and resistor values are listed in Table 4.1.1.

Table 4.1.1 Parameters for channel perfusion

Shear Stress Flow Rate (uL/min) | 20 mmHg Resistor | 60 mmHg Resistor
(dyne/cm?) Length (mm) Length (mm)
5 8.96 22 72
10 17.92 11.5 36
20 35.84 5 17.5

Immunofluorescent staining and imaging

For imaging, culture channels were disconnected from the syringe pump at 24 hours and
immediately perfused with 250 pL of 4% paraformaldehyde for 10 minutes prior to washing with
PBS (3 x 5 min). For staining channels were first blocked and permeabilized with solutions of
2% BSA and 0.5% Triton X-100 in PBS for 30 minutes. Channels were incubated with primary
antibodies for 1 hour at room temperature or overnight at 4 °C and washed with PBS.
Secondary antibodies, conjugated primary antibodies, as well as actin and nuclear stains were
added for 1 hour at room temperature before washing with PBS. Stained channels were imaged
with a widefield microscope (Nikon Eclipse Ti2) as well as a line scanning confocal system
(Nikon A1R). Primary antibodies included: VECAD/CD144 (1:100, Abcam ab33168), AQP-1
(1:100, Santa Cruz sc-25287), GJA4 (1:100, Abcam ab181701), DLL4 (1:100, Novus NB600-
892), Ki67 (1:100, Abcam ab16667), Notch1-ICD (1:100, Cell Signaling 3608S). Secondary
antibodies, conjugated primary antibodies, and other stains included: Notch1-ECD (1:100, BD
566023), DLL1 (1:50, Biolegend 346403), VECAD/CD144 (1:100, eBioscience 17-1449-42),
Alexa Fluor goat anti-rabbit 647 (1:100, Thermo Fisher A-21235), Alexa Fluor goat anti-mouse
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568 (1:100, Thermo Fisher A-11004), Alexa Fluor Phalloidin 488, 568, and 647 (1:100, Thermo

Fisher Scientific, 488:A12379, 568:A12380, 647:A22287), and Hoescht 33342.

Image analysis

Images of channels were processed using Fiji '°. For cell morphology analysis, maximum
intensity projections of Z-stacks of cells adhered to the glass surface were used to draw cell
borders from junctional or actin stains. From these outlines, cell size, perimeter, angle, and
shape descriptors were calculated and exported as csv files for analysis in R. The orientation of
a cell was determined using the fit ellipse function to identify its major and minor axis and the
cell angle was defined as the angle between the flow direction (0 degrees) and the cell’'s major
axis. A minimum of 3 40x fields of view were analyzed for each channel, with at least 50 cells
identified across the 3 fields. Nuclear counts were obtained from the same sets of images by
thresholding out the Hoescht signal from the background and utilizing the “Analyze Particles”
function in Fiji to generate counts. Ki67 positive nuclei were manually counted and used to
determine the percentage of Ki67 positive nuclei. Individual cell parameters (e.g. area, angle,
etc.) were compared based on pressure condition using an unpaired two-sided Wilcoxon Rank
Sum test and considered significantly different when p < 0.05. To compare nuclei counts and
the ratio of Ki67 positive nuclei, the values from the 3 fields of each channel were first averaged
to generate a single value for each channel replicate (n = 3 channels). The channel replicates
were then compared using an unpaired two-sided Student’s t-test and considered significant

when p < 0.05.
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RNA Isolation and RNA-Seq

After 24 hours of flow channels were disconnected from the syringe pump and a representative
brightfield image was taken. 350 pL of lysis buffer (RLT + 1% B-mercaptoethanol, Qiagen) was
then perfused through each channel and RNA was isolated using a RNeasy Micro kit (Qiagen)
with DNase treatment. Isolated RNA was then submitted to the Fred Hutchinson Genomics
Resource for quality control, library preparation, and sequencing. RNA quality was evaluated
using an Agilent Tapestation where all samples had RINe scores = 9.7. Libraries were prepared
from RNA samples using SMART-Seq v4 Ultra Low Input (Takara) and Nextera XT DNA Library
Preparation (lllumina) kits. Samples were then sequenced on an lllumina NovaSeq 6000 (paired

end, 50 bp).

RNA-Seq Data Analysis

RNA-Seq reads were aligned to hg38 using STAR'" and counts were generated using the
featureCounts function of the subRead package.'? Quality control was performed using RSeQC
13 and differential expression analysis was performed using edgeR (3.28.1). " Genes were
considered differentially expressed if the P value and FDR were < 0.05 and the absolute value
of the log fold change was = 0.585. Gene ontology analysis and gene set enrichment analysis
were performed using clusterProfiler'® and Hallmark pathways were identified using the

Molecular Signatures Database'® with a P value and FDR cutoff of 0.05.
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Figure 4.1.1 Microfluidic device design and validation. (A) Design of culture and resistor microfluidic
channels and system schematic (B) for culture under constant flow. The flow rate (Q) is constant for a given
shear stress condition and the setpoint pressure (P_,,) was determined by the resistor channel used. The outlet

for all experiments was open to the atmosphere (P = P, ). Culture channels have a 112 ym x 500 ym cross-

section and resistor channels have a 112 pm x 100 um cross-section. (C) Measured pressure drop across
resistor channels for a given shear stress condition in the culture channel.

4.1.3 Results

Channel validation

Etched silicon wafers were measured to have a channel depth of 112 ym and widths of 500 ym
for culture channels and 100 um for resistor channels by contact profilometry. The flow rate
required to produce a wall shear stress of 5, 10, or 20 dyne/cm? was calculated using equation
(1). Bonded PDMS channels (Figure 4.1.1A) connected to a syringe pump and various length
resistor channels (Figure 4.1.1B) were perfused with 37 °C EGM2 supplemented with 3.5%
dextran and pressure measurements were taken at flow rates corresponding to 10 and 20
dyne/cm? shear stress. Measured pressure values were within 5% of target values except for
the 17.5 mm resistor, which was ~10% (54.5 mmHg) below the target 60 mmHg level at 20

dyne/cm? (Figure 4.1.1C).
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Cell morphology varies under pressure conditions

Under low shear stress conditions, cells cultured under low and high pressure displayed
different morphologies and orientations (Figure 4.1.2A, B). Under low pressure, cells were
significantly larger (Figure 4.1.2C) and fewer nuclei were present per field (Figure 2D) than in
high pressure conditions. Cells under low pressure were also significantly more aligned (Figure
4.1.2E), with cells primarily pointed and elongated in direction of fluid flow in the channel (Figure
4.1.2F). In contrast, cells under high pressure were significantly rounder (smaller aspect ratio)
with a less clearly defined orientation that spanned a wider range of angles than cells in low
pressure. Despite being under the same shear conditions, these cells often appeared to align
orthogonal to the direction of flow (Figure 4.1.2A, D). While the number of nuclei was
significantly higher in 60 mmHg conditions, the number of strongly Ki67 positive nuclei was
greater in low pressure (9.3% * 1.8 vs 2.9% * 0.8) channels. The percentage of nuclei with
detectable Ki67 staining was much greater and was not significantly different between groups (0

mmHg = 62.9 + 4.5%, 60 mmHg = 63.6 + 2.9%).

RNA Sequencing of channel under flow and pressure

To explore the transcriptional changes in endothelial cells under different hemodynamic
conditions we performed RNA sequencing on channels under 5 and 10 dyne/cm? flow under
three pressure conditions (Low = 0 mmHg, Med = 20 mmHg, High = 60 mmHg). To understand
the baseline effect of culturing cells in channels we also included cells cultured in PDMS
channels or in PDMS wells (~8 mm diameter) under a minimal hydrostatic load (~5 mm H2O)
with no bulk flow. Including all samples, principle component analysis showed separation of
static samples from all samples under flow (Figure 4.1.3A) along the first principle component,

but flow and pressure samples were tightly grouped. Reducing the dataset to only samples
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Figure 4.1.2. (A) Representative images of cells after 24 hours of 5 dyne/cm2 shear stress with 0 or 60 mmHg of
pressure stained for nuclei (blue), Ki67 (green), F-actin (red), and VECAD (white). (B) Representative images of
Notch1-ECD (green) and DIl4 (red) distribution in cells after 24 hours of flow. Violin plots of cell area (C), angle (E,
flow direction = 0°), and aspect ratio (F, length of major axis/length of minor axis). Dots represent individual cells
from 3 independent channels (> 50 cells per channel). Number of nuclei per 40x field of view (D) in different
pressure conditions (n = 3 channels). Error bars represent 95% confidence interval. * p < 0.05 when compared by
Wilcoxon Rank-Sum test or Student’s t-test. Scale bars = 100 ym.
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under perfusion showed clustering of samples by flow rate along principle component 2 (Figure
4.1.3B), with a small trend of high-pressure groups more aligning along principle component 1.
Similar trends appeared when the samples were subject to hierarchical clustering (Figure
4.1.3C), where the first branch separated perfused from unperfused samples. Further branches
distinguished channel control samples from channel controls samples but did not cleanly cluster
samples by shear stress or pressure conditions. Low- and High-pressure samples were more
similar under 5 dyne/cm? conditions, but Medium pressure samples occupied a separate branch
more similar to higher shear stress samples. Perfused samples at all pressure conditions
showed upregulation of conventional markers of shear stress relative to statically cultured
controls (Figure 4.1.3D). Differential expression analysis also revealed additional genes that had

not been reported as shear responsive but increased with shear stress level (Figure 4.1.3E).

The confinement of endothelial cells led to significant expression changes when
comparing channel and well controls, with 1927 genes differentially expressed between these
two groups. Gene ontology (GO) analysis of these terms suggested channel confinement
activated hypoxic programs, including significant changes to hypoxia associated genes like
ANGPTL4, HMOX1 and HMOX2, CYP1A1, AQP1. These were also associated with significant
changes in genes associated with metabolism, with GO terms for alcohol, lipid, steroid,
cholesterol, and other metabolic processes enriched in the list of significantly regulated

transcripts.

The onset of flow lead to significant changes in relative to static controls in all pressure
groups, but once at a given shear stress level the effect of changes in pressure were less well
defined. Comparisons of the three pressure groups at 5 dyne/cm? flow showed Medium vs. High
pressure groups had many more differentially expressed transcripts (1405 genes) than other

combinations (Figure 4.1.4A, B), with the Low-pressure samples appearing to span these two
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Figure 4.1.3 RNA sequencing sample trends. Principle component analysis of all samples (A) and
samples under flow only (B). RNA-seq transcriptome heatmap with hierarchical clustering by sample type
(C). Heatmap of representative endothelial flow-responsive genes (D). Additional unique flow responsive
genes identified by RNA-seq with proportional response to shear stress conditions (E).
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populations (PC1 in Figure 4.1.3B). No significantly regulated genes at this flow rate overlapped
in all pressure varying comparisons. In the Medium vs High pressure comparison at 5 dyne/cm?,
GO analysis of upregulated and downregulated genes revealed several overrepresented GO
biological process terms. Upregulated genes in this comparison were associated with a variety
of protein membrane targeting pathways, including many genes coding for proteins of the 40S
and 60S ribosomal subunits (Figure 4.1.4E). GO terms based on significantly downregulated
genes included additional membrane targeting pathways as well as those for GTPase signal
transduction and cell morphogenesis. At higher shear stress levels the differences between
pressure conditions were less pronounced, with no differentially expressed genes identified
between Medium and High pressure conditions at 10 dyne/cm? (Figure 4.1.4C). Low pressure
samples at this shear stress level were more distinct from the Medium (76 genes) and High (255
genes) pressure conditions (Figure 4.1.4D), with some overlap in these comparisons (31
genes). Neither these overlapping genes, nor the genes in the Low vs Medium group were
associated with any significant enrichment of specific GO terms. The Low vs High pressure
comparison was associated with no enriched biological process terms but did contain several
cell component terms related to cell-substrate junctions (e.g. ITGA2, ACTN2, FERMT1) and
intermediate filaments (e.g. KRT81, KRT19, KRT8, KRT15, KRT18). By grouping cells by
pressure condition only we identified an additional small subset of genes that were differentially
expressed across pressure conditions (Figure 4.1.4F). This list included genes with endothelial

ties including HES4,"” SNAI2,'® VLDLR,'® and MBD2.2°

We were also interested in exploring if pressure conditions alter the response to
changes in shear stress in endothelial cells. For this we compared the differentially expressed
genes in 5 vs 10 dyne/cm? shear stress under different pressure condition to understand if these
transitions were altered by pressure (Figure 4.1.5A). Raising the shear stress from 5 to 10

dyne/cm2 resulted in the fewest differentially expressed genes in the transition at Low pressure
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Figure 4.1.4 EC expression changes under variable pressure but constant shear stress. Volcano
plots (A) and Venn diagram (B) of differentially expressed genes under different pressure conditions at 5

dyne/cm2 shear stress. Volcano plots (C) and Venn diagram (D) of differentially expressed genes under
different pressure conditions at 10 dyne/cm2 shear stress. GO biological process terms associated with
significantly upregulated and downregulated genes when comparing medium and high pressure conditions
atb dyne/cm2 shear stress (E). Genes identified as significantly altered by high pressure conditions when
shear stress is not considered (F).
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(205 genes) while almost ten times as many differentially expressed genes were present in High
pressure (1977 genes, Figure 4.1.5B). Among these comparisons there was a small set of
genes consistent to the flow transition in all pressure conditions (Figure 4.1.5C). These included
genes that were differentially expressed by the initiation of flow, genes that progressively
increased with increasing flow (e.g. TRIM16/TRIM16L, GPR17, OSGIN1, SRXN1, etc.) and
others that dropped under moderate flow but were activated by higher flow. This list was
associated with GO biological process terms for oxidative stress response. The flow transition
under Low and Medium pressure did not have significant GO terms except for upregulated
Medium pressure genes, which were associated with proliferative terms like regulation of
nuclear division and chromosome segregation. In the High pressure transition many more
genes were uniquely differentially expressed. In this set, GO analysis for upregulated genes
included biological process terms for GTPase and RAS signal transduction as well as
cytoskeletal organization (Figure 4.1.5D). Downregulated terms were related to mitochondrial

processes and membrane targeting and other processes.

4.1.4 Discussion

While the effect of the component forces of blood flow (shear stress, hydrostatic pressure,
mechanical stretch) on endothelial cells in normal physiology have been studied independently,
relatively little work has investigated the transcriptional response of endothelial cells to
combinations of these forces in vitro. Here we challenged human pulmonary artery endothelial
cells with shear stress and normal and pathologic pressure conditions and investigated their

morphologic and transcriptional response.

Under 5 dyne/cm? shear stress we found that pressure conditions could dramatically
alter the shape and orientation of HPAEC. Under Low pressure conditions ECs responded as
expected, forming defined intercellular junctions, elongating and flattening in the direction of

flow,?! and displaying clustering of the Notch1-ECD at the downstream pole of the cell.?? At the
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same shear stress but higher pressure, ECs reversed these morphologic trends appearing
smaller and oriented perpendicular to the direction of flow. Unlike previous reports where the
polarization of Notch1-ECD was strongly associated with the orientation of the cell in the
direction of flow,?® High pressure conditions instead led to Notch1-ECD accumulation on the
downstream edge of the cell's short axis. This observation provides additional support for an
integrative view of endothelial mechanosensing?* as it provides evidence that pressure signaling
mechanisms can dominate over shear-sensing pathways in certain physiologic conditions. Work
performed with exclusively hydrostatic loads has indicated that pressure sensing occurs through
ion channels, with strong evidence for the epithelial sodium channel (ENaC) acting as a major
mechanosensor.* Inhibition of ENaC while cells are under flow and pressure with amiloride?®

would provide valuable insight into this interaction.

In these flow conditions we also noticed a significant difference in endothelial cell
number suggesting more proliferation had occurred over the perfusion period in high pressure
conditions. Counterintuitively, when we stained these cells for the proliferative marker Ki67, a
larger fraction of cells was strongly positive in the Low pressure condition than the High
pressure condition. The greater density of cells in High pressure would suggest that
interrogating cells at an earlier timepoint or utilizing a BrdU assay?® as a measure of proliferation
would show a different pattern than what is observed at 24 hours. The contact inhibition of
proliferation in endothelial cells>” would also support this view that proliferation slowed after an
initial burst in density in High pressure conditions. This endothelial overgrowth also correlates
with the existence of plexiform lesions formed by proliferative endothelial cells that are a

characteristic feature of pulmonary hypertension.?

In the RNA sequencing data, we observed clear differences between static conditions
and all perfused groups with the upregulation of hallmark shear-sensitive factors like KLF2,

SMADG6, SMAD7, and NOS3.2° When comparing groups under the same shear stress, but
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different pressure the results were more difficult to interpret. At 5 dyne/cm? High and Medium
pressure conditions appeared distinct from one another with differences characterized by GO
terms like GTPase signal transduction, and changes to protein membrane targeting genes. The
Low pressure condition, however, seemed to sit between these two groups, with few
significantly regulated genes between either Medium or High pressure conditions. When the
shear stress was raised to 10 dyne/cm? the differences between the Medium and High pressure
groups disappeared. This observation may also support an integrative view of mechanosensing
as the effect of raising the shear force while maintaining the pressure levels at a constant value
would be to minimize the contribution of pressure and make Medium and High pressure
conditions more similar to one another. By comparing the difference between these two groups
and the Low pressure condition at 10 dyne/cm? we did observe this effect as there was
appreciable overlap in these differentially regulated genes (~40% of Low vs Medium genes).
When we regrouped and compared samples under perfusion only by pressure condition, we
found a smaller set of genes that had several associations with endothelial pathways. Of these
SNAI2 was particularly interesting as it is recognized as a regulator of pulmonary hypertension
severity in animal models®® and contributes to the endothelial-to-mesenchymal transition

prevalent in PAH.?!

We also investigated the changes that occur when the shear stress is raised from 5 to
10 dyne/cm? under different pressure conditions. Among the three pressure levels there was a
small conserved set of genes that were associated with GO terms for oxidative stress which has
known shear sensitive links.*? When comparing the gene set differences by pressure condition,
however, many more genes were differentially expressed when the flow was raised in High
pressure conditions. The genes unique to this High pressure group showed enrichment for Rho,
Rac, and small GTPase GO terms. These are particularly interesting due to the importance of

Rho GTPases in endothelial biology, where they have been shown to regulate EC cell shape,
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barrier integrity,3® and a variety of vascular developmental processes.?* Many of these genes
are downregulated in High pressure at 5 dyne/cm? including GPR17, RASA3, and RASGRF2.
The incorporation of permeability measurements like trans-endothelial electrical resistance
would provide insight into the effect of these on endothelial barrier function as it has been
reported that pressures around 10 mmHg increase®® permeability, while pressures around 100
mmHg decrease* permeability. Our observation that Rho signaling terms appear to vary with

pressure condition could help explain this reported difference.

Taken together the morphological and transcriptional differences between ECs
challenged with different pressure conditions while under shear stress are complex.
Immunofluorescent imaging showed that cells had significantly different morphologies and
appeared to have undergone considerable expansion while under High pressure. RNA-
sequencing data, however, did not reflect these differences with enrichment of cytoskeletal or
cell-cycling markers. It is possible that the 24-hour time point was too late to observe many of
these changes and future studies are needed to probe the acute response (e.g. within 6 hours
of flow initiation) to different hemodynamic conditions. The use of rectangular channels also
contributes to cellular heterogeneity and a noisier transcriptional signal because the shear
conditions for cells near the channel corners are significantly lower than the center of the
channel.® The use of circular channels would eliminate this source of error, but culturing

sufficient cells in appropriately sized vessels remains a technical challenge.

These limitations also reflect the relationship of these results to endothelial cells in PAH.
While differences in cell density and the differential regulation of factors like SNA/2 draw
parallels to PAH, our results do not suggest that pressure conditions alone are sufficient to
recapitulate the EC dysfunction seen in PAH. Instead these results may provide a solid
foundation from which to compare the pressure response of healthy pulmonary ECs and patient

derived PAH cells. Recent work has shown that mutations to BMPR2 which are common in

80



familial PAH®" can alter the response of pulmonary ECs to flow,3® suggesting their
hemodynamic and pressure response should be further explored. The response of different
diseased pulmonary populations is also a key point to consider as microvascular and arterial

ECs have been observed to have different shear responses in animal models of PAH.3®

A final limiting factor in the interpretation of these results is the lack of physiologic stretch
present in the system. Previous research has shown that endothelial cells subject to physiologic
strain align perpendicular to the direction of strain.’ In a cylindrical blood under circumferential
stretch this response would act to reinforce shear-induced alignment in the direction of flow.
Because pressure and stretch are directly linked, increases in hydrostatic load that might tend to
align cells circumferentially as seen in this study are likely attenuated by increases in stretch
that drive flow-directional alignment in normal physiology. How these three loads are integrated
remains undefined, but this research suggests that the relative magnitude of each force is

essential when considering the ultimate cohesive endothelial response.

4.1.5 Conclusion

Endothelial cells experience a range of hemodynamic forces, but their response to combined
pressure and shear loads is poorly understood. Here we developed a platform to expose
endothelial cells to controlled shear and pressure conditions and showed that pressure can
modify the morphologic and transcriptional response under different shear stress conditions.
These results highlight the importance of non-shear forces on endothelial cells and suggest a

more integrated view of mechanotransduction may provide new insights into EC biology.
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4.2 Pressure Driven Vascular Remodeling

4.2.1 Introduction

While the microfluidic devices we have previously used to investigate pressure allow for
excellent control of flow and pressure within a channel, they do so in a silicone and glass
environment. The consequence of this is that endothelial cells under study are unable to
remodel the microenvironment and unable to undergo angiogenesis and other processes that
occur in 3D tissues. To understand the role of pressure in these 3D processes we next sought

to investigate the effects of pressure on vascular remodeling.

A functional vasculature is an essential component in the development of engineered
tissues. Without it, oxygen and nutrient diffusion limit the size of viable tissue.*' In development,
these limits are overcome as biophysical forces help guide the formation of dense hierarchical
vascular networks. For example, interruptions to normal flow can prevent the conversion of the
uniform vascular bed in the mouse yolk sac on embryonic day 8.5 to a hierarchical vascular tree
on E9.5.#2 It's well accepted that hemodynamic forces**** and a variety of other factors play key
roles in shaping the vasculature in vivo.***” While considerable attention has been given to the
process of vascular development in the embryo,*34849 |ittle of this process is reproducible in
vitro. The characteristic vascular remodeling of a capillary plexus that leads to a branching,
hierarchical, vascular network has yet to be shown outside of the body. Hemodynamic forces
like pressure gradients, shear stress, and interstitial flow, however, have been shown in several
in vitro systems to regulate cellular alignment,***' morphogenesis,*? and angiogenesis.*
Nonetheless, a fundamental understanding of the role of hemodynamic forces in vascular
remodeling remains elusive and is partially attributed to the absence of in vitro models that
undergo vascular remodeling. While considerable research has contributed to an

understanding of the effect of shear forces, little is known about how pressure influences
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vascular remodeling in 3D matrices. Pressure, which varies in these in vivo networks may be an

important cue to endothelial cells in the process of vascular remodeling.

To investigate the effect of pressure on remodeling, we developed an in vitro engineered
vascular bed model. The vascular bed system consists of two perfusable endothelialized
vessels with independent control of flow and pressure embedded in a collagen gel. One vessel
is maintained at high pressure and the other at low pressure. Between these two vessels a self-
assembled plexus is formed that can undergo remodeling based on pressure conditions. We
showed that pressure gradients applied to 3D tissues can dramatically alter the structure of
engineered vascular networks. These networks appear to regress where pressure is high and
expand where pressure is low. These results suggest that the pressure may play a role in
vascular patterning and remodeling and may contribute to the development of vascular

hierarchy.

4.2.2 Methods

Cell culture

Human umbilical vein endothelial cells (HUVEC, Lonza) were cultured on gelatin coated (0.1%)
tissue coated polystyrene (TCPS) in Endothelial Growth Media (EGM, Lonza). HUVEC were
used between passages 4-6 for all experiments. GFP tagged HS27a were cultured directly on
TCPS in RPMI 1640 (Invitrogen) supplemented with 10% Fetal Bovine Serum, 1% Pen/Strep, 2

mM L-glutamine, and 1mM Sodium Pyruvate.

“H” pattern device fabrication

For pressure studies molds were milled from poly(methyl methacrylate) (PMMA) such that they
formed a raised H-shaped feature in a well. These molds were then used for casting

polydimethylsiloxane (PDMS, Sylgard 184 Dow Corning). PDMS was made by mixing the base
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and curing agent in a 10:1 ratio and degassing the solution in a vacuum chamber. Degassed
PDMS was then poured into the molds and cured for 3 hours at 65 °C. Once cured, the PDMS
device containing a recessed “H” pattern was removed from the mold and the center “H” was
removed using a 4 mm biopsy punch. Four 25 mm lengths of 23-gauge stainless steel
hypodermic tubing (McMaster-Carr) were then inserted into the PDMS “H” device and this
tubing and a glass coverslip were sealed using PDMS. After curing, the device was inverted and
a small PDMS reservoir was also attached using PDMS and allowed to cure. The assembled
device was loaded into a customized hard coat anodized aluminum holder and autoclaved

(Figure 1B).

“H” pattern construct assembly and culture

Autoclaved “H” pattern devices were Corona treated for ~30 seconds before coating with 1%
polyethylenimine (Sigma) for 10 minutes. Devices were rinsed three times with water before
treating with 0.1% glutaraldehyde (Sigma) for 20 minutes. Devices were rinsed again three
times with water and allowed to dry. Two acupuncture needles (Seirin, 250 um diameter) were
then threaded through the aligned hypodermic tubing. Type 1 rat tail collagen was mixed with
sodium hydroxide, EGM, M199 10x supplement (10%), and cells to a final concentration of 6
mg/mL collagen. For all trials, HUVEC in the bulk were seeded at 2.5 million cells/mL. If
included, HS27a cells were seeded in the bulk at 250,000 cells/mL. Prepared collagen gels
were loaded into dry “H” pattern devices and allowed to gel at 37 °C for 30 minutes on day O.
After 30 minutes, vasculogenesis media consisting of EGM supplemented with vascular

endothelial growth factor (VEGF, R&D Systems, 40 ng/mL) and phorbol 12-myristate 13-acetate
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(PMA, Sigma, 50 ng/mL) was added to the
A Channels C ~ PDMS reservoir attached to the device.
Acupuncture needles were manually
removed, forming two channels per device
(Figure 4.2.1A, B). A HUVEC suspension (5-
10 million cells/mL) was perfused through
each lumen and allowed to adhere overnight
before media was perfused through the

channels to clear unattached cells. Devices

were cultured under static conditions for four

. . . days, with media changes daily. On day 4,
Figure 4.2.1 H pattern pressure gradient device

and culture setup. (A) H pattern devices consist of
two parallel channels embedded in a collagen
matrix. A hydrostatic pressure is applied to each

each channel of the device was connected in

channel to create a pressure gradient across the a closed loop to a single 10 mL syringe. By
center of the device. (B) An aluminum holder _ ] ] ]
ensures device inlets are aligned and a media varying the height of the media column in

reservoir is attached to the device top. (C) A 50 mm

H,O pressure drop was applied in three ways, (top) each syringe, a pressure was applied to the
+25 mm H,O at the high-pressure (HP) channel

and -25 mm H,O at the low pressure (LP) channel, respective channel and a pressure gradient

(middle) +50 mm H,O HP and +0 mm H,O LP, and )
(bottom) developed between the two channels in the

device. The pressure gradient in each syringe
was restored daily and maintained until day 7. On day 7 devices were fixed in 4% formaldehyde

for 30 minutes.

In all experiments, one vessel is maintained at high pressure and the other at low
pressure. For all experiments, the pressure drop between the two vessels is held constant at 50
mm H20 (~3.7 mm Hg), but the absolute pressure is varied (Figure 4.2.1C). In “+25/-25 mm
H20” devices, the high-pressure channel is maintained at +25 mm H20 and the negative

pressure channel at -25 mm H20O. In “+50/0 mm H20” devices the high-pressure channel is
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maintained at +50 mm H2O, and the outlet is open to the atmosphere. In “0/-50 mm H20”
devices the situation is reversed, where the high-pressure channel is maintained at atmospheric
pressure and the negative pressure channel is set to -50 mm H20. These conditions distinguish
between the effect of interstitial flow and of applied pressure by varying their location in the

respective devices.

Immunofluorescent staining and confocal imaging

Fixed devices were first blocked in a solution of phosphate buffered saline (PBS) containing
Triton X-100 (0.5%, Sigma) and bovine serum albumin (BSA, 2%, Sigma). Devices were then
incubated with Hoescht (1:250, ThermoFisher) and Phalloidin 568 (1:100, Life Technologies) for
1 hour to stain for nuclei and F-actin respectively. Devices were washed with PBS and imaged

using a Nikon A1 confocal microscope.

Image analysis

Z-stack confocal images of devices were first processed using ImageJ to threshold and convert
F-actin staining to binary image stacks. Images were then imported into MATLAB (Mathworks),
where two custom scripts determined the cell density (automated nuclei counting) and
calculated the vessel density, average volume per unique vessel, and the number of unique
vessels per volume. To determine vessel volume, optical sections were first processed to
identify F-actin positive regions. If F-actin staining formed a closed loop, the inside of the loop
was filled and counted towards the total vessel volume. We determined the total number of
unique vessels using a nearest neighbor approach to determine if a given F-actin positive voxel

was continuous with, or distinct from other F-actin positive voxels. The total volume of each
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Flgure 4.2.2 Vascular remodeling of a vascular network with applied pressure. Self-assembled human
umbilical vein endothelial cell networks were cultured with an applied pressure drop (left, 50 mm H,O, high

pressure to low pressure from left to right) or under static conditions (right) for 3 days following 4 days of
plexus self-assembly. Vessel density varied with pressure when a pressure drop was applied, but was
uniform in the static case. Green = F-actin, Blue = Nuclei. Scale bar = 1000 ym for A and B.

unique vessel was then used as an estimate of connectivity, where a highly connected

vasculature should have few unique vessels, each with a large volume.

4.2.3 Results

We sought to understand if changes in pressure applied to a self-assembled vascular network
could also induce changes in the hierarchy and organization of the networks. We designed and
fabricated a system to apply pressure gradients to self-assembled endothelial networks in
dense collagen gels using two parent vessels as the pressure input (Figure 4.2.1). Between the
two vessels a self-assembled plexus is formed by endothelial cells in the matrix over four days
of static culture. using this system showed that an applied pressure drop of 50 mm H>O across
a 5 mm plexus over 3 days caused remodeling of the self-assembled plexus to be biased
towards the low pressure region with higher cellular density, vascular connectivity, and vascular
density. Devices with no applied pressure gradient, in contrast, do not show a bias in the

distribution of these features (Figure 4.2.2).

We applied a constant 50 mm H2O pressure difference across networks, but varied the

absolute pressure imposed at the high and low channels. Regardless of the absolute pressure
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used cell density, vascular density, and
average vessel volume followed a consistent
trend. Cell density was increased on the low-
pressure side of the device relative to the high-
pressure side (Figure 4.2.3A). Vessel density
was also increased when comparing low to
high pressure areas (Figure 4.2.3B), with low
pressure vessel density often more than double
high-pressure density. In addition to the cell
and vessel density increases, the average
volume of independent vessels is increased in
low pressure regions (Figure 4.2.3C, D) and
was often considerably higher in the lowest
absolute pressure condition. Together, these
data suggest that low pressure regions are
more densely vascularized and interconnected
than their high pressure counterparts. The
incorporation of a stromal population (HS27a)
did not change this trend for any of these

metrics.

4.2.4 Discussion
To determine if pressure could induce changes
in vascular remodeling, we applied pressure

gradients to self-assembled vascular networks.
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Figure 4.2.3 Vessel density and connectivity are
increased in low pressure regions of devices. In all
devices, cell concentration was increased in low pressure
compared to high pressure (A) and the ratio of low
pressure to high pressure vessel density was greater than
1 (B). This difference was significant for +25 mm devices
but statistical conclusions could not be made for other
groups. Vessel connectivity was also significantly higher
in low pressure regions (C). (D) Representative images of
high pressure (left) and low pressure (right) connectivity
for £25 mm H,O device. For both images, connected

vessels share the same color.



Results from this system show that an applied pressure drop of 50 mm H,O across a 5 mm
plexus caused biased remodeling of a self-assembled plexus towards the low-pressure region.
In this area, we observe higher cellular density, vascular connectivity, and vascular density.
Previous reports have suggested that the lower pressure venous circulation may be more a
more active site of angiogenesis.>>*® Negative pressure wound closure devices are commonly
used clinically and are known to improve neovascularization and vascular alignment in healing
tissue.®” The magnitude of the applied pressure is much larger for these devices (-50 - 125
mmHg), but a similar effect is observed. In agreement with this, our negative pressure condition
(0/-50 mm H»O applied pressure) enhanced the cell density, vessel density, and average
volume per vessel in low pressure areas compared to both high and low-pressure zones in

other pressure conditions.

To determine if a stromal population would alter the endothelial response to pressure
cues, we incorporated the HS27a fibroblast line into cultures. The presence of HS27a may have
reduced both the vessel density as well as the volume per vessel compared to the no HS27a
condition, but these differences were not statistically significant. A reduction in volume could be
explained by contraction of the vessel wall (i.e. decreased lumen diameter) or additional
vascular pruning by recruited HS27a behaving like perivascular cells.% Pericytes and smooth
muscle cells are known to help stabilize blood vessels,*® and their incorporation may help

stabilize vessels in high pressure zones and reduce pruning in these conditions.

To our knowledge this is the first demonstration of pressure driving vascular remodeling.
Interstitial flow has been shown to promote endothelial proliferation,®® but in each of these
experiments interstitial flow is similar in both the high and low pressure regions (before
remodeling) suggesting the applied pressure drives this effect. Hydrodynamic forces may
remodel the vessel plexus through modulation of Notch signaling, Focal adhesion kinase (FAK)

signaling, and matrix proteolytic activities. Notch signaling is known to be a regulator of
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embryonic vascular remodeling,®'¢? arterio-venous specification,®® and perivascular cell
recruitment® and loss of function of Notch1 as well as Notch ligands (DII1, Dll4, Jag1) results in
no embryonic vascular remodeling and embryonic lethality near E9.5.5' Hydrodynamic flow is
also known to stimulate the synthesis of matrix metalloproteases, which induces matrix
degradation and vascular remodeling.®® In addition, trans-endothelial pressure has been shown
to induce phosphorylation of focal adhesion kinase (FAK), resulting in phenotypic changes,
cytoskeletal remodeling, and further angiogenesis.*® Evaluation of these signaling pathways, in
addition to assessing for changes in vascular geometry and hierarchical structure during the
vascular remodeling process would provide valuable insight. These could be accomplished in
future studies by evaluating changes in mRNA expression and protein production by endothelial
cell pathways for Notch and FAK, as well as for matrix degradation and remodeling by MMPs
and ADAMSs through qPCR, western blot, ELISA, and zymography. Further understanding of the
drivers of this process will help determine the hydrodynamic factors needed to direct the

development of an organized vascular network from a naive plexus.

4.2.5 Conclusions

The role of hemodynamic cues in vascular remodeling and the development of hierarchical
vascular networks is not well understood. We examined pressure conditions as a possible cue
to control this process and found that local pressure conditions significantly altered the structure
of self-assembled vascular networks. This effect was sensitive to the absolute pressure used,
suggesting that the results we observed were due to pressure conditions and not due to
interstitial flows through the collagen gels. Further research is needed to elucidate the
mechanism controlling this pressure response, but control over this process may ultimately
contribute to the generation of densely vascularized tissues through perturbation of local

hydrostatic conditions.
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5. Hemodynamic Conditioning of Engineered Cardiovascular
Tissues

5.1 Abstract

The development of the heart is an intricate process that involves the transformation of a linear
heart tube into a complex four chambered organ. The formation of a perfusable vascular
network and the initiation of flow are some of the earliest milestone events in this process, but
comparatively little is known about the impact of these early hemodynamic forces on
cardiomyocyte morphogenesis. In this work we developed a novel scale model of the linear
heart tube to enable studies on the effect of developmentally relevant hemodynamic forces on
cardiac tissues. Using a collagen gel casting approach, we combined endothelial cells, stromal
cells, and stem-cell derived cardiomyocytes into engineered tube structures. We demonstrate
that these tissues can support the application of biomimetic shear and pressure conditions using
a customized perfusion device that enables real-time monitoring of intraluminal pressure. We
show that these engineered cardiac tubes spontaneously beat and generate measurable
pressure waveforms. When challenged with increasing preload through increased
hemodynamic load we also observed a Frank-Starling like increase in the pressure produced by
the tissue. This novel platform represents a promising tool to interrogate the effect of

hemodynamic conditions on developing cardiac tissues.

5.2 Introduction

From the earliest stages of development, endothelial cells and cardiomyocytes are intimately
linked. As the heart begins to form, endothelial-like endocardial cells and myocardial cells are
thought to branch off from a common precursor.” The heart tube takes shape and the onset of
beating and flow mark a milestone event in embryonic development. Under these new
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conditions the nascent vascular system undergoes dramatic reorganization? and the heart
begins a complex process of looping that transforms it into a 4-chambered organ.® The forces of
flow are known to be important throughout this transformation, and aberrant flow is thought to
be an early contributor to congenital heart disease.*° In tissue engineering, the production of
mature myocardial tissue from immature PSC-derived cardiomyocytes is a goal that remains
elusive. Many attempts have been made to improve the functionality of engineered heart tissues
by mimicking the mechanical forces present in early development, but adult-like myocardium
has not been produced in vitro.5” Of the forces present in development, the mechanical stress
and strain experienced by the myocardium has been an area of particular interest in engineering
heart tissue. In contrast, the cooperative role of endothelial cells that are also subject to the

forces of myocardial contraction as well as hemodynamic loads has received less attention.

Communication between endothelial cells and cardiomyocytes through several pathways
is necessary for normal development.® Endothelial specific Neurofibromatosis type 1 (NF1)
knockout causes fatal cardiac defects early in mouse development.® Neuregulin-1 (Nrg-1)
produced by the endocardium can stimulate cardiomyocyte growth and is necessary for
myocardial trabeculation.'" In vitro, the more active Nrg-1p isoform has been shown to
improve the maturation of mouse iPSC-derived cardiomyocytes.'? Moreover, a recent report
shows that endothelial production of the Nrg-1p isoform is dependent on flow conditions.
Similarly, PDGF- production is flow sensitive in endothelial cells and loss-of-function mutants
show developmental abnormalities in the myocardium. In adult tissues, the conversation
between the myocardium and endocardium continues. Nitric oxide (NO) and Endothelin-1 (ET-
1) both influence the dynamics of myocardial contraction''® and the production of both are
flow-sensitive in endothelial cells.®'" In vitro systems which incorporate endothelial cells
exposed to fluid flow or utilize hemodynamic forces to induce mechanical stress on the tissue

are relatively recent and not well characterized. These models use primary cells from non-
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human sources,'®'® do not include endothelial cells,’®?° and do not have distinct endothelial and

myocardial compartments like the developing heart tube.

Given the importance of endothelial cell-cardiomyocyte crosstalk during development
and in adult life, we sought to develop a model to enable the exploration of the effect of flow-
sensitive cues from the endothelium on the maturation of PSC-derived cardiomyocytes (hPSC-
CM). It is unknown if engineered heart tissues exposed to biomimetic pressure and flow will
develop a more mature phenotype than tissues which experience only mechanical stimulation.
We designed and fabricated engineered heart tube models which have distinct endothelial and
myocardial compartments and could support hemodynamic conditions reflective of early heart
tube development. This platform consists of a simplified model of the human heart tube at
approximately 2:1 scale in which different flow and pressure regimes can be explored to
understand their respective contributions to tissue development. In this system a 640 ym
diameter tube (wall thickness ~200 uym) is formed from PSC-CM and stromal cells in a collagen
hydrogel, and the inner lumen is seeded with endothelial cells. Hemodynamic conditions within
the tube can be controlled by altering the volumetric flow rate through the channel as well as the
fluidic resistance of the outflow. In this way, the effects of shear stress and pressure can be
independently evaluated. By dramatically increasing the outflow resistance the effect of shear
stress can be minimized as flow will instead lead to stretching of the tube radially while some
flow is also driven transluminally. By using a pressure controller to drive flow, cycles of
stretching and relaxation can be pre-programmed. In the same system the opposite
hemodynamic case can also be investigated by minimizing the outflow resistance. In this case
the shear stress can be modulated over a wide range while the pressure inside the channel is
kept to a minimum. Configurations between these two extremes can also be investigated to
determine if cooperative effects between pressure and shear signaling also exist. This model

will allow investigation of whether the combinatorial effect of cyclic strain and shear stress will
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improve the structural and functional characteristic of engineered heart tissues over cyclic strain

alone.

5.3 Materials and Methods

Design of collagen tube molding system

To create cellularized collagen tubes a molding system was designed using Fusion 360. This
consisted of two identical perfusion blocks where collagen tubes would be mounted and tubing
connected for perfusion, and two molding blocks (top and bottom) into which liquid collagen was
injected and polymerized (Figure 5.1A). Each of these components were machined in
polysulfone using a Taig CNC mill so that devices could withstand repeated autoclave cycles
without deformation. Perfusion blocks featured 1-inch lengths of 23-gauge hypodermic tubing
(640 um outer diameter) mounted into push fit holes drilled into the block body. Molding blocks
were designed as two mating pieces where a hemispherical groove was machined in each so
that when both pieces were pressed together a cylindrical void space was formed. By fitting the
molding blocks over the exposed hypodermic tubing of the perfusion blocks a tubular void space
was formed in which liquid collagen could be added. The diameter of the hypodermic tubing set
the inner diameter of the collagen tube while the diameter of the cylinder formed by the two
molding blocks dictated the outer diameter. Molding blocks were machined in a variety of sizes
to produce collagen tubes with a wall thickness of 100, 200, 250, or 400 um. Prior to use in cell

culture, all components were autoclaved.
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Cell culture

C2C12 mouse myoblasts (ATCC) used for collagen tube structural testing and validation were
cultured in DMEM supplemented with 10% FBS. For cardiomyocyte containing constructs
transgenic RUES2 human embryonic stem cells expressing the fluorescent calcium reporter
GCaMP3 were differentiated into cardiomyocytes by modulation of activin A, BMP4, and Wnt
signaling using a previously reported protocol.?! Differentiated cardiomyocytes were cultured in
RPMI 1640 supplemented with B27 (Thermo Fisher). HS27a stromal cells were cultured in
RPMI 1640 supplemented with 10% FBS, 1% penicillin and streptomycin, 2 mM L-glutamine,
and 1 mM sodium pyruvate. Human umbilical vein endothelial cells (HUVEC) were cultured in

endothelial growth media (EGM, Lonza).

Fabrication of engineered tubes (ET)

Polysulfone molds and perfusion blocks were autoclaved and then assembled in a biosafety
cabinet. 250 ym acupuncture needles were inserted into the 23-gauge hypodermic tubing to
ensure the inner lumen of the collagen tube remained patent after collagen gelation. Collagen
gels were prepared by mixing an acidic collagen stock solution (15 mg/mL) with 1N NaOH, 10X
Medium M199 (Thermo Fisher), and EGM to reach neutralization and a target concentration of
10 mg/mL. After homogenizing this mixture, the collagen was degassed by placing under
vacuum for 30-60 minutes while on ice. This 10 mg/mL solution was then mixed with
resuspended cells to reach a final collagen concentration of 1.25 mg/mL, 3 mg/mL, or 6 mg/mL.
For compaction and burst pressure testing, gels were made with 30 million C2C12 cells/mL. For
all other studies, gels were prepared with hPSC-CM (20 million cells/mL), HS27a stromal cells

(10 million cells/mL), and HUVEC (2 million cells/mL).?? The liquid collagen and cell solution was
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then pipetted into polysulfone molds (~50 uL per tube) and thermally crosslinked by incubating

at 37 °C for 45 minutes.

After crosslinking the molds were flooded with culture media (3:1 RMPI+B27:EGM for
cardiac constructs) and carefully separated to leave a thin walled engineered tube (ET) bound
to the hypodermic tubing of the perfusion blocks. ETs were cultured overnight to stabilize the
structure of the gel. The following day the hypodermic tubing was carefully retracted until ETs
bridged the two perfusion blocks with 5 - 10 mm of the center of the ET unsupported. The

acupuncture needle was then removed, revealing an open and perfusable lumen.

Collagen tube perfusion

Perfusion was started two to four days following ET formation. First, the ends of the ETs were
gently fixed in place on the hypodermic tubing using #6-0 silk suture to prevent leaking. Silicone
tubing (.025” ID) was then run from 10 mL syringes mounted on a syringe pump (KD Scientific)
to one of the two free ends of hypodermic tubing per ET. To increase pressure in some ETs a
10 mm length of 30-gauge hypodermic tubing was attached to the outlet, raising the outflow

resistance. ETs were cultured for up to 12 days under continuous perfusion.

Burst pressure testing

To measure the burst pressure of ETs, we modified the perfusion setup to include a pressure
sensor (Honeywell ABPDJJTO01PGAADS) in series with the ET. The pressure sensor was
connected to a microcontroller (Arduino Uno) and computer for data logging. The acquisition

frequency for the pressure sensor was ~60 Hz. Burst pressure was evaluated by completely
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occluding the ET outflow and running the attached syringe pump at a constant rate until a

steady state was reached or until bursting occurred.

ET pressure measurements

To measure the pressure generated by ETs during culture the same setup was used as in burst
pressure testing, but the outlet was left open and perfusable. Pressure waveforms were
recorded at multiple flow rates and were taken with ETs inside of an incubator at 37 °C using

fresh media.

Immunostaining and imaging

Movies of live ET contractions were acquired in brightfield and in green channels (using
GCaMP3 signal) using a Nikon Ti2 microscope with an ORCA-Flash4.0 sensor or a Nikon Ti

microscope with a Canon EOS 80D DSLR camera.

For immunostaining, ETs were unmounted from the perfusion apparatus and transferred
to a 24 well plate containing 4% paraformaldehyde. ETs were fixed for 30 minutes prior to
washing with PBS (3 x 5 min). For staining, ETs were first blocked and permeabilized with
solutions of 2% BSA and 0.5% Triton X-100 in PBS for 30 minutes. ETs were incubated with
primary antibodies for 1 hour at room temperature or overnight at 4 °C and washed with PBS.
Secondary antibodies, as well as actin and nuclear stains were added for 1 hour at room
temperature before washing with PBS. Stained ETs were imaged with Yokogawa W1 spinning
disk system mounted to a Nikon Ti inverted microscope. Primary antibodies included: CD31
(1:30, Abcam ab28364) and cTnT (1:100, Invitrogen MA5-12960). Secondary antibodies, and

other stains included: Alexa Fluor goat anti-rabbit 647 (1:100, Thermo Fisher A-21235), Alexa
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Fluor goat anti-mouse 568 (1:100, Thermo Fisher A-11004), Alexa Fluor Phalloidin 568 (1:100,

Thermo Fisher, A12380), and Hoescht 33342.

Image analysis

The wall thickness of C2C12 ETs was measured using still images of ET-hypodermic tubing
interface where there was clear contrast between the two structures. For beating frequency
analysis of cardiomyocyte ETs the GCaMP3 signal was plotted over time in a region of interest
in the center of the ET using Fiji.?® Frequency and contraction amplitude was determined by
peak identification in R and frequency data was also estimated through computing the Discrete
Fourier Transform of the intensity waveform. The extent of contraction was evaluated by
measuring the 2D area of the center of the ET over time. This was accomplished by
thresholding out the brighter center region of the ET and measuring the size of this region over

the time series.

5.4 Results

We designed a small-scale injection molding platform to fabricate cellularized collagen tubes
with controlled wall thickness. Each injection molding device was fabricated from polysulfone
and consisted of four components (Figure 5.1A) that could be easily assembled in a biosafety
cabinet following autoclaving. For all ETs the inner diameter was fixed at 640 um, but wall
thicknesses of 100, 200, 250, and 400 um were also used. The fabrication of ETs with a wall
thickness less than 200 um was inconsistent and difficult to reproduce because of the
manufacturing tolerances required. For example, to achieve a 100 uym thick ET wall the
hypodermic tubing must be mounted within 0.5° of normal to the surface of the perfusion block

and aligned with another two components with little to no additional error. ETs with a wall
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Figure 5.1 Engineered Tube Fabrication and Culture. (A) ET fabrication
components showing inlet, outlet, and bottom mold. (B) After removing top and
bottom mold, a thin layer of collagen coats hypodermic tubing. (C) After
removing the acupuncture needle, retracting the hypodermic tubing and fixing
the ET in place, fluorescent beads can be perfused through the lumen. (D)
Representative image of ET 24 hours after crosslinking. (E) Representative
image of C2C12 ET after 5 days of culture showing dense and compacted
cells surrounding an open lumen. Scale = 500 um.

thickness greater than 200 um were produced by adding cell and collagen gel solutions into
molds (~50 pL per tube, 5 tubes per mold) and thermally crosslinking. Removal of the molding

components yielded a thin walled ET mounted on hypodermic tubing (Figure 5.1B). After
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retracting the hypodermic tubing and ligating in place, the ET could be perfused (Figure 5.1C).
Shortly after casting cells in gel into an ET, the cells compacted around the metal tubing (Figure
5.1D) and maintained this geometry after the center of the ET was advanced off the metal

tubing and left unsupported for several days (Figure 5.1E).

To validate the fabrication strategy, we utilized a mouse myoblast cell line (C2C12). Cell-
gel mixtures of C2C12 (30 million cells/mL) in 6 mg/mL collagen were seeded into the molding
platform and crosslinked. Once removed, ETs were submerged in medium and cultured without
perfusion for up to 6 days. Over this time, cells rapidly compacted the collagen matrix and
reduced the wall thickness of the tissue from ~225 ym to less than 100 ym (Figure 5.2A).
Cellular alignment is an important parameter in the function of engineered muscle constructs.?*
To understand the extent to which cells can align through tissue compaction alone, we fixed
engineered C2C12 tissues after 12 days of culture and stained for F-actin (Figure 5.2B). In
these constructs we observed both aligned and disorganized cellular morphologies. The wall
thickness of tissues was maintained around 100 um but could be as small as 50 ym in certain
regions (Figure 5.2B, bottom). To understand the hemodynamic limits of the ETs we also
performed burst pressure testing in ETs of different wall thickness (Figure 5.2C). Day 4 C2C12
ETs were sutured in place on hypodermic tubing and the outflow was plugged while a syringe
pump was used to drive a constant flow into the tube (Figure 5.2C). For both thick walled (500
um, Figure 5.2D) and thin walled (250 ym, Figure 5.2E) constructs the burst pressure was more
than the 50 mmHg maximum of the pressure sensor. The flow rate necessary to cause tissue
failure was also dependent on the tissue wall thickness. Because the collagen gels are porous
and the cells do not form a water-impermeable barrier in the ET, transmural flow developed
across the ET wall. This transmural flow allowed ETs to reach a steady state pressure despite
blocking axial flow through the ET lumen (e.g. Figure 5.2E, first two peaks). The evaluation of

burst pressure therefore required repeated measurements at the same volumetric flow rate to
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determine if an elevated steady state was reached or if failure had occurred (Figure 5.2E, final

two peaks).

We next sought to incorporate human embryonic stem cell derived cardiomyocytes,
stromal cells, and endothelial cells into cardiac ETs (cETs) (Figure 5.3A). We initially explored
both 1.25 mg/mL and 6 mg/mL collagen concentrations as the base for cET mixtures to
compare basal tissue structure and geometry. In culture the distribution GCaMP3 signal from
hPSC-CM in cETs appeared uniform in 1.25 mg/mL gels while 6 mg/mL gels were more
irregular and clustered in appearance (Figure 5.3B). Staining of fixed tissues confirmed these
observations, with cTnT positive hPSC-CM appearing as rounded and independent cells without
clear sarcomere structure in 6 mg/mL gels and cellular organization (Figure 5.3C). 1.25 mg/mL
cETs in contrast had elongated cTnT positive hPSC-CM with more organized sarcomeres and
cell bodies were generally aligned circumferentially (Figure 5.3D). While the cellular structure of
lower concentration gels was more physiologic, these constructs were challenging to reproduce
reliably. The lower gel concentration and structurally weaker collagen tube led to excessive
failures early in fabrication and culture. Small imperfections in the cast tube were more
prevalent and more likely to cause failure when freeing cETs from molds, retracting hypodermic
tubing, and ligating in place for perfusion. Even without manipulation the lower gel concentration
and minor imperfections in the mold contributed to the development of holes in cETs, likely as a
result of the cells contracting and remodeling the collagen matrix (Figure 5.3D). The fabrication
of 6 mg/mL cETs was more robust as the stiffer gel was easier to manipulate and more resilient
to imperfections in the molding process. From these results a 3 mg/mL gel concentration was
chosen for the remaining cETs, which enabled more reliable fabrication of perfusable tissues

while also providing cells with an environment that could be more easily remodeled.

We next sought to characterize cETs under continuous perfusion under two different

loading schemes. eCTs fabricated with hPSC-CM, HS27a stromal cells, and HUVEC in 3
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D

1.25 mg/mL

Figure 5.3 Gel concentration alters cardiac engineered tube structure. (A) Schematic of cell
populations in hESC-CM containing ETs. (B) Representative images of the GCaMP3 signal in 6
mg/mL and 1.25 mg/mL collagen concentration ETs. (C) Representative staining of 6 mg/mL collagen
ET showing good maintenance of tissue geometry, but an uneven distribution of cells. (D)
Representative staining of 1.25 mg/mL collagen ET showing a more uniform distribution of cells and
more organized sarcomere morphology.

mg/mL collagen gels were formed and cultured under static conditions for 48 hours before
establishing perfusion at 2 uL/min. The outflow resistance was elevated for half of cETs by
adding a 1 cm length of 30-gauge hypodermic tubing in series with the outlet connection. Tubes
were cultured for one week under continuous perfusion with daily video recording of
spontaneous beating using the GCaMP3 signal. The spontaneous rhythm was highly variable in

cultured cETs, with some tissues displaying high frequency regular contractions (Figure 5.4A),
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whereas others exhibited irregular patterns (Figure 5.4B). Over time no differences were
observed in contraction frequency based on the outflow resistance, although a slight but
statistically insignificant (p = 0.11) trend towards higher contraction frequency in higher outflow
resistance cETs was present (Figure 5.4C). In cETs we also sought to measure the force
produced by tissue contraction by placing a pressure sensor in the flow path. In patent cETs
without defects we were able to measure the pressure produced by contraction under different
loading conditions. By raising or lowing the flow rate going through the tissue we could
effectively change the preload on the cET (Figure 5.4D). When challenged with a larger preload,
the amplitude of cET contraction significantly increased, following a length-tension type
relationship (Figure 5.4E). To estimate the physical change in the cET chamber size we
analyzed brightfield videos of the contracting cET and tracked the visible area of the lumen,
observing that contractions decreased the cross-sectional area by approximately 5 — 7% per

beat (Figure 5.4G).

5.5 Discussion

From the earliest stages of development and through adult life the myocardium and the
endothelium are in close contact and communication.?® Their link goes beyond the transport of
nutrients as hemodynamic and mechanical cues influence signaling between cell types.?® In the
pursuit of understanding cardiac development and the production of mature stem-cell derived
cardiomyocytes, however, recapitulation and study of this signaling axis outside of living animals
to our knowledge has not been achieved. While engineered systems have included
cardiomyocyte and endothelial populations, these typically lack hemodynamic control and are
not suitable for determining the effect of shear stress and pressure conditions on engineered

cardiac tissues. We have developed an engineered tube system to address this gap and
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Fig 5.4 Cardiac engineered tubes exhibit length-tension behavior. Representative traces of
spontaneous ET beating show regular (A) and irregular frequencies (B). Spontaneous beating
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provide a model in which the role of hemodynamic parameters in cardiomyocyte biology can be

systematically investigated.

Using both a mouse myoblast cell line as well as human pluripotent stem-cell derived
cardiomyocytes we demonstrated the formation of engineered tubes at approximately twice the
diameter of the linear human heart tube. ETs rapidly compacted after casting, achieving wall
thicknesses less than 100 um when using a 250 um mold. These tissues could be cultured for
more than one week under continuous perfusion and were capable of aligning and elongating
circumferentially. After continuous culture without electrical pacing, spontaneous contractions in
cardiac constructs produced measurable pressure waveforms. Altering the preload imposed on
the ET increased the amplitude of the pressure waveform showing a Frank-Starling like
response.?’ Together these observations indicate cardiac ETs replicated key aspects of cardiac
physiology in generating hemodynamic work and responding to variations chamber pressure

conditions.

While the magnitude of the pressure produced in this study is small (~25% of the linear
heart tube in the mouse?®), it is a promising first step towards mimicking early cardiac
physiology in vitro. Force generation can likely be improved by implementing additional
conditioning regimes known to promote the maturation of cardiomyocytes including long term
electrical and mechanical pacing.” The implementation of electrical pacing would require minor
modification of the platform to incorporate suitable field stimulation electrodes.?® Mechanical
pacing could be integrated through programming alternative waveforms into the pressure
source driving flow through the ET, and synchronization with electrical stimulation. Microscale
geometric patterns have also been shown to promote cardiomyocyte alignment®® and radial

patterns could be incorporated into casting molds that would transfer to ETs.

Although we did not observe differences between hemodynamic conditions here, the

mechanics are in place to test a wider range of shear and pressure conditions. The high-
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pressure condition in this study was ~0.5 mmHg (approximately the diastolic pressure in the
mouse linear heart tube) more than the low-pressure condition under ideal conditions in which
there is no transmural flow. Testing across a wider dynamic range is straightforward to
implement through changes in outflow resistance or flow rate. The shear stress condition
imposed here was also very low (< 0.1 dyne/cm?) in order to limit media consumption for the
relatively large inner diameter of the ETs. This limitation can be addressed by using a peristaltic
pump and a pulse dampener®! to create a recirculation loop with steady flow, or by reducing the
diameter of ET. The latter option is possible, but challenging due to the manufacturing
tolerances required for the molding components. Pathways of particular interest in exploring the
state of endothelial-myocardial crosstalk under different hemodynamic loads include several

with known readily available inhibitors, including Nrg1,%2 PDGF-B,* ET-1,3* and eNOS.3®

Careful attention must also be given to the cell sources used, as the HS27a and HUVEC
populations used in this study are unlikely to be representative of the cardiac populations
present in early development and may not capture the same signaling events. For example,
endothelial heterogeneity among different organs and in different stages of development may
result in different interactions with PSC-CM.*® The developmental origin of endocardial cells and
endothelial cells of the coronary arteries and capillaries are distinct from other endothelial cells,
including the coronary veins, further suggesting a specialized role."*” Replacement of the
stromal population with cardiac fibroblasts is also possible with recently developed

differentiation protocols.3®

5.6 Conclusions

In this study we developed a model to determine the effect of hemodynamic forces on
endothelial-cardiomyocyte signaling and cardiomyocyte maturation. Engineered tubes designed
as a scale model of the linear heart tube and fabricated from stem cell derived cardiomyocytes

were contractile, produced measurable pressure waveforms, and exhibited hallmark Frank-
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Starling behavior when preload was increased. This first of its kind system may prove useful for
enhancing the function of engineered myocardial tissue and investigating developmental
questions regarding signaling between endothelial cells and the myocardium and heart tube

looping.
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6. Conclusions and future directions

The in vitro models developed in this dissertation represent advances in recapitulating the
diversity of geometric and hemodynamic cues present throughout the vasculature. First, we
developed two novel platforms for investigating the effect of curvature on endothelial biology in
both small and large vessels, showing distinct changes in endothelial responses to flow. The
spiral microvessel system provides a platform from which systematic changes in vessel
curvature and torsion can be investigated. Our results highlight that these geometric
parameters shape endothelial transcription even in the absence of disturbed flows. This result
is significant in suggesting that the considerable heterogeneity of vascular geometries present
in the vasculature is correlated with a much wider continuum of endothelial responses to blood
flow than is currently appreciated. Further research with spiral vessels may help to expand this
understanding, but ultimately these results must be validated in the complex vascular
geometries found in living animals. Controlled study of these features in vivo is made
challenging by the difficulty of controlling for structure and flow in the small vessels of model
organisms, but we have recently developed a multiphoton based fabrication technique that
enables the production of arbitrarily shaped vascular structures as small as capillaries (Figure
6.1, Appendix C). We have shown that it is possible to use imaging data from the
microvasculature to create vascular replicas at the same scale in collagen hydrogels. This new
approach is an exciting advance that addresses the problems of complexity and reproducibility

in studying the effect of microvascular structure on endothelial flow responses.

In large vessels we developed a technique for replicating the geometry of cerebral
aneurysms and determining the effect of aneurysm specific flow on endothelial cells. Using
idealized vessel models we performed proof-of-principle experiments that validated the effect

of curvature and altered hemodynamic conditions on endothelial structure and the distribution
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Figure 6.1 Representative Two Photon ablated vascular structures. (A) Ablated spiral vessel
perfused with fluorescent beads. (B) Ablated basketweave structure (vessel diameter = 15 um)
perfused with blue and green beads in independent channels. (C) Imaging data from the mouse
cerebral cortex was used to ablate and perfuse capillary scale vessels with fluorescent beads.

of key proteins. Further, we were the first to demonstrate that replicas of patient-specific
aneurysm geometries can be used to determine endothelial gene expression information
localized to specific aneurysm regions. Advances in this kind of model that incorporate smooth
muscle cells and enable physiologic stretch will help to more completely bridge the
longstanding gap between aneurysm computational fluid dynamic research and vascular
biology. New models like this will inform approaches to the clinical management of cerebral

aneurysms and will serve as testbeds for novel therapeutic approaches.

Our observations from these systems suggested that the relatively understudied
hemodynamic force of pressure might have a larger than appreciated role in vascular biology.
Based on this we developed microfluidic and tissue platforms to test the effect of pressure on
endothelial flow sensing and vascular remodeling. We found that pressure conditions could
dramatically alter the morphology and density of endothelial cells even when exposed to shear
stress. RNA sequencing results from these studies revealed that transcriptional differences
developed between cells under the same shear stress and different pressure conditions, but
the consequence of these differences was not fully determined. In 3D tissues pressure

differences led to very different levels of vascular remodeling, with high-pressure inducing
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regression and low-pressure promoting density and interconnectivity. These results suggest
pressure may play a role in the development of vascular hierarchy. Additional work is needed
to link these transcriptional and remodeling responses, but we have provided significant
evidence that pressure cues influence endothelial cells in 2D and 3D paradigms. Based on
these findings microfluidic devices made from materials that cells cannot remodel may
severely limit an understanding of the effect of pressure conditions. Future models that can
support perfusion with highly controlled shear and pressure parameters in cell-remodelable

biomaterials will enable a deeper understanding of the role of pressure in vascular biology.

Finally, we aimed to develop a model to resolve how pressure and shear conditions
influenced endothelial interactions with cardiomyocytes. While endothelial cells and
cardiomyocytes are closely apposed from the earliest stage of development, the role of these
hemodynamic cues on the development of cardiac tissues is not well understood. We took
inspiration from the linear heart tube of cardiac development and developed a scale model
containing endothelial, stromal, and stem-cell derived cardiomyocytes. Using a custom
designed perfusion apparatus that enables real-time monitoring of intraluminal pressure we
demonstrated that these engineered tubes could withstand the shear and pressure conditions
of early heart development. We showed that engineered cardiac tubes spontaneously beat and
generated measurable pressure waveforms. When challenged with increasing preload through
increased hemodynamic load we also observed a Frank-Starling like increase in the pressure
produced by the tissue. The replication of these characteristic features of the early heart
suggests this platform will be useful for interrogating the effect of hemodynamic conditions on
developing cardiac tissues. The outcome of those experiments could lead to a greater
understanding of the factors that guide cardiac tissue maturation and the development of heart

tissues for use in disease modeling, drug developments, or novel therapeutics.
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This dissertation demonstrates and expands upon the influence of geometric and
hemodynamic factors on the endothelium through the development of several in vitro model
systems. Together these provide new insights into endothelial biology and provide new tools

for enabling a more complete understanding of vascular biology.
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Appendix A. Supplemental Figures to Chapter 3

Wire Diameter (um) 400 220 140
Curvature (1/mm) 0.43 1.05 0.90
Torsion (1/mm) 0.32 0.67 0.72

dw=400 uym

D Endothelial cells in gel

- )

Figure A1 Spiral vessel dimensions, cell seeding, and vasculogenesis model. (A)
Representative spiral vessels formed in 7.5 mg/mL collagen hydrogel and corresponding
vessel diameter, curvature, and torsion values (scale = 500 uym). (B) 3D reconstructions of
confocal z-stack images of 400 um (upper) and 180 um (lower) spiral vessels in collagen
hydrogel perfused with fluorescent beads (1 um diameter). (C) Maximum intensity projection
(MIP) of representative endothelialized 180 um spiral vessel. Magenta, CD31; green, von
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Willebrand Factor; blue, nuclei. (D) Anastomoses of spiral vessel from the lumen with self-
assembled endothelial cell network in the bulk collagen matrix. Left panel: schematic; center
panel: MIP of a single spiral loop in XY plane (scale = 200 um); and optical section of the side
view of spiral vessel connected with self-assembled vascular network (scale = 400 um).
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Figure A2. Vascularized heart chamber calcium wave propagation. (A) Snapshot frame
from Movie S2 with 12 regions of interest along the spiral vessel. Regions 1, 2, 11, and 12 are
on the same plane at the top surface, regions 3 — 10 extend into the tissue. (B) GCaMP3
intensity for each region of interest plotted over the time. Highlighted regions indicate calcium
waves that travel from the top surface to the bottom of the chamber with the initiating wave
marked by a (*).
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Figure A3. Vascularized heart chamber calcium wave propagation. Computational fluid
dynamics plots of spiral vessel streamlines (color expressed with primary velocity magnitude)
at Q = 1 yL/min (A) and Q = 100 pL/min (B).
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Figure A4. Bulk RNAseq comparison of spiral and straight flow to static conditions. (A)
Venn diagram of significantly regulated transcripts in ECs cultured at low flow in straight tubes
compared with static culture and those in high flow compared to low flow conditions in straight
tubes. (B) CPM heatmap of overlapping region (green) of (A). (C) CPM heatmap of selected
genes significantly regulated by increasing flow (corresponding blue region of A). (D) GO
enriched terms associated with upregulated genes identified in straight high versus straight
low, but not in low straight versus static.

123



A Straight High vs Low & Spiral High vs Low

I I’I i II‘II

|l|| FI 1 "JIH"HM

1 II

IIlllI Ill I ‘I I[Fhl

| Ill LU

TCF7
MAFB
ZSCAN31
NFKBIE
ID3
ETV5
ZNF287
LYL1
SOX4
POLR3K
TOB1
DDIT3

Growth Factors

PLXNA4
CHRNAS
TLR4

MNT
IL13RA1 MAFE
ICAM1 GLIS2
ROBO1 ZBTB25
CD47 TCEALA1
CAV1 CSRNP1
CXADR NFATC2
ASGR1 MZF1
LYVE1 ZFP36
UNCS5A TRIM16
KIT PLAGL1
SAMD4A LMCD1

BHLHE40
BCL6B
HIC1
GJA4 NLRC5
SLC29A4 CREM
SLC3A2 HOXBS
SLC1A4 MYRF
SLC35A1 CREB5
OSBPL6 g‘é,’; .
FAM131A
STX11 S
EGR3
| B sLC25A42 —
TRAF5 Transcription
PITPNM3
B KIF20A cuTvs
LDLR CXCL16
GPRASP1 CXCL2
| SYT1 ccL28
SLC16A11 CCL16
SLC16A6 ccL2
PNMA2 IL12A
GPIHBP1 ! TNFSF18
Transporters Cytokines

Figure A5. Genes that are significantly regulated when flow is increased in spiral or
straight geometries. (A) CPM heatmaps of all genes that are significantly changed by
increasing flow in both spiral and straight geometries. (B) CPM heatmaps of selected genes
associated with growth factors, transmembrane receptors, transporters, transcription factors,
and cytokines that are significantly changed by increasing flow in straight vessels, but not
changed by increasing flow in spiral vessels.

124



>

Straight Low

B

Tra

Straight High

nscriptional Regulators

Iprral Low
‘prral High

] =
3 T S =) 2 =
= z 3 Iz 3 2 3 3
e € E E = = 5 2
PTTG1 £ £ &5 3 E £ 3 =
DEPDC1 D0 0 . O s = £ £
TRIP13 W cxcu1 (7] 12} @» %)
RUNX1 CXCL8 S —
MED30 TNFSF18 HGF
ATF3 ccL2 DKK1
JUN e ESM1
MAFF CYTL1 VEGFC
HIC1 TNFSF4 PGF
CSRNP1 1L32 PDGFB
SUPT3H CSF1 NOV
GLI2 TNFSF10 PDGFA
ANKRD1 ccLia GDF6
CCND1 EDA BMP2
E2F7 : INHBB
ZNFSe3 Cytokines FGF16
HIVEP3 KITLG
LPXN 2 S NRG1
FOSL1 3 T z 5 CTGF
NOLC1 = = ] T PDGFC
SERTAD1 5 5 T ® NRG3
PPRC1 g &8 5 5 VEGFA
MYC 17} 2] 12 [2) | MST1
2NP4Se B AP Growth Factors
SMAD7 hinae
W £cri W svmt
CREM
LDLR
POU2F2
VLDLR
el SLC2A1
TAFIC MFSD2A
HOXA3
PLP2
HOXB3
KIF20A
HOXA®
SLC4A8 -
Z6LP1 H =)
0SBPL3 H S =
SSBP2 = T H =]
PITPNM3 ° =2
PBXIP1 s, : = 8 £
FOX04 ATPAB1 2 2 E B
TFDP2 g £ 35 =&
SLC38A1 g 6 & &
MXI1 =
SLC7AS
POUSF1 UNGCSA
SLC25A32
SALLOcO1 | SLC39A14 KIT
TLE2 | sLerat CXADR
CREBRF SLC33A1 SELE
ZNF467 TNFRSF12A
SLC25A20
ING4 LRPS
SLC20A2
MEIS2 AKAP12 ULBP2
RANISY ATP13A3 PLXNA2
SATB1 PLAUR
SLC26A2
SNCAIP SLCaA7 MICB
TSC22D3 SLO7AZ LRP5
ZNF418 AQP1 PLXNB1
DBP IL10RA
SLC16A6
Sy SLC27A1 IL1RAPL1
ZNF219 VPS9D1 IL18R1
KLF15 ABCA7 BCAM
SALL2 SCARA3
SLC22A23
NUPR1 ABCA1 LEPR
HIF3A VAMP1 CD36
HOXD4 PLXNB3
SLC22A17
FANK1 AGER
HIP1IR
RUNX1T1 ECM1 ROBO3
FOXG1 SLC41A3 ITGB4
MAFB LRP1
SLC40A1
ZNF4T1
SLC45A1
KLF2 ABCAG
pat ABCA9
L ATP2A3
PBX1 SLCO2A1
B SLC29A4
ZNF395 GiAs
SATB2 .
TBX3 SLC7A8 row min row max
Transporters
in complex bi .
ncRNA processing - .
ribosome biogenesis .
rRNA metabolic process . Cain
rRNA processing 4 . PYRTY
protein folding Y ® 20
. o
maturation of SSU-TRNA [ ]
@ «
ribosomal large subunit biogenesis{ @ . 50
ribosomal small subunit biogenesis [
chaperone-mediated protein folding [ padjust
transcription by RNA polymerase |{ @ 0.008
maturation of SSU-rRNA from tricistronic rRNA transcript 0.004
(SSU-TRNA, 5.85 iRNA, LSU-RNA) | ®
maturation of 5.85 rRNA{ @ 0.002
rRNA modification{ @
maturation of LSU-rRNA | ®
protein refolding{ @
regulation of rRNA processing {e
005  0.10
Gene Ratio

125

Figure A6. Genes that are significantly changed in high spiral flow. (A) CPM heatmaps of
selected genes associated with transcriptional regulators, cytokines, transporters, growth
factors, and transmembrane receptors that are significantly changed by increasing flow in
spiral vessels, but not in straight vessels. (B) Enriched GO terms from genes significantly
upregulated in spiral high flow versus low flow, but not in straight high flow versus low flow.
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Figure A7. Significant differences in gene expression in low flow and Ingenuity Pathway
Analysis. (A) Heatmaps of significantly upregulated genes in spiral low flow versus straight
low flow. (B) Heatmaps of significantly regulated canonical pathways identified by Ingenuity
Pathway Analysis (IPA) and heatmaps of genes associated with selected signaling pathways.
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Figure A8. UMAP distribution of significantly regulated genes in both bulk and single
cell RNA sequencing. (A) Selected genes that were significantly different in spiral versus
straight vessels under high flow. (B) Differentially expressed genes detected in scRNAseq, but
not in bulk RNA sequencing.
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Vessel Location X (mm) Y (mm)

Straight a -7 -4.5
Straight b -1.33 -1.13
Straight c 0 0
Straight d 1.33 -1.13
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3 mm a -7.3 -6.25
3 mm b -1.33 -1.13
3 mm c 0 0
3 mm d 1.33 -1.13
3 mm e 7.3 -6.25

Figure A9. Location of analyzed segments in idealized aneurysm models. Similar regions of
straight (A) and curved (B) aneurysm models were defined for imaging where the coordinates of
the center of each imaging field is listed in (C).
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Figure A11. Computational fluid dynamic analysis of aneurysm geometries performed by Aliseda
Group. Results of computational fluid dynamic (CFD) analysis of idealized aneurysm geometries showing
stream traces (A), wall shear stress (WSS) distribution (B), wall shear stress gradient (WSSG) distribution (C),
and oscillatory shear index (OSI) (D) in straight and curved models. Computational analysis of patient specific
aneurysm geometry showing stream traces (E), WSS (F), and WSSG (G). CFD analysis was performed by
members of Alberto Aliseda’s group, including Venkat K Chivukula, Fanette Chassagne, and Angela Straccia.
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Appendix B. Supplement to Chapter 4

Observation of pressure dependent endothelial cell morphology in spiral vessels

Spiral PDMS device fabrication and culture

400 um spiral PDMS vessels were fabricated as described in Chapter 4 and seeded with
HUVEC. Vessels were perfused at 1 uL/min for 3 days with growth media supplemented with
3.5% dextran. On day 3, vessels were separated into three flow conditions: 1 yL/min, 50
ML/min, or 100 uL/min. These flow rates were maintained for 1 hour before all devices were
fixed in 4% formaldehyde for 20 minutes. Spirals were stained for VE-cadherin and nuclei and

imaged by confocal microscopy.

Spiral PDMS image quantification and analysis

Regions of interest from the 2nd and 7th loop from the spiral inlet were imaged, and maximum
intensity projections of confocal Z stacks were analyzed for each spiral device. Equal sized
fields were selected from each image and cell area, cell perimeter, and the angle of each cell’s
major axis relative to the direction of flow were measured using ImagedJ. Cell shape index was
calculated from this data using the formula shape index = 4TA/P2. Cells with a shape index
value below 0.7 (indicating a cell is round) were excluded from comparisons of the cell’s major

axis.

Cell morphology varies with transluminal pressure

To understand if transluminal pressure affects how endothelial cells respond to pressure we
fabricated spiral vessels in PDMS and cultured cells under different flow rates. Appreciable
changes in transluminal pressure develop over the length of a spiral vessel, but the wall shear
stress remains constant. We compared the morphology of cells in regions of different pressure

within a single spiral vessel (Figure B1A). Lower pressure regions of spiral vessels had
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significantly greater alignment of cells with the direction of flow than higher pressure regions in
both the 50 pL/min (p < 0.05) and 100 yL/min (p < 0.05) flow condition (Figure B1B, C). No
significant difference in alignment was observed between high and low-pressure regions of 1
ML/min vessels. Differences between these regions persisted in terms of cell area (Figure
B1D). Cell area was significantly greater in lower pressure regions than in higher pressure
regions in vessels exposed to 50 yL/min (p < 0.05) and 100 pL/in (p < 0.05) flow. Under 1

ML/min flow, cell area was unchanged in different vessel regions.
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Figure B1. Endothelial cells are more responsive to shear stress at lower pressures. (A)
Representative images of regions of interest in spiral vessels under different shear stresses (Green = VE-
cadherin, Blue = nuclei). Cells in lower pressure regions of the vessel were significantly more aligned in
the direction of flow (B, representative distribution, 0 deg = flow direction). For low flow, no change in
alignment was observed. Cell area was also dependent on location, where we observed significantly
larger cells in lower pressure regions of spiral vessels under moderate and high flow rates (D). * p < 0.05.
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Appendix C. Two photon fabrication of biologically inspired
microvasculature

Biofabrication of physiologic scale microvessels

This work has highlighted that shear stress, pressure, and geometry all contribute to the
endothelial response to blood flow. Limitations in current engineering approaches, however,
have left blind spots in our understanding of the role of these forces in true microvascular and
capillary scale vessels. Our casting approaches, as well as advanced 3D bioprinting
techniques struggle to generate vascular structures below 100 um in diameter, despite the
abundance of these vessels in vivo. While some approaches produced lumen less than 50 ym
in diameter, these often faced challenges to seeding and did not have complete control over
the fabricated geometry. For example, spun microfiber meshes made from a dissolvable
material' have been used to generate capillary lumen in a hydrogel, but these could not be
reliably seeded with endothelial cells and the geometry of the network was random and
uncontrolled. Recent advances from our lab have shown that two-photon (2P) microscopy can
be used to generate capillary scale vessels in collagen hydrogels by laser ablation.? This first-
of-its-kind controlled fabrication of capillaries revealed novel interactions between capillary
endothelial cells and malaria infected red blood cells, but it was technically limited to hand-
drawn geometries. We sought to extend this approach to arbitrary geometries and incorporate
multiple cell types to better mimic the vascular structure of native tissue and to enable the

controlled study of hemodynamic forces in these environments.

A 3D Model to Microscope Pipeline

The process of converting a digitized 3D object to a physical object has been tackled for

decades in manufacturing industries utilizing computer numerical control (CNC) and has been
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democratized in the last decade with the advent of consumer 3D printing. Whether using a
subtractive manufacturing technique (e.g. milling) or an additive one (e.g. 3D printing), the
generalized workflow involves converting a 3D geometry into instructions for a machine to
either remove material that does not belong in the final structure, or to add material until the
final structure has been achieved. Here, we adopted a 3D-printing like approach, but adapted

to the subtractive nature of 2P ablation.

The workflow involves (1) model generation, (2) model slicing, (3) model conversion to
microscopy format, and (4) 2P ablation. We utilized geometries designed in computer aided
design software (Fusion 360, Autodesk) as well as geometries derived from 2P imaging of the
mouse cerebral cortex. These files were converted to a 3D mesh format (.stl) and imported into
a commercially available slicing software (Autodesk Netfabb 2019). Whole 3D models were
sliced into a series of 1 um thick layers and converted into vector graphics files (.svg) which
contain the bounding points of the model geometry. A custom script was written to then
convert the vector graphics file into a format accepted by the Olympus Fluoview software to
drive an Olympus FV1000 Multi-photon microscope. The built-in multi-area time lapse (MATL)
feature was used as the basis for bringing custom data into the microscope environment. In
normal use the MATL function enables users to program acquisition parameters including laser
settings, position settings, regions of interest, and other imaging information from within the
Fluoview workspace. This information is stored in a Microsoft Access Database and is readily
modified programmatically. Using R, the XY coordinates defining polygonal regions of interest
were imported from vector graphics files into the Access database along with ablation
parameters including slice thickness, laser power, and pixel dwell time. Through this workflow
approximately 3000 custom polygons can be automatically programmed for ablation in a single
run on the microscope. For complex structures that require more polygons, the ablation can be

split among multiple files and then run in sequence to produce the final structure. Once
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created, these customized files can be opened within the Fluoview software and are run like

any other image acquisition.

Representative structures

To demonstrate the power of this approach, we fabricated several example geometries of
varying complexity. To explore the minimum feature size of structures we ablated a 3D
basketweave pattern in which two orthogonal vascular networks interdigitated but remained
independently perfusable with fluorescent microbeads (Figure C1A). The diameter of each
vessel is approximately 15 uym, and individual vessels are approximately 15 ym from the
nearest neighboring vessel. Next, we designed a model Bowman'’s capsule featuring a
tortuous 15 uym diameter glomerular vessel surrounded by an independently perfused 300 um
capsule (Figure C1B). Finally, 2P imaging data from the mouse cerebral cortex
microvasculature was segmented into a 3D model and used to ablate collagen vessels (Figure

C10).

Engineering hierarchy through ablation

A major challenge in vascular engineering is re-creating the hierarchy and endothelial
heterogeneity present throughout the vasculature. Smooth muscle and perivascular cell
coating of blood vessels progressively decreases as vessels approach capillary diameters.
Endothelial cells themselves vary significantly depending on the organ and vascular bed in
where they reside, suggesting that engineered tissues should have compartmentalized
endothelial populations for optimal tissue function. Neither of these features have been

reproduced reliably in engineered tissues due to the difficulty of selectively populating regions
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Figure C1. Representative 2P ablated structures. (A) Ablated basketweave structure (vessel diameter = 15 um)
perfused with blue and green beads. (B) Engineered model glomerulus, with vessels perfused with red beads and
Bowman’s space perfused with blue beads. (C) Imaging data from mouse cerebral cortex was used to ablate and
perfuse small vessels. (D) Hierarchical vessel seeded with smooth muscle cells and endothelial cells in the outer
channels, but only endothelial cells in the center. (E) Multiple endothelial populations stained with different
combinations of membrane dye occupying a single continuous vessel after connecting with 2P ablation. Scale in
B, C E =100 uym. Scale in D =1 mm.

of the vasculature. 2P ablation provides a method for addressing both challenges through

multiple rounds of seeding and ablation.

To demonstrate the process for generating a selectively muscularized vessel, we first
created two parallel, but independently perfused lumen with a 500 um space separating them.
We seeded the two channels first with smooth muscle cells and allowed them to them to

adhere overnight. We next ablated a connection between the two muscularized parent vessels
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and immediately seeded endothelial cells into the now continuous network. This sequence
resulted in a continuous layer of endothelial cells throughout the entire vessel, but smooth
muscle cells surrounded the endothelial cells only in the parent vessels, mimicking the
organization of an arteriole-capillary-venule unit. While simplified in this example, this
approach could be extended to more complicated geometries and additional cell types and

compartments.

Using a similar strategy, we sought to demonstrate how distinct endothelial
compartments could be connected in a continuous vessel by ablation. In place of unique
endothelial cells, we generated 6 uniquely colored populations of human umbilical vein
endothelial cells using 6 combinations of 3 different membrane dyes (PKH67, PKH26, and
CellVue Claret, Sigma). We then seeded these populations into 6 independent compartments
arranged in a disconnected circle. Following seeding we ablated connections between
compartments to complete the circle. Cells spread into the ablated regions but maintained their

distinct localization while in under flow in a single continuous channel.
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