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Chapter 1

Introduction

1.1 Introduction to Angiogenesis

Angiogenesis is the generation of new blood vessels from existing vasculature and is
essential for growth and development of the human body [1]. All metabolically active tissues are
within a few hundred microns of a capillary to ensure sufficient nutrient and oxygen delivery [2].
There are two types of angiogenesis that occur both in utero and throughout life: intussusceptive
and sprouting. Intussusceptive angiogenesis occurs when an existing blood vessel splits into two
vessels without requiring immediate endothelial cell proliferation or migration and primarily
occurs during embryo development [2]. Sprouting angiogenesis occurs when endothelial cells
diverge from the exterior of an existing blood vessel and migrate toward an angiogenic stimulus
[2]. In many cases, the angiogenic stimulus is the vascular endothelial growth factor VEGF-A that
is secreted from poorly perfused tissues as a result of hypoxic conditions [3]. Sprouting
angiogenesis consists of several steps: enzymatic degradation of the capillary basement membrane
and the extracellular matrix, endothelial cell proliferation, directed migration, and lumen formation
[3]. Sprouting angiogenesis is a fundamental process in developmental biology, but it also can act
as a pathological event that initiates or aggravates various disease states [4]. Because of this,

sprouting angiogenesis is the focus of this study.

1.2 Physiological Significance

Angiogenesis plays an important role in many crucial physiological processes. For
example, neovascularization is a critical element of wound healing. Uninjured tissues are
adequately vascularized for sufficient nutrient and oxygen delivery, as well as removal of waste
products and carbon dioxide. However, when an injury occurs, the native vasculature is disrupted,
resulting in fluid accumulation, inflammation, and the development of hypoxia [5]. Hypoxic
conditions activate the transcription factor hypoxia-inducible factor-1-alpha (HIF-1a) and promote
production of pro-angiogenic growth factors such as VEGF-A, Ang-2, and SDF-1 [6]. The
resulting angiogenic activity creates a dense, disordered vascular network with many dead-end

flow pathways and high tortuosity [6]. After this initial network has formed, anti-angiogenic



growth factors induce regression of the vascular network to reduce the abnormally high vessel
density [6, 7]. This is followed by vessel maturation via recruitment of smooth muscle cells and
pericytes to stabilize the vascular architecture [6, 7]. The disrupted vasculature is now restored to
a non-hypoxic state and the injured tissue is adequately perfused as a result of angiogenesis.

Angiogenesis also plays a key role in cancer progression. A study conducted in 1982 by
Muthukkaruppan and colleagues found that tumor cells were unable to grow beyond 2 mm?®
without vascular support [8]. Another study found that tumors may become necrotic or apoptotic
when vascularization is prevented [9]. Because of uncontrolled cell proliferation and altered
metabolism, developing tumors experience inadequate transport of nutrients and oxygen and enter
a hypoxic state [10, 11]. When this occurs, tumors secrete a variety of angiogenic growth factors
(most commonly VEGF and bFGF) that bind tyrosine kinase receptors on the membranes of
endothelial cells [11]. This triggers a variety of signaling cascades, including the mitogen activated
protein kinase (MAPK) pathway, that activates and translocates the appropriate transcription
factors into the nucleus to stimulate neovascularization [11]. Nutrient and oxygen transport to the
tumors subsequently improve, allowing them to continue to grow [11, 12]. This demonstrates the
importance of angiogenesis for cancer progression and shows that prevention of tumor-induced
neovascularization could act as a cancer therapy.

Another important application of angiogenesis is tissue engineering. Tissue engineering is
the practice of combining scaffolds, cells, and biologically active molecules into functional tissues
that restore, maintain, or improve damage to native tissues or organs [13]. While many studies
have demonstrated the therapeutic potential of tissue replacement with tissue engineered
constructs, there are very few clinical applications [14]. One of the main reasons for this is the
difficulty of incorporating mature and functional vasculature into the constructs. Without sufficient
vascular ingrowth, necrosis will occur within the scaffold and potentially cause transplant rejection
[14, 15]. Additionally, it has been noted that the size and complexity of many tissue engineered
products are limited by the lack of blood vessel networks [16]. Developing a better understanding
of angiogenesis and its underlying mechanisms is therefore crucial to create advanced tissue

engineered constructs that have the potential for clinical application.

1.3 Common Platforms for Study
There are many different methods to model and subsequently study angiogenesis. One of

the most common models is the spheroid sprouting assay. This assay consists of self-aggregated



endothelial cells embedded in a 3D matrix that sprout and invade their surroundings when
stimulated with relevant growth factors [17]. The 3D matrix composition is typically collagen,
fibrin, or another common component of the extracellular matrix. This assay replicates the
formation of capillaries from existing vessels with high accuracy [17]. Because this model
incorporates a 3D matrix, it promotes endothelial cell-cell signaling and mimics the in vivo
environment better than older 2D models [18]. Additionally, the simplicity of this model allows
for rapid investigation of various properties of angiogenesis.

Another method to model angiogenesis is a microcarrier-based assay. This assay is very
similar to the spheroid sprouting assay. Microcarriers are small beads that encourage cell
attachment and are commonly made of materials like gelatin, dextran, cellulose, plastic, or glass
[19]. Endothelial cells adhered to microbeads are embedded in a 3D matrix and allowed to sprout
and invade [20]. This assay offers the same advantages as the spheroid sprouting assay.

The aortic ring assay is another platform to study angiogenesis. This assay is considered to
be in between in vitro and in vivo study. To generate this model, a mouse or rat thoracic aorta is
excised, sliced into thin rings, and embedded in a 3D matrix [21]. Because the aorta does not
include solely endothelial cells, the resulting outgrowths are able to recruit surrounding smooth
muscle cells and pericytes to the newly forming vessels [22]. This results in a model with high
anatomical accuracy relative to in vivo neovessels. A disadvantage of this model is that angiogenic
outgrowths in vivo occur from microvessels, not from major vessels like the aorta [21]. This
suggests that the neovascularization observed from this assay could have slight differences from
in vivo neovascularization. Additionally, aortic rings from mice of different ages or strains could
have inconsistent angiogenic responses [21]. However, the anatomical similarity of the newly
generated vessels makes this model a valuable tool for investigation of angiogenesis.

Angiogenesis is also commonly investigated using the in vivo model of a chick
chorioallantoic membrane (CAM) assay. The CAM is an extraembryonic membrane that serves as
a surface for gas exchange and is supported by a dense capillary network [23]. Its extensive
vascularization and accessibility allow for the study of morphofunctional aspects of angiogenesis,
as well as the mechanisms of action of proangiogenic and antiangiogenic molecules [23]. The
CAM assay is relatively inexpensive, and it can be adapted to a variety of applications, such as

assessments of inflammation, tumor, or cytokine-induced angiogenesis [24].



1.4 Known Mechanisms of Action

1.4.1 Tip vs Stalk Differentiation

During sprouting angiogenesis, endothelial cells acquire two distinct cellular phenotypes:
tip cells and stalk cells. Both cell types are essential for the generation of a new, mature vascular
network. Tip cells are found at the extremity of a budding sprout and guide the subsequent
angiogenic outgrowth [25]. They are characterized by their migratory behavior and dynamic
filopodia that probe the extracellular environment [26]. Vascular endothelial growth factor
receptor 2 (VEGFR2), which binds VEGF-A, is upregulated in tip cells and primarily localizes to
the filopodia [27]. This allows tip cells to effectively sense the direction of an existing VEGF-A
gradient and lead the sprout toward the source. Stalk cells, on the other hand, follow the tip cell
and support sprout elongation and nascent lumen formation [26]. They are characterized by high
levels of proliferation and secure cell-cell adhesions via tight junctions to ensure sprout stability
[26].

The phenotype of an endothelial cell during sprouting is dynamic, regulated by the VEGF
and Notch signaling pathways (Figure 1). When VEGF-A binds to its receptor VEGFR2 on an
endothelial cell, expression of DIl4, a membrane ligand of the Notchl receptor, is upregulated
[28]. DIl4 binds to Notch receptors on adjacent endothelial cells, resulting in proteolytic release of
the Notch intracellular domain (NICD) [28, 29]. NICD release results in lower expression of
VEGFR?2 in the adjacent endothelial cells [29]. Without high levels of VEGFRZ2, these cells are
unable to sense or interact with VEGF-A and acquire the stalk cell phenotype. Stalk cells have
increased levels of Jagged-1, another membrane Notch ligand, that antagonizes DII4/Notch
signaling and therefore encourages tip cells to maintain their phenotype without the influence of
NICD [28]. In this way, endothelial cell phenotype is a result of various feedback loops from the
interactions of VEGF and Notch signaling. The most “competitive” endothelial cell, or the cell
that is best fit to lead the sprout, takes on the role of the tip cell. Endothelial cells are constantly
switching phenotypes and competing for the leading position as lateral inhibition varies as a result
of the feedback loops [29].
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Figure 1. Visual representation of regulation of endothelial cell phenotype during angiogenesis
through Notch signaling and lateral inhibition. From Dong, et al. 2023.

1.4.2 Matrix Metalloproteinases for ECM Degradation

In order for endothelial cells to migrate and invade surrounding tissues, degradation of the
vascular basement membrane and remodeling of the extracellular matrix (ECM) is required [3,
30]. To accomplish this, a class of enzymes called matrix metalloproteinases are upregulated on
endothelial tip cells [26, 31]. Matrix metalloproteinases, or MMPs, proteolytically degrade
components of the ECM [30]. One of the most studied MMPs that participates in angiogenesis is
MMP-14 (also known as MT1-MMP). MMP-14 is a transmembrane protein that can degrade a
variety of ECM components, including collagen (I, 11, I11), gelatin, fibronectin, laminin, aggrecan,
and tenascin [32, 33]. MMP-14 is also thought to contribute to the progression of angiogenesis by
playing a role in endothelial cell migration, vessel maturation, and modulation of MMP-2, a

gelatinase that is simultaneously expressed on endothelial tip cells [33, 34].

1.4.3 Effects of Matrix Density

As previously stated, the formation of new vasculature involves endothelial cell migration
through the extracellular matrix. It has been previously demonstrated that mechanical interactions
between angiogenic sprouts and the ECM impact the overall vascular architecture in a variety of
ways [35-37]. One important mechanism by which the ECM influences angiogenesis is through
matrix density, or stiffness. Various studies have shown that increased ECM density leads to
reduced angiogenesis and decreased ECM density leads to increased angiogenesis [37-40]. This is
thought to occur because stiffer matrices limit the generation of cellular actomyosin contractions

that are required for cell migration [39, 40].



1.4.4 Metabolism

Cell metabolism is the catabolic process by which cells convert nutrients into energy and
is required for angiogenic growth [41, 42]. In addition to providing the required energy for
neovascularization (cell migration, cell proliferation, and matrix degradation), it has been
demonstrated that endothelial cell metabolism is a key determinant of the differentiation and
functioning of the distinct endothelial cell phenotypes [43-45]. One of the most important
metabolic pathways that contributes to and regulates endothelial cell phenotype during
angiogenesis is glycolysis. Glycolysis has been shown to generate up to 85% of the total ATP
content in endothelial cells, suggesting that it is the predominant bioenergetic pathway for
angiogenesis [45]. Because oxygen levels decrease more rapidly than glucose levels as the distance
from perfused blood vessels increases, glycolysis is an ideal metabolic pathway for angiogenesis
[46].

In endothelial tip cells, upregulation of enzymes such as PFKFB3 and PFK1 increases
glycolytic ATP generation [44, 45]. These enzymes form a functional “assembly line” along F-
actin fibers to allow for incredibly efficient ATP production and utilization [47]. The majority of
the ATP generated from this process localizes to regions of active cytoskeletal remodeling, such
as the filipodia and lamellipodia, to drive cell migration [48]. Tip cell metabolism increases in
environments where migration and invasion are more challenging, such as denser matrices [49].
Endothelial stalk cells also exhibit high levels of glycolytic activity to sustain rapid cell
proliferation [44]. In addition to ATP, glycolysis produces acetyl-CoA, which can enter the TCA
cycle to generate ribonucleoside triphosphates (rNTPs) and deoxynucleotide triphosphates
(dNTPs) that support the quick RNA and DNA synthesis that accompanies rapid cell division [44].
However, the NICD has been shown to reduce glycolytic rates by inhibiting the activity of enzymes
like PFKFB3 [50]. Because the NICD is an active transcription factor in stalk cells due to increased

Notch signaling, this results in a decrease in glycolytic activity relative to tip cells [50, 51].

1.5 Thesis Objectives

As a result of the innate similarities between the in vitro spheroid and microbead models
of angiogenesis, these assays needed to be characterized and compared, as the subtle differences
in their angiogenic features that could inform one’s decision of which angiogenic model to use
based on the investigative needs. Additionally, it has been previously reported that angiogenesis

is highly dependent on the physical properties of the ECM. However, the specific impact of the



ECM on the metabolism of the stalk endothelial subtype is not well known. Furthermore, the
potential role of stalk cells in matrix degradation has been poorly investigated. We hypothesized
that collagen density, which impacts matrix stiffness and pore size, directly affects the glycolytic
metabolism of endothelial cells undergoing angiogenesis, with a more pronounced effect on tip
cells as compared to stalk cells. We further hypothesized that the ability to facilitate matrix
degradation through functional MMP-14 is not required for stalk cell differentiation. To address
these hypotheses, we developed three aims:
1. Characterize and compare the spheroid and microbead assays of angiogenesis and identify
the optimal model for subsequent analysis.
2. Investigate the effects of collagen density on metabolic activity of stalk cells along
angiogenic sprouts.
3. Generate a HUVEC cell line with an MMP-14 KO for future analysis of the role of MMP-
14 in tip and stalk endothelial cells.

When the two assays were compared, we found that the spheroid assay generated increased
angiogenic output relative to the microbead assay. We chose to use the spheroid assay for future
analyses because of this advantage. Investigation of the effects of collagen density on stalk cell
metabolic activity suggested that stalk cells may have an ability to adapt their metabolism in
response to matrix changes. Attempts to generate a HUVEC line with an MMP-14 KO with
exponential decay electroporation resulted in cell death and were therefore unsuccessful. Future

attempts will include altered electroporation settings and chemical transfection with lipofectamine.

Chapter 2
Methods

2.1 Cell Culture and Reagents

Human umbilical vein endothelial cells (HUVECSs) were cultured with endothelial growth
medium 2 (EGM-2) from Lonza and incubated at 37 °C and 5% CO,. EGM-2 includes several
growth factors, including hFGF-B, VEGF, R3-IGF-1, and hEGF. HUVECs were seeded into cell
culture flasks at densities of 150k cells (T25) or 450k cells (T75) and the media was changed every
other day. HUVECSs were cultured until around 70% confluent and then passaged. HUVECs were

maintained until their fifth passage.



2.2 Microbead Generation

Cytodex-3 microcarriers (Cytivia) were hydrated in 5 ml PBS overnight. They were then
sterilized with a 30 minute liquid autoclave cycle at 121 °C and allowed to cool off for 30 minutes.
The microcarriers were washed two times with 5 ml sterile PBS and placed in a 15 ml tube with 5
ml EGM-2. The desired number of cells were added to the solution to create cell to bead ratios of
5:1.50:1, or 200:1. They were incubated at 37 °C and 5% COg for four hours on an orbital shaker
at approximately 2 rev/s. The microbead/cell solution was then transferred to a T25 flask and
incubated for sixteen hours on the orbital shaker, still at 2 rev/s.

2.3 Spheroid Generation

Approximately 1200 HUVECs in 0.25% Methocult were added to each well of a sterile, U
bottom 96 well plate to create 1.2k cell spheroids. The 96 well plate was centrifuged at 1100 RPM
for five minutes. If the cells did not appear to be sufficiently aggregated at the bottom of each well,
the plate was centrifuged again for five minutes. The spheroids were incubated at 37 °C and 5%
CO; for 24 hours.

2.4 Embedding in Collagen

Collagen solutions were prepared at densities of 1.5, 3, or 4.5 mg/ml in 0.1% acetic acid
and neutralized with HEPES buffer. After spheroids or microbeads were placed in the collagen
solution, 1 N NaOH was added and the solution was mixed until homogenous. Approximately 3-
5 spheroids in 40 pl collagen solution were placed in four wells of a 24 well glass plate. For
microbeads, 500 pl collagen solution was placed in two wells of a 24 well plate. The solutions
were allowed to polymerize for 40-45 minutes before 1 ml EGM-2 was placed on top of each well.
The gels were incubated for 24 hours at 37 °C and 5% CO: to allow for growth before fixing,

staining, and imaging.

2.5 Glucose Uptake Assay

Glucose uptake was measured using the fluorescent glucose analog 2-NBDG (Invitrogen).
After 24 hours of incubation, the media for each collagen gel was replaced with 0.146 mM 2-
NBDG in EGM-2. The gels were fixed and imaged after an additional 24-hour incubation at 37 °C
and 5% CO..



2.6 Fixing and Staining

After 24 hours of incubation, collagen gels with spheroids or microbeads were washed two
times with PBS and incubated with 1 ml/gel 3.2% paraformaldehyde at room temperature for 15
minutes. The gels were subsequently washed three times with PBS for 5 minutes. The gels were
then permeabilized with 1 ml/well 1% Triton-X and incubated for one hour at room temperature
on a rocker. Each well was then washed three times for twenty minutes with 0.02% Tween 20 in
PBS. To create the staining solution, TexasRed-X Phalloidin (ThermoFisher) was diluted 1:50 and
DAPI (Sigma) was diluted 1:300 in 0.02% Tween 20. 100 pul of this solution was placed on top of
each gel and stored overnight on a rocker at 4 °C. Prior to imaging, the gels were washed twice for
ten minutes with 0.02% Tween 20 and PBS.

2.7 Fluorescent Microscopy

TexasRed-X Phalloidin, DAPI, and 2-NBDG were measured on an LSM700 confocal
microscope using a 20x water immersion objective. TexasRed-X Phalloidin was excited using a
555 nm laser, DAPI was excited using a 405 nm laser, and 2-NBDG was excited using a 488 nm

laser. All images were quantified using ImageJ.

2.8 Electroporation/Transfection of HUVECs with MMP14 KO sgRNA

A CRISPR/cas9 KO kit from Synthego was used for transfection. RNP complexes were
formed with a 9:1 ratio of sgRNA and cas9. The RNP complex were added to 1x10® HUVECs in
200 pl electroporation buffer. The solution was subjected to an exponential decay pulse at 120 V
and 950 pF. Immediately after electroporation, the cells were transferred to a T25 flask with 5 ml
of pre-warmed EGM-2 and incubated at 37 °C and 5% CO..

Chapter 3
Results

As previously described, the most common in vitro models used to study angiogenesis are
the spheroid and microbead assays. These models both replicate the formation of capillaries from
existing vessels with high accuracy, promote endothelial cell-cell signaling, and mimic the in vivo

environment better than older 2D models. Additionally, the simplicity of these models allows for



rapid investigation of various properties of angiogenesis. In order to select the optimal assay for
investigation of the metabolic profiles of tip and stalk cells during sprouting angiogenesis in 3D
matrices, these models were characterized and compared. We found that the spheroid assay
resulted in increased angiogenic output when compared to the microbead assay. We chose to use
the spheroid assay for our subsequent analysis because of this advantage.

Next, we investigated the effects of collagen density on the metabolic activity of stalk cells
during angiogenesis. Denser matrices pose a larger barrier to cell migration and therefore increase
the energy requirement for angiogenesis. Tip cells are the main drivers of cell migration and
demonstrate increased metabolic activity in environments where invasion is more challenging,
such as denser matrices. On the other hand, stalk cells have not been shown to play a large role in
cell migration, so we hypothesized that their metabolism would not adapt to help with the increased
energetic burden that results from increased matrix densities. Interestingly, we found that as
collagen density increased, there was no significant difference in tip-stalk metabolic activity.

We then attempted to generate a HUVEC line with an MMP-14 KO using electroporation
with an exponential decay pulse. This resulted in cell death during the recovery phase and was
therefore unsuccessful. Future attempts will include altered electroporation settings and chemical

transfection with lipofectamine.

3.1 Microbead Assay Optimization using Cytodex-3 Microcarriers

Generation of the microbead assay for investigation of angiogenesis is somewnhat
inconsistent across literature, so an optimized protocol had to first be determined. Cytodex-3
microcarriers were used for this assay. These microcarriers consist of a thin layer of denatured
collagen coupled to a matrix of crosslinked dextran and were designed for the culture of primary
cells [52].

The primary difference in microbead generation in literature is the ratio of HUVECs to
microbeads. This ratio varies from as low as 11 cells/bead to as high as 400 cells/bead [53-56]. To
determine an effective cell to bead ratio, HUVECs were incubated with the microbeads at ratios
of 5:1, 50:1, and 200:1, and the level of cell attachment to the beads was observed. The 5:1 cell to
bead ratio resulted in microbeads that were only partially covered with cells, while the 50:1 cell to
bead ratio resulted in complete coverage (Figure 2A, B). The 200:1 cell to bead ratio also resulted
in complete coverage of the microbeads, but it showed excessive cell aggregation on the surface

of the microcarriers that led to clumping (Figure 2C, D). Because clumping of the microbeads

10



would interfere with angiogenic growth, the 50:1 cell to bead ratio was selected as optimal and

used for subsequent experiments.

1100 pm

Figure 2. Representative images of the degree of HUVEC attachment to Cytodex-3 microcarriers
at different cell to bead ratios. Ratios shown include 5:1 (A), 50:1 (B), and 200:1 (C, D).

3.2 Comparison of Spheroid and Microbead Assays

3.2.1 Outgrowth Quantifications

To begin characterizing and comparing the spheroid and microbead assays, various aspects
of angiogenesis were examined. These included average total outgrowth, number of strands, strand
length, cells per strand, and degree of branching. Spheroids (1200 HUVECs) or microbeads (50:1
HUVEC:bead) were embedded in a 3 mg/ml collagen matrix and allowed to grow in endothelial
growth medium 2 (EGM-2) for 24 hours. Twenty-four hours is a common end-point for
investigation of angiogenic growth [57-62]. Upon quantification in ImageJ, the spheroid assay was
found to demonstrate significantly increased outgrowth, number of strands, strand length, cells per
strand, and degree of branching relative to the microbead assay (Figure 3B-F). Total outgrowth
was quantified by subtracting the area of the core from the area of the entire spheroid or microbead
and dividing by the area of the core. This normalized the outgrowth to the exact core size of the
spheroid or microbead to account for any possible variation. The number of cells per strand was
determined by counting the number of nuclei in each strand, as indicated by the DAPI stain. The
degree of branching was determined by dividing the number of strands that appeared to have split
into two sprouts by the total number of strands. Branching is an important part of angiogenesis
because it ensures that the neovascularization sufficiently perfuses the target tissue [63].
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Figure 3. Comparison of spheroids and microbeads after 24 hours of growth in 3 mg/ml collagen.
(A) Representative images of spheroids and microbeads stained with TexasRed-X Phalloidin (red)
and DAPI (blue) are shown. Average total outgrowth (B), number of strands (C), strand length
(D), cells per strand (E), and degree of branching (F) were quantified using ImageJ. Statistical
significances were determined using an unpaired t-test. Error bars indicate standard deviation.
N=3, n=6, 8 for spheroids and microbeads, respectively.

3.2.2 Effects of Matrix Density

Next, the effects of matrix density on angiogenic outgrowth from both assays were
determined. Spheroids (1200 HUVECs) and microbeads (50:1 HUVEC:bead) were embedded in
1.5 and 4.5 mg/ml collagen and allowed to grow in EGM-2 for twenty four hours. Outgrowth was
quantified in the same way as above and then normalized to the respective growth in 3.0 mg/ml to
allow for a quantitative comparison of the two assays. When the collagen density decreased from
3 mg/ml to 1.5 mg/ml, the spheroid and microbead assays showed a 34.55% and 31.86% increase
in outgrowth, respectively (Figure 4C). Conversely, when the collagen density increased from 3
mg/ml to 4.5 mg/ml, the spheroid and microbead assays showed a 29.30% and 24.72% decrease
in outgrowth, respectively (Figure 4C). Both models showed increased outgrowth when collagen
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density decreased and decreased outgrowth when collagen density increased (Figure 4B). This was
expected and is consistent with the trends from literature previously discussed [37-40]. In both
cases, the microbead assay appeared to be slightly less responsive to changes in matrix density
than the spheroid assay, but no significant difference was found.
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Figure 4. Effect of collagen density on angiogenic outgrowth in spheroid and microbead assays.
(A) Representative images of spheroid and microbead growth after 24 hours in 1.5, 3.0, and 4.5
mg/ml collagen. (B) Spheroid and microbead outgrowth in 1.5, 3.0, and 4.5 mg/ml collagen. (C)
Spheroid and microbead outgrowth in 1.5 and 4.5 mg/ml collagen, relative to average outgrowth
in 3 mg/ml collagen. Statistical significances were determined using an unpaired t-test. Error bars
indicate standard deviation. For both spheroids and microbeads, n=8, 7 for 1.5 mg/ml and 4.5
mg/ml, respectively.
3.2.3 Strand Metabolism

The relative levels of metabolic activity along the angiogenic strands produced by the
spheroid and microbead assays were then investigated. Because glycolysis is the primary
bioenergetic process that drives angiogenesis, evaluating the extent of glucose uptake by
endothelial cells provides a measure of the transpiring metabolic activity. Incubation with 2-

NBDG, a fluorescent glucose analog, is a common method of determining glucose uptake and
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therefore glycolytic activity [64-65]. Spheroids (1200 HUVECs) and microbeads (50:1
HUVEC:bead) were embedded in 3 mg/ml collagen and allowed to grow for 24 hours in EGM-2.
The spheroids and microbeads were then incubated with 0.146 mM 2-NBDG in EGM-2 and
allowed to grow for another 24 hours. The resulting signal intensity along the middle of the
generated sprouts was measured. Signal intensity was measured from the tip of the strand to the
core of the spheroid or microbead. Overlapping strands were not included because of the
possibility of signal summation artifacts. The signal intensities for each strand were normalized to
the maximum and minimum values, so that the positions on the strand with the highest and lowest
signal intensities were assigned a value of one and zero, respectively. All other values were scaled
accordingly. Normalizing the signal intensities in this way provided a measure of the levels of 2-
NBDG uptake of each position on the strand relative to the entire length of the strand and allowed
for a quantitative comparison between the two assays. These normalized values were computed
for all distances from the tip of the sprout in 0.6252 micron increments for all strands. The
normalized values were averaged for each distance from the tip of the strand to compare the
relative glucose uptake levels along angiogenic sprouts generated by both assays.

Both assays exhibited increased 2-NBDG uptake towards the tip of the strand relative to
the rest of the strand (Figure 5B). They both show a drop in 2-NBDG uptake around 15-20 microns
(Figure 5B). The average size of a single HUVEC is 17 microns, so this likely corresponds with
the relative location on the strand where the transition from the tip cell to the stalk cell begins [66].
This suggests that the tip cells displayed increased metabolic activity relative to the proceeding
stalk cells, which is expected and consistent with known angiogenic trends [48-51]. Spheroids and
microbeads displayed very similar maximum average signals of 0.6324 and 0.6327 at 6.88 and
5.00 microns from the tip of the strands, respectively (Figure 5B). However, microbead strands
demonstrated a minimum average signal of 0.1861 at 29.38 microns, which is considerably less
than the minimum average signal of the spheroid strands, 0.3317 at 44.39 microns (Figure 5B).
This suggests that the difference between tip cell metabolism and stalk cell metabolism could be
greater in the microbead assay than the spheroid assay. Both assays also demonstrate relatively
low 2-NBDG levels at the extremity of the strand (0 microns) (Figure 5B). This can likely be
attributed to the dynamic filopodia that are associated with the leading edge of endothelial tip cells.

2-NBDG typically localizes to the cytoplasm of cells [67]. The cytoplasmic volumes of filopodia
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are relatively low due to filopodia structure, so filopodia would inherently exhibit low levels of 2-
NBDG.
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Figure 5. Average 2-NBDG uptake along spheroid sprouts and microbead sprouts after 48 hours
of growth. Signal intensity values were normalized to the minimum and maximum values of each
strand to provide a measure of the relative levels of 2-NBDG uptake at each position along the
strand with respect to the strand as a whole. N=3, n>25, 10 for spheroid and microbead sprouts,
respectively.

3.3 Effect of Matrix Density on Tip/Stalk Metabolism

We next investigated the impact of collagen density on the metabolic activity of endothelial
tip and stalk cells. We chose to use the spheroid sprouting assay for this analysis because of the
increased angiogenic output and strand lengths relative to the microbead assay. To do this,
spheroids (1200 HUVECSs) were embedded in 1.5, 3, 4.5 mg/ml collagen and allowed to grow for
24 hours in EGM-2. They were then incubated with 0.146 mM 2-NBDG in EGM-2 and allowed
to grow for another 24 hours. The signal intensities along the strands were then determined in the
same way as above.

All three densities generated strands that exhibited an increase in 2-NBDG uptake towards
the tip of the strands relative to the rest of the strand (Figure 6A). For subsequent analysis, the first
20 microns were considered to represent the tip cell, and the next 20 microns were considered to
represent the first stalk cell, in accordance with the average HUVEC size [66]. To compare the
differences in relative tip and stalk 2-NBDG uptake along strands in the different collagen
densities, the 2-NBDG measurements for the first and second set of 20 microns from the sprout
tip were averaged and compared. Tip cells demonstrated significantly increased 2-NBDG uptake
relative to their proceeding stalk cells in sprouts produced by all three densities (Figure 6C).
However, no significant difference in tip-stalk glucose uptake was found between collagen

densities.

15



1.5 mg/ml i ns

e
o
1

— 3.0 mg/ml
— 4.5 mg/ml

P

Normalized 2-NBDG (a.u.)
5
1

0.2+
-0.2-
0.0 ! ! ! 1 04-—T—T—T—
0 20 40 60 80
_ _ RIS
Distance from Tip of Strand (um) & &
RN
C 1.5 mg/mil 3 mg/ml Collagen Density

)
=3
®
]
o
)
]

* ok ok ok

Y

o
(=3
1

* % kK

=

o
o
1
e
o
]

Normalized 2-NBDG (a.u.)
(=] (=]

o N

I 1

Normalized 2-NBDG (a.u
(=] L= o

o (Y] S

L 1 L
Normalized 2-NBDG (a.u.)
(=] o (=]

=) N IS

I 1 1

Tip  Stalk Tip  Stalk Tip  Stalk

Figure 6. (A) Average 2-NBDG uptake along spheroid sprouts after 48 hours of growth in 1.3,
3.0, and 4.5 mg/ml collagen. Signal intensity values were normalized to the minimum and
maximum values of each strand. This provided a measure of the relative levels of 2-NBDG uptake
at each position along the strand with respect to the strand as a whole. (B) Relative levels of 2-
NBDG uptake were compared between densities for tip and stalk cells. (C) Differences in tip and
stalk 2-NBDG uptake in different collagen densities. Statistical significances were determined
using an unpaired t-test (C) or a one-way ANOVA followed by Tukey’s multiple comparisons test
(B). Error bars indicate standard deviation. N=3, n>23, 26, 32 for 1.5, 3.0, and 4.5 mg/ml,
respectively.

3.4 Generation of MMP-14 KO HUVECs

Lastly, we investigated the generation of a line of HUVECs with an MMP-14 knockout for
future analysis of the role of MMP-14 in tip and stalk endothelial cells. HUVECs are primary cells
and known for being difficult to transfect because of their limited viability in non-optimal
conditions [68]. We attempted to transfect HUVECs with single guide RNA for a MMP-14
knockout using electroporation and a CRISPR/cas9 system. RNP complexes containing Cas9 and
the sgRNA were added to HUVEC:s in electroporation buffer. The cells were then subjected to an
exponential decay pulse of 120 V and 950 pF and allowed to recover for several days. About three

days into the recovery phase, the HUVECSs began to die, resulting in failed transfection.
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Chapter 4

Discussion

4.1 Comparison of Spheroid and Microbead Assays

In this study, the spheroid and microbead models of angiogenesis were characterized and
compared. Because these two in vitro models are incredibly similar, determining their angiogenic
properties and slight differences could inform one’s decision of which model to use for their
desired purposes. The results of this study indicate that the spheroid sprouting assay produced
increased angiogenic output relative to the microbead assay, as shown through increased total
outgrowth, number of strands, strand length, and cells/strand. One potential explanation for this
could be that the HUVECs in the core of spheroids secrete growth factors, resulting in an increased
amount of pro-angiogenic stimuli relative to microbeads.

These results suggest that if one’s goal is solely to generate large quantities of sprouts, the
spheroid assay would be more beneficial. Additionally, the longer strands with more cells that
resulted from the spheroid assay could provide more information about cell-cell interactions that
occur during angiogenesis than the shorter and frequently unicellular sprouts that resulted from the
microbead assay. The spheroid assay also resulted in increased branching compared to the
microbead assay. Angiogenic branching is essential to ensure that the developing blood vessel
network completely perfuses the target area [67]. However, an advantage of the microbead assay
was the ease of quantification. The clearly defined core and the decreased angiogenic output
resulted in straightforward evaluation of its characteristics. To potentially increase the angiogenic
output of the microbead assay, one could increase the allotted time for growth after embedding in
collagen. While the increased duration of the assay would not be ideal, this could result in
improved outgrowth and longer strands for a more developed model, although there is a potential
risk of increased cell fragmentation off the strands.

Next, the effect of matrix density on angiogenic growth was investigated because of the
high levels of interaction between neovessels and the ECM. The results indicated an inverse
relationship between outgrowth and collagen density in both models. This is in accordance with
existing studies [37-40]. The microbead assay appeared to be slightly less responsive to both
increased and decreased collagen densities than the spheroid assay, although these differences
were not significant. However, if the difference in collagen density was greater, it is possible that

a significant difference in responsivity could be found between the two models.
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The relative metabolic activity throughout angiogenic strands was then investigated and
compared. Both assays exhibited higher metabolic activity at the tips of the strands than the stalk,
as indicated by 2-NBDG uptake. Because a known characteristic of endothelial tip cells is
increased metabolism relative to stalk cells to support cell migration, this was expected [48-50].
The increase in metabolic activity between tip cells and the corresponding stalk cells in their sprout
appeared to be somewhat greater in microbead strands than spheroid strands. However, the short
length of the microbead strands resulted in a limited amount of information on the glucose uptake
levels of stalk cells, so this claim may not be well supported. In order to better characterize the
metabolic patterns between tip and stalk cells in microbead sprouts, the length of the strands, and
therefore the number of cells per strand, would need to be increased. This could possibly be done
by an increased growth period after embedding in collagen, as stated above.

For subsequent investigation of the effects of matrix density on endothelial cell metabolism
during angiogenesis, one of these models had to be selected. We chose to move forward with the
spheroid sprouting assay instead of the microbead assay. We chose the spheroid assay for several
reasons. First, the increased angiogenic output (number and length of strands) would simply
increase the amount of data that is able to be collected from one iteration of the assay. This would
save both time and materials during the course of investigation. The longer sprouts produced by
the spheroid assay were also ideal for evaluation of metabolic gradients along angiogenic strands.
Because many of the microbead sprouts were unicellular and differences in angiogenic metabolism
are primarily determined by endothelial cell phenotype, longer strands with multiple cells would
be more advantageous for this analysis. Additionally, spheroids were demonstrated to be
somewhat more responsive to matrix density than microbeads. This suggested that the spheroid
assay could potentially highlight the effects of density changes on metabolism that could be less
apparent in the microbead assay. Although it is possible that the difference in tip and stalk
metabolism is greater in the microbead assay than the spheroid assay, this was not enough to
overcome the guaranteed advantages of increased angiogenic output and strand length that are

associated with the spheroid assay.

4.2 Effect of Matrix Density on Strand Metabolic Gradients
Using the spheroid sprouting assay, we subsequently investigated the effects of collagen
density on the metabolic activity of angiogenic strands. Spheroids were allowed to grow for 48

hours in 1.5, 3.0, and 4.5 mg/ml collagen and the resulting levels of glucose uptake were
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determined with fluorescent 2-NBDG. Because glycolysis is the primary bioenergetic process that
drives angiogenesis, glucose uptake acted as a measure of overall cell metabolism. Sprouts from
all densities had increased average glucose uptake towards the tip of the strand, and tip cells had
significantly increased average glucose uptake relative to their corresponding stalk cells. Because
a known characteristic of tip cells is increased cell metabolism relative to stalk cells, this was
expected.

Next, we compared the relative levels of glucose uptake along strands in tip and stalk cells
from the different densities. Denser matrices provide a larger barrier to cell migration and therefore
require increased energy generation to overcome this burden [69]. Tip cells are the main drivers
of cell migration during angiogenesis and have been shown to exhibit increased metabolic activity
in denser matrices [49]. Stalk cells have been reported to interact with the extracellular matrix to
a smaller degree than tip cells and are thought to have a minimal role in cell migration, so we
hypothesized that stalk cell metabolism would not change with the matrix density. However, we
found that there was no significant difference between tip-stalk metabolic activity in the different
collagen densities, which suggests that both tip and stalk metabolism increased with collagen
density.

The results of this study indicate that tip cells have increased metabolic activity relative to
their stalk cells and that stalk cells could have some ability to adapt their metabolism in different
matrix densities. One possible explanation for this could be that stalk cells interact with the
extracellular matrix to a higher than previously thought and could even play a larger role in cell
migration. It is also possible that the differences in matrix density investigated were too low to
produce sufficiently large changes in tip cell metabolism. To further explore potential stalk cell
responsivity to matrix changes, future investigations could include a larger range of collagen

densities.

4.3 Role of MMP-14 in Leader/Follower Dynamics

We attempted to transfect HUVECs with sgRNA for an MMP-14 KO using electroporation
and CRISPR/cas9. The transfection failed, as the HUVECs died during the recovery phase after
electroporation. Alternative transfection methods that will be investigated include altered
electroporation settings and chemical transfection. Some success with transfecting HUVECs has
been reported using electroporation with a square wave pulse instead of exponential decay [70].

Additionally, Lipofectamine LTX has been shown to be somewhat effective [68].
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Once a HUVEC line with an MMP-14 KO has been obtained, it could be used for future
investigations into tip/stalk dynamics. Currently, the potential role of stalk cells in matrix
degradation has been poorly characterized. To examine this, spheroids could be created with both
wild-type and KO HUVECs and embedded in a collagen gel to induce angiogenesis. After some
growth period, the localization of the KO HUVECS in angiogenic strands could be determined.
Because tip cells have been shown to play a large role in matrix degradation, we hypothesize that
the ability to facilitate matrix degradation through functional MMP-14 is not required for stalk cell
differentiation and is required for tip cell differentiation.

Overall, developing a better understanding of angiogenesis and the distinct relationships of
tip and stalk cells with the extracellular matrix is advantageous for a variety of applications. For
example, this could inform mechanisms to improve the efficacy of incorporating sufficient
vascularization into tissue engineered products, which is a current challenge in the field.
Additionally, this could help with the development of anti-cancer therapies. Tumor-induced
angiogenesis is essential for tumors to continue to grow and metastasize. Understanding how the
characteristics of the tumor microenvironment regulate and interact with the specific endothelial
cell subtypes during angiogenesis could inform the development of treatments to limit or even

completely inhibit tumor growth.
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APPENDIX
Protocol for HUVEC attachment to Cytodex-3 Microcarriers and Embedding in Collagen

1. Hydrate 10 mg Cytodex-3 Microcarriers in 1X PBS in a glass vial overnight
I. 10 mg = 30,000 microbeads
2. Cover top of vial with aluminum foil and sterilize microbeads with a 30 minute liquid
autoclave cycle at 121 °C and allow to cool off for 30 minutes
3. In biosafety cabinet, wash microbeads two times with 5 ml PBS
I.  Wait ~five minutes for beads to drop to bottom of vial before aspirating PBS
4. Hydrate microbeads in 5 ml EGM-2 for 5 minutes and transfer to 15 ml tube
I.  The transfer to the 15 ml tube is easier if done before beads drop to bottom of
vial
5. Aspirate media except for ~1 ml and add 1.5 million cells
6. Add 4 ml EGM-2 and incubate at 37 °C and 5% CO; for four hours on orbital shaker
at speed 4 (approximately 2 rotations/second)
7. Transfer to T25 flask and incubate at 37 °C and 5% CO- for sixteen hours, still on the
orbital shaker at speed 4
8. Transfer microbeads to 15 ml tube. Wash flask with 5 ml warm EGM-2 and place in
same 15 ml tube
9. Wait ~5 minutes for microbeads to fall to bottom of tube
10. Place 40 ul microbeads into premade collage solution (1.1 ml) with wide bore pipet
tip
11. Add 11 pl 1 N NaOH and mix until homogenous
12. Pipette 500 pl into two wells of a sterile, 24 well plate
13. Place in incubator and allow to polymerize for 45 minutes
14. Place 1 ml EGM-2 on top of each well and incubate for desired growth period

*This protocol is for a 50:1 cell:bead ratio, which | found to be effective. However, the cell:bead
ratio can be altered by changing the amount of Cytodex-3 or cells.
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