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Abstract

Angiogenesis is a complex series of behaviors carried out by endothelial cells and supporting cell
types to develop new blood vessels from existing blood vessel networks. These behaviors, which
include proliferation, migration, and tubule formation, are modulated in large part by instructive
signals from the extracellular matrix (ECM). Failure to provide proper signaling cues to
endothelial cells results in failed tissue vascularization and tissue pathology, and failure to
understand the interactions between endothelial cells and the ECM potentially leads to uncertain
endothelial cell responses to drug treatments. To address the need to understand how the ECM
modulates endothelial cell behavior, we developed enhanced-throughput arrays of defined
poly(ethylene glycol) hydrogels to systematically probe how ECM cues, namely cell adhesion,
matrix stiffness and growth factor sequestration affect pro-angiogenic behaviors by endothelial
cells. Hydrogels were fabricated to have defined functionalization with Arg-Gly-Asp (RGD)
peptides to control cell adhesion, defined polymer concentration and crosslinking density to
control matrix stiffness, and defined functionalization with growth factor receptor-mimicking
peptides to control Vascular Endothelial Growth Factor (VEGF) sequestration. We utilized
array-based screening techniques to identify particular hydrogels to consistently induce vascular
network formation, and utilized those hydrogels to identify vascular inhibitory compounds in
libraries of unknown chemicals. We then investigated how cell adhesion, substrate stiffness and
VEGEF signaling inhibition act in combination to modulate pro-angiogenic cell behavior, and
further, used hydrogel arrays to demonstrate that extracellular environments dictate how
endothelial cells respond to Transforming Growth Factor-B signaling. Taken together the
hydrogels and arrays utilized in these studies represent adaptable tools to investigate the role of

the extracellular matrix in modulating physiological and pathological endothelial cell behaviors.
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Chapter 1:

Introduction

1.1 Background and Significance

Angiogenesis, the expansion of blood vessel networks via capillary sprouting [1, 2], is a well-
characterized biological process that is controlled by interactions between endothelial cells (ECs)
and the extracellular matrix (ECM). In particular, three critical properties of the extracellular
matrix modulate numerous cell activities that contribute to angiogenesis: integrin-binding
molecules promote cell adhesion, structural proteins and water content provide appropriate
matrix stiffness for vascular structure formation, and proteoglycans and glycoproteins promote
growth factor sequestering to modulate growth factor signaling dynamics. When these features
are defined in cell culture systems, they can be leveraged to generate models of angiogenesis that
enable studies of angiogenic mechanisms, screens of chemical compounds that enhance or
inhibit angiogenesis, as well as studies of vascular pathology. However, a significant challenge
to the achievement of these studies lies in decoding the complexity of how combinations of ECM
properties drive changes in endothelial cell behavior. This challenge exists in large part due to
the lack of techniques to rapidly study a variety of defined matrices to decouple the effects of

individual ECM properties and determine synergies that regulate EC behavior.

Despite what is already known about how individual ECM properties modulate EC behavior,
complex synergistic activity between multiple ECM properties is only beginning to be
understood. Integrin binding promoted by cell attachment motifs, including Arg-Gly-Asp (RGD)
peptide sequences found in fibronectin, vitronectin, fibrin and other ECM proteins [3], promote

pro-angiogenic EC behaviors such as survival, migration, and proliferation [4-6]. Additionally



integrin activation is necessary to promote EC polarization and lumen formation [7, 8]. Matrix
stiffness affects length, width and directionality of sprouting capillaries [9-11]. Finally, heparin
glycosaminoglycans in the ECM enhance activity and stability for numerous pro-angiogenic
growth factors including VEGF and FGF2 [12-17]. As an example of synergistic activity
between ECM properties, activation of ayp3 integrin [18, 19] and the presence of heparin [16-
18] enhance EC activation by Vascular Endothelial Growth Factor Receptor-2 (VEGFR2).
Conversely, VEGFR?2 signaling is required for the formation of the focal adhesion complex
mediated by ay[p3 activation and integrin clustering [20]. Additionally, the activity of RhoA and
p190RhoGAP, which modulate signaling and expression of VEGFR2 respectively [21, 22], is
mediated by the stiffness of the extracellular matrix and focal adhesion activation. The
complexities in these interactions highlight a need to efficiently test EC behaviors in

environments where ECM properties can be varied systematically and in various combinations.

While ECM properties modulate angiogenesis individually and synergistically, they are likely to
modulate EC pathology as well. Signaling by Transforming Growth Factor B (TGF-B) is known
to drive numerous pathological EC behaviors including apoptosis [23, 24] the inhibition of
angiogenesis [25], and endothelial-mesenchymal transition (EndMT) [26-31], wherein ECs lose
endothelial phenotype to gain a mesenchymal phenotype. EndMT is a known contributor to the
onset of fibrosis and fibrodysplasia ossificans progressiva (FOP) [32] during healing of damaged
tissues and organs [26-28, 32, 33] as well as to the generation of cancer-associated fibroblasts
that support tumor growth and metastasis [34, 35]. The role of the ECM in modulating EndMT
and TGF-J signaling is only beginning to be explored, with matrix stiffness being a notable early
example of an ECM property that modulates TGF--driven EndMT [36]. As examples of

additional potential mechanisms by which the ECM modulates TGF-f activity, cell adhesion has



been implicated in facilitating cell responses to TGF-f signaling [37], and heparin binding has
been shown to modulate TGF-B activity as well [38]. Synergistic relationships between matrix
stiffness, cell-matrix adhesion, and heparin-mediated enhancement of TGF-B-family growth
factor signaling are likely to modulate EC pathology, and the application of techniques to
efficiently test EC behaviors in a range of ECM-mimicking materials can enable the rapid

elucidation of how the ECM modulates TGFB-driven pathology.

To address these needs, studies in this thesis utilized enhanced-throughput array systems to
rapidly screen EC behaviors when seeded on, or encapsulated within poly(ethylene glycol)
(PEG) hydrogels that promote varying degrees of cell-matrix adhesion, mechanical stiffness and
binding of Vascular Endothelial Growth Factor (VEGF) via modular chemistry and chemically-
defined peptides or crosslinking groups. The use of a thiol-ene “click” reaction [39] to
functionalize and crosslink PEG hydrogels enabled orthogonal control over individual hydrogel
properties. In chapter 3 hydrogel arrays identified hydrogels that consistently induce vascular
network formation by human ECs on hydrogel surfaces and then identified vascular inhibitors
from a library of unknown compounds in a toxicity screening experiment. In chapter 4 hydrogel
arrays modeled viability, proliferation, and vascular network formation by ECs encapsulated in a
wide variety of hydrogels and demonstrated differential responses to VEGF inhibition in varying
hydrogels. Finally, in chapter 5 hydrogel arrays modeled how two-dimensional and three-
dimensional culture contexts and hydrogel stiffness affect potentially pathogenic EC responses to
TGF-B signaling. These studies demonstrate that multiple material properties may be
systematically defined to maximize desired behavioral outputs by ECs in two dimensional and
three dimensional cell culture systems. Notably, these studies generated hydrogel-based

screening systems to detect chemically-driven vascular disruption with greater sensitivity and



repeatability than Matrigel-based systems. These studies also demonstrate that ECs respond to
treatment with growth factors and vascular inhibitors differently depending on matrix properties
and culture contexts. In future studies the systems developed in this thesis provide promising
tools to optimize materials for therapeutic vascular tissue engineering, identify candidate ECM-
driven mechanistic pathways as therapeutic targets for treating vascular disorders, and model
short-term and long-term EC responses to drug treatment in environments mimicking

physiological and diseased tissue.
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Chapter 2:

Literature Review

Eric H Nguyen, William L. Murphy. Customizable biomaterials to model complex effects of

anti-angiogenic drug treatments in vitro. In preparation.

2.1 Preface

The aim of this work was to probe vascular morphogenesis, drug response and pathological
behavior by endothelial cells in a wide range of defined environments. To achieve this, we
functionalized poly(ethylene glycol) hydrogels with biomolecules and tuned hydrogel stiffness to
modulate cell behaviors. This literature review identifies poorly-understood clinical scenarios
that benefit from improved vascular models and describes methods to design biomaterials that

recapitulate aspects of the extracellular environment that modulate endothelial behavior.

2.2 Abstract

The inhibition of angiogenesis is a critical element of cancer therapy, as tumor vasculature is
associated with tumor expansion. While numerous drugs have proven to be effective at
disrupting tumor vasculature, patient survival has not significantly improved as a result of anti-
angiogenic drug treatment. Emerging evidence suggests that this is due to a combination of
unintended side effects resulting from the application of anti-angiogenic compounds, including
angiogenic rebound after treatment and the activation of metastasis in the tumor. There is
currently a need to better understand the far-reaching effects of anti-angiogenic drug treatments
in the context of cancer. Numerous innovations and discoveries in biomaterials design and tissue

engineering techniques are providing investigators with tools to develop physiologically relevant



vascular models and gain insights into the holistic impact of drug treatments on tumors. This
review examines recent advances in the design of pro-angiogenic biomaterials, specifically in
controlling integrin-mediated cell adhesion, growth factor signaling, mechanical properties and
oxygen tension, as well as material integration into sophisticated co-culture models of cancer

vasculature.

2.3 Introduction

The inhibition of angiogenesis, the growth of new blood vessels from existing vascular networks
[1] has been a critical target for cancer therapeutics since Folkman et al. demonstrated that tumor
growth was dependent on the presence of vasculature [2, 3]. These studies motivated the
discovery of numerous drugs that disrupt angiogenesis and consequently deny tumors of oxygen,
nutrients and growth factors required for growth. The first drugs that passed clinical trials
disrupted Vascular Endothelial Growth Factor (VEGF) signaling pathways that contribute to
angiogenesis, either as antibodies to VEGF such as Bevacizumab [4] or as inhibitors to VEGF
Receptor Tyrosine Kinases such as Sunitinib [5]. Although several drug candidates such as
Bevacizunab, Sunitinib, Sorafenib and others [6] have received FDA approval for the treatment
of specific types of cancers, many others failed to improve patient survival [7]. Ultimately the
disruption of tumor vasculature is critical to limiting tumor growth and maintaining
“progression-free survival” in patients, but it does not fully destroy cancer tumors in many cases
[8, 9]. Due to the complexity of the tumor microenvironment, the use of vascular disruption as
the sole means of cancer treatment can generate unintended consequences that reverse the

progress of treatment or worsen the patient prognoses [10-12].
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An example of these consequences is angiogenic rebound, where tumor vasculature that was
previously disassembled by anti-angiogenic treatment rapidly regrows after the cessation of
treatment [10]. This is the result of multiple contributing mechanisms including the generation of
a local hypoxic environment, increased expression of VEGF, PIGF, FGF2, SDF-1 and PDGF
within the tumor [10], and putative transformation of tumor cells into endothelial cells [13, 14],
all of which can result from initial anti-angiogenic treatment. Another example of an unintended
effect is the activation of a metastatic switch in tumors, where cells within the tumor change
phenotypes to encourage metastasis [12, 15, 16]. While anti-angiogenic treatment focuses on the
deactivation of pro-angiogenic signaling pathways, emerging evidence suggests that those same
pathways inhibit the onset of metastasis through inhibition of tumor cell migration and invasion,
growth factor production by cancer-associated fibroblasts and the endothelial-mesenchymal
transformation [12, 15, 16]. A final example of an unintended consequence is vascular
normalization, where prior to complete network disassembly the tumor vasculature restructures
itself from tortuous, leaking, non-functional vasculature [17-20] to well-ordered, patent
vasculature with short-term anti-angiogenic treatment [20]. Unlike other side effects that hinder
cancer treatment, normalization can potentially be exploited to improve the transport of anti-
cancer drugs into the interior of a tumor and increase the effectiveness of cancer therapy [21].
Currently, the clinical effectiveness of combined anti-angiogenesis and anti-cancer treatments is
debatable [22] due to the timing window of vascular normalization being limited and unknown,

and due to the lack of effective biomarkers to detect a normalization event in situ [22].

The occurrence of these side effects would be difficult to predict using existing angiogenesis
assays in vitro. Most functional assays of anti-angiogenic drug activity only demonstrate specific

endpoints of vascular network disruption such as decreased cell viability, proliferation, migration
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and vascular network formation [23-25]. While these assays can be well-suited for discovering
compounds that modulate angiogenesis [26], far-reaching effects beyond initial network
inhibition or disruption are less understood and largely became known only after they were first

observed in vivo.

Advances in the design of biomaterials and cell culture platforms are necessary to enable rapid,
detailed characterization of the complex effects of anti-angiogenesis treatments beyond the scope
of initial vascular disruption. For example, models of angiogenic rebound will likely require
culture environments that support long-term maintenance of vascular networks as well as re-
assembly of disrupted vascular networks after the cessation of drug treatment. Models of
vascular normalization will require environments that initially promote the formation of diseased
vasculature so that signs of normalization may be clearly detected. To achieve these goals
biomaterials must recapitulate critical functions of extracellular matrices (ECM) present in vivo
and promote cell adhesion, modulate growth factor signaling, have physiologically relevant and
controlled modulus as well as defined modes of degradation. Cell culture systems must
additionally accommodate for heterotypic co-cultures of cells including tumor-associated cell
types to more closely mimic tumor environments. This review will examine recently developed
biomaterials and cell culture tools that enable unprecedented environmental control in vascular

morphogenesis models.

2.4 Biomaterials to modulate angiogenesis
Angiogenesis consists of a complex series of cell actions including detection of soluble growth

factor signaling, proliferation, migration, and assembly of multi-cellular tubular structures [1], all
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of which are modulated by biomolecules that make up the extracellular matrix (ECM) (Fig. 1). In
physiological scenarios microvasculature is in contact with a continuous ECM in the form of a
basement membrane composed of Fibronectin, Collagen I, Collagen IV, numerous forms of
Laminin, Perlecan and other proteoglycans [27, 28]. In dysfunctional vasculature the continuous
ECM contains pm-scale gaps in the membrane [27, 28] and elevated levels of ECM proteins,
notably Collagen I, leading to increased mechanical stiffness [29]. Additionally, the typical
tumor vasculature exists in hypoxic environments that impact behavior of not only endothelial
cells but also tumor cells that can modulate angiogenesis via paracrine signaling [10]. Each of
the biomolecules and cells present during angiogenesis plays an important role, and biomaterials
are being developed by several groups to recapitulate the most important components of pro-
angiogenic environments. The following subsections will review technologies that enable
biomaterials to recapitulate instructive environmental cues that are critical to modulating
angiogenesis, including presentation of integrin-binding cell adhesion ligands, modulation of
mechanical properties, modulation of growth factor signaling, hypoxia and proximity to cancer

cell types.
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Chapter 2: Figure 1. Individual and synergistic effects of ECM properties on endothelial cell
behaviors related to angiogenesis. Integrin-mediated cell adhesion modulates endothelial cell
viability, proliferation [30-32], migration [30, 32, 33], spatial polarization [34] and lumen
formation [35]. ECM modulus influences capillary sprouting rate and directionality [36-38],
capillary aspect ratio [36, 38], proliferation, and migration [32]. Growth factor sequestration
influences growth factor stability [39-41] and facilitates binding between growth factors and
receptors [39, 40, 42]. Synergistically, integrin binding and growth factor sequestration modulate
VEGFR2 activity and focal adhesion assembly [43, 44]. Matrix modulus and growth factor
sequestration modulate VEGFR2 activity, cytoskeletal stress fiber formation and cell migration
rate [45-47]. Finally, integrin binding and matrix modulus modulate cell traction forces exerted
and detected by endothelial cells [48].

2.4.1 Material selection
Biologically-derived extracellular matrix components are commonly adapted as biomaterials to

induce angiogenesis and endothelial network formation in endothelial cell culture. Collagen,
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Fibrin and Matrigel often present a wealth of signals necessary to drive pro-angiogenic behaviors
in endothelial cells with minimal modification. The often cited limitations of naturally-derived
materials are poor mechanical integrity, high batch-to-batch variation and complex compositions
that mask specific mechanisms driving angiogenesis [49, 50]. However, some of these materials
are amenable to customization and enable studies of how biomolecules affect cell fates in highly
biomimetic environments. Using customization, investigators may probe the effects of defined
ECM signals in environments presenting synergistic and obscure signals that are currently
difficult to implement using chemically-defined materials. Although there is difficulty in
attributing changes in cell behavior to specific changes in a natural material due to its inherent
complexity, studies using natural materials may be coupled to parallel studies on synthetic

substrates to gain further insights to mechanisms driving changes in angiogenesis.

Synthetic, chemically defined biomaterials have been adapted as alternatives to naturally-derived
ECM components to achieve greater control of cell behavior in angiogenesis models. Synthetic
cell culture substrates often consist of bio-inert background materials that present chemically-
defined biological cues to drive angiogenic cell behaviors with a high degree of consistency and
predictability. A commonly used material is poly(ethylene glycol) (PEG), a hydrophilic polymer
that resists non-specific protein adsorption and serves as a “blank slate” material upon which to
present biological signals to cells [51]. PEG does not provide molecular signaling cues itself, so
any cues that mediate angiogenesis must be purposefully incorporated into PEG-based materials.
Other examples of blank background materials include poly(vinyl) alcohol (PVA) [52-54],
polyacrylamide (pAm) [54], alginate [55], and dextran [56, 57]. A number of studies have
modified these materials with biomolecules that control cell behavior through mechanisms

including adhesion, growth factor signaling and matrix degradation, and these cues may be
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leveraged to generate synergistic signaling and provide the environments needed to induce

desired angiogenic phenotypes from endothelial cells.

2.4.2 Adhesion molecules

Among the most critical biomolecules included into a cell culture material are ligands to promote
cell adhesion. The most commonly used mediator of cell-material adhesion is the Arg-Gly-Asp
amino acid sequence (RGD) derived from numerous cell-adhesive proteins present in the ECM
[58]. Even though its adhesive capabilities are well known and characterized in cell culture
systems [59], RGD presentation has been continuously improved in the form of optimized

concentrations and spatial patterns to understand and control angiogenesis.

Recently studies have cultured endothelial cells in environments presenting ranges of RGD
concentrations to find optimal conditions for promoting pro-angiogenic cell behaviors. Cultures
of human umbilical vein endothelial cells (HUVECs) and endothelial cells from aortic ring
explants in three dimensional (3D) culture environments have demonstrated that insufficient
concentrations of RGD result in decreased cell viability, while excessive RGD concentrations
typically result in either arrest of cell migration or excessive matrix degradation through integrin-
mediated expression of matrix metalloproteinases (MMPs) [32, 60]. However, exceptions such
as a study demonstrating that high concentrations of RGD do not arrest vacuole formation by
endothelial colony forming cells (ECFCs) [61] suggest that the effects of adhesion on angiogenic
cell behavior may vary between different cell types. To further pursue mechanisms dictating
concentration-dependent effects of RGD, the impact of modulating surface RGD molecule

spacing on bovine aortic endothelial cell phenotype was investigated. While all investigated
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RGD densities supported cell adhesion, the spacing of RGD molecules on a cell culture substrate
modulated VEGF signaling and cell migration potential by influencing focal adhesion assembly
and focal adhesion kinase (FAK) signaling. Specifically, spacing of approximately 44 nm

between RGD molecules enabled maximized FAK signaling [62].

Spatial patterning of RGD via photolithography has been leveraged to modulate endothelial
tubule formation. One application of spatial patterning is to define where the formation of
microvasculature is permitted in a material, but patterning can also impact morphologies and
stability of capillary vessels. In one study the aspect ratios of RGD patterns presented on PEG
hydrogels determined whether endothelial cells formed cell sheets or tubule-like structures [63],

and that 100-200 pm-wide RGD patterns on PEG hydrogels forced HUVECs to form elongated

cell aggregates that resembled tubules [64].

In addition to RGD other studies have explored the ability of the laminin-mimicking peptides
YIGSR and IKVAV to modulate numerous angiogenic endothelial cell behaviors. YIGSR or
IKVAV presented with RGD in PEG hydrogels have induced greater tubule formation by
HUVECs than with RGD alone [65]. Efforts have been taken to optimize the concentrations of
multiple adhesion motifs to control angiogenic cell behaviors to a degree that cannot be achieved
with RGD alone. An innovative example is a study from Collier and coworkers on the use of cell
culture substrates composed entirely of synthetic peptides, and compositionally optimized using
a design of experiments approach. The acetylated QQKFQFQFEQQ peptide known as “Q11”
has been demonstrated to form B-sheets fibers when used as the basic building block of peptide
substrates. These peptides are amenable to modifications, as Q11 can be terminated with cell-
adhesive amino acid sequences including RGDS, REDV, IKVAV and YIGSR [66-68]. An

advantage to using modified Q11 peptides to modulate cell adhesion is that multiple adhesion
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ligands may be added to hydrogel formulations individually and orthogonally. This enabled the
optimization of adhesion ligand concentrations in a hydrogel to maximize endothelial cell

behaviors such as proliferation, viability and adhesion [68].

While peptides have been shown to be effective for modulating cell-material adhesion and
mimicking some of the functions of ECM proteins, studies have begun to explore the
incorporation of full-length ECM proteins into synthetic materials. In one study human aortic
endothelial cells (HAECs) were cultured in the presence of either full-length Collagen or a
Collagen-mimicking peptide SCL2-2 presented on PEG hydrogels. Particularly, SCL2-2 is a
Collagen mimicking protein presenting mainly GFPGER as the adhesion domain [69]. The
HAECs had greater levels of NOS3 protein expression, gene expression of NOS3,
Thrombomodulin and Selectin-E, and proliferation when cultured using full-length Collagen
rather than SCL2-2. While the effects of full-length proteins are comprehensive, they may
compromise the non-fouling nature of inert background materials and may require greater
control of regiospecific chemistries for material incorporations in order to avoid interference

with essential biological epitopes.

2.4.3 Growth factor signaling

Growth factor signaling ligands have been integrated into biomaterials as either short growth
factor-mimicking peptides or full-length growth factors. For example, a short peptide sequence,
termed “QK”, that mimicks the receptor-binding regions of VEGF [70], has been used to
enhance angiogenesis. QK was coupled along with RGD to PEG hydrogels and increased the

length of endothelial tubule structures to levels above those reached on hydrogels functionalized
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with RGD alone [71]. When integrated into Collagen hydrogels via a helical Collagen mimicking
domain (CMP) the addition of a modular CMP-QK peptide induced the formation of elongated
endothelial cell structures in two-dimensional (2D) cell culture and enhanced capillary sprouting
in three dimensional (3D) culture [72, 73]. Analogous techniques have been used to couple the
modular QK to PEG hydrogels [64] and to hydroxyapatite scaffolds [74]. Use of the modular
peptides enables patterning of QK not just by photopatterning, but also by the use of fluid flow

and partial dipping of biomaterials into modular QK solutions.

Full-length VEGF has been coupled to cell culture substrates to enhance angiogenic cell
behavior. One study covalently immobilized and spatially patterned VEGF into PEG hydrogels
via NHS chemistry and spatially directed endothelial cell network formation [63]. Full-length
VEGF has also improved proliferation in endothelial cells when attached via EDC/NHS-
coupling to electrospun micro-and nano-fibers of poly(e-caprolactone) [75]. VEGF was also
patterned into Collagen sponges in spatially defined areas to permit formation of microvascular
networks. This was achieved by extruding Collagen mixed with an aqueous VEGF solution onto
a copper plate, freezing, then inserting the frozen Collagen-VEGEF stripes into a larger Collagen

sponge [76].

Other growth factors besides VEGF have also been shown to modulate angiogenic cell behaviors
when attached to biomaterials. PDGF-BB and bFGF were incorporated into PEG hydrogels via
succinimidyl ester coupling to observe effects on HUVEC and 10T1/2 pericyte co-cultures.
When attached to a PEG hydrogel bFGF and PDGF-BB worked in concert to increase tubule
network length, albeit by different mechanisms. While PDGF-BB increased pericyte
proliferation, bFGF increased HUVEC migration speeds in 2D and 3D cultures and thereby

induced network disruption. When PDGF-BB was included in hydrogels alone, tubule formation
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occurred whether PDGF-BB was soluble or attached to the hydrogel [77]. When HUVECs were
cultured in the presence of releasable PDGF-BB and insoluble Ephrin Al, a matrix-bound
receptor tyrosine kinase ligand, the PDGF-BB did not affect endothelial tubule widths in a 2D or

3D environment[78].

While the direct attachment of growth factors to scaffolds has been proven to enhance
angiogenic response by endothelial cells, one potential limitation of covalently attaching
receptor-binding molecules to substrates is that they may prevent receptor internalization or
dimerization [79, 80]. In one extreme example, VEGF-mediated endothelial network formation
in Matrigel was inhibited by an immobilized QK peptide that could not be released from the
surrounding environment, and the putative mechanism involved “receptor pinning” by
immobilized QK [81]. Numerous other strategies have been used to modulate soluble growth
factor signaling dynamics via strategies that mimic in-vivo mechanisms. The in-vivo ECM is
capable of passive and cell-mediated release of soluble growth factors including VEGF [39],
bFGF [40], and other pro-angiogenic growth factors. With the presence of heparin and other
proteoglycans the ECM is also capable of modulating growth factor signaling dynamics by
enhancing growth factor stabilization and concentration in the matrix [39-42]. Strategies to
mimic relevant ECM-growth factor interactions have been extensively reviewed elsewhere, and
include temporal control over growth factor release [82], spatial control over growth factor
gradients [83], and inclusion of growth-factor binding and sequestering molecules to the matrix

[84, 85].



20

2.4.4 Mechanical properties

The stiffness of the cellular microenvironment is a critical mediator of cell phenotype, and is a
distinguishing feature when comparing normal and diseased (e.g. cancerous) tissues [29].
Optimized stiffness ranges have been identified that enable endothelial cell network formation in
2D and 3D environments. For example lower stiffness (140 Pa) polyacrylamide substrates
functionalized with 0.1 mM RGD promoted formation of endothelial cell networks while higher
stiffness substrates (2500 Pa) promoted formation of confluent endothelial cell sheets [86]. On
collagen-coated polyacrylamide substrates stiffness dictated the expression of pro-angiogenic
genes as well as osteogenic genes in HUVECs. Specifically, VEGFR2 was upregulated on 3 kPa
substrates, while angiogenic and osteogenic genes were upregulated on 30 kPa substrates [87]. In
3D environments a balance between matrix degradability and stability is required to foster
HUVEC network formation. One study putatively demonstrated a need for matrices that are
degradable to permit remodeling and cell migration, but are stable enough to prevent the collapse
of a forming vascular network [32]. Interestingly, HUVECs in 3D environments have variable
responses to drug treatment depending on the surrounding stiffness and the presence of tumor-
derived growth factors. Specifically, HUVECs in one study were more sensitive to the
angiogenesis inhibitor Vandetenib in softer substrates than stiffer substrates, and treatment with
tumor-derived growth factors removed stiffness effects on HUVEC network formation and
decreased drug sensitivity [88]. Finally, the density of a hydrogel network also affects
endothelial cell responses to VEGF gradients. Specifically, enhanced collagen density increased

sprout polarization toward increasing concentrations of VEGF and increased sprout stability [36].

Hydrogel stiffness can be tuned by changing polymer concentration [89], crosslinking density

[32, 90, 91] or degradation dynamics in most materials. Other strategies have recently been used
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to change mechanical properties while also decoupling polymer network density and mechanical
stiffness. Collagen modification with tyramine groups and treatment with peroxidases have
enabled covalent crosslinking of Collagen substrates while still enabling cell-ECM interactions
[92], and the crosslinking density modulated network formation by ECFCs. Additionally the
impact of changing stiffness via crosslinking density independently of Collagen density was
explored by crosslinking Collagen after non-enzymatic glycation [38]. Increased matrix stiffness
increased bovine arterial endothelial cell spreading and capillary sprouting from spheroids. These
techniques allowed investigators to explore the effects of changing mechanics without
simultaneously affecting the density of structural molecules and insoluble signaling molecules

presented to cells.

The degradability of the surrounding matrix can be modulated in synthetic biomaterials. Previous
studies have demonstrated that degradability is critical to enabling cellular network formation in
2D [93] and 3D [89] endothelial cell cultures. Many PEG-based hydrogels are crosslinked into a
coherent polymer network through the use of cell-degradable crosslinking molecules. Hydrogels
are often fully or partially crosslinked using pegylated mimics of a MMP-labile site on Collagen,
and the sequence may be modified to enhance or inhibit degradability. For example, the native
MMP-labile amino acid sequence of GIAG can be exchanged for GIWG for enhanced
degradability or GPAG for inhibited degradability. These changes have been shown to affect the
rate of endothelial cell sprouting in an aortic arch assay [94]. Another strategy to modulate
degradability is the use of crosslinking peptides with a single MMP-labile site versus peptides
with multiple MMP-labile sites, and this strategy has been used to dictate HUVEC migration

[95].
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To further define the shape of endothelial cell networks and directionality of angiogenic
sprouting in biomaterials modulus and degradability can be spatially defined using innovative
techniques. For example, perfusion-based frontal polymerization, the uneven
photopolymerization of hydrogels as a result of a concentration gradient of Eosin Y
photoinitiator, generates hydrogels with graded density that dictates the direction of growth by
sprouting endothelial cells [96]. Spatially patterned degradability has been achieved via multiple
methods. Degradability in Hyaluronic acid hydrogels was defined by adding MMP-labile
crosslinking groups. In addition, a secondary means of regulating degradability was achieved via
UV photopolymerization of acrylated hyaluronic acid to make certain areas of the hydrogel

impassible, thereby dictating locations of ECFC vessel formation [97].

To further model mechanical stiffness of pathogenic environments, biomaterial mineralization
can change both the modulus of a material as well as interactions with cell adhesion ligands and
growth factors. One study mineralized Fibrin matrices with 0.2% hydroxyapatite solutions to
maximize angiogenic sprout number, length and invasion speed by HUVECs [98]. Scaffold
mineralization provides compelling opportunities to culture endothelial cells in matrices where
stiffness is tuned without increasing polymer density and crosslinking density, and also enables
the generation of sophisticated bone disease models such as bone cancer and ectopic tissue

mineralization [99, 100].

2.4.5 Hypoxic environments
Numerous vascular disorders lead to decreased levels of dissolved oxygen present in surrounding

tissue. This is known to significantly affect endothelial cell phenotype [101] through signaling by
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Hypoxia Inhibitory Factor (HIF). Though tests requiring the establishment of a hypoxic
environment can be achieved using specialized incubators and bioreactors with controlled
atmospheric conditions, recent work has enabled the use of biomaterials to expose cells to
hypoxic conditions for prolonged periods of time and generate spatially varying oxygen

gradients in endothelial cell culture.

Oxygen control has been achieved in gelatin-based materials by including a ferulic acid
crosslinking molecule and initiating a crosslinking reaction with Laccase. The crosslinking
reaction then consumes oxygen and maintains low oxygen conditions for up to 1 hour after
polymerization. This has caused increased expression of HIF1a and HIF2a in ECFCs, both of
which are necessary to achieve vascular network formation [102]. The Laccase-based
crosslinking mechanism was carried over to Dextran-based hydrogels in which oxygen
consumption was achieved during crosslinking of tyramine-functionalized dextran. Here,
hypoxic conditions in the hydrogels were maintained for up to 12 hours in the hydrogels, and the
duration of hypoxia is tunable through polymer concentration and stiffness [103]. Materials that
regulate dissolved oxygen levels in endothelial cell culture represent an adaptable approach to
regulating the cellular microenvironment without the need for bioreactors or similar

instrumentation.

2.4.6 Co-culture systems
In tumors endothelial cells are not exclusively affected by environmental features discussed so
far. Cancer cells in the tumor also respond to environmental cues and subsequently affect the

vascular network through physical contact and paracrine signaling. Studies utilizing biomaterials
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to define populations of endothelial-cancer cell co-cultures and affect phenotypes of heterotypic

cell populations are only beginning to be applied toward modeling tumor vasculature.

Discrete spatial patterning of heterotypic cell populations has been achieved though micro-
contact printing. The segregation of breast cancer cells in Hyaluronic acid hydrogels from
ECFCs in Fibrin hydrogels was performed using sequential micro-contact printing [104].
Discrete patterning of HUVECs and HeLa cancer cell populations has been recently achieved on
2D cell culture systems by combining micro-contact printing, activation of un-patterned PVA
with dopamine, and sequential cell seeding [105]. Taken together, these technologies enable the
construction of models where ECM cues reviewed here modulate behavior of both endothelial
cells and surrounding tumor cells to holistically recapitulate features of an in-vivo tumor

environment.

2.5 Conclusion

Recently developed technologies in biomaterials development are leading to unprecedented
control over in-vitro endothelial cell culture environments as well as the ability to model
phenomena surrounding normal and pathological angiogenesis. With the systematic utilization of
the techniques reviewed here, models of tumor vasculature will cultivate a greater understanding
of far-reaching side effects of anti-angiogenic that will translate into dramatic improvements in

cancer therapy.
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Chapter 3:

Differential inhibition of vascular morphogenesis by ToxCast' "
chemical library on synthetic substrates and Matrigel™

Eric H. Nguyen, William T. Daly, Michael P. Schwartz, Ngoc Nhi Le, Thomas B. Knudsen,
Nader Sheibani, William L. Murphy. Differential inhibition of vascular morphogenesis by
ToxCast™ chemical library on synthetic substrates and Matrigel ™. In preparation.

3.1 Preface

The purpose of these studies was to identify hydrogel substrates that mediate vascular network
formation by endothelial cells and use them to identify potential vascular inhibitors from
libraries of known and unknown chemical compounds. Here, cell adhesivity, elastic modulus and
the ability to bind and sequester vascular endothelial growth factor were orthogonally controlled
in poly(ethylene glycol) hydrogels. This study established methods to systematically vary
multiple cell-instructive cues in defined hydrogels and identify desired hydrogels from large
libraries of candidate formulations. In addition, this study established superiority of

poly(ethylene glycol) hydrogels over Matrigel for screening chemical compounds.

3.2 Abstract

We describe the identification of synthetic hydrogels that promote in-vitro vascular network
formation by endothelial cells as well as their utilization in screening systems to detect putative
vascular disruptive compounds. Cell culture conditions that promoted vascular network
formation were identified using a thin hydrogel array format for human umbilical vein

endothelial cells as well as endothelial cells derived from induced pluripotent stem cells. A
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screening system composed of synthetic hydrogels was compared directly to a Matrigel
screening system and found to have superior sensitivity and repeatability as well as the ability to
detect inhibition by mechanisms that are not detectable on Matrigel. The synthetic hydrogels
were also customized to have a defined ability to bind and sequester vascular endothelial growth
factor from the surrounding environment and this was demonstrated as a possible mechanism

behind the reduced sensitivity of the Matrigel screening system.

3.3 Introduction

The ability to detect compounds which affect the human vasculature is of high importance due to
the increasing number of diseases which are associated with vascular disorders within the human
body. These disorders include various forms of cancer, atherosclerosis, stroke, diabetic
retinopathy and developmental complications which can often result from exposure to
compounds present within in our environment [1, 2]. In order to identify new drugs for treatment
of these diseases and to protect against exposure to vascular disrupting compounds present
within our environment, the ability to screen large chemical libraries for their ability to affect the
vasculature is essential. Early investigations resulted in the development of an in-vitro vascular
network formation assay in 1980 by Folkman and Haudenschild [3, 4]. Here cloned bovine and
human capillary endothelial cells formed interconnected vascular networks in culture that were
comparable to those seen in vivo in approximately 10 days. A more rapid assay (<24h) was later
described in 1988 by Kubuto and colleagues and has become the gold standard method for the
identification of inhibitors and stimulators of angiogenesis in drug discovery [5] and

toxicological screens [6-8]. However, results of these screens are often uncertain, as evidenced
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by significant numbers of pro- or anti-angiogenic drugs that fail in clinical trials [2, 9-11]. This

highlights a need to redefine methodologies of such vascular screens.

The assay developed by Kabuto and colleagues has a number of inherent limitations due to the
use of a natural extracellular matrix derived from Englebreth-Holm-Swarm (EHS) tumors
produced in mice, now referred to as Matrigel™, EHS matrix™, Geltrex™ etc (hitherto referred
to as Matrigel) [12-14], as a cell culture substrate. Matrigel consists of a laminin-rich matrix with
an inherent compositional complexity and lack of lot-to-lot reproducibility. Proteomics analysis
of consolidated normal and growth factor reduced Matrigel yielded a total of 1851 unique
proteins that make up Matrigel and individual tests from two manufacturers showed only 53%
batch-to-batch similarity in proteins identified [15]. Highly variable mechanical properties
ranging from of 120 to 840 Pa [16, 17] elastic modulus at 37°C results in poor handling
characteristics and the need for precise temperature control during handling, resulting in user-to-
user variability in addition to lot-to-lot variability. Numerous confounding factors such as locally
sequestered and matrix-bound growth factors [18] as well as physiologically irrelevant
mechanisms of inhibition such as bulk matrix dissolution by Suramin treatment [19, 20], have
previously resulted in the identification of false positives and negatives in chemical compound
screens. While Matrigel is a readily-available material capable of supporting long-term
endothelial network assembly in the absence of support cell types, the limitations associated with
the material motivate a need for alternative materials that enable the development of more

advanced vascular screening assays.

Here we used an array-based material screening method to identify chemically defined, synthetic
materials that provide an alternative to Matrigel for use in vascular screening systems. In this

study poly (ethylene glycol) (PEG) hydrogels were developed to have defined characteristics
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including cell adhesion, modulus, degradation and local sequestration of soluble growth factors
from the environment [21]. In particular, a peptide mimicking vascular endothelial growth factor
receptor 2 (VEGFR2), which has been demonstrated to non-coavlently bind and sequester
soluble vascular endothelial growth factor (VEGF) [22, 23] was leveraged to overcome the
inhibitory effects of certain vascular disrupting compounds within our assay system as a possible
mechanism for modulating cell sensitivity to chemicals. The hydrogels also demonstrated
customization for use with endothelial cells derived from multiple sources (human umbilical vein
endothelial cells (HUVECSs) and endothelial cells derived from induced pluripotent stem cells
(IPSCs)), batch-to-batch reproducibility, and increased sensitivity over Matrigel for identifying
inhibited and non-inhibited vascular development scenarios. To validate the new screening
system, the synthetic hydrogel-based assay was compared directly to a Matrigel-based assay in

its ability to identify compounds from the EPA’s ToxCast™ chemical library.

3.4 Methods

3.4.1 Endothelial cell culture and maintenance

Human umbilical vein endothelial cells (HUVECs) were purchased from Lonza (Walkersville,
MD) and cultured in growth medium consisting of medium 199 (M199) (Mediatech Inc,
Manassas, VA) supplemented with EGM-2 Bulletkit (Lonza). The medium supplement
contained 2% fetal bovine serum as well as hydrocortisone, hFGF-B, VEGF, R3-IGF-1,
Ascorbic Acid, Heparin, FBS, hEGF, and GA-1000. Growth medium was changed every other
day and cells were passaged every 5—7 days. Cell passages were performed using 0.05% trypsin

solution (Thermo Fisher Scientific, Inc., Carlsbad, CA) and detached cells were recovered in
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M199 supplemented with 10% cosmic calf serum (Thermo Fisher Scientific, Inc., Carlsbad, CA).
All media was supplemented with 100 U/mL Penicillin/100 pg/mL Streptomycin (Thermo Fisher
Scientific, Inc., Carlsbad, CA). The cells were maintained in a humidified 37 °C incubator with

5% CO, and used between 5 and 16 population doublings in all experiments.

Induced pluripotent stem cell derived endothelial cells (IPSC-ECs) were purchased from Cellular
Dynamics International (Madison, WI) and cultured in full vasculife growth medium (Lifeline,
Plateville, WI). Culture flasks were coated with 30 pg/ml human plasma fibronectin (Corning)
for 30 minutes prior to use. Growth media was changed every other day and passaged every 3-4
days. Cells were detached using 0.05 % trypsin and recovered in basal media supplemented with
10 % cosmic calf serum. The cells were maintained in a humidified 37 °C incubator with 5%

CO; and used between 5 and 16 population doublings in all experiments.

3.4.2 PEG functionalization with norbornene

Modification of PEG molecules with terminal norbornene groups was performed using methods
similar to previous studies [24, 25]. Briefly, PEG-OH (20 kDa molecular weight, 8-arm,
tripentaerythritol core, Jenkem USA, Allen TX), dimethylaminopyridine and pyridine (Sigma
Aldrich, St. Louis, MO) were dissolved in anhydrous dichloromethane (Fisher Scientific,
Waltham, MA). In a separate reaction vessel, N,N’-dicyclohexylcarbodiimide (Thermo Scientific,
Waltham, MA) and norbornene carboxylic acid (Sigma Aldrich) were dissolved in anhydrous
dichloromethane and reacted for 30 minutes to activate the norbornene. Norbornene carboxylic
acid was covalently coupled to the PEG-OH through the carboxyl group by combining the PEG

solution and norbornene solutions and stirring the reaction mixture overnight under anhydrous
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conditions. Urea byproduct was removed from the reaction mixture using a glass fritted funnel
and the filtrate was precipitated in cold diethyl ether (Thermo Fisher Scientific, Inc., Carlsbad,
CA) to extract the norbornene-functionalized PEG (PEGNB). The precipitated PEGNB was
collected and dried overnight in a ceramic fritted filter. To remove impurities, the PEGNB was
dissolved in chloroform (Sigma Aldrich), precipitated in diethyl ether and dried a second time in
a buchner funnel. To remove excess norbornene carboxylic acid, PEGNB was dissolved in de-
ionized H,0, dialyzed in de-ionized H,O for 1 week and filtered through a Millex® 0.45 um
pore-size PVDF syringe filter (Millipore). The aqueous PEGNB solution was frozen using liquid
nitrogen and lyophilized. Functionalization of PEG was quantified using proton nuclear magnetic
resonance spectroscopy (NMR) to detect protons of the norbornene-associated alkene groups
located at 6.8—7.2 PPM. Functionalization efficiency for norbornene coupling to PEG-OH arms

was above 90% for all PEGNB used in these experiments.

3.4.3 Conjugating adhesion peptides to PEG

Lyophilized PEGNB was dissolved in DI- H,O at a 0.5 mM concentration and combined with
0.05% w/v Irgacure 2959 photoinitiator (I12959) (Ciba Specialty Chemicals, Tarrytown, NY) as
well as a 2x molar excess of either head-to-tail cyclized Arg-Gly-Asp-[d-Phe]-Cys (cyclic RGD,
Genscript, Piscataway, NJ) adhesion peptide; 2x molar excess of linear Cys-Arg-Gly-Asp-Ser
(CRGDS, Genscript, Piscataway, NJ); 2x molar excess of non-functional amidated Cys-Arg-
Asp-Gly-Ser scrambled adhesion peptide (CRDGS, Genscript, Piscataway, NJ); 3x molar excess
of amidated Cys-Glu-[d-Phe]-[d-Ala]-[d-Tyr]-[d-Leu]-Iso-Asp-Phe-Asn-Trp-Glu-Tyr-Pro-Ala-
Ser-Lys (VBP), or 3x molar excess of the non-functional scrambled VBP peptide Cys-Asp-[d-

Ala]-Pro-Tyr-Asn-[d-Phe]-Glu-Phe-Ala-Trp-Lys-[d-Tyr]-Iso-Ser-[d-Leu]-Glu. The mixtures
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were reacted under 365 nm ultraviolet (UV) light for 5 min at a dose rate of 4.5 mW/cm? to
covalently attach the peptides to norbornene groups via the thiol-ene reaction [26]. To remove
buffer salts and unreacted peptides from the decorated PEGNB, the reaction mixtures were
dialyzed in de-ionized H»O for 2 days. The dialyzed solutions were frozen in liquid nitrogen and
lyophilized. The coupling efficiency of peptides to the PEGNB was quantified using proton
NMR to detect disappearances of alkene protons at 6.8—7.2 PPM caused by covalent bonding of

the peptides to the norbornene group.

3.4.4 Patterned gold slides with hydrophobic and hydrophilic regions

Gold coated glass slides (EMF, Ithaca, NY) were sonicated in 100 % ethanol for 5 minutes and
immersed in a 0.1 mM FlouroSAM solution (HS-C;;-O-C,-(CF,)s-CF3, Pro Chimia, Sopot,
Poland) prepared in 100 % ethanol for 2 h protected from light at room temperature. This created
a hydrophobic region on the surface of the glass. A PDMS mask with the pattern of choice was
aligned with the gold slide and adhered to the surface. The exposed hydrophobic regions of the
mask were etched by surface plasma treatment using a Diener Plasma Treatment Chamber
(Diener Electronic, Ebhausen, Germany) at 40 sccm and 50 W for approximately one minute.
After etching, the PDMS mask was removed and slides were rinsed in 100 % ethanol. The etched
gold slide was placed into a 0.25 mM solution of [HS—C;;—(O-CH,—CH,);—OH] (EG3-OH) in
100% ethanol for 2 h at room temperature to create hydrophilic regions on the surface of the gold

slide.
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3.4.5 Glass slide silanization

Glass slides were sonicated for 45 minutes in 100 % acetone to remove any surface impurities.
Slides were rinsed three times in 100 % ethanol to remove excess acetone from the surface.
Cleaned glass slides were surface plasma treated using the Diener Plasma Treatment Chamber on
both sides of slides for 5 minutes at 40 sccm and 50 W. The activated slides were transferred to
2.5 % 3-mercatopropyl trimethoxylsilane (3-MPTS) (Sigma Aldrich) in toluene overnight. After
retrieval, samples were cleaned by subsequent rinses of toluene, 1:1 toluene: ethanol and three
rinses of 100 % ethanol respectively. Slides were cured in a nitrogen-purged pressure chamber at
100 °C for 1h. After curing, silanized glass slides were placed in an airtight container and

protected from light until use.

3.4.6 PEG hydrogel formulations

Hydrogels consisted of PEGNB molecules, PEG molecules preconjugated to RGD adhesion
peptides and VBP, MMP-degradable KCGGPQGIWGQGCK crosslinking peptide (Genscript)
and 12959 photoinitiator dissolved in 10 mM phosphate buffered saline (1x PBS). PEGNB,
adhesion peptide and VBP concentrations were adjusted to varying levels to achieve different
levels of stiffness, cell adhesion and VEGF-binding capabilities in the hydrogels. To vary cell
adhesion to the hydrogels, precoupled-PEGNB-CRGDS and PEGNB-RGDFC molecules were
added to the solutions to achieve desired adhesion peptide concentrations between 0-4 mM.
PEGNB-CRDGS molecules were added along with the functional adhesion molecules to provide
a total of 4 mM pendant adhesion peptide included in every solution. To vary VEGF binding to

the hydrogels, precoupled-PEGNB-VBP molecules were added to the solutions to achieve
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desired peptide concentrations of 0.3 mM VBP. To vary the modulus of the hydrogels PEGNB
was added at 40, 50 or 70 mg/mL concentrations and crosslinking molecules were added to the

solution to achieve crosslinking of 50% total norbornene functional groups present in solution.

3.4.7 Mechanical properties of PEG hydrogels

Shear modulus was measured in bulk samples of hydrogel spot formulations. To measure shear
modulus, 72 pL of pro-tubulogenic precursor solutions were pipetted into 8.0 mm diameter, 1.2
mm depth Teflon wells and cured for 8 seconds using 365 nm UV light at a 90 mW/cm? dose
rate. The resulting hydrogels were swollen in 1x PBS for 24 h and cut, if necessary, to a final
diameter of 8 mm using a hole punch. The samples were tested using an Ares-LS2 rheometer
(TA Instruments, New Castle, DE). A 20 g force was applied to the samples via parallel plate
crossheads and a strain sweep test at 1Hz fixed frequency was performed from 0.1 to 20% strain.
If the sample was not robust enough to withstand a 20 g force the gap between the parallel plates
of the rheometer was set to 1.0 mm distance instead. Complex shear modulus of each sample was

as the average of measurements taken at 10 Hz, 2 to10% strain.

3.4.8 Thin hydrogel arrays to identify hydrogels that promote vascular
network formation

To prepare the silanized glass slides for formation of the thin hydrogel arrays, samples were
treated in 10 mM dithiothreitol (Sigma) in 1x PBS at 37°C for 1 hour to increase the number of
free thiols on the surface of the slide. After incubation, slides were sequentially rinsed in 1x PBS,

100 % ethanol and dried with Nitrogen gas. Patterned gold slides were rinsed with ethanol and
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dried using N, gas. A PDMS spacer was applied to the surface of the gold slide to control the
height of the hydrogels. 0.8 uL of the prepared PEG solutions were pipetted onto the hydrophilic
spots of the glass slide in a humidity chamber. A silanized glass slide was slowly placed onto the
surface of the gold slide and transferred under a UV lamp. The hydrogel spots were exposed to
365 nm ultraviolet light at 4.5 mW/cm® for eight minutes. Following polymerization, the glass
slide was removed from the underlying gold slide. This resulted in a patterned hydrogel array on
the surface of the glass slide. Samples were stored in 1x PBS overnight at 4°C prior to

sterilization and seeding.

3.4.9 Labeling cells with Cell Tracker' * Red

One day prior to seeding the HUVECs/IPSC-ECs onto the hydrogel spots, the cells were stained
with cell tracker red to aid in automated tubulogenesis quantification. Briefly, the HUVECs were
rinsed in basal M199 for 5 minutes and stained with 1.3 uM Cell Tracker Red (Invitrogen) in
M199 for 45 minutes. Afterward, the cells were rinsed again in basal M199 for 5 minutes before

incubating in growth medium overnight to allow the cells to sufficiently recover.

3.4.10 Assembling and seeding hydrogel arrays

On the day of culture, the arrays were assembled within a three chamber Proplate Isolator
assemblies (Grace Bio-labs, Bend, OR). Arrays were allowed to warm to room temperature and
removed from the 1x PBS rinse. Arrays were subsequently sterilized by immersion in 70%
ethanol for 30 minutes, followed by two rinses in 1x PBS. Residual PBS was carefully aspirated

from the regions surrounding the hydrogel spots to guarantee adherence to the grace bio isolators.
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Using sterile technique, the hydrogel arrays were subsequently assembled within the Grace Bio
Isolator system and the individual wells were bathed into basal M199 until use. Cell Tracker Red
stained cells were removed from the incubator and subsequently rinsed with 1x PBS. Cells were
passaged by incubating the cells in 0.05% trypsin (Hyclone) for 5 minutes, quenching the
enzyme through addition of basal M199 with 10 % cosmic calf serum, subsequently counted and
resuspended to give a cell count of approximately 85,000 cells/cm”. Residual media was
removed from the assembled arrays and replaced with the resuspended cell solution. When
seeding HUVECs the cells were resuspended in M 199 containing either 0, 5 or 10 ng/ml VEGF
and EGM2 (without VEGF) (Figure 1D). When seeding IPSC-ECs the cells were resuspended in
full Vasculife growth medium supplemented with 0, 5 or 10 ng/mL additional VEGF. After
seeding, the assembled constructs were transferred to a 37° C incubator for 72 hours. During this
period, hydrogel spots were imaged using a Nikon Ti inverted florescent microscope and
individual spots were subsequently qualitatively scored on their ability to promote tubule
formation (Figure 1D). Briefly, spots were qualitatively assigned a score from 0 — 3 where: 0 =

no adhesion; 1 = low cell adhesion; 2 — monolayer formation; and 3 = network formation.

34.11 Adapting hydrogels for use in 96-well plates
To ensure substrate stability and repeatable network area measurements in 96-well Angiogenesis
plates (Ibidi, USA, Madison WI) photoinitiator concentration, solution volume and cell seeding

density were optimized.

For all hydrogel formation and cell seeding operations screening arrays were constructed as

follows: the 96-well angiogenesis plates were coated using 150 - 300 kDa poly(L-lysine) (PLL,
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Sigma Aldrich). A 1 mM solution of PLL in de-ionized H,O was pipetted into the wells at 8 uL.
volume to evenly coat the bottoms of the wells. After 5 minutes incubation at room temperature,
the solution was aspirated from all wells. Each well was then washed with de-ionized H,O three
times before drying. Hydrogel solutions identified as enabling vascular network formation were
pipetted into the wells, cured for 8 minutes under 365 nm, 4.5 mW/cm? UV light and swollen in
70 uL 1x PBS overnight. Afterward the PBS was aspirated and replaced with 35 pL media
(network-forming media was identified in the thin-hydrogel screening experiments) by itself, or
containing vehicle or inhibitors at desired concentrations. Cell suspensions were added as 35 uL.
volumes on top of the other 35 pL media. Cells were left undisturbed for 24 hours when vascular
networks were photographed by epifluorescence and phase-contrast microscopy using a Nikon

Eclipse microscope.

To enhance substrate stability in the 96 well plates photoinitiator concentration was increased
from the original 0.05% wt/volume concentration used in the thin hydrogel arrays to 0.1, 0.2 and
0.4% wt/volume. Hydrogel stability was measured as swollen diameters of hydrogels retrieved
from the 96 well plates. Test hydrogels were cured as 8 uL volumes per well using the
aforementioned array assembly procedure. A 3.5 mm diameter hole punch was used to retrieve
hydrogel samples from the wells before the diameter of the samples was measured using a
micrometer. Unstable hydrogels were evaluated as having the largest diameters after removal

from the wells, indicating high swelling at equilibrium.

To reduce the impact of meniscus formation on image of vascular networks 7, 8 9 and 10 pL
volumes of hydrogel were cured in the well plates using the aforementioned array assembly
procedure. The hydrogels contained 0.2% w/v photoinitiator as was found to be the optimal

concentration in the swelling experiments. HUVECs were stained with cell tracker red and
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seeded at a density of 1.2 x 10° cells/cm? onto the hydrogels. Meniscus formation was evaluated
by observing in-focus and out-of-focus areas in a typical image of HUVEC network formation

24 hours after seeding.

To ensure the consistent formation of vascular networks in the arrays HUVEC seeding density
was explored at 1.2 x 10° cells/cm?® 1.8 x 10’ cells/cm? and 2.4 x 10° cells/cm®. IPSC-EC
seeding density was also explored at 1.8 x 10° cells/cm?, and 2.4 x 10’ cells/cm”. Here hydrogels
were pipetted into the wells as 9 uL. volumes as was determined to be optimal for meniscus

reduction. Network formation was evaluated 24 hours after seeding.

3.4.12 Vascular inhibitor treatment on synthetic hydrogel and
Matrigel culture systems

Synthetic hydrogel and Matrigel conditions were included in the screening arrays as follows:
synthetic hydrogels were added to the 96 well plates in 9 uL volumes with HUVECsS seeded at a
density of 2.4 x 10° cells/cm? and IPSC-ECs seeded at a density of 1.8 x 10’ cells/cm’. Matrigel
was added to the 96 well plates in 10 uLL volumes and incubated in a humidified 37°C incubator
for 30 minutes. Afterward either HUVECs or IPSC-ECs were seeded at a density of 1.2 x 10’
cells/cm? using the aforementioned seeding procedure in 96 well plates. Network formation was
evaluated 24 hours after seeding in the 96 well plates. To conduct timelapse microscopy of
HUVEC network formation on synthetic hydrogels or Matrigel HUVECs were seeded onto
substrates as dictated for the initial inhibitor screens, treated with 0.2% DMSO in media,

incubated on an environmentally controlled stage on the Nikon TI Eclipse microscope to match
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atmospheric conditions of a humidified 37°C incubator and photographed every 15 minutes using

phase contrast microscopy.

In the Z-prime test for assessing accuracy the of the synthetic hydrogel and Matrigel screening
systems PEG and Matrigel substrates were formed in separate 96 well plates. Each plate was
divided into four 24 well corners with 0.1% DMSO controls occupying two opposite corners and
20 uM Sunitinib controls occupying the other two opposite corners. From each data set a Grubbs
Test was performed on the DMSO and Sunitinib groups for outlier removal prior to the

application of the Z’ equation to each data set.

The optimized PEG formulations with or without a VEGF binding component were compared
directly to growth factor reduced Matrigel using an initial panel of five inhibitors i.e. 1)
Vatalanib — a clinically tested inhibitor to vascular endothelial growth factor receptor activity
[27] 2) SU5416 — a clinically approved inhibitor of vascular endothelial growth factor receptor
activity [28]; 3) soluble fms-like tyrosine kinase 1 (sFlt-1) — an antagonist of VEGF and
placental growth factor [29-31]; 4) Anti-VEGF — a human monoclonal antibody to bind soluble
VEGEF [32]; 5) Sunitinib, a clinically approved inhibitor of vascular endothelial growth factor
receptor activity [33, 34]. Endothelial cells were additionally treated on PEG and Matrigel
substrates with inhibitors acting independently of VEGF signaling, including 1) Prinomastat
HCL - an antagonist to the activity of MMPs 2, 3, 9, 13, and 14; and 2) Suramin HCL, an

inhibitor to EGF, PDGF and TGFp signaling [19].
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3.4.13 Identifying putative vascular inhibitors from Toxcast'
chemical library

To demonstrate the capability of the screening system to identify vascular inhibitors from a
library of unknown chemical compounds samples from the Toxcast® library of chemicals were
applied to HUVECs similarly to the known vascular inhibitors screened on the 96 well plate. Of
the 4000 compounds provided from the library 53 were selected by the EPA as a number of
control conditions, though the identities of the chemicals were not made known until after the
experiments concluded. The stock solutions from the library were diluted using tubulogenic
media at a 1:1000 dilution prior to their additions into the screening system. Each compound was
tested in the network formation assay in triplicate experiments. Total network area was
quantified in each well of the compound plates. Inhibitors were identified as compounds that
resulted in network areas 2 standard deviations away from the mean area of the 0.2% DMSO-
treated control wells of each plate. Compounds identified as inhibitors in a majority of the

triplicate plates were counted as inhibitors in the synthetic hydrogel and Matrigel systems.

3.5 Results

3.5.1 Identifying synthetic hydrogel formations that promote vascular
network assembly

Synthetic poly(ethylene glycol) (PEG) hydrogels were designed to mimic properties of the native
extracellular matrix (ECM) that are critical to modulating vascular network formation by
endothelial cells. These properties included presentation of integrin-binding adhesion ligands,

varying substrate modulus and the ability to non-covalently sequester soluble growth factors
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(Figure 1A). The inclusion of CRGDS and cyclized RGDFC (cyclic RGD) adhesion peptides
modulated cell adhesivity to the hydrogels through a RGD amino acid motif commonly present
in integrin-binding ECM proteins such as laminin, vitronectin, and fibronectin [35-37]. The
mechanical properties of the hydrogels were modulated by tuning concentrations of norbornene-
functionalized 20 kDa, 8-arm PEG (PEG-NB) and crosslinking molecules within the hydrogel.
All hydrogel solutions were polymerized using a crosslinking peptide KCGGPQGIWGQGCK
that is degradable by cell-secreted matrix metalloproteinases (MMPs) [38], thereby enabling cell-
mediated degradation and remodeling of the hydrogel substrates. All peptides included in the
hydrogels are covalently attached to PEG via the thiol-ene reaction [26], a photopolymerization
reaction that couples thiols present in cysteine residues to norbornene groups on the PEG
molecules. Taken together these hydrogels present a set of cell-signaling cues that is simple

compared to the complex microenvironment presented by Matrigel.

3.5.2 Identifying optimal microenvironments to promote vascular
network formation

Cell culture environments were systematically varied to elucidate appropriate conditions for
promoting vascular network assembly by HUVECs. Defined properties of the culture
environments included hydrogel substrate stiffness within a range of 400 (soft), 1100 (medium)
and 2400 (stiff) Pa (Figure 1E, Supp. Fig. 1), adhesion ligand presentation and identity in the
substrate as well as VEGF concentration in media. A thin hydrogel array (Figure 1B) was
employed to enable rapid testing of a large number of culture conditions with minimal use of
material spent per condition (0.8 uL precursor solution per hydrogel spot) [39, 40]. Successful

conditions supported vascular network formation in less than 24 hours after seeding (Figure 1C)
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and maintained network stability over 48 hours (Figure 1E). Overall, 300 potential culture
conditions (1,200 individual hydrogel spots) were screened in this study (Figure 1E). Across the
range of conditions tested, one condition was identified as a successful network-forming
condition in HUVECs (Figure 1E). The identified hydrogel substrate contained 40 mg/mL PEG,
0.125 mM cyclic RGD, and 4 mM crosslinking peptide. The 400 Pa shear modulus of the
substrate fell approximately in the average modulus range of the Matrigel substrates [16, 17].
Soluble VEGF as included in media at a 5 ng/mL concentration to induce vascular network
formation on the substrate. The condition defined here reproducibly formed vascular networks in

approximately 6 to 8 hours (Figure 1C) and remained stable for 48 hours.

To enable investigations of the role of growth factor sequestration on inhibitor sensitivity
additional conditions were identified as promoting vascular network formation in the presence of
a VEGFR2-mimicking peptide (aka VEGF binding peptide (VBP)) to the hydrogels. HUVECs
were seeded onto thin hydrogel arrays, as above, where the concentration of cyclic RGD was
varied within a range of 0 to 0.25 mM concentrations and VBP was included in the hydrogel at a
concentration of 0.3 mM. Here, one condition with a substrate containing 40 mg/mL PEG, 0.25
mM cyclic RGD, 4 mM crosslinking peptide, and 0.3 mM VBP as well as 5 ng/mL rhVEGF

included in media promoted stable vascular network formation which lasted 48 hours in culture

(Supp. Fig. 2).

To demonstrate the capability of the synthetic culture system to investigate vascular network
formation for multiple endothelial cell types, endothelial cells derived from human induced
pluripotent stem cells (IPSC-ECs, Cellular Dynamics International, Madison, WI) were seeded
onto a thin hydrogel array identical to those initially used to induce network formation by

HUVECs. These conditions did not contain VBP. In contrast to HUVECs, IPSC-ECs formed
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networks on multiple hydrogel substrates rather than one specific condition. These hydrogels
spanned multiple substrate moduli, adhesion molecule species and concentrations as well as
soluble VEGF concentrations in media. This indicates that differing micro-environmental
conditions induce network formation by differing cell types (Figure 1E). For future experiments
IPSC-EC network formation was induced in a culture condition with a substrate containing 40
mg/mL PEG, 1.0 mM CRGDS and 4 mM crosslinking peptide as well as 10 ng/mL thVEGF

included in media.

HUVECs and IPSC-ECs were labelled using CD31 antibody (Millipore), Cell Tracker Red and
DAPI nuclear stain and photographed under epifluorescence and confocal microscopy to confirm
the interconnectivity of vascular networks formed in the synthetic hydrogel and Matrigel culture
systems. Images showed the organization of cells into clearly branching, interconnected
networks for both cell types and on both synthetic hydrogels and Matrigel (Figure 1D, Figure
2A). Though lumen did not form over the course of the experiments described here, all
endothelial cells displayed a clear ability to migrate and develop cell-cell contacts that contribute

partly to the process of angiogenesis in vivo (Figure 1C).
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Chapter 3: Figure 1. An endothelial cell culture system identifies environments that enable
vascular network formation on synthetic PEG-based hydrogels. (a) Schematic of endothelial cell
seeded on synthetic hydrogels and Matrigel. (b) Thin hydrogel arrays and arrays assembled with
3-well ProPlate® Cell Culture Isolators. (c) Left: Vascular network formation on synthetic
hydrogels and Matrigel over time. Right: Typical vascular networks formed on synthetic
hydrogels and Matrigel 24 hours after seeding. (d) Qualitative scoring system for HUVEC
network formation and heat map showing initial screening results for HUVEC and IPSC-EC
network formation. Conditions highlighted in violet borders denote environments that enabled
HUVEC network formation within 24 hours after seeding and maintained structural integrity
over the 48 hour culture period. Red: Cell Tracker Red.

3.5.3 Establishing utility of network-inducing and VEGF-binding
hydrogels for inhibition assays

When compared directly to Matrigel, vascular screening systems utilizing synthetic hydrogels
were found to be superior in accurately distinguishing between normal vascular networks and
networks disrupted using a known vascular inhibitor Sunitinib, as quantified using the Z’ score

(Equation 1).

3(SD of sample + SD of control)

Z'=1-
|mean of sample — mean of control|

Chapter 3: Equation 1. Z’ calculation

Hydrogel formulations identified as enabling vascular network formation were adapted for use in
96-well Angiogenesis Plates (Ibidi, Martinsreid, Germany). Photoinitiator concentration,
hydrogel solution volume and cell seeding density were adjusted and all future chemical
screening experiments were performed using this screening format (Supp. Figure 3). To perform
the Z’ test HUVECs cultured in the synthetic hydrogel and Matrigel screening systems were
treated using 0.2% v/v DMSO in media as vehicle in non-inhibited control wells while cells in

the inhibited wells were treated using 20 uM Sunitinib in media (Figure 2B). Network formation
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in the inhibited and non-inhibited conditions was quantified as total network area after structure
identification and thresholding in NIS Elements (Figure 2C). On synthetic hydrogels differences
in the means as well as the standard deviations of the treatment conditions resulted in a Z’ score
of 0.66 which is considered to indicate an excellent assay (Z’ score> 0.5) [41]. The test was
performed on Matrigel and resulted in a Z’ score of -0.74, indicating that inconsistencies in the
assay interfere with the identification of inhibiting and non-inhibiting culture conditions in a

high-throughput setting (Figure 2D).

After the Z’ test confirmed inhibitor detection in HUVEC networks, the Z’ test was repeated to
evaluate the detection of IPSC-EC network inhibition. IPSC-ECs seeded on the synthetic
hydrogel and Matrigel substrates were prone to increased spreading compared to HUVECs
(Figure 2A, B) and resulted in lower Z-prime scores on both synthetic hydrogels and Matrigel:
0.20 and -1.06 respectively (Figure 2D). Due to superior Z’ scores HUVEC networks were used
in future experiments to evaluate the effects of known and unknown angiogenesis inhibitors on

vascular network formation.
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Chapter 3: Figure 2. Visualization and quantification of vascular networks on synthetic
hydrogels and Matrigel. (a) Confocal microscopy images of HUVECs and IPSC-ECs forming
networks on synthetic versus Matrigel substrates. Insets: Enhanced magnification of
multicellular structures. Scale bar: 0.2 mm (b) HUVECs and IPSC-ECs seeded on synthetic and
Matrigel substrates form vascular networks in DMSO-treated conditions. Network formation is
disrupted by Sunitinib treatment. (¢) HUVEC networks on synthetic and Matrigel substrates are
identified by thresholding fluorescence intensity and object size. Network formation is quantified
as total object area per substrate. (d) Vascular network formation in synthetic hydrogel and
Matrigel systems is quantified and subjected to the Z’ test to verify their efficacy of as toxicity
screening systems. Red: Cell Tracker Red.
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3.5.4 HUVEC sensitivity to known vascular inhibitors on synthetic
hydrogels and Matrigel

HUVECs seeded onto synthetic hydrogels demonstrated increased sensitivity to a number of
known inhibitors in comparison to cells seeded on Matrigel. Known inhibitors to VEGF
signaling were applied to HUVEC networks in synthetic hydrogel and Matrigel screening
systems to evaluate their ability to detect network disruption across a broad range of inhibitor
concentrations. Inhibitors included Vatalanib®, Semaxanib®, Sunitinib®, a soluble flt-1 (sFlt-1)
receptor antibody, and a recombinant antibody to VEGFA (anti-VEGF). With the exception of
Vatalanib HUVECs were responsive to the vascular inhibitors in a wider range of conditions on
synthetic hydrogels than on Matrigel (Figure 3B, Supp. Fig. 4A). Notably, in all concentrations
tested anti-VEGF, and Sunitinib inhibited vascular network formation in the synthetic screening

system.

Due to the decreased detection of inhibitory activity by the Matrigel screening systems we
hypothesized that the capability of naturally-derived matrices to non-covalently bind and
sequester growth factors helped to overcome the ability of the VEGF inhibitors to affect VEGF
signaling in HUVECs. To investigate this possibility, synthetic hydrogels were functionalized
with VBP to enable non-covalent binding and sequestration of soluble VEGF from surrounding
media (Figure 3A). HUVECs seeded on the VBP-modified synthetic hydrogels showed little
response to the added panel of known VEGF inhibitors used previously as network areas

deviated little from non-inhibited control networks (Figure 3B, Supp. Fig. 4A).
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3.5.5 Exploring the effects of VEGF-independent inhibitors on network
formation

A common source of error in drug discovery is the failure of screening platforms to model the
multiple mechanisms that drive angiogenesis [42, 43]. Limiting drug targets to those that disrupt
VEGF and its receptors has been implicated in the limited long term efficacy of anti-angiogenic
therapies. Here, we demonstrated the ability to explore multiple mechanisms of inhibition within
the synthetic hydrogel system. Known inhibitors independent of VEGF signaling were applied to
HUVECsS: Prinomastat HCL, a broad-base inhibitor to matrix metalloproteinases 2, 3, 9, 13, and
14, and Suramin HCL, an inhibitor to EGF, PDGF and TGFf signaling [19] that has
demonstrated an ability to solubilize Matrigel substrates [20]. On synthetic hydrogels HUVECs
responded to Prinomastat HCL treatment by assembling into confluent cell sheets rather than
well-defined vascular networks. HUVECs plated on Matrigel did not show appreciable
morphological changes from vehicle controls at most doses of Prinomastat HCL (Supp. Fig. 4B).
Additionally the presence of VBP in synthetic hydrogels did not interfere with the inhibitory
effects of Prinomastat HCL, suggesting that Prinomastat acts independently of VEGF signaling
on the synthetic hydrogels (Figure 3B). Taken together these results suggest that substrate
degradation is necessary for network formation on hydrogels, and that systems with defined
matrix metalloproteinase-mediated degradation modes can model the inhibitory activity of
protease inhibitors. In contrast Matrigel cannot model this activity due to its poorly defined

degradation modes.

In vascular inhibition studies it was noted that, as per Progozhina et al., there were a potential
number of compounds which disrupt vascular networks via to Matrigel dissolution including

Suramin Hydrochloride [20], resulting in the identification of a number of false inhibitory
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compounds. Here treatment with Suramin Hydrochloride resulted in dose-dependent disruption
of HUVEC networks on Matrigel as well as dissolution of the Matrigel. In contrast, Suramin
Hydrochloride treatment on synthetic hydrogels resulted in little morphological impact on
vascular networks, suggesting the inhibitory effect was almost exclusively attributed to substrate

dissolution (Supp. Fig. 6).
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Chapter 3: Figure 3. Concentration-dependent inhibition of vascular network formation by
known vascular inhibitors. (a) Schematics of synthetic hydrogels functionalized with RGD
(synthetic), RGD and VBP (VBP+), and MatrigelTM. (b) Sensitivity of HUVECsS to inhibitors is
compared between the synthetic, VBP+ and Matrigel™ systems. Inhibited samples (+) have a p-
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value < 0.05 by One-way ANOVA followed by Dunnet multi-comparisons analysis compared to
the DMSO/1X PBS control conditions depending on the vehicle of the inhibitor.

3.5.6 Differential network formation processes on synthetic hydrogels
and Matrigel

The synthetic hydrogel demonstrated a different vascular assembly process to that of the vascular
networks formed on Matrigel. Timelapse microscopy was utilized to evaluate network formation
over the course of 24 hours after HUVEC seeding. On synthetic hydrogels HUVECs did not
immediately spread on the gel surfaces, but instead migrated to the closest possible neighbors to
immediately define the vascular branching networks. As a result, networks formed within 6-8
hours after seeding. In contrast cells on Matrigel spread upon substrate attachment to form
continuous cell sheets. Afterward, the sheets would contract into elongated structures over the
course of 18 hours after seeding. The differing mechanisms of network formation between
synthetic hydrogels and Matrigel may contribute to the differential responses to vascular network
inhibition in the culture systems. Specifically, the networks of contracted cell sheets that exist on
Matrigel may resist inhibitor-induced structural disintegration more than the cell networks on
synthetic hydrogels, resulting in more dramatic inhibitory effects quantified in synthetic systems

and more sensitive inhibitor detection (Figure 1C).

3.5.7 Identifying inhibitory compounds from ToxCast' " compound
library

The synthetic hydrogel-based screening system demonstrated the ability to detect an increased

number of putative vascular disrupting compounds from a library of 53 unknown chemical
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compounds when compared to the Matrigel system. In these assays vascular network inhibition
was evaluated by quantifying total areas vascular networks treated with unknown compounds
and comparing them to mean areas of control networks treated with 0.2% DMSO in media.
Specifically networks with areas greater than 2 standard deviations away from the mean of
control areas were counted as being inhibited by the candidate compound. All tests were
performed in triplicate and compounds that resulted in inhibition for a majority of replicates were
counted as inhibitors. After 24 hours culture the synthetic hydrogel system detected 18
compounds as inhibitors whereas the Matrigel platform detected 9 compounds as inhibitors. Of
the detected compounds 8 were detected as inhibitors by both the synthetic hydrogel and
Matrigel systems (Figure 4). To determine why some inhibitors were detected on one screening
platform but not both, fluorescence micrographs of inhibitor conditions were compared between
synthetic hydrogels and Matrigel. Inhibitors 8, 9, 16 and 40 resulted in the formation of broad
sheets on synthetic hydrogels but did not impede network formation on Matrigel. Inhibitor 10
resulted in network disruption on Matrigel while structures on synthetic hydrogels were
insufficiently affected to be identified as inhibited networks. Inhibitors 11 and 19 disrupted
network coherency on synthetic hydrogels but did not impede network formation on Matrigel.
Inhibitors 18, 21, 38 and 48 resulted in network disruption on both synthetic hydrogels and
Matrigel, but the cells on Matrigel remained clustered together and were therefore falsely

detected as intact vascular structures (Supp. Fig. 7).

Synthetic Matrigel Merge

D Non-inhibitor
. Synthetic Inhibitor
. Matrigel Inhibitor

. Synthetic and Matrigel Inhibitor




60

Chapter 3: Figure 4. Identification of vascular inhibitors from an unknown library of 53
candidate inhibitory compounds in a synthetic hydrogels screening system, a Matrigel system,
and both systems identified inhibiting compounds based on whether total areas of inhibitor-
treated vascular networks are two standard deviations above or below the mean of DMSO-
treated network areas.

3.6 Discussion

Generation of novel methods for drug discovery, disease modeling and toxin screening is
essential to accurately predict human biological responses to chemical exposure. Current models
of chemical exposure are failing to accurately predict these responses and global efforts are
targeted towards creating improved human tissue models with a reduction in the current
overreliance of animal models. In particular, regulatory bodies such as REACH in the EU, the
NIH NCATS program, the FDA, EPA Star Program in the U.S., and other global organizations
are encouraging reduction and replacement of animal testing [44, 45]. Here an enhanced
throughput array-based screening method identified multiple vascular network-forming synthetic
hydrogels which demonstrated superior properties to the Matrigel network formation assay. The
synthetic systems provided a defined microenvironment with increased sensitivity to vascular
disrupted compounds compared to the Matrigel substrate. Presence of locally bound sequestered
growth factors, undefined material components and the need for precise temperature control are
circumvented through the use of the synthetic, photopolymerized hydrogel. Collagen and fibrin
gel systems are often used to replace Matrigel but suffer from similar pitfalls e.g. lot-to-lot
variation, defined temperature control and derivation from non-human origins [46, 47]. With the
synthetic hydrogel system it is possible to define substrate modulus, degradability, adhesion
ligand presentation and the presence of growth factor sequestering moieties to a degree that is

difficult to achieve using a Matrigel-based system. Additionally, control of the stiffness of the
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underlying matrix allowed IPSC-ECs to form vascular networks in increasingly stiff
microenvironments. This would allow endothelial cells to be studied in models of healthy,
developing and diseased microenvironments [48]. Used in combination with the vascular
screening developed here IPSC’s derived from different patient subpopulations would provide a

diverse model for future screening approaches.

Building upon this initial assay, using a bottom-up approach it is possible to generate
increasingly complex microenvironments to culture numerous cell types, model distinct aspects
of their environment and understand the contribution of each factor to tissue assembly. This has
been demonstrated in a number of assays of increasingly complex biological assemblies such as
neurite outgrowth models, cellular migration assays and neural organoid models. Synthetic
materials would allow the roles of individual signaling cues from the extracellular matrix to be
elucidated during drug discovery and toxicity profiling and would lend themselves to in-silico
models for predictive biological responses [44, 49]. Relevance to in-vivo mechanisms toward
vascular network formation is a particular concern in mechanistic studies of angiogenesis and
drug screening. The physiological relevance of Matrigel as a culture substrate is often called into
question as the formation of vascular networks is not specific to endothelial cells. Multiple non-
endothelial cell types including melanoma, gliablastoma and breast cancer cell lines, retinal
epithelial and lens cells, murine Leydeg cells and human fibroblasts [14, 50-52] have formed
cellular networks resembling vasculature, and it has been suggested that these networks form via
cell traction and malleability of the matrix [52] rather than relevant mechanisms of vascular
morphogenesis (Figure 1C). Though this non-endothelial effect in cancer cells has been
attributed to its similarity to an in vivo process dubbed vasculogenic mimicry [53, 54], processes

such as these can generate misleading insights on vascular network formation as well as
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inhibitory activities vascular disrupting compounds. Our findings from observing vascular
network formation on synthetic and Matrigel substrates corroborate these doubts about the
physiological relevance of Matrigel, as we observed drastically distinct mechanisms of de novo
vascular network formation on the synthetic and Matrigel systems over time. Cell migration and
multicellular vessel assembly demonstrated by HUVECs on synthetic hydrogels may resemble
angiogenic processes more closely than monolayer contraction on Matrigel and therefore provide
a more physiologically-relevant scenario to investigate vascularization mechanisms and drug

activities [55].

In future studies candidate compounds can be passed through an initial sensitive screening
system such as the one described here and then sequentially passed through a series of more
complex models for increasingly rigorous evaluations of inhibitory compounds. In particular the
activity of VBP in modulating endothelial cell sensitivity to VEGF inhibitors can be
mechanistically investigated in a controlled synthetic hydrogel system. Taken together we
predict that the use of synthetic hydrogel-based culture systems will ultimately lead to a
significant reduction in false positives and false negatives in drug and toxicity screening, a
reduction in compounds taken to preliminary animal testing and therefore an overall reduction of

cost in the screening process.
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HUVECs
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Chapter 3: Supplemental Figure 2. A narrow set of conditions comprising 40 mg/mL PEG, 0 —
0.25 mM RGD were tested in the thin-hydrogel screening system to identify HUVEC network-
forming conditions on VBP-functionalized synthetic hydrogels.
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Chapter 3: Supplemental Figure 3. Synthetic PEG hydrogels optimized for use in 96-well
angiogenesis plates. Arrowheads indicate parameters used in inhibitor screening studies. (a)
Dependence of hydrogel swelling ratio on photoinitiator concentration in the hydrogels. Swelling
ratio was taken as ratio of sample diameter compared to the 3.5 mm diameter of the biopsy
punch that extracted the samples. Columns in each photoinitiator condition represent swelling
ratios measured in the individual rows of the 96 well plate to indicate spatial effects on swelling
ratio. (b) Identifying hydrogel volumes that minimize meniscus formation and the appearance of
out-of-focus areas in network images. (¢) Identifying cell seeding densities that result in
interconnected vascular networks. Red: Cell Tracker Red.
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Chapter 3: Supplemental Figure 4. Fluorescent micrographs comparing HUVEC networks on
synthetic hydrogel and Matrigel systems. Endothelial cells were treated with inhibitors to (a)
VEGEF signaling and (b) Prinomastat HCL as an inhibitor to MMP activity. VEGF inhibitors
demonstrate network disruption on synthetic hydrogels but not Matrigel at many inhibitor
concentrations. Prinomastat HCL disrupts vascular network formation on synthetic hydrogels at
all treatment concentrations but permits network formation on Matrigel at multiple
concentrations. Red: Cell Tracker Red.
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Chapter 3: Supplemental Figure 5. Fluorescent micrographs comparing inhibitor-treated
HUVEC networks on synthetic hydrogels and VBP-functionalized hydrogels. The presence of
VBP in hydrogels nullify effects of VEGF inhibitors. Red: Cell Tracker Red.
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Chapter 3: Supplemental Figure 6. Fluorescent micrographs comparing Suramin-treated
HUVEC networks on synthetic hydrogels and Matrigel. Suramin dissolves the Matrigel substrate
at concentrations of 70 uM and 17.5 uM. Identical concentrations of Suramin on the synthetic
hydrogels have little to no effect on vascular network morphology and do not compromise

substrate integrity to the same degree as on Matrigel. Red: Cell Tracker Red.
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Chapter 3: Supplemental Figure 7. Examples of compounds identified as inhibitors by either
the synthetic or Matrigel systems but not in both systems. Red: Cell Tracker Red.
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Chapter 4:

Differential effects of cell adhesion, modulus and VEGFR-2
inhibition on capillary network formation in synthetic hydrogel
arrays
Eric H. Nguyen, Matthew R. Zanotelli, Michael P. Schwartz, William L. Murphy. Differential

effects of cell adhesion, modulus and VEGFR-2 inhibition on capillary network formation in
synthetic hydrogel arrays. Biomaterials, 2014. 35(7): p. 2149-2161.

4.1 Preface

In chapter 3 we described an approach to simultaneously tune cell adhesivity and modulus of
poly(ethylene glycol) hydrogels to modulate vascular network formation on hydrogel surfaces. In
this chapter, the purpose of these studies was to develop a screening array platform that enabled
three dimensional culture of dispersed human umbilical vein endothelial cells in similarly
customizable hydrogels and study how combinatorial changes in the cell microenvironment
impacted pro-angiogenic endothelial cell behavior. Changes in cell viability, proliferation and
tubule network formation were explored with combinatorial changes to cell adhesion, hydrogel
modulus and inhibition of VEGF signaling. While individual cell behaviors were differentially
affected by the various microenvironments explored in the arrays, the wide range of hydrogel
conditions explored in these studies revealed unique situations where vascular inhibiting
compounds enhanced vascular network stability rather than prevent network formation. This
study established techniques for systematically screening and analyzing vascular network

formation in large numbers of three dimensional environments.
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4.2 Abstract

Efficient biomaterial screening platforms can test a wide range of extracellular environments that
modulate vascular growth. Here, we used synthetic hydrogel arrays to probe the combined
effects of Cys-Arg-Gly-Asp-Ser (CRGDS) cell adhesion peptide concentration, shear modulus
and vascular endothelial growth factor receptor 2 (VEGFR?2) inhibition on human umbilical vein
endothelial cell (HUVEC) viability, proliferation and tubulogenesis. HUVECs were encapsulated
in degradable poly(ethylene glycol) (PEG) hydrogels with defined CRGDS concentration and
shear modulus. VEGFR?2 activity was modulated using the VEGFR2 inhibitor SU5416. We
demonstrate that synergy exists between VEGFR2 activity and CRGDS ligand presentation in
the context of maintaining HUVEC viability. However, excessive CRGDS disrupts this synergy.
HUVEC proliferation significantly decreased with VEGFR2 inhibition and increased modulus,
but did not vary monotonically with CRGDS concentration. Capillary-like structure (CLS)
formation was highly modulated by CRGDS concentration and modulus, but was largely
unaffected by VEGFR?2 inhibition. We conclude that the characteristics of the ECM surrounding
encapsulated HUVECsS significantly influence cell viability, proliferation and CLS formation.
Additionally, the ECM modulates the effects of VEGFR2 signaling, ranging from changing the
effectiveness of synergistic interactions between integrins and VEGFR?2 to determining whether

VEGFR?2 upregulates, downregulates or has no effect on proliferation and CLS formation.

4.3 Introduction
Angiogenesis is the growth of new vascular networks from existing blood vessels [1, 2], and

controlling the growth of functional vasculature in biomaterials is critical to developing
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functional tissue constructs. Perhaps the most well-studied mediator of angiogenesis is Vascular
Endothelial Growth Factor (VEGF), which activates signaling cascades through VEGF receptor
2 (VEGFR2) that promote endothelial cell proliferation [3, 4] and survival [S]. When presented
as a concentration gradient, VEGF directionally guides the formation of new vasculature through
cell migration and tubule formation [1, 6]. An additional controller of cell viability [7-9],
migration [10], proliferation [11] and tubulogenesis [12] is the extracellular matrix (ECM), but
there is currently a limited understanding of how the ECM and VEGFR2 activity jointly
modulate angiogenesis. Understanding how the extracellular matrix modulates VEGF-driven
vascular growth is critical to understanding healing and developmental processes as well as

evaluating the effectiveness of drugs designed to modulate angiogenesis.

Though the role of ECM in modulating VEGFR2 activity is not fully understood, there is
evidence that VEGFR?2 activity is influenced by integrin binding and extracellular matrix rigidity.
Binding of a5B1 as well as avp3 integrins to extracellular matrix proteins such as fibronectin and
collagen elevates VEGF and VEGFR-2 activity in endothelial cells [13-16], and RhoA and
ROCK phosphorylation increase VEGFR2 activity in endothelial cells that exist in stiffer
environments [17, 18]. With these findings, it is reasonable to hypothesize that unusual
extracellular environments such as growing tumors can lead to aberrant vascular growth. Tumor-
associated endothelial cells have been shown to overexpress integrins relative to endothelial cells
in normal tissue [19], and the ECM in cancerous breast tissue is stiffer than ECM in healthy
breast tissue due to increased protein deposition [20-22]. These effects are likely to result in
differing VEGFR?2 activity between wound healing sites, developing tissues or tumors. Detailed
studies of cell-ECM interactions during angiogenesis can be conducted via in-vitro

experimentation, but so far most studies of in-vitro angiogenesis have limited control over
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extracellular environments due to the use of naturally-derived materials as matrices. Additionally,
in-vitro studies of angiogenesis are usually performed using low throughput experimentation
techniques. These experimental formats result in a limited ability to control specific ECM
properties and attribute specific, combinatorial modifications to the ECM directly to changes in

cell behavior.

Much of what is known about cell-ECM interactions has been discovered in two-dimensional
(2D) environments where surfaces can be made to present extracellular matrix proteins, cell
adhesion molecules and growth factors. Common examples include protein-coated polymers [23],
self-assembled monolayers (SAMs) [3, 11, 24, 25], patterned microwells [26, 27] and hydrogel
surfaces [28-30]. While these substrates enable rapid analysis of cell interactions with specific
ECM components, they do not approximate the three-dimensional (3D) extracellular
environments that exist in vivo. Many important differences in cell behavior exist between 2D
and 3D environments. For example, the expression of ECM-degrading matrix metalloproteinases
(MMPs) is not required in the formation of capillary networks on surfaces, whereas MMP
expression is critical for capillary growth in 3D matrices that restrict cell movement [31-34].
Matrix stiffness and cell adhesion ligand concentration affect endothelial cell migration [10, 35,
36] and network branching [37] differently in 2D and 3D environments. Additionally, it is well
accepted that endothelial cells in 2D culture are directly exposed to soluble growth factors [3, 38]
whereas growth factor and oxygen diffusion into hydrogels [39-41] play a role in spatially
guiding vascularization in 3D environments. These previous studies emphasize not only the
importance of 3D environments, but also the variety of parameters that can influence 3D

capillary formation.
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In order to culture endothelial cells in a variety of 3D environments, as well as investigate the
specific effects of VEGF signaling in well-defined settings, we have developed an enhanced-
throughput array format capable of 3D cell culture in poly(ethylene glycol) (PEG) hydrogels.
PEG is a hydrophilic polymer that resists non-specific protein adsorption [42]. The use of this
non-fouling material as the backbone of a hydrogel enables the investigation of how specific
modifications to an otherwise “blank slate” extracellular microenvironment affect cell behavior.
When multi-arm PEG molecules are functionalized with norbornene groups, the PEG can be
controllably decorated with biomimetic signaling peptides and crosslinked into hydrogels
through thiol-alkene (thiol-ene) coupling [43, 44]. Previously, screening formats have been
utilized to investigate cell-ECM interactions in 2D environments. Examples include
micropatterned hydrogel spots on silicon and glass [45], SAM arrays [3, 11, 24] and 24 well
plates presenting self-assembling peptide hydrogels [30]. Screening platforms for investigating
cell-ECM interactions in 3D environments have included microliter-scale hydrogels in 96 or 48
well plates, cell clusters cultured in isolation by photomasking [46, 47] and PEG-diacrylate
hydrogel arrays [7-9]. While these screening platforms enable cell culture in fully 3D,
customizable environments, they often consume large amounts of material, require specialized
equipment and a high degree of technical proficiency to utilize, and place hydrogels in confined
environments unable to support homogeneous swelling. The array developed here consists of 1-
mm diameter, 200 pum thick spots protruding from a single hydrogel background. Thus, each
hydrogel array spot was allowed to swell uniformly in an unconfined manner by virtue of their
connection to a hydrogel base that was also allowed to swell (i.e. the hydrogel spots were neither

confined nor linked to a rigid support).
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Here we used an array of PEG hydrogels to screen the combined effects of adhesion ligand
density, modulus and VEGFR2 signaling on pro-angiogenic cell behaviors using encapsulated
human umbilical vein endothelial cells (HUVECs) as a model cell type. We hypothesized that
cell adhesion, hydrogel modulus and VEGFR2-mediated signaling would synergistically
modulate viability, proliferation and tubulogenesis of HUVECs. We also hypothesized that a
VEGFR?2 inhibitor modulates viability, proliferation and tubulogenesis differently depending on
surrounding ECM contexts and therefore compared the effects of the inhibitor in our PEG
hydrogels to effects in Matrigel, a standard platform for screening angiogenesis drugs in vitro

[48].

4.4 Materials and methods

4.4.1 Cell culture

Human umbilical vein endothelial cells were purchased from Lonza (Walkersville, MD) and
cultured in medium 199 (M199) (Mediatech Inc, Manassas, VA) supplemented with EGM-2
Bulletkit (Lonza). The medium supplement contained 2% bovine serum albumin as well as
hydrocortisone, hFGF-B, VEGF, R3-IGF-1, Ascorbic Acid, Heparin, FBS, hEGF, and GA-1000.
For simplicity M199 supplemented with EGM-2 will be referred to as “growth medium.” Growth
medium was changed every other day and cells were passaged every 4 to 5 days. Cell passages
were performed using 0.05% trypsin solution (HyClone, Logan, UT) and detached cells were
recovered in M199 supplemented with 10% cosmic calf serum (HyClone). All media was

supplemented with 100 U/mL Penicillin/ 100 pug/mL Streptomycin (HyClone). The cells were
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maintained in a humidified 37°C incubator with 5% CO, and used between 7 and 16 population

doublings in all experiments.

4.4.2 PEG functionalization with norbornene

PEG-norbornene (PEGNB) was synthesized as previously described, with minor modifications
during purification [43, 49]. Briefly, solid 8-arm PEG-OH (20 kDa molecular weight,
tripentaerythritol core, Jenkem USA, Allen TX), dimethylaminopyridine and pyridine (Sigma
Aldrich, St. Louis, MO) were dissolved in anhydrous dichloromethane (Fisher Scientific,

Waltham, MA). In a separate reaction vessel, NN’ -dicyclohexylcarbodiimide (Thermo

Scientific, Waltham, MA) and norbornene carboxylic acid (Sigma Aldrich) were dissolved in
anhydrous dichloromethane. Norbornene carboxylic acid was covalently coupled to the PEG-OH
through the carboxyl group by combining the PEG solution and norbornene solutions and stirring
the reaction mixture overnight under anhydrous conditions. Urea was removed from the reaction
mixture using a glass fritted funnel and the filtrate was precipitated in cold diethyl ether (Fisher).
The precipitated PEGNB was collected and dried overnight in a buchner funnel. To remove
impurities, the PEGNB was dissolved in chloroform (Sigma Aldrich), precipitated in diethyl
ether and dried a second time in a Buchner funnel. To remove excess norbornene carboxylic acid,
PEGNB was dissolved in de-ionized H,0O, dialyzed in de-ionized H,O for 1 week and filtered
through a 0.4 um pore-size syringe filter. The aqueous PEGNB solution was frozen using liquid
nitrogen and lyophilized. Functionalization of PEG with norbornene groups (Fig. 1A) was
quantified using proton nuclear magnetic resonance spectroscopy (NMR) to detect protons of the

norbornene-associated alkene groups located at 6.8-7.2 PPM [43]. Functionalization efficiency
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for norbornene coupling to PEG-OH arms was above 88% for all PEGNB used in these

experiments.

4.4.3 Pre-coupling adhesion peptides to PEGNB

Lyophilized PEGNB was dissolved in 10 mM phosphate buffered saline (1x PBS) at 10 mM
concentration (80 mM norbornene groups) and combined with 0.05% w/v Irgacure 2959
photoinitiator (I12959) (Ciba Specialty Chemicals, Tarrytown, NY) as well as 2x molar excess of
either amidated Cys-Arg-Gly-Asp-Ser (CRGDS) adhesion peptide or amidated Cys-Arg-Asp-
Gly-Ser (CRDGS), a scrambled nonfunctional peptide (Genscript, Piscataway, NJ). The mixture
was reacted under 365 nm UV light for 3 minutes at a dose rate of 4.5 mW/cm? to covalently
attach the peptides to norbornene groups (Fig. 1A) via the thiol-ene reaction [43]. To remove
buffer salts and unreacted peptide from the decorated PEGNB, the reaction mixture was dialyzed
in de-ionized H,O for 2 days. The dialyzed solution was frozen in liquid nitrogen and lyophilized.
The coupling efficiency of PEGNB to the peptides was quantified using proton NMR to detect
disappearances of alkene protons at 6.8-7.2 PPM caused by covalent bonding of the peptides to
the norbornene group. For simplicity, pre-coupled PEGNB molecules will be referenced as

PEGNB-CRGDS and PEGNB-CRDGS.

4.4.4 Forming PEG hydrogels

Hydrogel array constructs were formed from 2 separate hydrogels: the inert hydrogel
“background” (Fig. 1B) that is crosslinked using 3.4 kDa PEG-dithiol (PEGDT) (Fig. 1A)

crosslinking molecule (Laysan Bio, Arab, AL), and “hydrogel spots” (Fig. 1C) that are decorated
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with adhesion peptides and crosslinked using MMP-degradable KCGGPQGIWGQGCK peptide
(Fig. TA) (Genscript) [50]. All hydrogel solutions were created in serum-free M199 and
consisted of PEGNB, 0.05% w/v 12959 and 2x molar excess crosslinking molecule to PEGNB to
achieve 50% crosslinking density (Fig. 1). To vary cell adhesion to the hydrogels, precoupled-
PEGNB-CRGDS and PEGNB-CRDGS molecules were added to the solutions to achieve desired
adhesion peptide concentration with a total of 2 mM pendant peptide included in every solution.
To vary the modulus of the background hydrogels the combined percent weight of PEGNB and
PEGDT was varied between 4, 6 or 8% w/v. To vary the modulus of the hydrogel spots, the
combined percent weight of the PEGNB, degradable crosslinking molecule and adhesion

peptides was varied between 4.2, 5 and 7% w/v.
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Chapter 4: Figure 1. Molecules included in PEG-norbornene hydrogels. A) The hydrogels are
composed of (i) 8-arm PEG molecules, with each arm functionalized with a norbornene
molecule; (i1) Di-thiolated PEG crosslinking molecules bridge multiple 8-arm PEG molecules
together into an ordered polymer network. A di-thiolated PEG molecule acts as an inert
crosslinking molecule that is not cell-degradable; (iii) In bioactive hydrogels, PEG molecules are
decorated with CRGDS adhesion peptide or CRDGS scrambled peptide to modulate cell
adhesion to the hydrogel; (iv) Di-thiolated matrix metalloproteinase (MMP) labile crosslinking
peptides enable cell-driven hydrogel degradation. B) “Background” hydrogels are void of cell
adhesion molecules and are not subject to cell-driven degradation. C) “Hydrogel spots” modulate
cell behavior through covalently attached adhesion molecules and are biodegradable via MMP
activity.
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4.4.5 Mechanical properties of PEG hydrogels

Mass equilibrium swelling ratios and shear modulus were measured in background hydrogel
samples and bulk samples of hydrogel spots. To measure mass equilibrium swelling ratios (Q),
20 pL droplets of hydrogel solutions were pipetted onto a flat Teflon surface and crosslinked
under 365 nm UV light for 2 seconds at a dose rate of 90 mW/cm?. The samples were swelled in
serum-free M199 for 24 hours and weighed for swollen weight (WS). Afterward, the samples
were washed in de-ionized H,O overnight to remove M199 components from the hydrogel,
frozen in -80°C for 2 hours and lyophilized. The dried polymer was weighed for dry weight

(WD) and mass equilibrium swelling ratio was calculated as per equation 1.

0=

=|=

Chapter 4: Equation 1. Mass equilibrium swelling ratio

To measure the shear modulus of the hydrogels, 660 puL of the above solutions were pipetted into
2.1cm diameter Teflon wells. The resulting hydrogels were swollen in 1x PBS for 24 hours
before test samples of 8 mm diameter were retrieved using a hole punch with 3 replicates per
condition. The samples were tested using an Ares-LS2 rheometer (TA Instruments, New Castle,
DE). A 20 g force was applied to the samples and a strain sweep test at 10 Hz fixed frequency
was performed from 0.1 to 20% strain. Complex shear modulus of each sample was as the

average of measurements taken at 10 Hz, 1-10% strain.
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4.4.6 Hydrogel array stencils

Hydrogel array stencils were fabricated using conventional photolithography techniques [51] and
were formed from two separate elastomer parts: a 200 um thick sheet of microwells and a Imm
thick base. Briefly, silicon master molds were fabricated by spin coating a 200 um layer of SU-8
100 (Microchem, Newton, MA) onto a silicon wafer (University Wafer, Boston MA). Arrayed 1
mm diameter posts of photoresist were defined using a photomask (Imagesetter, Madison, W1).
Poly(dimethyl siloxane) (PDMS) was prepared by combining Sylgard PDMS solution with
crosslinking solution (Dow Corning, Midland, MI) at a 10:1 volume ratio. The solution was
degassed under a vacuum for 45 minutes, poured onto the silicon master mold and crosslinked on
a hot plate for 4 hours at 85°C, forming the 200 um thick sheet of microwells that penetrated the
entire thickness of the sheet. To form the base of the hydrogel array stencil, the PDMS solution
was poured between glass slides to form sheets of 1 mm thickness and cured on a hot plate for 4
hours at 85°C. Both stencil components were cleaned in hexanes (Fisher) by soxhlet extraction
[52] and placed in vacuo to remove residual solvent. The completed PDMS stencil was formed

by laying the 200 pm thick sheet on top of the 1 mm thick base.

4.4."7 Forming PEG hydrogel arrays

Hydrogel spot solutions were added to the PDMS stencil wells as 0.4 uL droplets (Fig. 2). To
solidify the hydrogel spots before dessication, the droplets were crosslinked under 365 nm UV
light for 2 seconds at a dose rate of 90 mW/cm? after every 5 droplets were patterned. A

photomask was used to prevent multiple UV exposures to previously cured spots.
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Once all spots were crosslinked under UV light, a 1 mm-thick background hydrogel slab was
formed by curing 230 puL background hydrogel solution under 365 nm UV light for 2 seconds at
a dose rate of 90 mW/cm? between a flat 1 mm thick PDMS sheet and a 17 x 17 glass slide. After
removing the PDMS sheet only, an additional 30 uL background hydrogel solution was pipetted
on top of the hydrogel slab to anchor the spots to the background slab upon crosslinking. The
background slab, still attached to the glass slide, was placed on top of the cured hydrogel spots
and the entire array was cured for an additional 2 seconds under 365 nm UV light at a 90
mW/cm? dose rate. The hydrogel array was removed from the PDMS stencil and submerged in
medium in a 6-well cell culture plate. The completed arrays were secured to the bottom of the

wells by using magnets to hold the glass slides in place.
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Chapter 4: Figure 2. Schematic representation of hydrogel array fabrication. 1) Separate
hydrogel spot solutions containing various ratios of CRGDS adhesion peptide (Red circles) and a
scrambled CRDGS non-functional peptide (Blue circles) are pipetted into wells of a PDMS
stencil. Total pendant peptide concentration is fixed at 2 mM in all solutions. 2) The hydrogel
spots are crosslinked in the stencil using UV light. 3) A crosslinked 1-mm thick “background”
hydrogel slab is laid on top of the crosslinked bioactive hydrogel spots. A thin layer of
background hydrogel solution is added to the slab to anchor the cured spots to the background. 4)
The hydrogel spots are anchored to the background after treatment with UV light. 5) The
completed hydrogel array is removed from the stencil. Red boxes highlight the raised spots in the
schematic and side view images of the arrays.
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4.4.8 Peptide incorporation into hydrogel array spots

To verify controllable peptide incorporation into the hydrogel array spots, hydrogel solutions of
12% wi/v total polymer consisting of PEGNB, a 2X molar excess of 3.4 kDa PEG dithiol to
PEGNB, and PEGNB-CRGDS such that 0, 0.01, 0.1, 1, 2 mM concentrations of CRGDS were
patterned into the array using the above procedure. The background hydrogels were
compositionally identical to the spots but were lacking CRGDS. CRGDS concentration was
verified by labeling the N-terminus of the peptide with fluorescein. Briefly, the arrays were
treated with 3 uM solution of fluorescein-conjugated sulfodichlorophenol ester (Invitrogen,
Grand Island, NY) in PBS, incubated for overnight, then rinsed for 24 hours in new PBS. The
fluorescently labeled spots were photographed using a Nikon TI Eclipse microscope, and

fluorescence intensity was quantified using ImageJ software.

4.4.9 HUVEC viability, tubulogenesis and proliferation in 3D hydrogel
arrays

During hydrogel array fabrication, hydrogel spots contained HUVECs at a density of 2 x 10’
cells/mL. The concentration of CRGDS adhesion peptide was adjusted to 0, 0.25, 0.5, 1.0 and
2.0 mM through the addition of PEGNB-CRGDS, with the total pendant peptide concentration in
all hydrogel spots maintained at 2 mM by adding PEGNB-CRDGS. Total polymer percent
weight was varied between 4.2, 5 and 7% w/v in the hydrogel spots and 4, 6 and 8% w/v in the
backgrounds, with low percent weight hydrogel spots corresponding to low weight percent
backgrounds and high percent weight hydrogel spots corresponding to high percent weight
backgrounds. During viability experiments, arrays of encapsulated cells were cultured for 48

hours in growth medium alone or with 10 uM SU5416 (Sigma Aldrich), a known inhibitor of
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VEGFR?2 signaling [53]. Medium was replaced 24 hours after encapsulation. After 48 hours of
culture, the arrays were washed with serum-free M199 and stained with 5 pM Cell Tracker
Green (Invitrogen) for 45 minutes in M199. After 15 minutes of staining, the staining solution
was supplemented with Hoescht nuclear stain (Invitrogen) to achieve a final concentration of 10
pg/mL. After staining, the arrays were washed with serum-free M199 and incubated for 30
minutes in growth medium containing 2 uM ethidium homodimer (Invitrogen). The arrays were
then washed with 1X PBS and fixed for 30 minutes in 10% buffered formalin (Fisher). The
arrays were soaked in 1X PBS overnight and photographed using a Nikon TE300 fluorescence
microscope within 48 hours of fixation. Viability was quantified by dividing the number of live

cell nuclei by total nuclei in the post.

During proliferation and tubulogenesis experiments, the arrays of encapsulated cells were
cultured in growth medium alone or with 10 uM SU5416 for 24 hours only. Afterward, the cells
were incubated for 5 hours in growth medium with 20 uM 5-ethynyl-2’-deoxyuridine (EdU)
(Invitrogen) as a proliferation marker and, if appropriate, 10 uM SU5416. Afterward, the arrays
were stained with Cell Tracker Green in the same manner as the viability assay, but without
Hoescht nuclear stain or ethidium homodimer. The arrays were washed with 1X PBS, fixed for
30 minutes in 10% buffered formalin and stained using the Click-iT EAU 594 proliferation kit
(Invitrogen). The staining procedure was slightly modified from the manufacturer’s instructions,
as Alexa Fluor® 594 was diluted to half the recommended concentration. The arrays were
soaked in 1X PBS overnight and photographed using a Nikon TE300 fluorescence microscope.
Proliferation was quantified by counting the number of EdU-positive cells and dividing by the
total number of nuclei in the post. Tubulogenesis was quantified by manually measuring total

capillary-like structure (CLS) length in each post as labeled by Cell Tracker Green. To obtain
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confocal microscopy images, the hydrogel arrays were mounted in Prolong Gold antifade

solution (Invitrogen) and photographed on a Nikon A1R-Si confocal microscope.

4.4.10 HUVEC proliferation and VEGFR?2 inhibition

HUVECs were plated in tissue culture polystyrene (TCPS) 24-well plates at a density of 5.0 x
10* cells/cm?. The cells were grown in growth medium alone or with 10 uM SU5416 for 24
hours. Afterward, the medium was changed to fresh growth medium with or without 10 uM
SU5416 and 20 uM EdU. After 5 hours of incubation, the cells were fixed in 10% buffered
formalin for 30 minutes and stained using the Click-iT EdU 488 proliferation kit (Invitrogen).
The staining procedure was slightly modified from the manufacturer’s instructions, as Alexa
Fluor® 488 was diluted to half the recommended concentration. The cells were photographed
using a Nikon TE300 fluorescence microscope and proliferation was quantified via by counting

nuclei staining positive for EQU and normalizing the number to total nuclei.

4.4.11 HUVEC tubulogenesis in Matrigel

HUVECs were suspended in growth factor-reduced Matrigel (BD Biosciences, San Jose, CA) at
a density of 2 x 10" cells/mL. A 200 um thick PDMS sheet of microwells was placed on top of a
glass slide and the Matrigel-cell suspension was pipetted as 0.4 uL droplets into the microwells.
These arrays of Matrigel “spots” were incubated at 37°C for 30 minutes and covered in growth
medium alone or with 10 uM SUS5416. After 48 hours of culture, the arrays were stained with
Cell Tracker Green in the same manner as in the PEG hydrogel viability assay, but without

Hoescht nuclear stain or ethidium homodimer. The arrays were washed with 1X PBS and fixed
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for 30 minutes in 10% buffered formalin. A green fluorescence and phase contrast z-stack image
of each spot was taken at 48 hours after encapsulation using a Nikon TI Eclipse microscope.

Total CLS length in each individual spot was quantified manually.

4.4.12 HUVEC tubulogenesis in confined hydrogels

HUVEC tubulogenesis in 10 uLL volume hydrogels was qualitatively assessed to determine the
effects of hydrogel confinement on CLS formation. Here, the hydrogels contained 4.2% w/v total
polymer, a 2X molar excess of cell-degradable crosslinking peptide to PEGNB, and PEGNB-
CRGDS to establish a CRGDS concentration of 2 mM. The HUVECs used in these hydrogels
were treated with 1 uM Cell Tracker Green prior to trypsinization. Briefly, the cells were washed
with serum-free M199 and stained with Cell Tracker Green for 45 minutes in M199. After
staining, the cells were washed with serum-free M199 and incubated for 30 minutes in growth
medium. After trypsinization, the cells were resuspended in the PEG hydrogel solution at a

density of at 2 x 10 cells/mL.

To observe tubulogenesis in confined hydrogels, the cell-containing hydrogel solutions were
pipetted as 10 uL droplets on the bottoms of 48-well TCPS plates. The droplets were crosslinked
under 365 nm UV light for 2 seconds at a dose rate of 90 mW/cm?®. To ensure that the droplets
remained stationary throughout the duration of the experiment, 90 uL of 8% w/v background
hydrogel solution was added around the solidified hydrogels and crosslinked under 365 nm UV
light for 2 seconds at a dose rate of 90 mW/cm”. The encapsulated cells were incubated in

growth medium with 10 uM SU5416 for 24 hours. A green fluorescence and phase contrast z-
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stack image of each sample was taken using a Nikon TI Eclipse microscope 24 hours after

encapsulation.

To observe tubulogenesis in unconfined hydrogels, the cell-containing hydrogel solutions were
pipetted as 10 puL droplets on a flat PDMS sheet and crosslinked under 365 nm UV light for 2
seconds at a dose rate of 90 mW/cm?. The resulting hydrogels were transferred to a 24-well
TCPS plate containing growth medium with 10 uM SU5416. After 24 hours of incubation, the
gels were pinned using a 24-well culture inserts (Becton Dickinson, Franklin Lakes, NJ) to keep
them stationary during photography. A green fluorescence and phase contrast z-stack image of

each sample was taken using a Nikon TI Eclipse microscope 24 hours after encapsulation.

4.4.13 Statistical analysis
Statistical differences were calculated using the two-sided Student’s T-test assuming equal

variances. Statistical significance was denoted as p < 0.05.

4.5 Results

4.5.1 Hydrogel equilibrium swelling ratio and complex shear modulus

The swelling properties and moduli of degradable hydrogel spots and inert background hydrogels
were controlled by adjusting the percent weight of polymer included in the formulations.
Hydrogel spot formulations containing 4.2, 5 and 7% w/v polymer had mass equilibrium
swelling ratios of 42.1 + 2.1, 28.7 + 2.9, and 21.6 + 0.4, respectively. Background hydrogels

containing 4, 6 and 8% w/v polymer had equilibrium swelling ratios of 34.9 + 0.9, 23.9 £ 0.9
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and 21.3 £ 1.1, respectively (Fig. 3A). The background hydrogels were designed to have similar
but slightly lower swelling ratios than the hydrogel spots in order to provide a more stable
substrate for anchoring the spots during culture. Hydrogel spot formulations containing 4.2, 5
and 7% w/v polymer had moduli of 260 + 140 Pa, 980 + 210 Pa and 3220 + 610 Pa, respectively.
Therefore, the 4.2, 5 and 7% w/v hydrogels were designated as “low”, “medium” and ‘“high”
modulus hydrogels for the duration of the study to clarify the presentation of the data. The
moduli of the 4, 6 and 8% w/v background hydrogels were 1040 = 100 Pa, 3100 £+ 220 Pa and
4160 £ 350 Pa, respectively (Fig. 3B). The range of moduli chosen for this study (~260-3220 Pa)
spans a wide range of tissues, including soft tissues such as the vocal fold lamina [54], as well as

normal breast tissue and cancerous breast tissue, two examples of tissues that differ in

mechanical properties as well as extent of vascularization [55, 56].

4.5.2 Hydrogel array fabrication and peptide incorporation

The hydrogel constructs in this study consisted of arrayed PEG hydrogel spots that contained
controlled concentrations of CRGDS. Functionalization efficiency of PEGNB with CRGDS or
CRDGS was confirmed using NMR. The adhesion peptides CRGDS and CRDGS were reacted
to PEGNB at 2x molar excess to decorate, on average, two of the eight arms of the PEGNB
molecule with the cell adhesion peptides. The presence of CRGDS at 2x molar excess to PEGNB
resulted in a 24.8 + 4.1% reduction of alkene protons present on the PEG molecule, and the
presence of CRDGS at 2x molar excess to PEGNB resulted in a 25.7 + 4.9% reduction of alkene
protons (Fig. 3C). This indicates that approximately 2 of the 8 available norbornene groups on a

given PEGNB molecule were coupled to the adhesion peptide, as expected.
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Incorporation of peptide-decorated PEG macromers into the hydrogel arrays was also visualized

using fluorescein staining via a sulfodichlorophenol-ester linkage. Fluorescent signals from the

array were directly proportional to the amount of peptide added to the arrayed hydrogel spots.

Additionally, only background fluorescence was detected between the spots, indicating that the

peptides were present in the spots only (Fig. 3D). These results demonstrate that PEG hydrogels

can be used to provide synthetic control over incorporation of thiol-containing ligands, in this

case, the cell adhesion peptide CRGDS.
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Chapter 4: Figure 3. Characterizing mechanical properties and pendant peptide incorporation
into the hydrogel array. A) Equilibrium swelling ratios of degradable (left) and background
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(right) and hydrogels used in low, medium and high hydrogel modulus conditions. B) Complex
shear modulus of degradable (left) and background (right) hydrogels using in low, medium and
high hydrogel modulus conditions. Error bars indicate standard deviation. C) Reduction in
norbornene alkene protons due to covalent coupling of CRGDS and CRDGS as measured using

®
NMR. D) N-terminal amines of CRGDS were labeled with Alexa Fluor 488 (Green). Green
fluorescence intensity was quantified from the left to right columns (Black lines: PEG polymer
and crosslinker. Red circles: CRGDS).

4.5.3 Three-dimensional cell viability in PEG hydrogel arrays

We quantified viability of encapsulated HUVECs to verify that the cells withstood the
encapsulation and array patterning processes, and to evaluate the effects of adhesion ligand
density and stiffness on maintaining cell survival. Cell viability generally increased with
increasing CRGDS, and high modulus conditions suppressed viability. In all conditions
HUVECs displayed viability levels at or above 40% of total encapsulated cells, with the lowest
viability levels observed in spots containing 0 mM CRGDS. Increased CRGDS concentration
increased viability in all modulus conditions, with maximal viability observed at 0.5 and 1.0 mM
CRGDS. At these optimal CRGDS concentrations, low modulus hydrogels promoted the highest
viability levels compared to equivalent CRGDS concentrations in higher modulus conditions.
However, viability in the low and medium modulus hydrogels decreased when CRGDS
concentration was increased from 1.0 to 2.0 mM. This decrease did not reduce viability below
levels observed at 0 mM CRGDS concentrations, indicating that the 2.0 mM CRGDS
concentration was suboptimal, but not detrimental to HUVEC viability relative to non-adhesive
conditions. In the high modulus condition, there was no significant decrease in HUVEC viability
at 2.0 mM when compared to 1.0 mM CRGDS, suggesting a role of stiffness in maintaining

viability in the presence of high CRGDS concentrations (Fig. 4A).
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Chapter 4: Figure 4. Viability of HUVECs encapsulated inside the hydrogel array spots. A)
Cell viability as determined by counting live cell and dead cell nuclei 48 hours after
encapsulation. B) Cell viability measured when VEGFR2 was inhibited by 10 uM SU5416
supplementation. *, p < 0.05. &, p < 0.05 compared to all equivalent CRGDS concentration in
other modulus conditions C) Viability of SU5416-treated HUVECs normalized to HUVEC
viability in growth medium. *, p < 0.05; **, p < 0.01; *** p < 0.001 compared to growth
medium control.

4.5.4 Three-dimensional cell proliferation in PEG hydrogel arrays
The effects of cell adhesion and stiffness on proliferation were determined by labeling and
quantifying the nuclei of encapsulated HUVECs in S-phase. In all modulus conditions, the

addition of CRGDS to the hydrogel increased cell proliferation beyond spots lacking CRGDS
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(Fig. 5A). Proliferation did not follow a monotonic trend with increasing CRGDS, and high
modulus hydrogels suppressed proliferation relative to low and medium modulus conditions. In
particular, proliferation in the low and medium modulus conditions displayed a biphasic
response to increasing CRGDS. Proliferation was lower at 0.5 mM CRGDS compared to 0.25
and 2.0 mM CRGDS in the low modulus condition and lower at both 0.5 and 1.0 mM CRGDS
compared to 2.0 mM CRGDS in the medium modulus condition. In the high modulus condition,
the overall proliferation rate was significantly lower than proliferation rates in the low and
medium modulus conditions, and no significant differences in proliferation existed between any
conditions containing CRGDS. In addition to ECM effects on proliferation, we also qualitatively

noted that a majority of proliferating cells co-localized with multicellular structures (Fig. 5D).
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Chapter 4: Figure 5. Proliferation of HUVECs encapsulated inside the hydrogel array spots. A)
Cell proliferation as determined by Click-it EdU staining 24 hours after encapsulation B) Cell
proliferation measured when VEGFR2 was inhibited by 10 uM SU5416 supplementation. *, p <
0.05. &, p < 0.05 compared to all equivalent CRGDS concentration in other modulus conditions
C) Cell proliferation during SU5416 treatment normalized to proliferation in growth medium. *,
p <0.05; ** p <0.01; *** p <0.001 compared to growth medium control. D) Proliferating cells
(arrowheads) were localized to multicellular structures. Green: Cell Tracker Green. Blue:
Hoescht nuclear stain. Red: Alexa Fluor® 594 labeling nuclei of cells in S-phase.

4.5.5 Three-dimensional tubulogenesis in PEG hydrogel arrays
Cell adhesion and hydrogel stiffness significantly influenced total capillary-like structure (CLS)

length in the hydrogel spots, and optimal levels of CRGDS concentration and modulus
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maximized CLS formation in the range of conditions tested. In all modulus conditions, CLS
formation was rare in the absence of CRGDS. In the low modulus condition, CLS formation
increased with increasing CRGDS up to 1.0 mM concentration and decreased at 2.0 mM CRGDS.
This trend was not observed in the medium modulus condition where CLS formation remained
elevated at 2.0 mM CRGDS (Fig. 6A). In the high modulus condition CLS formation was
significantly increased at 0.25, 0.5 and 1.0 mM CRGDS compared to the condition lacking
CRGDS, but this increase was no longer significant at 2.0 mM CRGDS. CLS formation at 0.5
mM CRGDS was significantly lower in the high modulus condition compared the low modulus
condition and CLS formation at 1.0 and 2.0 mM CRGDS was lower in the high modulus
condition compared to the medium modulus condition, indicating that high stiffness interfered
with CLS formation in these hydrogels. Taken together, these results suggest that tubulogenesis
increases with increasing CRGDS, but the most significant increases were observed in an

optimal, medium modulus condition that was not excessively compliant or stiff.
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Chapter 4: Figure 6. Tubulogenesis of HUVECs encapsulated inside the hydrogel array spots.
A) Total tubule length was determined by manually measuring tubule lengths throughout the
spots from epifluorescence Z-stack images. The cells were stained using Cell Tracker Green and
Hoescht nuclear stain 24 hours after encapsulation. B) Tubulogenesis when VEGFR2 was
inhibited by 10 uM SUS5416 supplementation. *, p < 0.05. &, p < 0.05 compared to all equivalent
CRGDS concentration in other modulus conditions C) Tubulogenesis during SU5416 treatment
normalized to tubulogenesis in growth medium. *, p < 0.05; ** p < 0.01; *** p < 0.001
compared to growth medium. D) Confocal microscopy images of low tubulogenesis in low
modulus, 2 mM RGDS spots and increased tubulogenesis levels with SU5416 treatment. Bottom:
Enlarged examples of capillary-like structures seen in the VEGFR2-inhibited condition. Scale
bars: 100 um. Green: Cell Tracker Green. Blue: Hoescht nuclear stain.
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4.5.6 HUVEC viability, proliferation and tubulogenesis with VEGFR?2
inhibition

SU5416 is an inhibitor to VEGFR2 phosphorylation [53], and we confirmed that inhibiting
VEGF signaling by adding SU5416 to growth medium reduced HUVEC proliferation and
tubulogenesis in traditional cell culture systems in our hands. When HUVECs were seeded on
TCPS surfaces and assayed for proliferation, VEGFR2 inhibition resulted in a 20% decrease in
proliferation compared to the growth medium control (Fig. 7A). When HUVECs were
encapsulated in growth factor-reduced Matrigel and assayed for CLS formation, VEGFR2
inhibition resulted in a 50% decrease in total tubule length compared to HUVECsS incubated with

growth medium only (Fig. 7B,C).

To explore the combinatorial roles of VEGFR2 signaling, controlled adhesion ligand density and
stiffness in synthetic environments, we encapsulated HUVECs in hydrogel array spots, inhibited
VEGFR2 signaling and assayed for viability, proliferation and tubulogenesis. VEGFR2
inhibition significantly reduced cell viability in conditions that did not contain the CRGDS cell
adhesion peptide (Fig. 4B). In all modulus conditions viability plateaued at 0.5 mM CRGDS,
indicating a limited role of CRGDS in maintaining cell viability when VEGFR2 was inhibited.
This also suggests a synergistic interaction between VEGFR2 and integrin-mediated cell
adhesion in the context of HUVEC viability. However, while normal VEGFR2 generally
increased viability levels when compared to inhibited VEGFR2, the difference between normal
VEGFR?2 conditions and inhibited conditions decreased as the CRGDS concentration increased.
In all modulus conditions, the reduction of viability with VEGFR?2 inhibition was insignificant in
spots containing 2 mM CRGDS, indicating a diminishing role of VEGFR2 in modulating

viability in the presence of increased CRGDS. Additionally, the effect of VEGFR?2 inhibition on
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viability was not significant in the high modulus condition when CRGDS concentration was at or
above 0.5 mM CRGDS (Fig. 4C), indicating that the role of VEGFR2 was not as substantial in
high modulus compared to lower modulus hydrogels. These results indicated that synergy
possibly exists between VEGFR2 and integrin binding, but that the role of VEGFR2 was
modulated by CRGDS levels and stiffness. In essence, the importance of VEGF signaling during

3D HUVEC culture was context-dependent.

HUVEC proliferation was decreased by VEGFR?2 inhibition in a majority of hydrogel conditions.
In the low and medium modulus conditions, all spots containing CRGDS had cell proliferation
levels elevated beyond the 0 CRGDS condition, but proliferation levels did not increase with
CRGDS in the high modulus condition (Fig. 5B). In the low modulus condition, VEGFR2
inhibition caused a significant decrease in proliferation levels at 0, 0.25 and 1 mM CRGDS
conditions. Interestingly, proliferation levels in the 2 mM CRGDS condition increased
significantly with VEGFR2 inhibition at low modulus. In the medium modulus condition,
VEGFR?2 inhibition caused significant proliferation decreases in the 0.5 and 2 mM CRGDS
conditions, and no increases in proliferation were observed. Interestingly, this response of
proliferation to CRGDS at medium modulus remained the same as when VEGFR2 was not
inhibited, suggesting an insignificant role of VEGFR2 at this modulus. In the high modulus
condition, significant decreases in proliferation with VEGFR2 inhibition were observed in all
CRGDS concentrations except the 0 mM RGDS condition. Though there was a significant
increase in proliferation in the absence of CRGDS, this proliferation level was less than
proliferation levels observed with CRGDS in the other modulus conditions (Fig. 5C). Taken
together, the surrounding context of synthetic hydrogel conditions dramatically changes HUVEC

responses to VEGFR2 inhibition, as measured by cell proliferation.
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Inhibition of VEGFR2 with SU5416 also significantly changed the CRGDS-dependent trends in
tubulogenesis in all the shear modulus conditions tested. In the low shear modulus conditions,
CLS length increased monotonically with CRGDS concentration and increased dramatically at
2.0 mM CRGDS (Fig. 6B,C,D). In the medium modulus condition, CLS length in spots
containing CRGDS was significantly greater than lengths observed in the absence of CRGDS.
However, with VEGFR?2 inhibition CLS length no longer changed with CRGDS concentration at
medium modulus (Fig. 6B). In the high modulus condition, CLS length in all spots containing
CRGDS was significantly greater than lengths observed in the absence of CRGDS. Again,
changing CRGDS concentrations did not change CLS length, and CLS lengths at all CRGDS
concentrations were lower than CLS lengths in the medium modulus condition. Remarkably,
despite these changes in CLS trends, VEGFR2 inhibition did not cause significant changes to
CLS length in most hydrogel conditions when compared to growth medium controls (Fig. 6C).
Only 3 hydrogel conditions saw any significant effects with VEGFR?2 inhibition: increased CLS
length in low modulus, 2 mM CRGDS spots, decreased CLS length in medium modulus, 0 mM
CRGDS spots, and decreased CLS length in high modulus, | mM CRGDS spots. These data are
in stark contrast to VEGFR2 inhibition in Matrigel, which resulted in a clear decrease in CLS
length. Taken together, our data demonstrated that the context of surrounding hydrogel
conditions dramatically change HUVEC responses to VEGFR2 inhibition, as measured by

HUVEC viability, proliferation, and tubulogenesis.
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Chapter 4: Figure 7. Effects of VEGFR2 inhibition in standard model systems. A) HUVEC
proliferation with and without SU5416 supplementation on tissue culture-treated polystyrene
(TCPS). *, p < 0.05. B) HUVEC tubulogenesis with and without SU5416 supplementation in
growth factor-reduced Matrigel. C) HUVEC CLS formation in 0.4 uL. Matrigel spots. In each
pair of pictures, the tubules in the right hand copy were highlighted. Green: Cell Tracker Green.
* p <0.05 between EGM2 and SU5416-treated conditions.

4.5.7 Tubulogenesis in confined and non-confined hydrogels

One distinction of the hydrogel array presented in this study when compared to many prior
studies is the degree to which the hydrogel is physically confined. For example, hydrogels
formed in standard plastic well-plates, or elastomeric devices are typically highly confined, while
the hydrogel spots in our array platform are allowed to swell in concert with the background

hydrogel. To further understand the comparison between CLS formation in hydrogels confined
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to rigid substrates versus unconfined hydrogels, we qualitatively observed the spatial distribution
of CLS formation in hydrogels that were either confined to 48 well plates or detached from
substrates and allowed to freely swell in medium. The confined hydrogels were susceptible to
physical “buckling” during swelling, resulting in an out-of-focus area in the middle of the
hydrogels (Supp. Fig. 1A). Buckling caused heterogeneity in CLS formation, with most of the
structures forming around the edge of the buckled hydrogel area. In contrast, CLS formation in
the non-confined hydrogels occurred homogeneously throughout the volume of the hydrogel
(Supp. Fig. 1B), similar to our observations in hydrogel array spots in this study. These
observations suggest that cell encapsulation in confined hydrogels can introduce lurking
variables upon swelling that significantly affect the outcome of a 3D neovascularization

experiment.

4.6 Discussion

In this study we simultaneously adjusted cell adhesion ligand concentration, shear modulus and
VEGF signaling in an arrayed hydrogel construct that enabled comprehensive screening of
HUVEC viability, proliferation, and tubulogenesis. Over the course of these studies, we were
able to form and analyze HUVEC behavior in over 900 hydrogel spots total. Previous studies
have often modulated cell interactions with extracellular environments by including or not
including biological signaling molecules in the matrix [28, 57] as well as using antibodies or
siRNA to activate or inactivate receptors to external signals [16]. In contrast, here we modulated
cell adhesion to the matrix by tuning CRGDS concentrations over a range of values rather than
completely activating or inactivating integrin signaling. Simultaneously modulating CRGDS

concentration in concert with hydrogel modulus, while also toggling VEGFR?2 signaling, enabled



105

us to study how changing levels of ECM cues affects synergy between multiple signaling sources.
This task would not be readily achievable in larger-scale hydrogels or naturally-derived ECMs
due to the number of distinct variables and outcomes of interest. We can generally conclude that
combinatorially varied ECM cues affect the outcomes of HUVEC viability, proliferation and
tubulogenesis, and that hydrogel conditions change HUVEC responses to VEGFR2 inhibition. A
series of more focused conclusions can be drawn from the data. Specifically, excessive CRGDS
concentrations in PEG hydrogels removed apparent synergy between VEGFR?2 and integrin-
mediated cell adhesion in the context of maintaining cell viability, proliferation in 3D culture
depended on modulus and VEGFR2 inhibition but did not correlate linearly with CRGDS
concentration, and ECM properties generally played a larger role in dictating CLS formation

than VEGFR2 inhibition.

Previous studies have defined AKT-mediated signaling pathways that promoted increased cell
viability [58] and were initiated by VEGFR2 phosphorylation and binding of aVB3 integrin to
cell adhesion ligands [59]. VEGFR2 and aVP3 integrins are also known to behave
synergistically, as binding of aV3 integrins to adhesion ligands enhances VEGFR2 activity and
vice-versa [16]. The proposed mechanism behind this synergy was that the B3 integrin subunit
must bind directly to the VEGFR2 via the cytoplasmic domain [60]. Our cell viability data were
consistent with these previous studies, as non-inhibited VEGFR2 signaling and increased
CRGDS concentration in the hydrogels individually and cooperatively increased HUVEC
viability (Fig. 4A,B). However, we also found that VEGFR2 signaling did not contribute to
increased cell viability in environments that contained the highest concentrations of CRGDS (Fig.

4A). This result suggests that, while VEGFR2 and cell adhesion to the ECM work together to
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promote cell viability, excessive adhesion to the surrounding ECM may interfere with this

synergy.

We evaluated HUVEC proliferation levels in the hydrogel arrays and found that adhesion,
modulus and VEGFR2 modulated proliferation differently than viability. Proliferation levels
increased beyond baseline levels in hydrogels containing CRGDS and generally decreased with
VEGFR?2 inhibition (Fig. 5). These results were predictable given previously established
dependences of proliferation on aVP3 integrin [11] and VEGFR?2 signaling [3], as well as our
experiment where VEGFR2 inhibition reduced proliferation in standard 2D HUVEC culture (Fig.
7A). However, once CRGDS was included in the hydrogels we commonly observed biphasic
trends in proliferation relating to CRGDS rather than monotonic increases in proliferation with
increased CRGDS. Our group and others have previously demonstrated that increased RGD
density on well-defined surfaces increased cell proliferation monotonically for multiple cell
types, including HUVECs [3, 11, 30]. The fact that our results here contradicted previous studies
are understandable in view of the known differences in cell-ECM interactions in 2D versus 3D
environments [61]. We also observed significantly different effects of VEGFR2 inhibition
between the different modulus conditions, indicating a role of the ECM in determining how
VEGFR2 modulates proliferation. However, beyond combinatorial receptor-ligand interactions
which require further characterization in 3D contexts, it is likely that other factors such as cell-
cell contact and matrix degradation played major roles in modulating proliferation in our
synthetic 3D environments. For example, we observed that proliferating cells were always
associated with multicellular structures (Fig. 5D), indicating that cell-cell contact is an important

parameter.
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We evaluated capillary-like structure (CLS) formation by HUVECs in our hydrogels and first
observed that optimized CRGDS concentrations and hydrogel modulus maximized structure
formation while VEGFR2 was not inhibited (Fig. 6A). These results agree with results of
previous studies in literature. For example, moderate concentrations of RGD permitted optimal
angiogenic sprouting from aortic ring explants into fibrin hydrogels, while excessive RGD
inhibited endothelial cell migration and vascular growth [10]. In other studies vascular growth of
human dermal microvascular ECs and bovine pulmonary microvascular ECs into collagen
hydrogels were inhibited when stiffness was too low to support tubule stability or too high to
permit cell migration [41, 62]. It should be noted that the low end of the stiffness ranges in these
prior studies fell below our low modulus condition and the high end of the ranges was equivalent
to our medium modulus condition. Yamamura et al proposed that increasing collagen hydrogel
stiffness by increasing collagen fibril density encourages cell aggregation and network formation
rather than migration and invasion of individual cells [62]. The increased CLS formation
observed in our medium modulus hydrogels corroborates this finding, and we also showed that

our high modulus hydrogels inhibits CLS formation.

Multiple results here demonstrated that the effects of VEGFR2 inhibition are highly context-
dependent. For example, VEGFR?2 inhibition increased proliferation in the 2.0 mM CRGDS, low
modulus PEG hydrogels, but decreased proliferation in 2D culture on tissue-culture polystyrene.
Interestingly, the context-dependence of VEGFR2 inhibition in some cases even showed trends
that contrast with the expected effects of a VEGFR?2 inhibitor. For example, we found that there
was no significant effect of VEGFR2 inhibition on CLS formation in synthetic hydrogel
networks (Fig. 6C). The notable exception to this finding was the low modulus hydrogel

containing 2.0 mM CRGDS. Whereas CLS formation in the other CRGDS concentrations was
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largely unchanged by VEGFR?2 inhibition, CLS formation dramatically increased with VEGFR?2
inhibition. This suggests that normal VEGFR2 can have an inhibitory effect on CLS formation in

particular extracellular environments.

Though the roles of cell adhesion and modulus during vascularization in 3D hydrogels are well-
defined, the role of VEGFR2 in dictating de novo CLS formation has been unclear. Particularly,
conflicting evidence exists as to whether VEGFR2 promotes or inhibits CLS formation. Hayashi
et al suggested an inhibitory role of VEGFR?2 in blood vessel formation by demonstrating that
decreased VEGFR2 phosphorylation is necessary for lumen formation by endothelial stalk cells
in mouse embryoid bodies, mouse teratomas and zebrafish models. Additionally, a previous
study by our group demonstrated that VEGFR2 activation via soluble VEGF stimulation
disrupted in-vitro tubule network formation by HUVECs under a Matrigel overlay [3].
Conversely, Roberts et al suggested a stimulatory role of VEGFR2 by demonstrating that ERKS
activation by VEGFR2 is necessary for in-vitro tubular network formation by human dermal
microvascular endothelial cells in collagen hydrogels [58], and Stratman et al demonstrated that
VEGEF and bFGF signaling prime HUVECsS to receive signals from hematopoietic cytokines and
undergo in-vitro tubule network formation in collagen hydrogels [63]. In these examples,
experiments were conducted either in vivo or in naturally-derived collagen or Matrigel models,
making it difficult to assess how ECM cues and VEGFR2 activity combinatorially modulated
CLS formation. To determine the extent to which our results were due to the use of synthetic,
controlled hydrogels rather than naturally-derived ECM, we also subjected HUVECs to
VEGFR?2 inhibition in Matrigel and found a clear reduction of tubulogenesis observed in
Matrigel, contrasting with our results in PEG (Fig. 7B,C). It is well known that Matrigel, derived

from a mouse sarcoma, consists of over 1000 distinct protein species at unspecified
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concentrations [64]. Since Matrigel is a poorly defined and variable material, it is difficult to
speculate on the mechanism behind the difference in the role of VEGF. Our results have clearly
demonstrated, however, that the surrounding ECM context can determine how VEGFR2

modulates CLS formation.

The combined data from the proliferation and tubulogenesis assays demonstrated that
proliferation did in part correlate with CLS formation. This was especially evident in the low
modulus hydrogels, where VEGFR2 inhibition resulted in monotonic increases of both
proliferation and CLS formation, and where proliferation and CLS formation increased
dramatically with VEGFR2 inhibition in the 2.0 mM CRGDS conditions (Fig. 5A,6A).
Interestingly, while VEGFR?2 activity combined with a high CRGDS concentration lowered both
CLS formation and cell viability in low modulus hydrogels (Fig. 4A,6A), cell proliferation
remained high in that condition (Fig. 5A). Additionally, in medium modulus hydrogels we
observed no significant changes to CLS formation and few significant changes in proliferation
when VEGFR2 was inhibited (Fig. 5, Fig. 6). These data collectively demonstrate that other
mechanisms besides integrin-mediated cell adhesion, VEGFR?2 signaling, and associated synergy
are active in determining angiogenic cell behavior. Two potential candidate mechanisms could
be cell-cell contact and hydrogel degradability. Chen et al had previously studied the
proliferative activity of HUVECsSs in a number of 2D spreading and cell-cell contact contexts and
noted that the extent of cell spreading dictates whether cell-cell contact increases or decreases
proliferation. Specifically, VE-Cadherin engagement increased proliferation when cell spreading
was restricted [65]. Based on this type of mechanism, we could speculate that the biphasic trends
we observed between HUVEC proliferation and CRGDS concentration could possibly be

attributable to a transition between a state where low cell attachment to the ECM promotes high
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proliferation and a state where sufficient CRGDS concentrations promote CLS formation and
increased cell-cell contacts (Fig. 5A). However, if polymer density is high enough to restrict cell
migration and cytokinesis, as was likely the case in the high modulus hydrogels, proliferation
and CLS formation (Fig. 5A, 6A) would be diminished as well. The disparity between low CLS
formation and high proliferation in the low modulus, 2.0 mM CRGDS condition (Fig. 4A, 6A)
could also be explained by increased matrix degradation as a result of VEGFR2 signaling [66,
67], leading to CLS network destabilization. We previously demonstrated that excessive
hydrogel degradation via hydrolysis lowered the viability of encapsulated cells [7], which
supports the notion that protease-mediated degradability of hydrogels could also affect cell
viability in the current study. Each of these speculative discussion points highlight the need for
detailed characterization of mechanisms that drive endothelial cell behavior in 3D environments.
The array-based approach described herein and similar enhanced throughput approaches are

needed to provide further mechanistic insights in future studies.

The system designed in these studies encapsulated cells in well-defined PEG hydrogels prior to
cell settling, resulting in a homogeneous cell distribution throughout the dimensions of spots.
The resulting hydrogel spots were mounted to an inert background hydrogel (Fig. 2). Importantly,
anchoring the degradable hydrogels to a swelling substrate is critical to observing encapsulated
cells in the array construct. If, alternatively, similar hydrogel formulations were allowed to form
in a confined environment, such as within a rigid well-plate, swelling issues rendered the
hydrogels not observable. In particular, we observed that within 24 hours of incubation many of
the hydrogels formed in polystyrene well plates buckled due to high degrees of swelling (Supp.
Fig 1A), making long-term imaging and maintenance of the 3D cell cultures impossible.

Buckling was especially problematic, as it could act as a lurking variable that promotes non-
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homogenous CLS formation in the hydrogels, not to mention adding difficulty to imaging.
Anchorage to a swelling substrate stabilized the hydrogel spots throughout the swelling process,
being flexible enough to allow homogeneous volumetric swelling of the spots without buckling.
The distribution of CLS formation in the array spots was more similar to the non-confined
hydrogels rather than the confined hydrogels. Any structures that formed in the hydrogel array
spots were distributed homogeneously throughout the gel by 24 hours after encapsulation (Fig.
6D). This suggests that attachment of hydrogel spots to a swelling substrate effectively nullifies

the effects of confinement.

4.7 Conclusion

Using a hydrogel array, we have combinatorially manipulated cell adhesion and stiffness to
examine critical endothelial cell behaviors — viability, proliferation, and capillary-like structure
(CLS) formation. The screening system designed here analyzed HUVEC behavior in over 900
spots total. The characteristics of the 3D ECM surrounding encapsulated HUVECs significantly
influenced cell viability, proliferation and CLS formation. Further, the context provided by the
surrounding ECM modulated the effects of VEGFR2 signaling, ranging from changing the
effectiveness of synergistic interactions between integrins and VEGFR2 to determining whether
VEGFR?2 upregulates, downregulates or has no effect on proliferation and CLS formation. The
differences in cell behavior due to combinatorially manipulated environmental parameters shown
here highlight the need for additional characterization of 3D cell-matrix interactions, as well as

further mechanistic studies of how these interactions modulate cell behavior.
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4.9 Supplemental Information

Chapter 4: Supplemental figure 1. Hydrogel homogeneity and heterogeneity in confined vs.
non-confined PEGNB hydrogels. A) Hydrogels confined to a 48 well plate at 24 hours after
encapsulation. Schematic: Cell-containing hydrogel is anchored by the edges by a background
hydrogel (blue rectangles) in order to prevent complete detachment of the hydrogel into medium
during swelling. Black circle: buckling area. Arrowheads: CLS formation. B) Freely-swollen
hydrogels at 24 hours after encapsulation.
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Chapter 5:

Endothelial cell responses to TGF-f signaling in 2D and 3D cell
culture environments with defined mechanical properties

Eric H. Nguyen, William L. Murphy. Endothelial cell responses to TGF-f3 signaling in 2D and
3D cell culture environments with defined mechanical properties. In preparation.

5.1 Preface

Chapters 3 and 4 established techniques to culture cells on hydrogel surfaces (2D) and inside
hydrogels (3D) where hydrogel stiffness was tuned orthogonally with cell adhesivity. The
purpose of studies in this chapter was to demonstrate the utility of defined hydrogels to
determine the effects of substrate parameters on TGFB-mediated changes in endothelial cell
phenotype. Here, human umbilical vein endothelial cells were seeded onto fibronectin-coated
tissue culture polystyrene, seeded onto surfaces of PEG hydrogels of varying moduli (2D) and
encapsulated in PEG hydrogels (3D) while treated with TGF-B. Results demonstrated that culture
context and hydrogel modulus have significant impacts on the overall consequences of TGF-3
signaling. This work also suggested that culture substrates containing only an integrin binding
ligand and culture environments containing only TGF-B may be insufficient to induce a

phenotypic change of Endothelial-Mesenchymal transformation.

5.2 Abstract

Phenotypic changes in endothelial cells that result in the loss of homeostatic activity can
potentially give rise to vascular dysfunction and tissue pathology. A common mediator in the

transformation of cell phenotypes is transforming growth factor beta (TGF-f), though the role of
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the extracellular environment in dictating the outcomes of TGF-B signaling are not well
understood. These studies investigated differential effects of TGF- signaling on endothelial cell
phenotype in various cell culture environments including monolayer culture on fibronectin-
coated tissue culture polystyrene (TCPS), monolayer culture on poly(ethylene glycol) (PEG)
hydrogel surfaces (2D), and three-dimensional (3D) culture inside degradable PEG hydrogels.
These studies demonstrate that treating human umbilical vein endothelial cells (HUVECs) with
TGF-B1 or 2 induces differential changes in the expression of endothelial and mesenchymal cell
markers depending on the culture environment and mechanical stiffness of the extracellular
environment. Specifically, TGF-f treatment induces a state of quiescence and partial loss of
endothelial phenotype in HUVECs seeded on TCPS and encapsulated in PEG hydrogels while
similar growth factor treatment induces a state of vascular stability in HUVECs seeded on PEG
hydrogel surfaces. Additionally, the cell culture in 2D and 3D environments of varying modulus
revealed that the regulation of endothelial cell markers by TGF-B may be independent of

modulus in 2D culture but dependent on modulus in 3D culture.

5.3 Introduction

Endothelial cells, characterized as lining the interior surfaces of blood vessels and
microvasculature, perform critical actions to facilitate tissue viability including the perfusion of
blood and the regulation of material transport between blood and interstitial fluid [1]. A variety
of changes in endothelial cell phenotype such as delamination, cell death, and quiescence can
lead to loss of tissue function and progression of numerous disorders including cancer metastasis,

tissue ischemia, diabetic ulcer formation, diabetic retinopathy, cardiovascular disease and
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embryonic lethality [1, 2]. A notable example of a pathological change in phenotype is
endothelial-mesenchymal transition (EndMT), characterized as the disappearance of endothelial
cell phenotype in exchange for a mesenchymal cell phenotype [3]. While known to facilitate
embryonic development, particularly in the development of cardiac tissue [4, 5], EndMT is
particularly implicated in numerous complications such as tissue fibrosis [6], myocardial

infarction [7-9], and the onset of cancer metastasis [3, 6, 10].

A common inducer of phenotypic changes in endothelial cells is transforming growth factor f
(TGF-B) [11-14]. TGF-B has been characterized as promoting a diverse range of endothelial cell
behaviors including apoptosis [15, 16], increased proliferation [17], and the promotion [18, 19]
and inhibition [20] of angiogenesis. While a plethora of cell responses to TGF- are known, the
factors that drive endothelial cells to execute particular responses over others is not well
understood. Several factors have been reported as modulating the outcomes of TGF-f signaling
including expression of numerous co-receptors to type-1 and type-2 TGF-B receptors [21, 22],
TGF-B concentration [18, 20], differential potencies of TGF-B1 and 2 [23], and the presence of

other growth factors such as VEGF that potentially attenuate TGF-f activity [24].

A potentially critical influence on TGF-f3 signaling outcomes is the extracellular matrix (ECM),
which provides environmental signaling cues to cells including cell adhesion molecules and
mechanical stiffness [25-27]. Based on the association between pathological endothelial cell
phenotypes and environments of increased stiffness, such as in blood vessel stiffening [28] and
cancer tumors [29], we hypothesize that the elastic modulus of the ECM is critical for the onset
of pathological endothelial cell phenotypes driven by TGF-f signaling. Poly(ethylene glycol)
(PEG) hydrogels are versatile tools for exploring how ECM properties and TGF-f signaling

simultaneously affect endothelial cell phenotype. The chemically-defined nature of PEG
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hydrogels and the ability to resist protein fouling provide an appropriate material to study how
specific changes in biomolecule presentation and mechanical properties impact endothelial cell
behavior [27]. Specifically a photoinitiated thiol-ene reaction [30] was leveraged here to control
polymer network density, modes of degradation, and the inclusion of a Arg-Gly-Asp (RGD)
peptide sequence to facilitate integrin-mediated cell adhesion [31]. Notably, the mechanical
properties of PEG can recapitulate the water content and mechanics of numerous tissues in the

body, ranging from neural tissue to diseased arteries [32-34].

In this study human umbilical vein endothelial cells (HUVECs) were cultured in numerous cell
culture environments including fibronectin-coated tissue culture polystyrene (TCPS) as well as
the surfaces and interiors of RGD-functionalized PEG hydrogels of varying stiffness. Here cells
are treated with TGF-B1 and 2 in order to observe the impact of culture contexts on the
phenotypic outcomes of TGF-f signaling. HUVECs responded to TGF-B signaling with
differential outcomes including entering quiescent states and increasing vascular stability when
cultured in the different contexts, suggesting a major role of the environment in dictating cell

responses to growth factor stimuli.

5.4 Experimental Section

5.4.1 Materials

Human umbilical vein endothelial cells and EGM-2 Bulletkit were purchased from Lonza
(Walkersville, MD). Medium 199 (M199) was purchased from Mediatech Inc (Manassas, VA).

Trypsin, Cosmic Calf Serum and Penicillin/Steptomycin were purchased from HyClone (Logan,
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UT). PEG was purchased as a non-functionalized, 10 or 20 kDa molecular weight, 8-arm star
molecule with a tripentaerythritol core from Jenkem USA (PEG-OH, Allen TX).
Dimethylaminopyridine, pyridine, norbornene carboxylic acid, dichloromethane, chloroform, 3-
mercatopropyl trimethoxylsilane (3-MPTS), toluene and dithiothreitol were purchased from
Sigma Aldrich (St. Louis, MO). 0.4 um pore-size syringe filters were purchased from Millipore
(Billerica, MA). Anhydrous dichloromethane, diethyl ether, hexanes, methanol, phosphate
buffered saline (10 mM, 1x PBS) Triton-X-100 and bovine serum albumin (BSA) were
purchased from Fisher Scientific (Waltham, MA). N,N’-dicyclohexylcarbodiimide was
purchased from Thermo Scientific (Waltham, MA). Irgacure 2959 photoinitiator (12959) was
purchased from Ciba Specialty Chemicals (Tarrytown, NY). Costar 6-well and 96-well plates
were purchased from Corning (Corning, NY). Human Plasma Fibronectin (FN) was purchased
from Gibco (Gaithersburg, MD). Amidated peptides Cys-Arg-Gly-Asp-Ser (CRGDS), Cys-Arg-
Asp-Gly-Ser (CRDGS), Arg-Gly-Asp-dPhe-Cys (cyclic RGD) and KCGGPWQGCK (MMPDP)
were purchased from Genscript (Piscataway, NJ). Dithiolized PEG crosslinking molecule of 3.4
kDa molecular weight (PEGDT) was purchased from Laysan Bio (Arab, AL). SU-8 100 was
purchased from Microchem (Newton, MA). Silicon wafers were purchased from University
Wafer (Boston MA). Patterned transparencies were purchased from Imagesetter (Madison, WI).
Sylgard Poly(dimethyl siloxane) (PDMS) solution was purchased from Dow Corning (Midland,
MI). Gold coated glass slides were purchased from EMF (Ithaca, NY). FlouroSAM (HS-C;;-O-
C,-(CF,)s-CF3;) was purchased from Pro Chimia (Sopot, Poland). Three chamber Proplate
Isolator assemblies were purchased from Grace Bio-labs (Bend, OR). Soluble recombinant
human growth factors VEGF, TGF-B1 and TGF-B2 were purchased from R&D Systems

(Minneapolis, MN). Calcein AM, ethidium homodimer and hoescht nuclear stain were purchased
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from Life Technologies (Carlsbad, CA). Primary antibodies Mouse anti-CD31 and Rabbit anti-
SNAIL were purchased from Millipore (Billerica, MA). Rabbit anti-Von Willebrand Factor
(VWF) and Mouse anti-CD34 were purchased from Dako (Carpinteria, CA). Mouse anti-a-
Smooth Muscle Actin (aSMA) was purchased from Sigma-aldrich. Rabbit anti-pSMAD3 was
purchased from Thermo-Fisher Scientific (Waltham, MA). Rabbit Anti-Collagen I (Col-I) was
purchased from Novus Biologicals (Littleton, CO). Secondary antibodies Alexafluor 488 goat

anti-mouse and Alexafluor 594 goat anti-rabbit were purchased from Life Technologies.

5.4.2 Cell culture

Human umbilical vein endothelial cells were cultured in growth medium consisting of M199
supplemented with EGM-2 Bulletkit, which contains 2% BSA as well as hydrocortisone, hFGF-
B, VEGF, R3-IGF-1, Ascorbic Acid, Heparin, FBS, hEGF, and GA-1000. Growth medium was
changed every other day and cells were passaged every 4 to 7 days. Cell passages were
performed using 0.05% trypsin solution and detached cells were recovered in MI199
supplemented with 10% cosmic calf serum. All media was supplemented with 100 U/mL
Penicillin/ 100 pg/mL Streptomycin. The cells were maintained in a humidified 37°C incubator

with 5% CO2 and used between 5 and 16 population doublings in all experiments.

5.4.3 PEG functionalization with norbornene
PEG-norbornene (PEGNB) was synthesized as previously described [27, 35, 36]. PEGOH of 10
or 20 kDa molecular weight, dimethylaminopyridine and pyridine were dissolved in anhydrous

dichloromethane. In a separate reaction vessel, N,N’-dicyclohexylcarbodiimide and norbornene
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carboxylic acid were dissolved in anhydrous dichloromethane. Norbornene carboxylic acid was
covalently coupled to the PEGOH through the carboxyl group by combining the PEG solution
and norbornene solutions and stirring the reaction mixture overnight under anhydrous conditions.
Urea was removed from the reaction mixture using a glass fritted funnel and the filtrate was
precipitated in cold diethyl ether. The precipitated PEGNB was collected and dried overnight in
a buchner funnel. To remove impurities, the PEGNB was dissolved in chloroform, precipitated in
diethyl ether and dried a second time in a Buchner funnel. To remove excess norbornene
carboxylic acid, PEGNB was dissolved in de-ionized H,O, dialyzed in de-ionized H,O for 1
week and filtered through a 0.4 um pore-size syringe filter. The aqueous PEGNB solution was
frozen using liquid nitrogen and lyophilized. Functionalization of PEG with norbornene groups
(Fig. 1A) was quantified using proton nuclear magnetic resonance spectroscopy (NMR) to detect
protons of the norbornene-associated alkene groups located at 6.8-7.2 PPM [35].
Functionalization efficiency for norbornene coupling to PEGOH arms was above 90% for

PEGNB used in all experiments (Figure 1A).
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Chapter 5: Figure 1. Cell culture systems to investigate phenotypic changes in HUVECs. (a)
Schematic of hydrogel networks for cell culture. (b) Gel-in-gel hydrogel array and
transformation experiments on cell-adhesive PEG hydrogels. (¢) Thin hydrogel array and
transformation experiments in degradable PEG hydrogels.

5.4.4 Pre-coupling adhesion peptides to PEGNB

Peptide coupling to PEGNB was performed as previously described [27]. Lyophilized PEGNB
was dissolved in DIH,0O at 1 mM concentration (8§ mM norbornene groups) and combined with
0.05% wiv 12959 as well as 2x molar excess of either CRGDS adhesion peptide, CRDGS as
scrambled nonfunctional peptide or cyclized RGD for increased affinity to HUVEC integrins.
The mixture was reacted under 365 nm UV light for 15 minutes at a dose rate of 4.5 mW/cm” to

covalently attach the peptides to norbornene groups via the thiol-ene reaction [35]. To remove
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buffer salts and unreacted peptide from the decorated PEGNB, the reaction mixture was dialyzed
in de-ionized H,O for 2 days. The dialyzed solution was frozen in liquid nitrogen and lyophilized.
The coupling efficiency of PEGNB to the peptides was quantified using proton NMR to detect
disappearances of alkene protons at 6.8-7.2 PPM caused by covalent bonding of the peptides to
the norbornene group. Pre-coupled PEGNB molecules will be referenced as PEGNB-CRGDS,

PEGNB-CRDGS and PEGNB-CycRGD.

5.4.5 Mechanical properties of PEG hydrogels

Hydrogel compressive modulus was measured using 8 mm diameter hydrogel disks as previously
described [37]. Non-degradable hydrogels for HUVEC monolayer culture contained PEGNB
concentrations ranging from 40 mg/mL to 150 mg/mL as well as dithiolized PEG crosslinking
molecule to crosslink 30% to 70% available norbornene groups in solution. Degradable
hydrogels for culture of encapsulated HUVECs contained PEGNB concentrations ranging from
30 mg/mL to 70 mg/mL as well as MMPDP to crosslink 50 to 70% available norbornene groups
in solution. To create the sample disks 72 puL of hydrogel precursor solution was pipetted into 8
mm diameter, 1.2 mm deep Teflon wells. The resulting hydrogels were swollen in 10 mM PBS
(1x PBS) for 24 hours and an 8 mm diameter hole punch was used to trim highly swollen
samples as needed. The samples were tested in triplicate using an Ares-LS2 dynamic mechanical
analysis instrument (TA Instruments, New Castle, DE). A 20 g force was applied to the samples
and a strain sweep test at 10 Hz fixed frequency was performed from 0.005 to 1% strain. The
compressive modulus of each sample was as the average of measurements taken at 10 Hz, 0.2-

1% strain.
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5.4.6 HUVEC culture on Fibronectin-coated TCPS

Costar 96 well plates were coated using a 100 uL of 3.125% FN solution in 1x PBS and
incubated for 45 minutes prior to air drying. Each well of the 96 well plates were given 100 uLL
M199 + EGM2 prior to adding 100 uL HUVEC suspension in M199 + EGM?2 at a cell density of

5.0 x 10* cells/cm?. Media was changed every 2 days until cells grew to 70% confluence.

5.4.7 Hydrogel array stencils

Hydrogel array stencils were fabricated using conventional photolithography techniques [38] as
described previously [27]. Stencils were formed from two separate elastomer parts: a 200 um
thick sheet of microwells and a 1mm thick base. Silicon master molds were fabricated by spin
coating a 200 um layer of SU-8 100 onto a silicon wafer. Arrayed 1 mm diameter posts of
photoresist were defined using a photomask. PDMS was prepared by combining Sylgard PDMS
solution with crosslinking solution at a 10:1 volume ratio. The solution was degassed under a
vacuum for 45 minutes, poured onto the silicon master mold and crosslinked on a hot plate for 4
hours at 85°C, forming the 200 um thick sheet of microwells that penetrated the entire thickness
of the sheet. To form the base of the hydrogel array stencil, the PDMS solution was poured
between glass slides to form sheets of 1 mm thickness and cured on a hot plate for 4 hours at
85°C. Both stencil components were cleaned in hexanes by soxhlet extraction [39] and placed in
vacuo to remove residual solvent. The completed PDMS stencil was formed by laying the 200

um thick sheet on top of the 1 mm thick base.
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5.4.8 Forming PEG hydrogel arrays for HUVEC monolayer culture

Hydrogel array constructs were formed from 2 separate hydrogels as described previously [27]:
an inert hydrogel “background” consisting of 80 mg/mL 20 kDa PEGNB and PEGDT to
crosslink 50% available norbornene groups in solution, and “hydrogel spots” consisting of 10 or
20 kDa PEGNB, PEGDT, and PEGNB-cycRGD to provide cell-adhesive PEG surfaces that
present 4 mM cyclic RGD and span a range of moduli from 24 to 493 kPa (Figure 1A). Hydrogel
spot solutions were added to the PDMS stencil wells as 0.4 pL droplets. Hydrogel spots were
crosslinked under 365 nm UV light for 3 seconds at a dose rate of 90 mW/cm?2 after all droplets

were pipetted into the stencil.

Once all spots were crosslinked under UV light, a 1 mm-thick background hydrogel slab was
formed by curing 230 uL background hydrogel solution under 365 nm UV light for 3 seconds at
a dose rate of 90 mW/cm?2 between a flat 1 mm thick PDMS sheet and a 1” x 17 glass slide.
After removing the PDMS sheet only, an additional 30 uL background hydrogel solution was
pipetted on top of the hydrogel slab to anchor the spots to the background slab upon crosslinking.
The background slab, still attached to the glass slide, was placed on top of the cured hydrogel
spots and the entire array was cured for an additional 2 seconds under 365 nm UV light at a 90
mW/cm? dose rate. The hydrogel array was removed from the PDMS stencil and secured to the
bottom of Costar 6-well plates by using magnets to hold the glass slides in place. The arrays
were submerged in 4 mL 1x PBS and incubated overnight at 37°C to swell the arrays to

equilibrium.

Prior to cell seeding 1x PBS was replaced with 4 mL M199 + EGM2. HUVECs were seeded

onto arrays at a density of 2.5 x 10* cells/cm”. For a nuclear colocalization quantification test
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cells were seeded at a density of 1.0 x 10° cells/cm®. Cells were incubated for 24 hours prior to

treatment with experimental media (Figure 1B).

5.4.9 Preparing patterned gold slides with differential wettability

Gold coated glass slides were patterned with hydrophobic and hydrophilic regions as previously
described [40]. Briefly, goat coated slides were sonicated in 100% ethanol for 5 minutes and
immersed in a 0.1 mM FlouroSAM solution prepared in ethanol for 2 hours at room temperature
while protected from light. This created a hydrophobic region on the surface of the glass. A
PDMS mask consisting of 64 holes arranged in a 4 x 16 pattern was aligned with the gold slide
and adhered to the surface. The exposed hydrophobic regions of the mask were etched by surface
plasma treatment using a Diener Plasma Treatment Chamber (Diener Electronic, Ebhausen,
Germany) at 40 sccm and 50 W for approximately two minutes. After etching, the PDMS mask
was removed and slides were rinsed in ethanol. The etched gold slide was placed into a 0.25 mM
solution of [HS—C;;—(O—CH,—CH;);—OH] (EG3-OH) in ethanol overnight at room temperature to

create hydrophilic surfaces in the etched regions of the gold slide.

5.4.10 Silanizing glass slides for thin hydrogel arrays

Glass microscope slides were functionalized with silane monolayers as previously described [40].
Slides were sonicated for 45 minutes in 50 % HCL in methanol to remove any surface impurities
and rinsed in methanol followed by two rinses in ethanol to remove excess acetone from the
surface. Cleaned glass slides were surface plasma treated using the Diener Plasma Treatment

Chamber on both sides of slides for 5 minutes at 40 sccm and 50 W. The activated slides were
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transferred to a toluene solution containing 2.5% 3-MPTS and incubated overnight. After
retrieval, samples were cleaned by subsequent rinses of toluene, 1:1 toluene: ethanol and three
rinses of ethanol. Slides were cured in a nitrogen-purged pressure chamber at 100 °C for 1 hour
to crosslink the 3-MPTS monolayer. After curing, the silanized glass slides were placed in an

airtight container and protected from light until use.

54.11 Preparing thin hydrogel arrays for HUVEC encapsulation

To prepare the silanized glass slides for formation of the thin hydrogel arrays, glass slides were
treated in 10 mM dithiothreitol in 1x PBS at 37°C for 30 minutes to increase the number of free
thiols on the surface of the slide. After incubation, slides were rinsed in 1x PBS. Patterned gold
slides were rinsed with ethanol and dried using N2 gas. The glass and gold slides were sterilized
in 70% ethanol at room temperature for 30 minutes. A PDMS spacer was applied to the surface
of the gold slide to control the height of the hydrogels. Hydrogel solutions were prepared to
consist of 20 kDa PEGNB, MMPDP, and PEG-CRGDS to provide cell-adhesive PEG matrices
that present 2 mM CRGDS and span a range of moduli from 14 to 44 kPa (Figure 1A). For
encapsulation the hydrogel solutions conatined HUVECs at a density of 5.0 x 10° cells/mL. 0.75
uL of the prepared PEG solutions were pipetted onto the hydrophilic regions of the glass slide in
a humidity chamber. A silanized glass slide was slowly placed onto the surface of the gold slide
and placed under a UV lamp. The hydrogel spots were exposed to 365 nm ultraviolet light at 90
mW/cm® for 2 seconds. Following polymerization, the glass slide was removed from the
underlying gold slide. This resulted in a patterned hydrogel array on the surface of the glass slide.
Following retrieval of the hydrogel arrays a three chamber Proplate® Isolator was assembled on

top of the array to separate media conditions between assigned groups of spots. The individual
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wells were given 2.5 mL M199 + EGM2 and incubated at 37°C for 24 hours prior to the addition

of experimental media conditions (Figure 1C).

5.4.12 Treating HUVECs with TGF-f3

In all culture systems M199 + EGM2 was replaced with 1x PBS prior to replacement with M199
containing either 0.25% Fetal Bovine Serum alone or 0.25% serum with 5 ng/mL TGF-$1(R&D
Systems, 240-B-002) or TGF-B2 (R&D Systems, 302-B2-002). In experiments investigating
effects of combinatorial treatment of VEGF and TGF-J all above conditions contained either 0.5,
2 or 5 ng/mL VEGF (R&D Systems, 293-VE-010). HUVECs seeded on fibronectin-coated
TCPS were treated using 200 uL experimental medium per well. HUVECs seeded on non-
degradable hydrogel arrays were treated using 4 mL experimental medium per array. HUVECs
encapsulated in degradable hydrogel arrays were treated using 2.5 mL experimental medium per
well of the Proplate® isolator system. Cells were incubated in experimental medium for 72 hours
in all culture systems prior to rinsing cells with 1x PBS and 30 minutes of fixation in buffered

formalin solution.

5.4.13 HUVEC viability after encapsulation in PEG hydrogels

HUVECs were encapsulated in degradable thin-hydrogel arrays as previously described. All
conditions were incubated in M199 + EGM2 for 24 hours prior to treatment with experimental
media. In one condition growth medium was replaced with M199 + EGM2 containing 0.2%
Calcein AM, 0.1% ethidium homodimer and 0.1% hoescht nuclear stain prior to incubation at

37°C for 20 minutes. Afterward the cells were rinsed with 1x PBS and fixed in buffered formalin
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for 30 minutes. The remaining conditions were treated for 72 hours using either M199 + 0.25%
fetal bovine serum alone or 0.25% serum with 5 ng/mL TGF-B1 or 2. After treatment the cells
were treated with Calcein AM, ethidium homodimer and hoescht nuclear stain as previously
described. The cells were rinsed using 1x PBS prior to 30 minute fixation with buffered formalin
solution. All hydrogel spots were photographed within 24 hours of fixation using a Nikon TE300
fluorescence microscope. Viability was quantified by dividing the number of live cell nuclei by

total nuclei in the post.

54.14 Antibody staining

With exception of samples used in viability studies, all fixed cell samples were incubated in 1x
PBS overnight after removal of formalin buffer. Cells were permeabilized in 1x PBS containing
0.25% Triton-X-100 and 1% Bovine Serum Albumin for 30 minutes. Following
Permeabilization cells were incubated for 2 hours in 1x PBS containing 0.05% Triton-X-100 and
0.1% BSA along with antibodies consisting of 1:500 mouse anti-CD31 (Millipore, MAB2148),
1:200 rabbit anti-VWF (Dako, A0082), 1:600 mouse anti-aSMA (Sigma, A2547), 1:200 rabbit
anti-pSMAD3 (Thermo-Pierce, PA5-12693), 1:200 mouse anti-CD34 (Dako, M7165) or rabbit
anti-SNAIL (Millipore, ABD38). Note that cells were treated with 1:100 rabbit anti-SNAIL in
TCPS culture and 1:200 rabbit anti-SNAIL in PEG monolayer culture. In 3D hydrogel cultures
the antibody treatment consisted of 1:500 mouse anti-CD31 (Millipore, MAB2148), 1:200 rabbit
anti-VWF (Dako, A0082), 1:600 mouse anti-aSMA (Sigma, A2547) or 1:500 rabbit anti-
Collagen I (Novus Biologicals, NB600-408). After two 15-minute rinses with wash buffer
consisting of 1x PBS and 0.05% Triton-X-100, samples were incubated for 2 hours in 1x PBS,

0.05% Triton-X-100, and 1:300 both of Alexafluor 488 goat anti-mouse secondary antibody
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(Life Technologies) and 1:300 Alexafluor 594 goat anti-rabbit secondary antibody (Life
Technologies). Samples were rinsed once for 15 minutes in 1x PBS and 0.05% Triton-X-100,
then treated with 1:1000 Hoescht nuclear stain in 1x PBS for 30 minutes. Afterward the cells
were rinsed twice in 1X PBS and stored in 1X PBS overnight. Samples were imaged using a
Nikon TI Eclipse fluorescence microscope. A nuclear co-localization quantification method was
used to quantify the level of overlap between expressed cell markers and the stained nuclei of all

cells (Supplementary Fig. 1).

5.4.15 Statistical analysis

All values are presented as mean * standard deviation unless otherwise noted. Statistical
differences were calculated using the two-sided Student’s T-test assuming equal variances with
Bonferroni corrections when comparing differences in endothelial cell marker expression on
TCPS and differences in marker expression during the nuclear co-localization quantification test.
All other statistical differences were calculated using two-way ANOVA and Tukey’s Multiple

Comparisons tests. Statistical significance is denoted as p < 0.05.

5.5 Results

5.5.1 Hydrogel modulus

The compressive modulus of PEG hydrogels was controlled based on modifications to
crosslinking density and polymer concentration in hydrogel precursor solutions. Non-degradable

hydrogels used to culture HUVECSs in monolayer culture were crosslinked using PEGDT. The
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various concentrations of PEGNB and PEGDT in hydrogel solutions resulted in compressive
moduli of 24 £4,44 £2,69 + 6, 142 £+ 16, 244 + 26, and 493 + 54 kPa (Figure 2A). In particular
the highest modulus of 493 kPa was achieved by substituting 20 kDa PEGNB molecule with a 10
kDa molecule to increase crosslinking density in the hydrogels [41]. Degradable hydrogels used
to encapsulate HUVECs were crosslinked using MMPDP in order to enable cell migration and
environmental remodeling. The various concentrations of PEGNB and MMPDP in hydrogel
solutions resulted in compressive moduli ranging from 13.8 kPa in the softest hydrogel
formulation to 26 + 4, 37 £ 5, and 44 + 7 kPa (Figure 2B). The lowest modulus hydrogel was
only analyzed as a single sample as only one sample was mechanically stable enough to

withstand the forces associated with dynamic mechanical analysis.
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Chapter 5: Figure 2. Hydrogel modulus and corresponding PEG concentration and thiol-ene
crosslinking in precursor solutions. (a) Non-degradable PEG hydrogels for 2D environments. (b)
Degradable PEG hydrogels in 3D environments.
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5.5.2 Marker quantification by nuclear colocalization

HUVECs were seeded on non-degradable PEG hydrogels and treated with medium containing
0.25% FBS alone or with 5 ng/mL TGF-B2 to explore the efficacy of quantifying cell marker
expression using automated nuclear colocalization. Size exclusion and fluorescence intensity
thresholding were performed using Nikon Elements image analysis software to highlight nuclei
of fixed cells and a-SMA labeled with Alexafluor 488. a-SMA expression was quantified by
counting the number of cells positive for a-SMA and by determining the percentage of
colocalization detected between a-SMA and nuclei. Both quantification methods demonstrated
similar results of high a-SMA expression by HUVECsS in serum-only conditions. Additionally, in
both quantification methods HUVECs treated with TGF-f2 demonstrated decreased a-SMA
expression on low modulus hydrogels followed by increased a-SMA expression with increasing
modulus. However, quantification with nuclear colocalization detected statistically significant
differences in a-SMA expression between cells treated with serum and cells treated with TGF-32
in all hydrogel modulus conditions. Conversely, quantification with cell number only highlighted
significant differences on low modulus hydrogels (Supplemental Figure 1). This may be
attributed to the fact that nuclear colocalization accounts for relative levels of expression in
individual cells instead of only quantifying the number of cells that are positive and negative for

a-SMA expression.

5.5.3 TGF-p signaling - HUVECs on TCPS

HUVECs seeded on human plasma fibronectin-coated TCPS responded to TGF-B signaling by

increasing SMAD3 phosphorylation and SNAIL expression while downregulating expression of
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common endothelial cell markers CD31 and VWF. After treatment with medium containing
0.25% FBS alone or with 5 ng/mL TGF-B1 or 2 all HUVEC populations on TCPS were fixed
and immunostained for phosphorylated SMAD3 (pSMAD3), SNAIL, CD31, VWF, a-SMA and
CD34. Compared to the serum-only condition HUVECs treated with TGF-f1 or 2 demonstrated
respective 4 and 5-fold increases in pSMAD3 levels (Figure 3A) as well as respective 20 and 17-
fold increases in SNAIL expression (Figure 3B). These data suggest that TGF-f treatment
initiated SMAD signaling as well as expression of transcription factors associated with the
endothelial-mesenchymal transition [13, 28]. We next observed changes in CD31 and VWF
expression to determine the state of endothelial cell marker expression in the treated cells.
Compared to the serum-only condition HUVECs treated with TGF-B1 and 2 demonstrated
respective 3 and 2-fold decreases in CD31 expression (Figure 3C) and statistically significant-
but-marginal decreases in VWF expression (Figure 3D). These data suggest a diminishing
endothelial cell phenotype in the HUVECs [13]. We next observed changes in a-SMA and CD34
expression to clarify the cell phenotype resulting from TGF-f treatment, with a-SMA expression
signifying a transformation to a mesenchymal phenotype [13] and CD34 signifying a
transformation to a endothelial progenitor cell phenotype [42, 43]. However, there were no
statistically significant changes in either marker compared to the serum-only condition,
suggesting that neither a complete endothelial-mesenchymal transition nor a reversion to a
progenitor cell type occurred with TGF-f treatment. Moreover CD34 expression levels remained
below 5% colocalization with nuclei throughout the duration of the experiments, indicating a

negligible presence of progenitor cell types in the tested cell population (Figure 3E,F).
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Chapter 5: Figure 3. Changes in HUVEC marker expression with TGF-f treatment on
fibronectin-coated TCPS. (a) Phosphorylated SMAD3 immunostaining. Red: pSMAD3. Blue:
Hoescht nuclear stain. (b) SNAIL expression and immunostaining. Red: SNAIL. Blue: Hoescht
nuclear stain. (¢) CD31 expression and immunostaining. Green: CD31. Blue: Hoescht nuclear
stain. (d) Von willebrand factor expression and immunostaining. Red: VWEF. Blue: Hoescht
nuclear stain. (e) Smooth muscle actin expression and immunostaining. Green: aSMA. Blue:
Hoescht nuclear stain. (f) CD34 expression and immunostaining. Green, Arrowhead: CD34+-
positive HUVEC. Blue: Hoescht nuclear stain. *, p < 0.05 compared to 0.25% FBS control
media.

5.5.4 Concurrent VEGF and TGF- treatment on TCPS

VEGF, a known inhibitor of TGF-B signaling [24], attenuated TGF-B-induced changes in
pSMAD3, SNAIL, and CD31 in a dose-dependent manner. TGF-f1 and 2 treatment was
performed on HUVECs cultured on TCPS as previously described, but all media conditions
including serum controls now contained 0.5, 2 or 5 ng/mL. VEGF. TGF-B1 and 2 increased
SNAIL expression above expression levels in medium containing only serum and VEGF.
However in the case of pPSMAD3 only treatment with 0.5 ng/mL. VEGF and 5 ng/mL TGF-2
resulted in significant increases in pSMAD3 levels over those observed in conditions containing
only serum and VEGF. This indicates that SMAD signaling is only increased by high
concentrations of TGF- in conditions containing low concentrations of VEGF. VEGF increased
CD31 expression in a dose dependent manner in all TGF-f treated conditions, while only TGF-
B1 decreased CD31 expression compared to conditions containing only serum and VEGF.
Concurrent treatment with VEGF and TGF-p resulted in marginal changes in VWF and a-SMA
expression. VEGF significantly increased CD34 expression in a dose dependent manner, but
as % colocalization of CD34 with nuclei was still below 5% this change was insufficient to

signify a significant reversion of HUVECsS to progenitor cells (Figure 4).
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Chapter 5: Figure 4. Changes in HUVEC marker expression with concurrent TGF-3 and VEGF
treatment on fibronectin-coated TCPS. *, p < 0.05 compared to 0.5 ng/mL. VEGF treatment. #, p

< 0.05 compared to 0.25% FBS control media.

5.5.5 TGF-B signaling - HUVECs on PEG hydrogels

HUVECs seeded on PEG hydrogels demonstrated dissimilar responses to TGF-J treatment

compared to HUVECs seeded on FN-coated TCPS. HUVECs were seeded at low population

densities to mimick endothelial cell dispersion in situations such as tissue development and

wound healing. After treatment with TGF-1 and 2, HUVECs were fixed and immunostained for
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all markers investigated on TCPS. HUVECs on PEG hydrogels displayed a high baseline level of
SNAIL expression of 40-50% colocalization in media containing serum only, which was higher
than colocalization levels of 3% observed in equivalent media conditions on TCPS. TGF-f
treatment significantly decreased SNAIL expression from serum controls only on low modulus
hydrogels. Levels of pPSMAD3 remained at low levels of 10% or less in all media and modulus
conditions, though TGF-B1 significantly increased pSMAD3 levels from serum controls in low
modulus conditions. pSMAD?3 significantly increased with increasing modulus with TGF-$2
treatment only. These results suggest that pPSMAD3 levels depend on both TGF-f signaling and
substrate modulus. CD31 expression increased with TGF-§ treatment at all modulus levels, an
effect unlike the decreased in expression observed on TCPS. a-SMA expression increased
significantly with increasing substrate stiffness, suggesting that changes in a-SMA expression is
driven by substrate modulus rather than TGF- signaling. As an exception to this is finding TGF-
B2 treatment maintained a low a-SMA expression level at all modulus conditions. Taken
together, these results suggest that in HUVECs seeded on PEG hydrogels, TGF-f acts through
signaling pathways dissimilar to those that promote a mesenchymal transition, and that TGF-3
acts to stabilize a pro-endothelial phenotype instead of driving EndMT on PEG hydrogels.
Additionally, TGF-B is possibly promoting a stable endothelial phenotype mainly through
signaling pathways that are independent of substrate stiffness, as TGF-f-mediated changes in
CD31 and aSMA expression were largely independent of stiffness despite stiffness-dependence
of SNAIL and pSMAD3. CD34 did not have high levels of expression in any condition,

suggesting that HUVECs were not reverting to progenitor cells in these studies (Figure 5).
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Chapter 5: Figure 5. Changes in HUVEC marker expression with TGF-f treatment on cell
adhesive PEG hydrogels of varying modulus. *, p < 0.05 compared to 0.25% FBS control media.
#, p < 0.05 compared to 24, 44 or 69 kPa hydrogels.

5.5.6 TGF-p treatment — HUVECSs encapsulated in PEG hydrogels
HUVECs encapsulated in PEG hydrogels demonstrated decreased expression of CD31, a-SMA
and ECM protein Col-1 with increased hydrogel modulus, and further decreases in all tested

markers were observed with TGF-B1 treatment. HUVECs were encapsulated at relatively low
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densities to mimic cell dispersion in situations such as tissue development and wound healing.
After treatment with media containing 0.25% FBS alone or with 5 ng/mL TGF-B1 or 2 all
encapsulated HUVEC populations were fixed and immunostained for CD31, VWF, a-SMA and
Col-I. Increased hydrogel modulus decreased expression of all observed markers by at least 2-
fold compared to cells in the 14 kPa condition, with exception to VWF which did not see a 2-
fold decrease in expression at any hydrogel modulus. TGF-B1 treatment further decreased
expression of CD31, a-SMA and Col-I in most hydrogel moduli compared to serum-only control
conditions. However, TGF-B1-mediated decreases in CD31 and VWF required hydrogel moduli
to reach at least 26 and 44 kPa, respectively. Compared with TGF-B1, TGF-f2 activity was
mostly insignificant except with a-SMA, where expression was significantly decreased from

serum-only controls in 26 and 44 kPa conditions (Figure 6).
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Chapter 5: Figure 6. Changes in HUVEC marker expression with TGF-B treatment in
degradable PEG hydrogels of varying modulus. (a) CD31 expression and immunostaining.
Green: CD31. Blue: Hoescht nuclear stain. (b) Von willebrand factor expression and
immunostaining. Red: VWF. Blue: Hoescht nuclear stain. (¢) Smooth muscle actin expression
and immunostaining. Green: aSMA. Blue: Hoescht nuclear stain. (d) Collage I expression and
immunostaining. Red: Col 1. Blue: Hoescht nuclear stain. *, p < 0.05 compared to 0.25% FBS
control media. #, p < 0.05 compared to 14 kPa hydrogel.

We investigated whether changes in cell marker expression occurred due to TGF-f-mediated
reductions in cell viability. Viability levels in all modulus and TGF- treatment conditions were

sustained near 40-50% of encapsulated HUVECs. This suggests that reductions in marker
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expression due to hydrogel stiffness and growth factor treatment were not due to decreased cell
viability (Figure 7). The universal reduction in marker expression seen here may imply a
phenotypic change of encapsulated HUVECs to a quiescent state, unlike results observed during
monolayer culture on hydrogel surfaces. Additionally, the fact that TGF-B1 modulates a-SMA
and Col-I at most hydrogel moduli and that it only modulates CD31 and VWF above minimum
threshold moduli suggests that it acts through multiple signaling pathways that may be
independent and dependent on substrate stiffness. Finally, the results concerning TGF-2 only
modulating a-SMA expression may suggest that it lacks the potency of TGF-B1 in this 3D

culture scenario.
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Chapter 5: Figure 7. Viability of HUVECsS cultured in degradable PEG hydrogels. (a) Viability
in PEG hydrogels of varying modulus 24 hours after encapsulation. (b) Viability of HUVECs
with TGF-f treatment 72 hours after encapsulation.

5.6 Discussion
These studies demonstrated that endothelial cell responses to TGF-§ signaling are mediated by
cell culture contexts and substrate stiffness. Specifically, while HUVECs on fibronectin-coated

TCPS upregulated expression of SNAIL and increased SMAD3 activity with TGF-} treatment,
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HUVECs cultured on PEG hydrogels downregulated SNAIL expression with treatment and
demonstrated a low baseline activity of SMAD3. Additionally, TGF-f signaling decreased CD31
expression in HUVECs seeded on TCPS and encapsulated in PEG hydrogels, but increased
CD31 expression in HUVECs on PEG hydrogel surfaces. Our results here suggest that the
composition and mechanics of the PEG hydrogels determine different phenotypic outcomes of
TGF-B treatment, specifically between quiescent phenotypes where expression of most cell
markers decreases, and pro-endothelial phenotypes where cell-cell junction proteins increase in

expression levels.

The factors determining how endothelial cells respond to TGF-B signaling are not well
understood, as TGF-f signaling has been known to enhance [18, 19] or inhibit [20] angiogenesis
in different cases. An initial distinction between the divergent effects of TGF-p is the families of
SMAD proteins activated during TGF-f signaling. Specifically, the activation of SMADs 1,5 and
8 promote proliferation and angiogenesis, while SMADs 2 and 3 inhibits angiogenesis [44]. The
different SMADs are activated by different TGF-f receptors. For example, the TGF-f type-1
receptor Alkl and endoglin initiate signaling cascades mediated by SMADs 1,5 and 8 while
Alk2, AlkS and betaglycan initiate signaling cascades mediated by SMADs 2 and 3 [13, 17].
Differential expression of TGF-f receptors would determine the activities of TGF-B [45], though
the mechanisms governing differential receptor expression are not well understood. Other
possibilities for determining signaling pathway activation during TGF-B signaling may relate to
integrin binding and substrate stiffness. Interactions between TGF-f receptors and o, integrins
are known to modulate TGF-f activity [22], and the occupation of those integrins by adhesion
ligands in the ECM may affect their propensity to bind to TGF-PB receptors. Taken together,

integrin activity on endothelial cells may drive pro-angiogenic or pro-apoptotic effects of TGF-f3
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signaling by modulating growth factor activity [18]. However, other signaling pathways such as
stiffness-mediated P13K/AKT signaling can drive TGF-f to drive EndMT rather than apoptosis
[46]. As demonstrated by HUVECs encapsulated in PEG hydrogels in the current studies, it is
also possible that multiple stiffness-dependent and stiffness-independent signaling pathways are
simultaneously activated by TGF-B. Further characterization of growth factor receptor
expression and integrin activity on endothelial cells as well as the role of stiffness-mediated
signaling cascades is necessary to mechanistically determine how the extracellular environment

modulates the effects of TGF-f3 signaling.

A notable behavior demonstrated by HUVECs during these studies included the constitutive
expression of a-SMA in 0.25% FBS control conditions, as well as the decreased a-SMA
expression in response to TGF-B. This was not an expected result given that previous studies
demonstrated the onset of a-SMA expression by TGF-f signaling in endothelial cells that
previously did not express the marker [13]. a-SMA expression in primary endothelial cells has
been reported in endothelial cells in the absence of TGF-f, and this was due to either increasing
passage numbers [47] or the application of mechanical stress and strain [48]. In the present
study HUVECs were purchased from a commercial source, possibly leading to inflated passage
numbers prior to experimentation, and the results of this the current study suggest that substrate
stiffness plays a critical role in a-SMA expression in the absence of TGF-B signaling. This
principle may also be applied to HUVECs cultured on fibronectin-coated TCPS, which has

greater elastic modulus than the PEG hydrogels.

A recent study by Zhang et al revealed that the stiffness of hyaluronic acid films dictated
whether HUVECSs underwent TGF-f1-mediated EndMT, and that HUVECsSs expressed low levels

of a-SMA in control conditions. A number of differences exist between the studies performed
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here and the studies performed by Zhang et al. In experiments by Zhang, HUVECs were isolated
rather than purchased from a commercial source, and a naturally-derived substrate was used to
culture the endothelial cells rather than synthetic PEG hydrogels. Additionally, successful
transitions occurred in media containing 20% FBS rather than 0.25% FBS as used in the present
study [49]. This large amount of extra protein and protein binding to a naturally-derived
substrate may have contained sufficient concentrations of other transition-inducing factors that
were functionally absent from the present study. For example, a previous study demonstrated
that the simultaneous addition of TGF-B2 and Interleukin 1-f induced EndMT in HUVECSs while
TGF-B2 alone did not [50]. The lack of defined IL-1p in the present system may have induced an
“incomplete” transition and consequent quiescent phenotype, denoted partially by the reduction
of a-SMA, in the HUVECs from the current study. Future studies should employ IL-1f to

confirm this hypothesis.

An initial objective of this study was to determine relationships between PEG hydrogel
properties and possibly determine candidate materials for efficiently executing EndMT in vitro.
While we demonstrated that culturing HUVECs on RGD-functionalized PEG hydrogels or
encapsulating them inside PEG hydrogels significantly changed overall HUVEC response to
TGF-B signaling, our data suggests that PEG hydrogels functionalized with RGD alone are
insufficient to induce signaling pathways necessary to induce EndMT. The differential effects of
TGF-B signaling on pSMAD3 and SNAIL levels on fibronectin-coated TCPS and PEG
hydrogels suggest two possible conclusions: that the elevated substrate mechanics of TCPS
encouraged a TGF-B-mediated EndMT, or that a substrate consisting of full-length proteins as
opposed to integrin-binding peptides alone contains the molecular signals necessary to drive

EndMT. Whether the differences are determined by one possibility or both should be addressed
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in future studies functionalizing PEG hydrogels with additional biomolecules including
synergistic cell binding motifs such as PHSRN [51] to promote migratory cell phenotypes often
demonstrated by mesenchymal cell types [52], or molecules binding soluble heparin to modulate
TGF- signaling dynamics [53, 54]. Additional functionalities such as these are present in full-
length proteins such as fibronectin, but are absent on PEG hydrogels presenting only an integrin-

binding molecule.

5.7 Conclusion

In this study HUVECs cultured on fibronectin-coated TCPS, on non-degradable PEG hydrogel
surfaces of varying elastic modulus and in degradable PEG hydrogels of varying density
demonstrated differential outcomes of TGF-f signaling depending on culture contexts. TGF-f
treatment induced changes in HUVEC expression of pSMAD3, SNAIL, CD31, VWF on TCPS
as well as CD31, VWF, a-SMA and Col-I in degradable PEG hydrogels to indicate a loss of
endothelial cell phenotype and the onset of quiescence. Conversely, HUVEC expression of
pSMAD3, SNAIL, CD31, VWF and a-SMA on non-degradable PEG hydrogels indicated a
stabilization of an endothelial cell phenotype with TGF-f treatment. While the pathways
mediating TGF-B-induced changes in CD31 and a-SMA expression appear to be largely
independent of modulus on PEG surfaces, endothelial marker regulation by TGF-f was
differentially affected by modulus in 3D cell culture. The differential cell behaviors with varying
culture contexts highlight the need for well-defined materials to study how substrate properties
such as modulus and the presence of additional insoluble signaling molecules specifically affect

endothelial cell phenotype. The inclusion of additional soluble signals including those associated
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with inflammation is necessary to more accurately model TGF-B-driven endothelial cell

pathology.
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Chapter 6:

Outlook and Conclusions

Eric H Nguyen, William L. Murphy. Customizable biomaterials to model complex effects of
anti-angiogenic drug treatments in vitro. In preparation.

6.1 Conclusions

The studies in this work demonstrated the implementation of poly(ethylene glycol) (PEG)
hydrogels in enhanced-throughput arrays to investigate endothelial cell (EC) biology and
pathology. In chapter 3, cell adhesivity, hydrogel stiffness and VEGF sequestration by PEG
hydrogels were defined to consistently enable vascular network formation by human ECs,
including human umbilical vein endothelial cells (HUVECs) and ECs derived from induced
pluripotent stem cells, seeded onto hydrogel surfaces. Afterward, the hydrogels were used in
chemical screening arrays to identify vascular disruptive compounds from a library of unknown
chemicals with a greater sensitivity than that of standard Matrigel-based screening systems. In
chapter 4, hydrogel arrays containing encapsulated HUVECs modeled how vascular network
formation is impacted by orthogonally varied cell adhesivity and stiffness. These studies,
additionally, highlighted differential responses to VEGF inhibition with varying hydrogel
compositions. Finally, in chapter 5 hydrogel arrays modeled how two-dimensional and three-
dimensional culture contexts and hydrogel stiffness affect potentially pathogenic EC responses to
TGF-B signaling, with cells demonstrating radically different responses to TGF-B signaling
whether they were cultured on fibronectin-coated polystyrene, on hydrogel surfaces, or within

hydrogel spots.
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In each study, defined cell signaling cues such as integrin-binding peptides, VEGF-binding
peptides and crosslinking molecules in the hydrogels were orthogonally controlled using thiol-
ene “click” chemistry [1]. Additionally, hydrogel properties were systematically tuned across
ranges of values, resulting in a comprehensive library of hydrogel formulations that could only
be efficiently tested using enhanced-throughput experimental techniques. Materials and
chemistries used in these studies see broad applicability in optimizing materials for therapeutic
vascular tissue engineering and identifying candidate ECM-driven mechanistic pathways as
therapeutic targets in vascular disorders. Particularly, the orthogonal material customization
techniques used here enable the construction of sophisticated models of normal and diseased
tissues for investigating long-term effects of drug treatments, a capability not explored in vitro

using current technology.

6.2 Outlook and future directions

A critical limitation of in-vitro models of human vasculature, particularly those used to identify
anti-angiogenic drugs for cancer treatment, is that they only model the effects of initial vascular
disruption and are unable to model side effects and long-term effects of anti-angiogenic
treatment. A significant contribution of this thesis is that it provides a toolset, namely
systematically customizable hydrogels, to generate increasingly advanced models of vasculature
to recreate the side effects of anti-angiogenic drug treatment. Here we speculate on how
customizable biomaterials, along with endothelial cells of pathological origins, can be applied
toward the creation of advanced in-vitro models of angiogenic rebound, vascular normalization,

and endothelial-mesenchymal transition (EndMT). These three scenarios, described in chapter 2,
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represent impactful side effects of current anti-angiogenic treatment methods that are currently

poorly understood.

6.2.1 Endothelial cells from pathological origins

To model side effects of anti-angiogenic drug treatment vascular tissue models must be able to
generate diseased vasculature. A potential approach to achieving this is the use of endothelial
cells from known pathological origins. These cell types, which may be derived from induced
pluripotent stem cells or directly harvested from diseased tissue, have a unique ability to display
diseased phenotypes in vascular models prior to exposure to the model environment. For
example, pathological network formation was recently modeled when endothelial cells were
derived from induced pluripotent stem cells (IPSCs) of diabetic patients [2], and the capabilities
of IPSC-derived endothelial cells can generate endothelial cells from cancer patients. Primary
endothelial cells have also been derived from cancer tumors and exhibit properties such as
enhanced migration, resistance to apoptosis and the ability to form denser networks of tubules
and sprouting capillaries compared to normal endothelial cells, as demonstrated by
hepatocellular carcinoma tumor—derived endothelial cells [3]. Finally, endothelial cells with
prolonged exposure to pathological environments have demonstrated an ability to exacerbate
tissue pathology. For example, human umbilical vein endothelial cells (HUVECsS) treated with
cancer-derived factors and inflammatory factors were shown to activate pro-metastatic signaling
pathways in lung carcinoma cells [4]. These properties warrant a need to implement cell types of

pathological origin when modeling the effects of anti-angiogenesis treatment.
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6.2.2 Angiogenic rebound

Angiogenic rebound is characterized as the reassembly of vascular networks that were initially
disrupted by anti-angiogenic drug treatment. Modeling this phenomenon requires the ability to
sustain cell adhesion, viability and migration after anti-angiogenic drug treatment. In
customizable biomaterials described in this thesis, additional adhesion ligands such as YIGSR
and IKVAYV can be systematically added to RGD-functionalized PEG hydrogels to optimize cell
viability and adhesion and thereby improve cell survivability after initial network disruption.
Materials may also be tailored for culture of IPSC-ECs and cancer-derived endothelial cells to
address a hypothesis that pathological origins may enable improved endothelial cell drug

resistance and improved angiogenic rebound.

One cause of the angiogenic rebound is the elevated quantity of angiogenic growth factors
secreted by fibroblasts and cancer cells into the extracellular environment after anti-angiogenic
treatment. These effects can be recapitulated by using photopolymerizable hydrogels and
patterning techniques reviewed in chapter 2 to culture segregated populations of endothelial cells
and growth factor-secreting cells. The addition of growth factor-binding ligands to a
customizable material can maintain an elevated presence of growth factors for long periods of
time. Additionally, the use of hydrogels with hypoxia-induced crosslinking would result in the
maintenance of hypoxia and consequent upregulation of endogenous growth factor secretion in

the model tumor environment. Successful implementation of these features potentially lead to
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models where angiogenic rebound is observable in time frames resembling those observed in

vivo, and mechanisms may be targeted to prevent network reformation in tumors.

6.2.3 Vascular normalization

The objective of modeling vascular normalization is to demonstrate the transformation of
dysfunctional vasculature into stable, patent vasculature by short-term anti-angiogenic drug
treatment. Vascular network features such as network area and stability must be clearly
observable as potential markers of normalization events, and increased biomimicry of vascular
models will enable the determination of meaningful drug concentration ranges that predictably
trigger normalization. Initial pathological network formation may be achieved through the use of
cancer-derived endothelial cells in order to generate disorganized and disrupted vasculature prior

to exposure to drugs and chemicals.

Future models of normalization will require the co-cultures of endothelial cells and growth factor
secreting cells that can react to anti-angiogenic drug treatment in order to account for
endogenous signals that skew effective doses of anti-angiogenic drugs. To this end, optimized
concentrations of growth factor-binding ligands should also be present to account for enhanced
growth factor stability in in-vivo tissues. Additionally, studies of vascular normalization may
need to be done in materials that drive anti-angiogenic drugs to improve vascular network
coherence. For example, in chapter 4 3D models of tubule network formation have revealed a
hydrogel with low modulus and high RGD concentration [5] that caused the VEGF inhibitor
SU5416 to stabilize vascular networks rather than disrupt formation. Finally, customizable

materials need to be adapted for systems that permit fluid perfusion through model vascular
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networks in order to observe the impact of drug treatments on vessel leakiness and stability.
Successful generation of normalization models will reveal appropriate dose rates, time tables and

biomarkers to recognize and control normalization in vivo.

6.2.4 Metastatic switch and mesenchymal transformation

A critical side effect associated with anti-angiogenic drug treatment, specifically the inhibition of
VEGEF signaling, is the onset of pathological phenotypes in endothelial cells. One example of this
phenotypic switch is EndMT, where endothelial cells, with TGF- signaling, switch phenotypes
to mesenchymal cells [6-11] that contribute to cancer growth and metastasis [12-14]. Evidence
has emerged to demonstrate that inhibition of VEGF signaling by anti-angiogenic drug treatment
enables a rise in migratory phenotypes in endothelial cells and cancer cells in mouse models [15],

as VEGEF is known to attenuate TGF- activity [16].

The identification of enhanced cancer metastasis as a side effect of angiogenic inhibition
highlights an urgent need to characterize the effects of VEGF inhibition in tumor-like
environments that change endothelial responses to TGF-B. These environmental variables can
possibly include TGF- concentration [17], integrin interactions with the ECM [18, 19] and B-
catenin [20], cell-cell contacts [21], and co-cultures with supporting cell types [22]. The effects
of specific interactions between endothelial cells and the ECM in modulating the specific
outcome of EndMT are only beginning to be answered [23]. One particular study has begun
pioneering discoveries of how substrate properties impact endothelial cell phenotypic switching.
Here, cell-adhesive poly(L-Lysine) / Hyalouronic Acid films increased the propensity of

HUVECs to undergo TGF-B1-mediated endothelial-mesenchymal transition on substrates with
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increasing stiffness [24]. Results such as these begin to further implicate pathological
extracellular environments as encouraging the transformation, and investigations can be
furthered using biomaterial customization methods described in this thesis. In chapter 5 it was
hypothesized that hydrogels functionalized using only RGD lack functionality of full-length
proteins to mediate EndMT. The versatility of the hydrogels studied in this thesis enables the
addition and optimization of numerous other biomolecules to endothelial culture substrates. A
particularly compelling example of a candidate biomolecule is heparin binding molecules [25,
26] to facilitate binding, concentration and stabilization of soluble TGF-f locally to endothelial
cell populations. Other ligands, including PHSRN peptide, acts synergistically with RGD in full-
length fibronectin to potentially mediate the transition as well [27]. A greater understanding of
ECM-modulation of EndMT include discovery of appropriate dosing ranges for achieving
vascular disruption while avoiding EndMT, as well as revelation of therapeutic targets to prevent

the transition.
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