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Abstract
Tumor angiogenesis is critical to tumor growth and metastasis, yet much is
unknown about the role vascular cells play in the tumor microenvironment. A major
outstanding challenge associated with studying tumor angiogenesis is that existing
preclinical models are limited in their recapitulation of in vivo cellular organization in
3D. This disparity highlights the need for better approaches to study the dynamic
interplay of relevant cells and signaling molecules as they are organized in the tumor
microenvironment. In this thesis, we combined 3D culture of lung adenocarcinoma cells
with adjacent 3D microvascular cell culture in 2-layer cell-adhesive, proteolyticallydegradable poly(ethylene glycol) (PEG)-based hydrogels to study tumor angiogenesis
and the impacts of neovascularization on tumor cell behavior.
In initial studies, 344SQ cells, a highly metastatic, murine lung adenocarcinoma
cell line, were characterized alone in 3D in PEG hydrogels. 344SQ cells formed
spheroids in 3D culture and secreted proangiogenic growth factors into the conditioned
media that significantly increased with exposure to transforming growth factor beta 1
(TGF-β1), a potent tumor progression-promoting factor. Vascular cells alone in hydrogels
formed tubule networks with localized activated TGF-β1. To study cancer cell-vascular
cell interactions, the engineered 2-layer tumor angiogenesis model with 344SQ and
vascular cell layers was employed. Large, invasive 344SQ clusters developed at the
interface between the layers, and were not evident further from the interface or in control
hydrogels without vascular cells. A modified model with spatially restricted 344SQ and
iv

vascular cell layers confirmed that observed 344SQ cluster morphological changes
required close proximity to vascular cells. Additionally, TGF-β1 inhibition blocked
endothelial cell-driven 344SQ migration.
Two other lung adenocarcinoma cell lines were also explored in the tumor
angiogenesis model: primary tumor-derived metastasis-incompetent, murine 393P cells
and primary tumor-derived metastasis-capable human A549 cells. These lung cancer cells
also formed spheroids in 3D culture and secreted proangiogenic growth factors into the
conditioned media. Epithelial morphogenesis varied for the primary tumor-derived cell
lines compared to 344SQ cells, with far less epithelial organization present in A549
spheroids. Additionally, 344SQ cells secreted the highest concentration of two of the
three angiogenic growth factors assessed. This finding correlated to 344SQ exhibiting the
most pronounced morphological response in the tumor angiogenesis model compared to
the 393P and A549 cell lines.
Overall, this dissertation demonstrates the development of a novel 3D tumor
angiogenesis model that was used to study vascular cell-cancer cell interactions in lung
adenocarcinoma cell lines with varying metastatic capacities. Findings in this thesis have
helped to elucidate the role of vascular cells in tumor progression and have identified
differences in cancer cell behavior in vitro that correlate to metastatic capacity, thus
highlighting the usefulness of this model platform for future discovery of novel tumor
angiogenesis and tumor progression-promoting targets.
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1. Introduction1
1.1 Motivation
At the onset of cancer development, tumors arise as avascular masses of cells that
have undergone malignant transformation. As a tumor grows, it must recruit vasculature
to facilitate delivery of oxygen and nutrients and removal of waste, as cells cannot be
more than 200 micrometers away from a vascular source to survive. This necessity for
vascularization is defined by the diffusion limit of oxygen and nutrients through tissue
[1]. The process of blood vessel recruitment to a tumor site is known as tumor
angiogenesis, a hallmark of cancer that has been identified as a critical component of
tumor progression [2]. Rapid tumor cell proliferation creates a hypoxic, glucose-deprived
environment. These environmental stresses initiate the angiogenic switch, whereby tumor
cells begin to secrete proangiogenic growth factors, such as vascular endothelial growth
factor (VEGF), fibroblast growth factor (FGF), and platelet-derived growth factor
(PDGF) [3,4]. Tumor-driven growth factor secretion tips the balance between pro- and
anti-angiogenic factors and stimulates quiescent endothelial cells from nearby vasculature
to begin sprouting and migrating towards the tumor [3]. Following neovascularization,
tumors exhibit rapid growth that is matched by continued vascularization, which is
necessary to sustain tumor proliferation [5]. In addition to facilitating growth, tumor
vasculature is also the route cancer cells use to metastasize to distant organs, the leading
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cause of death from cancer [6]. Due to the critical role the vasculature plays in tumor
progression and metastasis, anti-angiogenic therapies have been developed. However,
these therapies have had modest clinical success for cancer treatment despite efficacy in
preclinical models and many questions remain around these findings [7–10].
Both in vitro and in vivo models have been developed for studying the tumor
angiogenesis process and preclinical testing of potential anti-angiogenesis therapies (Fig.
1.1). In vivo models are currently the gold standard for testing potential cancer
therapeutics because they provide all of the relevant tumor microenvironment
components and physiological processes necessary to assess drug safety and efficacy
[7,11]. The tumor microenvironment is a complex interplay of many different cell types
with the extracellular matrix (ECM), including primary tumor cells, vascular cells,
immune cells, stromal cells, and cancer stem cells [2]. However, problems associated
with accurate representation of human tumorigenesis, such as rapid tumor growth in
xenograft models and differences in the microenvironment in ectopic tumors, limit the
usefulness of current in vivo models for therapeutic testing [7]. Furthermore, complexity
of the microenvironment in vivo as well as complexity of analysis make it difficult to
utilize these models for studying tumor angiogenesis as they do not provide control over
many experimental variables of interest. In vitro cancer and in vitro vascular models offer
simplicity of design and results are easy to interpret. However, model outcomes are not
often representative of true pathological conditions due to oversimplification. Thus there
is a need for development of in vitro models that reduce the complexity associated with
in vivo models while incorporating desired elements of the tumor sufficient to mimic
2

tumor behaviors of interest. New in vitro models will enhance our ability to elucidate the
role of different cells, material properties, and stimuli in tumor progression, thus allowing
us to develop better targets and understand why current therapeutics are less effective in
humans.

Figure 1.1. Overview of current approaches to study tumor angiogenesis. In vivo
tumor angiogenesis models provide all of the relevant tumor microenvironment
components and physiological processes in a complex interplay of cells and organ
systems. In vitro vascular and cancer models individually have been developed and offer
simplicity of design. There is a need for in vitro tumor angiogenesis models that reduce
the complexity associated with in vivo models while incorporating desired elements of
the tumor sufficient to mimic tumor behaviors of interest. New approaches to designing
in vitro tumor angiogenesis models allow for customization of the tumor, facilitating
exploration of specific interactions in the tumor progression process.

Tissue engineering offers a unique toolset to build tissues and organs, generally
for regenerative medicine. The tissue engineering paradigm is defined as the combination
3

of cells, scaffolds, and stimuli relevant to the tissue of interest. These same tissue
engineering components have been applied to build vascularized tumor organ models to
study tumorigenesis and screen potential therapeutics. Compared to traditional in vitro
studies, tumor engineering has enabled better recapitulation of the in vivo
microenvironment while retaining the ability to control for variables of interest. This is
important in cancer research because it allows researchers to design studies in controlled
microenvironments where different cellular, biochemical, and materials-based
components can be chosen to isolate mechanisms involved in specific pathophysiological
processes. This chapter provides a review of current in vivo models used to study tumor
angiogenesis, in vitro cancer and in vitro vascular models separately, and in vitro tumor
angiogenesis models. This review is followed by a summary and an overview of the work
presented in this dissertation.

1.2 In vivo Models to Study Tumor Angiogenesis
1.2.1 In vivo Assays
Judah Folkman pioneered the field of tumor angiogenesis and made great strides
in the development of both in vitro and in vivo angiogenesis assays [12]. His work in
developing the cornea micropocket assay as well as refining the chick chorioallantoic
membrane (CAM) assay to be semi-quantitative helped to prove that tumors are
angiogenesis-dependent [13–15]. The cornea micropocket assay takes advantage of the
transparent, avascular nature of the cornea for assessing proangiogenic behavior of test
materials (Table 1.1). For tumor angiogenesis research, cancer cells or tumor tissue are
the test materials that are placed in the mouse cornea, followed by analysis of angiogenic
4

sprouting from the limbic vessel and vascular perfusion. Metrics such as cancer cell
survival, tumor size, and tumor growth rate can also be assessed [15]. Fluorescent protein
reporter mouse lines, such as the Flk1-myr::mCherry mouse with endothelium-specific
mCherry expression, have enabled easy monitoring of vascularization throughout the
course of the assay [16,17]. Folkman’s original work using the cornea micropocket assay
revealed that non-vascularized tumors are dormant and exponential growth occurs
following tumor neovascularization. Also, it was first observed in the cornea micropocket
assay that angiogenesis was induced without direct contact between vascular cells and
tumor cells, indicating tumors release soluble signals that stimulate angiogenesis
[5,15,18,19]. Limitations of the cornea micropocket angiogenesis assay include that
because the cornea is avascular, the results are not necessarily representative of
angiogenesis in relevant organ systems due to the abnormal ECM environment and the
presence of soluble VEGF inhibitors, such as soluble VEGF receptor 1, that are
expressed in the human cornea to maintain avascularity [20]. Furthermore, due to the
small size of the cornea, implant size is limited [16,21].
The CAM assay is another in vivo angiogenesis assay that makes use of a simple
living system, the chick embryo. The CAM assay involves placing test materials, cancer
cells or tumor tissue for tumor angiogenesis research, in contact with a chick embryo
chorioallantoic membrane that can be accessed through a window that is cut in the
eggshell or via ex ovo embryo culture [11]. Typically, the test materials are incubated for
1-3 days to allow for a vessel formation response, followed by removal of the membrane
and quantification of angiogenesis via imaging, where vessel characteristics, such as
5

number of vessels, vessel tortuosity, and branch points, are assessed [11]. Advantages of
the CAM assay include that it is a simple procedure and the immunotolerant nature of the
chick supports the study of human cancer cells and tissues [11,21]. Similar to the cornea
micropocket assay, Folkman’s original work using the CAM assay revealed a growth
dependence of tumors on vasculature, with rapid tumor growth on the CAM after 72
hours, which correlated with blood vessel penetration into the tumor [15,22]. One key
disadvantage of the CAM assay is that the CAM is well vascularized so new vessels are
hard to distinguish from existing structures [11].
Another in vivo angiogenesis assay has been developed using zebrafish due to
similarities in their circulatory system and mechanisms of angiogenesis to mammals
[11,23]. In addition, zebrafish embryos are inherently transparent and transparent adult
zebrafish have been developed, which allows for ease in visualization of angiogenesis
[24]. Furthermore, they are inexpensive, easy to maintain, require only short studies, and
can be modified to express fluorescent proteins in their vasculature [11]. For tumor
angiogenesis studies, zebrafish can be induced to develop tumors via chemical treatment,
genetic manipulation or engraftment of fluorescent tumor cells. Use of confocal
microscopy has enabled detailed visualization of tumor vascular cell invasion,
angiogenesis, and metastasis [23,25]. A major pitfall of zebrafish embryo tumor
angiogenesis models include debate over whether results can be interpreted as
angiogenesis, sprouting of blood vessels from existing vasculature, or vasculogenesis, de
novo formation of new vasculature. Other limitations include questions over the
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relevance of fish angiogenesis in human tumor xenografts and concerns about immune
rejection of tumor cells in juvenile and adult zebrafish [11,23].
The Matrigel plug assay is another in vivo model used for tumor angiogenesis
research. Test materials are incorporated into Matrigel, reconstituted basement membrane
from Engelbreth-Holm-Swarm mouse sarcoma cells, and implanted subcutaneously [26].
The explanted materials are then typically assessed for vessel infiltration. This assay has
been used to study tumor angiogenesis by incorporating cancer cells within Matrigel,
sponges, or polymer matrices. The Matrigel plug assay has been used in mechanistic
studies for understanding factors involved in endothelial cell migration to a tumor site
[27]. Advantages of this assay include that it is a simple procedure and angiogenesis can
be monitored in real time using tracers for blood flow [11,28]. Disadvantages of this
model include challenges associated with quantitative analysis as well as the potential for
inflammatory responses and fibrosis [11].
Other in vivo tumor angiogenesis assays include the dorsal air sac and dorsal skin
fold assays [11]. The dorsal air sac assay is prepared by injecting air under the dorsal skin
and implanting a chamber ring containing tumor cells. Angiogenesis induced by the
presence of the tumor cells can be assessed on a stereomicroscope following chamber
removal. One key disadvantage of this assay is that irritation of the chamber itself can
induce angiogenesis, thus potentially confounding results. Folkman used the rat dorsal air
sac assay in his initial studies of tumor angiogenesis, but the many assay pitfalls led him
to develop less expensive assays void of issues associated with distinguishing tumor
vessels and inflammatory responses [13]. In the dorsal skinfold assay, frames are fixed
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into the skinfold of mice, rats, and hamsters with one layer of skin removed and replaced
with a viewing glass to visualize angiogenesis. Tumor cells are implanted into the
chamber and resulting vascularization can be monitored by intravital microscopy [11]. In
addition, hyperspectral imaging has enabled assessment of hemoglobin saturation in this
assay, which has allowed researchers to measure tumor oxygenation, oxygen transport
dynamics, and vascular physiology [29]. Notably, the dorsal skinfold assay was used for
preclinical testing of the first FDA-approved anti-angiogenesis cancer therapeutic,
Bevacizumab, and for assessment of tumor vasculature responses to radiotherapy [29–
33]. The main limitations of the assay include that tumor growth is limited due to
chamber geometry and the surgical procedure is technically challenging.

1.2.2 Mouse Models
Mouse models are the gold standard for preclinical studies in anti-angiogenesis
drug development due to the ability to study safety, distribution and efficacy in all organ
systems [7,11]. Subcutaneous implantation of cancer cells is one type of animal model
that is easy to set up, allows for rapid tumor formation, and enables a simple assessment
of tumor growth via measuring tumor dimensions and weight after excision [7,11].
However, differences in the microenvironment of a tumor grown ectopically versus
orthotopically can limit the relevance of treatment outcomes for subcutaneously
implanted tumors, especially with growing evidence citing the importance of the
microenvironment in tumor progression [11,34–37]. Orthotopic implant models address
the microenvironment-related issues. However, orthotopic models require a more
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challenging implantation, do not readily facilitate monitoring, and often tumors have low
take.
Table 1.1. Properties of in vivo tumor angiogenesis models.
Model

Description

Advantages & Disadvantages
Assays

Cornea
micropocket

Implantation of cancer cells or
tissue into the mouse cornea and
analysis of sprouting from limbic
vessel

Easy evaluation due to transparent,
avascular nature of cornea

Chick
chorioallantoic
membrane
(CAM)

Seeding cancer cells or tissue on
the CAM and analysis of
angiogenesis from nearby vessels

Simple procedure; chick
immunotolerance

Zebrafish

Tumor induction in zebrafish via
carcinogen exposure, genetic
manipulation, or tumor
engraftment and analysis of
angiogenesis from nearby vessels

Easy to maintain and evaluate due to
fish transparency

Encapsulation of cancer cells in
Matrigel, subcutaneous
implantation, and analysis of
vessel invasion into the implant
following excision

Simple procedure; ability to monitor
blood flow

Implantation of a chamber ring
containing tumor cells under the
dorsal skin and assessment of
angiogenesis following excision

Simple procedure

Implantation of cancer cells into
a frame in the dorsal skinfold of
an animal with one layer of skin
removed to visualize
angiogenesis

Visualization of angiogenesis for
long time periods: up to 4 weeks

Matrigel plug

Dorsal air sac

Dorsal
skinfold
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Limited implant size; abnormal ECM

New vessels are hard to distinguish
from existing structures

New vessels are hard to distinguish
from existing structures in adults and
juveniles; distinguishing
vasculogenesis from angiogenesis in
embryos

Quantitative analysis is challenging;
inflammatory response and fibrosis
from implant material are common

Quantitative analysis is challenging;
risk of angiogenesis induction by
irritation of the chamber

Tumor growth limited by chamber
geometry; the surgical process is
technically challenging

Mouse Models
Subcutaneous
Xenograft

Subcutaneous implantation of
non-mouse cancer cells

Easy procedure and tumor growth
analysis; rapid tumor formation
Microenvironment differences due to
ectopic implantation site

Orthotopic
Xenograft

Syngeneic

Transgenic

Implantation of non-mouse
cancer cells into the organ of
tumor cell origin

Proper microenvironment for tumor
growth

Implantation of mouse tumor
cells with the same genetic
background as the host animal

Animals are not immunodeficient

Spontaneous tumor formation
from genetic mutations modeled
after human cancer

Cancer progression rate slower and
more accurate

Implantation challenging: issues with
low tumor take

Differences between human and
mouse tumors

Differences between human and
mouse tumors

Both subcutaneous and orthotopic implantation approaches are commonly xenografts,
whereby human cancer cells are implanted in immune compromised animals [34].
However, lack of an immune response and tumor-promoting inflammation in immune
compromised mice can prevent accurate recapitulation of the tumor microenvironment.
Thus, researchers have also explored use of syngeneic models that are not immune
compromised because the transplanted tumor cells have the same genetic background as
the host animal [7]. In addition, humanized mouse models have been developed that are
immunodeficient but complemented with components of the human immune system,
such as dendritic, B, and T cells, which offer another option to address issues associated
with xenograft models [7]. Transgenic animal models that have genetic mutations
modeled after mutations found in human cancer, through oncogene expression or tumor
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suppressor mutation, have also been used in tumor angiogenesis. These genetic mutations
lead to spontaneous tumor formation, allowing for cancer initiation and growth at a
slower, more accurate rate [7]. The main advantage of transgenic mouse models is that
tumor progression can be studied, as tumors in transgenic mice have been shown to
progress through similar distinct stages described in human tumors [4,7,11].
In mouse models, tumor angiogenesis is often evaluated with the use of histology
and immunohistochemistry following animal sacrifice at study completion [7,38]. This
analysis typically involves the use of CD31 antibody staining, followed by assessment of
microvessel density [38]. The pitfalls of this approach include that it is not possible to
monitor angiogenesis over time, no data about vessel functionality is provided, and
outcomes heavily rely on antibody choice and staining procedures. Many non-invasive
approaches have been explored for live imaging of tumor vasculature in vivo, which
include the use of magnetic resonance imaging, positron emission tomography, and
computed tomography in combination with contrast agents [7]. Intravital microscopy has
also been used for imaging tumor vasculature, but this approach has low penetration
depth and thus typically requires an invasive procedure to create a viewing window to
improve resolution for deep tumors [7]. New microscopy techniques, such as multiphoton
microscopy, have enabled longer intravital imaging at greater imaging depths without
photobleaching and phototoxicity [7]. Researchers have also explored optical coherence
tomography and photoacoustic tomography to improve penetration depth and resolution
[7].
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The biggest problem associated with the use of animal models for tumor
angiogenesis research is that outcomes of studies using anti-angiogenesis therapeutics
have not matched clinical outcomes in human patients [7–10]. There is a need for
improved models to study tumor angiogenesis that support identification of important
genes, signaling molecules, cell-cell interactions, and cell-ECM interactions involved in
tumor progression and metastasis. A better understanding will lead to development of
more advanced screening tools that will more accurately represent human tumorigenesis
and thus better predict clinical outcomes for potential anti-angiogenesis therapeutics.

1.3 In vitro Cancer Models
Recent findings have illuminated the importance of the extracellular
microenvironment in tumor progression [11,35,37,39,40]. These findings have led to the
development of 3D in vitro cancer models that incorporate relevant features of the tumor
microenvironment. Gill, et al. recently published a review focused on 3D cancer models
(see [35] for more detailed information). These cancer models have started to replace
traditional 2D culture substrates, which do not provide physiologically relevant
mechanical properties or biochemical cues [35,41]. In addition, research has shown large
disparities in normal and cancer cell behavior between 2D and 3D culture, including
challenges associated with achieving physiological cell organization, polarization, and
function [35,42]. These challenges may be attributed to differences in cell proliferation,
gene expression, and signaling pathway activation [35,42,43]. In addition, many groups
have reported variable cancer cell angiogenic behavior in 2D and 3D, such as enhanced
interleukin 8 (IL-8), an angiogenic growth factor, secretion in 3D from oral squamous
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cell carcinoma cells [44] and enhanced angiogenic and inflammatory molecule gene
expression (genes for IL-8, angiopoietin-like 4, CXCL1, 2, and 3) in a melanoma model
[43]. Furthermore, cancer cell response to therapeutics has been shown to differ between
2D and 3D culture systems, with growing evidence supporting decreased sensitivity to
chemotherapeutics in 3D culture systems [45–47]. This decreased sensitivity to
therapeutics in 3D has implications for explaining mismatched preclinical and clinical
findings for cancer therapeutics that were potentially tested using 2D model systems.
Many groups have used natural materials, including Matrigel, collagen, and fibrin,
for 3D cancer cell studies. Research using these natural materials has led to major
advances in our identification of growth factors and cell-matrix interactions important in
tumor progression [35,48,49]. The Bissell lab pioneered a 3D assay for breast cancer
cells, where non-malignant and malignant breast cancer cells were cultured in Matrigel
[37,50,51]. Interestingly, while non-malignant and malignant cells behaved similarly in
traditional 2D culture, both exhibiting phenotypic plasticity, drastic differences in
growth, differentiation, and basement membrane deposition were observed in 3D culture
[37,51]. In 3D, non-malignant cells ceased proliferation and reverted to a differentiated
phenotype as seen by the formation of epithelial, lumenized alveolar spheres that secreted
milk proteins [37,50,51]. In contrast, malignant cells formed proliferating, unstructured
aggregates, which led researchers to identify factors that could restore epithelial polarity
and normal function in malignant cells such as inhibitors of epidermal growth factor
receptor and β1 integrin [37,51].
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The importance of matrix mechanics in tumor progression was also first explored
in natural materials [35]. Weaver’s group found that mammary epithelial cells formed
small epithelial structures in Matrigel, but when the matrix was stiffened with the
addition of collagen, polarity and epithelial morphology were disrupted [41]. However, in
natural materials, stiffness is often increased by crosslinking in more of the biological
matrix or changing its composition, inherently changing the matrix biochemistry and
complicating interpretation of any significant findings. This issue can be overcome with
the use of synthetic materials that allow independent control over bioactivity and
mechanical properties.
Our lab and others have explored the use of synthetic materials for the
development of 3D in vitro cancer model systems. Our group recently developed a lung
adenocarcinoma model utilizing cell-adhesive, proteolytically-degradable, poly(ethylene
glycol) (PEG) hydrogels and the Kras-activated, p53-mutant cell line, 344SQ, that has a
genetic expression signature that matches that of poor prognosis, non-small cell lung
cancer patients (Fig. 1.2) [52,53]. Previous work with 344SQ cells in Matrigel showed
formation of hollow, spherical, cell clusters with epithelial morphology that could be
perturbed with transforming growth factor-β1(TGF-β1) treatment to induce epithelial-tomesenchymal transition (EMT) [54]. EMT is a process that has been identified as a driver
of cancer metastasis, whereby epithelial cells lose their cell-cell contacts and apical-basal
polarity and transition to a mesenchymal phenotype, which is characterized by a tendency
towards migration and invasion [55–57]. When encapsulated in PEG hydrogels, 344SQ
cells formed lumenized, spherical cell clusters similar to those observed in Matrigel. In
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addition, use of this synthetic model system enabled independent alteration of matrix
mechanics and bioactivity and assessment of the resulting changes in epithelial
morphogenesis and EMT, demonstrating clear influences of matrix rigidity and adhesive
ligand density [53]. This system can be applied to the study of multiple cancer types,
biochemical cues, and mechanical regimes to parse out the role these tumor
microenvironment components play. Knowledge obtained from this model and others can
be applied to the development of the cancer component of in vitro tumor angiogenesis
models, as 3D culture of cancer cells has become common and many techniques have
been established to study different characteristics of cancer development and progression.

Figure 1.2. 344SQ encapsulated in PEG-based hydrogels showing differences in
sphere morphology from independently varying stiffness and adhesive ligand
concentration. Adapted from Gill, et al. 2014 [35].
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1.4 In vitro Vascular models
1.4.1 2D Vascular Models
Vascularization has been studied in vitro by many researchers for the last several
decades, and the use of in vitro assays to assess the induction and inhibition of
vascularization by different molecules has played an important role in the ability of
researchers to study and understand angiogenesis [58]. In angiogenesis, endothelial cells
are typically quiescent in vivo until they are activated by proangiogenic stimulants,
whereby they are induced to degrade the local basement membrane, invade and migrate
through the surrounding ECM, and proliferate at the leading edge of the sprout [4].
Therefore, in vitro assays have been developed to assess these endothelial cell behaviors
in response to different factors. The most common assays include proliferation, migration
and invasion, organ culture, and tube formation (Table 1.2) [21,58].
Endothelial cell proliferation assays use a wide variety of endothelial cells and
evaluate their responses to different mitogens. Many different measures of cell
proliferation have been developed and can be applied to endothelial cell proliferation
assays, including cell counting, immunostaining for proliferation markers, DNA synthesis
assays, metabolic activity assays, and ATP-measuring technologies [11,59–61].
Endothelial cell migration and invasion assays are most commonly performed with
transwell inserts (also termed Boyden chambers) where endothelial cells are seeded
directly onto a porous membrane or onto a gel formed in the insert. The insert is then
placed in a well with potential stimulants or inhibitors and the number of endothelial cells
that migrate or invade is quantified by staining and imaging or trypsinization and cell
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counting [4,21,62,63]. Proliferation and migration assays were used in many of the initial
studies focused on the discovery of proangiogenic growth factors [4].
Table 1.2. Properties of 2D in vitro vascular models.
Assay type

Description

Proliferation

Evaluates EC
proliferation in response
to different mitogens

Advantages & Disadvantages
Simple, reproducible, and many
techniques for quantification exist
[11,59–61]
ECs become senescent in culture after a
few passages, limiting assay use [11]

Migration &
Invasion Transwell

Evaluates EC migration
and invasion on a porous
membrane in response to
stimulants or inhibitors

Simple, high sensitivity to stimuli
gradients [11,62]

Migration &
Invasion Organ
Culture

Evaluates outgrowth of
ECs from a section of
vascular tissue

ECs have not been transformed or
passaged in culture previously and
relevant non-ECs are present (i.e.
pericytes, smooth muscle cells) [11,21]

Inability to track migration and invasion
in real time [11]

Explant variability and challenges in
quantification [11]
Tube
formation

Evaluates EC capillary
network formation on a
substrate

Simple procedure [64]
Multiple cell sources can form networks
in culture [11,21]

Organ culture assays are also used to evaluate vascular cell migration. In the
aortic ring assay, a segment of aorta, often from a rat, is removed and pieces are placed in
culture, usually on a Matrigel surface or embedded in a collagen gel [11,21,65].
Endothelial cell migration away from the tissue samples is assessed in response to
treatment with different test factors. This assay provides the advantage that the
endothelial cells are primary and thus have not been transformed or cultured previously.
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In addition, important non-endothelial vascular cells, such as smooth muscle cells and
pericytes, as well as relevant ECM components are present [11,21]. A similar assay, the
chick aortic arch assay, uses aortic arches from chick embryos. Derived from developing
embryos, endothelial cells in this assay are advantageous over those used in the rat aortic
ring assay because of their highly proliferative nature [11,21]. Limitations of these ex
vivo assays include explant variability and challenges in standardization of quantification
methods [11].
In 1980, Judah Folkman described the formation of capillary networks with
lumens using human and bovine capillary endothelial cells in culture [66]. It has since
been observed that all endothelial cell types can spontaneously form tube structures in
vitro, initiating widespread use of the endothelial tube formation assay. This assay is
typically performed by seeding endothelial cells on Matrigel, which has been shown to
promote the formation of networks within 24 hours of seeding [21,67]. One of the major
issues associated with this test is that other non-endothelial cell types have also been
shown to form networks on Matrigel, requiring researchers to further analyze samples for
lumen formation to confirm the vascular nature of the networks [11,21].

1.4.2 3D Vascular Models
Development of 3D vascularized constructs to regenerate complex organ
structures for tissue engineering is the focus of many research labs, building on early
tissue engineering successes that have been limited to thin, avascular organs, such as
bladder and skin [68]. The tissue engineering approach focuses on using a combination of
cells, scaffolds, and stimuli to recreate a tissue of interest. Many endothelial cell sources
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have been explored for use in tissue engineering. Mature endothelial cells are ideal in that
they can be isolated from a patient, but their low expansion rate and proliferation limit
have prevented their widespread use [69]. To address this limitation, researchers have
used endothelial cells differentiated from embryonic stem cells, induced pluripotent stem
cells, and adult endothelial progenitor cells [69,70]. In terms of material choices for 3D
vascularized constructs, both natural and synthetic material systems have been used. The
most common natural materials in angiogenesis research include collagen, fibrin, and
Matrigel. Commonly used synthetic materials include poly(lactide-co-glycolide) (PLGA),
polyurethanes, and PEG [71]. Natural materials offer the advantage of being composed of
the natural ECM, thus providing abundant integrin binding sites for cell adhesion and
proteolytic degradation sites for cell migration. However, as discussed above for tumor
cell culture, certain natural materials, such as Matrigel, harbor batch-to-batch variability
and are difficult to completely purify of growth factors. Synthetic materials must be
modified to allow for adhesion and degradation, but this customization of the cell
microenvironment allows for independent control over the biochemistry and mechanical
properties [35].
Multiple approaches have been explored to develop vascularized tissue
engineered constructs. There are cell-based systems, which include those that use
scaffolds, such as cell encapsulation in natural or synthetic materials, and scaffold-free,
such as spheroid or cell sheet culture [72–74]. These approaches typically rely on
spontaneous formation of microvascular networks [72]. In contrast, more advanced
biofabrication techniques, such as bioprinting and photolithography, have enabled
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researchers to define cellular organization within a construct [72,75,76]. In all cases,
these vascularized constructs are often implanted in vivo to assess integration with host
vasculature, perfusion, and immune rejection [72]. Other groups have used non-cellbased approaches relying on microfabrication techniques, such as layer-by-layer
technology, acellular bioprinting, and 3D sacrificial molding, to create microchannel
networks [72,77,78].
Our group has developed a robust cell-based 3D angiogenesis model in bioactive
PEG hydrogels (Fig. 1.3). This tissue engineered vascular model is comprised of human
umbilical vein endothelial cells (HUVEC) and pericytes (10T1/2 pericyte precursor cells
or human brain vascular pericytes) encapsulated in 3D using photopolymerization [79–
81]. The inherent hydrophilicity of PEG prevents protein adsorption and subsequent cell
adhesion. These properties enable PEG to act as a blank slate into which desired
bioactivity can be incorporated via chemical conjugation of peptides and growth factors
to the polymer matrix. In order to tailor the properties of our vascular networks to organs
of interest for tissue engineering, we have successfully used two-photon laser scanning
lithography to pattern adhesive ligands and guide cellular adhesion to create organspecific vascular structures (Fig. 1.3B) [82,83]. We have also shown that these vascular
networks support perfusion in a microfluidic device, where convective transport through
microvessels was observed (Fig. 1.3C) [84].
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Figure 1.3. 3D angiogenesis model in PEG hydrogels. (A) Time lapse microscopy of
HUVEC (green) and 10T1/2 (red) encapsulated in 3D PEG-based hydrogels. (B) A
fluorescent PEG-RGDS pattern (purple) made via two-photon laser scanning lithography,
HUVEC and 10T1/2 (green and red) following the pattern. (C) A z-stack showing high
molecular weight dextran (red) within the lumen of tubule networks (PECAM- green) in
PEG hydrogels in a microfluidic device. Adapted from (A) Moon, 2010 [79], (B) Culver,
2012 [83], and (C) Cuchiara, 2012 [84].
Overall, many advances have been made in vascularization of tissue engineered
constructs and aspects of our model and others, including cell and material choices as
well as approaches, can be applied to the vasculature component of novel in vitro tumor
angiogenesis models. However, one of the limitations of adapting in vitro angiogenesis
assays for use in tumor angiogenesis research is the profound difference between tumor
vasculature and normal vasculature [23]. Tumor vasculature is irregular, characterized by
vessel tortuosity and disorganized connectivity, variable basement membrane deposition,
and the absence of pericytes, which typically wrap around nascent vessels to stabilize
them [8]. These abnormal structural characteristics lead to abnormal function where
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blood flow is typically leaky and heterogeneous throughout the tumor [8]. These
characteristics must be taken into consideration when adapting current in vitro
angiogenesis models for use in tumor angiogenesis research.

1.5 In vitro tumor angiogenesis models
Researchers interested in tumor angiogenesis can apply knowledge obtained from
cancer and vascular models to build new in vitro vascularized tumor models. Current
approaches to developing in vitro tumor angiogenesis models will be reviewed in this
section and have been categorized based on the cellular processes they recapitulate: 2D
cell-cell interactions, 2D and 3D endothelial cell migration, 2D and 3D tumor
vasculogenesis, 3D tumor angiogenesis, and tumor cell intravasation and extravasation in
microfluidic models (Fig. 1.4).

Figure 1.4. Current approaches to in vitro tumor angiogenesis models categorized
based on the functional outcomes they recapitulate. 2D cell-cell interactions, 2D and
3D migration, 2D and 3D tumor vasculogenesis, 3D tumor angiogenesis, and tumor cell
intravasation and extravasation in microfluidic models.
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1.5.1 2D Cell-cell interactions
Cell-cell interactions are important in cancer as both paracrine and direct
interactions between neighboring cells can drive cell signaling events that lead to tumor
progression. In an early version of a 2D tumor angiogenesis model, agarose was
manually patterned onto tissue culture plates to limit attachment of MCF-7 malignant
breast cancer cells to unpatterned areas [85]. The agarose was then removed and followed
by seeding of bovine pulmonary artery endothelial cells (BPAEC) to occupy the
patterned areas. This model was used to study the ability of cancer cells to induce
changes in endothelial cell behavior. It was observed that only BPAEC co-cultures with
MCF-7 and not co-cultures with normal breast endothelial cells or fibroblasts supported
microvascular network formation. In addition, co-culture with MCF-7 led to a decrease in
thrombospondin-1 expression, an anti-angiogenic ECM protein secreted by endothelial
cells, during tubule formation [85]. These findings support the idea that direct cancer
cell-endothelial cell interactions can stimulate endothelial cell angiogenic behaviors.
Innovative 2D tumor angiogenesis models have been designed using
microfabrication-based patterning technologies. Fischbach’s group developed a peel-off
cell culture array with fibronectin features enabling single cell or cell cluster adhesion to
study the effect of cell-cell interactions in cancer cell angiogenic growth factor secretion.
The group looked at VEGF and IL-8 secretion by human oral squamous cell carcinoma
(OSCC-3) and human prostate carcinoma (DU145) cells and observed that cell-cell
interactions promoted a pro-angiogenic phenotype [86]. Gerecht’s group also used
microfabrication techniques to develop a co-culture system with MDA-MB-231 breast
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cancer cell-laden hyaluronic acid hydrogels embedded in a fibrin gel with endothelial
cells seeded in 2D on fibronectin patterns. This model supports investigation of both
paracrine and juxtacrine cell interactions, which could be explored in future studies [87].
Overall, these in vitro tumor angiogenesis models provided evidence that cancer cells can
exhibit proangiogenic behavior and this behavior is cell-cell interaction-dependent.

1.5.2 2D and 3D Endothelial Cell Migration
1.5.2.1 2D Endothelial Cell Migration

As aforementioned, endothelial cell migration is driven by the angiogenic switch,
where cancer cells secrete proangiogenic growth factors to stimulate quiescent
endothelial cells that begin to sprout and migrate to the tumor site. In the typical cancer
transwell assay, endothelial cell migration is assessed in response to cancer cell
conditioned media or seeded cancer cells. 2D transwell migration and invasion assays are
still widely used today by cancer researchers. Fischbach’s group recently used the
transwell assay as a way to assess HUVEC migration towards conditioned media from
OSCC-3 carcinoma cells prior to introducing the cells in a 3D tumor angiogenesis model.
HUVEC migration was enhanced in the presence of cancer cell conditioned media, which
was decreased with the use of an IL-8 blocking antibody [88]. By restricting direct cellcell interactions, these studies allow for exploration of paracrine interactions between
cancer cells and vascular cells and evaluation of the proangiogenic capacity of different
cancer cell types. Other metrics have also been explored with tumor angiogenesis
migration assays, such as endothelial cell network formation characteristics with
exposure to the cancer cell secretome [89].
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1.5.2.2 3D Endothelial Cell Migration

In moving into more physiologically relevant models, research groups have added
3D components to tumor angiogenesis systems. As discussed for 2D migration,
endothelial cell migration and paracrine signaling are important components of the tumor
angiogenesis process. A number of groups have developed 3D migration models where
cancer cells are encapsulated within a natural material and an endothelial monolayer is
formed on the material surface [88,90–92]. Verbridge and colleagues developed a 3D
endothelial cell invasion assay where microwells were used as a mold to create collagen
scaffolds with human OSCC-3 oral squamous cell carcinoma cells encapsulated in 3D
and HUVEC cultured on top. Endothelial cell invasion and migration into cancer cellladen scaffolds was observed to be dependent on cancer cell density and thickness of the
collagen scaffold. These two factors were shown to be related to the secretion of
proangiogenic growth factors, VEGF and IL-8, and hypoxia within the matrix [88]. Szot,
et al. also developed a 3D migration model, where MDA-MB-231 or MCF-7 breast
cancer cells were encapsulated in a collagen hydrogel in a transwell insert. An acellular
barrier collagen layer was then formed on top and telomerase-immortalized human
microvascular endothelial cells (TIME) were seeded on the barrier hydrogel. The
metastatic MDA-MB-231 cells secreted more VEGF and stimulated enhanced TIME
proliferation compared to the less aggressive MCF-7 cells. In addition, TIME invasion
into the acellular hydrogel and network formation were only observed for the MDA-MB231-laden gels and network formation was dependent on matrix concentration, co-culture
duration, and exogenous basic FGF treatment [91]. An advantage of the 3D migration
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model setup is that monolayer culture of endothelial cells enables endothelial cell polarity
to be retained, which is important for proper endothelial cell function [91,93]. However,
Szot’s model did not enable the direct interaction of vascular cells with cancer cells,
which limits its use in studying tumor angiogenesis.
Teicher’s group has also developed a 3D migration model comprised of a tumor
cluster of SKOV-3 ovarian carcinoma cells encapsulated in a 3D collagen gel that is
embedded in an acellular Matrigel disc. A combination of human microvascular
endothelial cells (HMVEC), 10T1/2 pericyte precursor cells, and/or myofibroblasts are
then seeded in 2D on top of the disc and invasion into the tumor cluster is evaluated [92].
Interestingly in this model, HMVEC migrated to but did not invade tumor clusters
without the presence of myofibroblasts. This model thus shed some light on the
importance of stromal cells in the process of endothelial cell invasion into a tumor.
However, it is unclear if culturing different cell types in different materials played a role
in the inability of HMVEC alone to invade the tumor cluster.
Up to this point, the 3D migration models have focused on transitioning the
cancer component of the system from 2D to 3D culture. Another approach that has been
used is culturing endothelial cells in 3D on dextran microcarriers suspended in fibrin with
glioblastoma multiforme cancer cells (U87) seeded in 2D on top of the fibrin gel [94].
Vascular sprouting of endothelial cells from the microcarriers was evaluated. It was
found that U87 enhanced vascular network-mimicking sprout formation, which was
found to be VEGF-dependent and enhanced under hypoxic conditions [94].
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Transitioning into migration models with both vascular and cancer components in
3D, Seano, et al. developed a model utilizing ex vivo human arterial rings that were
encapsulated with prostate cancer cell (LNCaP) spheroids in Matrigel [95]. Their work
with this model was aimed at investigating the ability of LNCaP spheroids, which are
known to secrete angiogenic growth factors, to support capillary-like sprouting from
human arterial rings without the addition of exogenous angiogenic growth factors. It was
observed that angiogenic migration was enhanced in the presence of LNCaP spheroids
compared to arterial rings alone cultured in complete medium with growth factors,
indicating the ability of cancer cells to support vascular cell migration. Seano, et al. also
tested Sunitinib, an FDA-approved tyrosine kinase inhibitor known to inhibit multiple
angiogenic growth factor receptors including VEGF receptors 1-3 and PDGF receptors A
and B, and found it was less effective in reducing angiogenic sprouting in the presence of
LNCaP [95,96]. These results indicate there are important proangiogenic factors secreted
by cancer cells that are not found in complete medium (containing VEGF, basic FGF,
epidermal growth factor, and insulin-like growth factor-1) and are not targeted by
Sunitinib.
Another approach to 3D migration models has been development of co-cultures of
cancer cells with other cell types in multicellular aggregates. George’s group developed
what they termed the Prevascularized Tumor model, which is a co-culture of primary
human endothelial cells with human cancer cell lines in a multicellular spheroid that is
then embedded in a fibrin gel containing fibroblasts distributed throughout [97].
Sprouting angiogenesis was observed as the presence of lumenized capillaries in the
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fibrin matrix. Endothelial cells first organized on the periphery of the spheroid before
invading it and forming a contiguous vascular network within. This intra-spheroid
vascular network exhibited irregular morphological characteristics representative of the
abnormal tumor vasculature found in vivo. In addition, tumor cell intravasation into
vascular cells was observed and found to be enhanced by hypoxia and dependent on the
EMT transcription factor, Slug [97]. This study illustrated the ability of in vitro tumor
angiogenesis models to recapitulate tumor vasculature characteristics and processes that
occur in vivo. A similar model, the Minitumour model developed by Correa de Sampaio
and colleagues, incorporated endothelial cells, fibroblasts, and MDA-MB-231 breast
cancer cells into multicellular spheroids and assessed endothelial cell sprouting in
collagen gels [98]. It was revealed that MDA-MB-231 can stimulate sprout formation in
the absence of exogenous angiogenic growth factors, VEGF and basic FGF. In addition,
inhibition of angiogenic growth factors via antibodies and small molecules resulted in
differential decreases in endothelial cell sprouting, indicating the potential for this model
to be used for drug screening applications. Finally, this study explored silencing of
membrane-type 1 matrix metalloproteinase (MT1-MMP), a major angiogenesis regulator,
for each of the cell types in the model and showed the impairment of endothelial cell
sprout formation with MT1-MMP knockdown in endothelial cells and fibroblasts, but not
with the knockdown in breast cancer cells [98]. Overall, while multicellular aggregate
models offer a 3D microenvironment where cell interactions between endothelial cells
and cancer can be studied, the physiological relevance of endothelial cell sprouting out
of, rather than into, a tumor spheroid is limited.
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Overall, it is evident that endothelial cell migration plays an important role in the
initiation of tumor angiogenesis. Several 2D and 3D tumor angiogenesis models have
been developed to study this migration behavior and have helped to identify specific
growth factors and supporting cells necessary to activate endothelial cells and induce
migration. Furthermore, these models have also begun to explore the role that relevant
tumor microenvironmental stresses play in endothelial cell migration, thus shedding light
on the many types of applications these models can be used for in future tumor
angiogenesis studies.

1.5.3 2D and 3D Tumor Vasculogenesis
1.5.3.1 2D Tumor Vasculogenesis

Vasculogenesis is de novo vessel formation. While vasculogenesis does not occur
in cancer progression, tumor angiogenesis models that utilize vasculogenesis provide a
way to study cancer influences on vascular network formation. Gerecht’s lab developed a
2D vasculogenesis model in which co-cultures of fibroblasts with breast cancer cells were
initiated, followed by scaffold decellularization and seeding of HUVEC onto the cancer
cell-deposited ECM. HUVEC capillary structure formation and maturity were assessed
on ECM deposited by different breast cancer cell lines with varying metastatic capacities
(MCF10A, MCF-7, and MDA-MB-231) and key differences were observed. Metastatic
MDA-MB-231-fibroblast co-culture-deposited ECM yielded larger HUVEC lumens,
greater percent area coverage of networks, and highest expression of von Willebrand
factor and E-selectin [99]. The group also looked at the effect of hypoxia on capillary
structure formation and found no differences for different breast cancer cell lines [100].
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1.5.3.2 3D Tumor Vasculogenesis

Janvier established a 3D vasculogenesis model comprised of endothelial cells in a
fibrin gel with a layer of PC-3 prostate cancer cells and/or fibroblasts in a collagen gel on
top. PC-3 cells cultured alone with endothelial cells led to endothelial cell death, while
PC-3 cells in co-culture with fibroblasts supported vasculogenesis and PC-3 and
fibroblast invasion into the fibrin gel [101]. This model provides more evidence that
fibroblasts play an important role in tumor vascularization.
As aforementioned, there are advantages and disadvantages of using natural
materials for tissue engineering. To overcome the disadvantages, synthetic materials have
been increasingly used in model systems. Werner’s group developed a 3D tumor
vasculogenesis model in a synthetic PEG hydrogel system [102,103]. They encapsulated
cancer cell lines (breast and prostate) with HUVECs and mesenchymal stem cells in a 3D
tri-culture and assessed differences in tumor growth for cells in Matrigel and PEG as well
as responsiveness of the culture system to chemotherapeutics and anti-angiogenesis
therapies, comparing 2D to 3D cultures. It was found that the cancer cells in the 3D
model were less sensitive to chemotherapy when compared to 2D cultures [103]. This
work highlights the need for more studies that directly compare different culture
techniques for cancer cells, including 2D versus 3D culture and natural versus synthetic
materials.

1.5.4 3D Models of Tumor Angiogenesis
As discussed throughout this chapter, angiogenesis, the sprouting of new
vasculature from existing vasculature, is the process by which cancer cells recruit blood
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vessels to facilitate growth. Thus labs have developed 3D angiogenesis models to
recapitulate this important process. Chrisey’s lab developed a 3D angiogenesis model
with the use of ex vivo rat mesentery tissue with breast cancer cells bioprinted on top to
study cancer cell-endothelial cell interactions and vascular network sprouting [104]. They
observed cancer cell migration within the microvascular networks as well as increased
angiogenesis in areas with printed cancer cells. Gibot and colleagues developed a 3D
vascularized skin model comprised of stacked sheets of fibroblasts, HUVEC,
keratinocytes, and melanoma cells to study the behavior of melanoma cell lines with
different metastatic potentials. It was observed that RPMI 7951, a melanoma cell line
derived from a lymph node metastasis, enhanced angiogenesis and HUVEC migration.
Furthermore, RPMI 7951 secreted high levels of VEGF, which provides support for the
angiogenic behaviors observed [105]. These 3D angiogenesis models provide evidence
that cancer cells exhibit proangiogenic behavior that differs for different tumor types.

1.5.5 Microfluidic Systems
The tumor vasculature plays a role in the dynamic nature of the tumor and its
abnormal structure leads to disrupted flow and high interstitial pressure [8]. Microfluidic
culture systems that support perfusion of the vascular component enable researchers to
recapitulate aspects of the tumor microenvironment, such as growth factor, nutrient, and
waste gradients within the tumor space [35,106]. Rylander’s group developed a
microfluidic system with a single microchannel that was lined by endothelial cells and
surrounded by a cancer cell-laden collagen hydrogel (Fig. 1.5A). This system enabled
comparison of proangiogenic factor gene expression between a dynamic 3D co-culture
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system and a static, mono-culture system and revealed increased proangiogenic growth
factor expression in the 3D microfluidic co-culture [107]. Moll, et al. developed a 3D
microfluidic model with the use of a decellularized jejunal segment that was reseeded
with human dermal endothelial cells on one side of the tissue and a co-culture of S462
malignant peripheral nerve sheath tumor cells and fibroblasts on the other side. The
model was cultured under flow and following culture, immunohistochemistry was used to
identify the different cell types. This study demonstrated a successful model design but
did not further characterize interactions between the endothelial cells and cancer cells
[108].
Microfluidic models also enable dynamic modeling of complex processes such as
tumor cell intravasation, intravascular adhesion, and extravasation, which are key steps in
the process of tumor metastasis. In order for a cancer cell to metastasize, it must
dissociate from the primary tumor and invade the surrounding tissue, intravasate into the
vasculature, flow through the vasculature as a circulating tumor cell, adhere to the
endothelium at the site of metastasis, extravasate out of the vasculature into the
surrounding tissue, and set up a micrometastatic lesion in that tissue [109]. Roger
Kamm’s lab has pioneered the development of microfluidic systems for studying tumor
cell intravasation and extravasation [110–112]. Kamm’s intravasation model is comprised
of 2 microchannels, each seeded with tumor cells or endothelial cells (Fig. 1.5B) [112]. A
3D collagen gel was formed in between the 2 channels, facilitating evaluation of tumor
cell migration towards the endothelial cell-formed monolayer. Furthermore, movement of
the tumor cells from the basal side to the apical side of the endothelial cells was
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observed, thus illustrating recapitulation of the process of tumor cell intravasation into a
blood vessel. This model was also used to show that endothelial cell permeability and
subsequent cancer cell intravasation was enhanced in the presence of macrophages via
exposure to tumor necrosis factor alpha, supporting the hypothesis that key events
involved in cancer metastasis are regulated by components of the tumor
microenvironment [112].

Figure 1.5. Microfluidic culture platforms to study tumor angiogenesis. (A)
Rylander’s flow-perfused endothelial cell-lined tube (red) surrounded by cancer cells
(green) in a collagen gel (Adapted from [107]), (B) Kamm’s intravasation model used to
study cancer cell (red) migration through a collagen gel and into an endothelial cell-lined
(green) channel (Adapted from [112]), (C) Takayama’s intravascular adhesion model to
study cancer cell (green) adhesion to an endothelial cell monolayer (yellow) that is
perfused on both sides of the monolayer to introduce chemokines regiospecifically
(Adapted from [113]), and (D) Kamm’s extravasation model where cancer cells can be
introduced via a media channel into endothelial cell-formed networks (red) to visualize
cancer cell migration out of the microvascular networks (green) (Adapted from [110]).
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Tumor cell intravascular adhesion to endothelial cells was studied in a
microfluidic device developed by Song and colleagues (Fig. 1.5C) [113]. This 2D system
was composed of a monolayer of human dermal microvascular endothelial cells on a
polyester membrane with channels above and below. An advantage of this design is that
growth factors can be presented to the endothelial cells regiospecifically, on the apical or
basal side of the endothelium. Using this system, MDA-MB-231 metastatic breast cancer
cells were circulated through the upper channel and the chemokine CXCL12 was
presented in the lower channel, mimicking presentation of CXCL12 to the endothelium
from the stroma surrounding the vasculature. Presentation of CXCL12 was shown to
promote enhanced cancer cell adhesion to endothelial cells, which was decreased by
inhibition of signaling between CXCL12 and the CXCR4 receptor on endothelial cells.
These results highlight the importance of endothelial cell chemokine receptors in
intravascular tumor cell adhesion [113].
An early tumor cell extravasation assay was described by Nicolson, whereby an
endothelial cell monolayer with a cell-secreted basal lamina was initiated, followed by
addition of a variety of cancer and noncancerous cells, which were then assessed for
cancer cell attachment to endothelial cells, basal lamina exposure indicating monolayer
disruption, and subsequent solubilization of the extracellular matrix [114]. Kamm’s lab
has also developed a tumor cell extravasation model in a microfluidic device, whereby 2
fibrin gels, seeded with either HUVEC or normal lung fibroblasts, were fabricated with
media channels in between the gels and on either side of the gels (Fig. 1.5D) [110].
Microvascular network formation was allowed to occur in the HUVEC gel, which was
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followed by cancer cell incorporation into the device. Cancer cells (MDA-MB-231, HT1080, or MCF-10A) were drawn into the vascular network via a pressure drop created
across the HUVEC gel. Extravasation of the tumor cells out of the microvascular network
was evaluated. Studies using this model provided insights into the effects of
inflammatory cytokines on endothelial barrier function and extravasation, the process of
tumor cell transmigration, as well as migration efficiency and extravasation differences
between cancer cells of different metastatic potentials [110]. A newer version of this
model was published recently, whereby bone and muscle-mimicking microenvironments
were developed within the microfluidic device and extravasation differences for
metastatic breast cancer cells were evaluated [111]. Higher overall extravasation rates
were observed in the bone-mimicking microenvironment, which is supported by our
understanding that the most common sites for breast cancer metastasis are bone, lung,
and liver [111,115]. These models have not only allowed us to better understand tumor
cell extravasation, they exhibit feasibility for use in drug screening [111].

1.5.6 Limitations of Existing Models
Much progress has been made in the development of in vitro tumor angiogenesis
models that can be used to study the process as well as screen potential cancer
therapeutics. Thus far, models have incorporated varying levels of complexity, with a
movement away from 2D models and into 3D systems. Fully 3D models have been
developed that incorporate both the cancer and vascular components in natural and
synthetic material systems. Models have also explored different cellular processes, such
as tumor cell-endothelial cell interactions, endothelial cell migration, as well as more
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complex pathophysiological processes, such as intravasation and extravasation. However,
with different approaches, certain physiologically relevant features are lost. For example,
while 3D vasculogenesis models enable intravasation studies, they do not support
evaluation of endothelial cell migration to a tumor site. Ultimately, the ideal in vitro
tumor angiogenesis model would enable study of all relevant processes in tumor
angiogenesis, from paracrine signaling to induce vascular recruitment at initial stages of
tumor progression, to cancer cell migration and intravasation into a perfused vascular
network to recapitulate metastatic progression.
In addition, there are still many important features of the tumor angiogenesis
process that have yet to be explored in an in vitro tumor angiogenesis model. In terms of
the cellular component of the system, introduction of relevant tumor parenchymal and
stromal cells in a defined orientation that mimics in vivo tissue has yet to be achieved.
Many different cell types have been shown to comprise a tumor and the tumor makeup
changes with time, resulting in a dynamic, heterogeneous microenvironment. Besides
primary cancer cells and vascular cells, tumors contain cancer stem cells that are defined
by their ability to seed new tumors, immune inflammatory cells that include tumorpromoting as well as tumor-killing cells, and cancer-associated fibroblasts, which include
both transformed tissue-derived fibroblasts and myofibroblasts [2]. For a tumor
angiogenesis model, one could envision a heterogeneous population of parenchymal cells
surrounded by stromal cells with a nearby microvascular network intertwined with organspecific noncancerous resident cells. This type of defined cellular orientation could be
achieved through the use of patterning adhesive ligands to guide cellular organization and
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gelation schemes that would enable incorporation of multiple layers or components with
defined cell compositions [83]. In addition, one critical characteristic of tumor
angiogenesis that has not been explored in any depth in the field is the abnormal
vasculature associated with tumors. Thus, future models should strive to mimic tumor
vasculature characteristics, which could also be achieved via patterning of adhesive
ligands using images of tumor vasculature to recapitulate relevant characteristics, such as
tortuosity and disrupted cell-cell contacts [83].
As discussed throughout this chapter, stromal cells, especially fibroblasts, have
been shown to play an important role in the tumor microenvironment. Models developed
by many groups revealed the requirement for fibroblasts in order to support endothelial
cell invasion and angiogenesis [91,92,98,99,101]. Teicher’s group observed that
myofibroblasts were necessary for endothelial cell invasion into a tumor cluster [92].
Janvier’s model revealed that without the presence of fibroblasts in a co-culture with
prostate cancer cells, no angiogenesis of endothelial cells occurred [101]. In Gerecht’s 2D
vasculogenesis model, breast cancer cell-secreted ECM did not support vasculogenesis,
while breast cancer cell-fibroblast co-cultures supported vasculogenesis for all cancer cell
types they explored [99]. These results suggest that fibroblasts provide additional
proangiogenic stimuli that are necessary to support tumor angiogenesis [91]. Research
groups have also observed that apoptosis occurring when endothelial cells contact cancer
cells is abrogated by the addition of fibroblasts [91,101,116]. These findings together
support the importance of fibroblasts in the tumor microenvironment and highlight the
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need for models that can decouple the important paracrine signaling associated with
fibroblasts from the role of other supporting cells [91].
Recent research has also highlighted the importance of the microenvironment in
cancer [11,35,37,39]. Thus, future in vitro tumor angiogenesis models should be tailored
to match the ECM to the tumor type of interest. Exploration into the mechanics and
biochemistry of the microenvironment during vascular cell recruitment, growth of a
vascularized tumor, and metastasis could aid in identification of new targets for cancer
therapies. Tools to probe mechanics and biochemistry have already been developed in the
field of in vitro cancer research that can be readily applied to current in vitro tumor
angiogenesis models [53].
In terms of relevant stimuli, models developed by many groups have incorporated
tumor microenvironmental stimuli, including hypoxia and flow perfusion of the
vasculature [88,94,97,100,107,110–112]. Many more stimuli can be explored, such as
creating relevant high interstitial pressures, gradients of biochemical cues, and oxygen
tension variation within a tumor organoid. With advances in the field of tissue
engineering, new technologies can continue to be applied to expand the number of
pathophysiological processes we can recreate in vitro and thus increase the relevance of
future tumor angiogenesis models.

1.6 Summary and Overview of Thesis
In summary, the field of tumor angiogenesis has seen many significant advances
in the last several decades. Current in vitro models have been developed based on
knowledge acquired from in vivo tumor angiogenesis models, as well as both in vitro
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cancer and vascular models developed independently. The use of tissue engineering tools
has enabled design of in vitro tumor angiogenesis models that recapitulate aspects of the
tumor angiogenesis process, thus providing cancer researchers with better screening
platforms for potential therapeutics as well as progressing our understanding of the tumor
microenvironment and the role of the vasculature.
While there have been many advances in systems developed to study tumor
vascularization, these systems have limitations, as discussed above. A major outstanding
challenge associated with studying tumor angiogenesis is that existing preclinical models
have been limited in their recapitulation of in vivo cellular organization in 3D. This
highlights the need for better approaches to study the dynamic interplay of relevant cells
and signaling molecules as they are organized in the tumor microenvironment [7,117].
This dissertation presents an advanced tumor angiogenesis model that addresses the
aforementioned limitation. We hypothesized that the combination of cancer and vascular
cells in a cell-adhesive, proteolytically-degradable poly(ethylene glycol) (PEG)-based
hydrogel in a 2-layer gelation scheme would support better mimickry of in vivo cellular
organization. To our knowledge, there are no other models that incorporate vascular cells
and cancer cells in a synthetic, fully 3D system in a spatially relevant manner.
This dissertation covers the development of the in vitro tumor angiogenesis model
described above and its use in exploring the role of cancer cell-vessel cell interactions in
tumor progression with 3 different lung cancer cell lines. Lung cancer was chosen as the
focus for this work because lung cancer was reported to yield the highest death rate for
both males and females among all cancer types in 2011, indicating the need for a better
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understanding of lung tumor vascularization and tumor progression [118]. In chapter 2,
synthesis and characterization of the PEG-based hydrogels used throughout this
dissertation are discussed, as well as methods to encapsulate cells in PEG-based
hydrogels. In chapter 3, tumor angiogenesis model development and validation is
covered, as well as evaluation of the effect of vascular interactions on the invasive
behavior of the metastatic lung adenocarcinoma cell line, 344SQ. Chapters 4 and 5
explore primary tumor-derived lung carcinoma cell lines, 393P and A549, respectively, in
monoculture in PEG hydrogels and within the tumor angiogenesis model. Chapter 6
compares the three lung cancer cell lines alone and in the presence of vascular cells.
Finally, chapter 7 contains concluding remarks and a discussion of future studies.
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2. Material Synthesis and Characterization
The tumor angiogenesis model developed in this dissertation consists of a PEGbased hydrogel platform. This chapter covers different scaffold materials used in tissue
engineering and the unique properties of PEG that make it an optimal materials choice for
this research, as described below. Synthesis and characterization of bioactive PEG
hydrogels is then discussed, followed by an explanation of how cells are encapsulated in
PEG-based hydrogels. PEG hydrogels are used throughout this entire dissertation to
explore cancer and vascular cell behavior in 3D.

2.1 Scaffold Materials
As discussed in chapter 1, tissue engineering approaches have been applied to the
development of 3D tumor organ models where cancer cells are incorporated into a
scaffold material such as Matrigel [51,54,119], collagen [120] or a combination of both
[41]. The same approach is used in vascular tissue engineering, whereby commonly used
scaffolds include: collagen, fibrin, Matrigel, PLGA, polyurethanes, and PEG [71]. While
there are many options for scaffolds in tissue engineering, the choice of scaffold often
depends on its ability to emulate properties of the ECM of the native tissue of interest. In
considering choices of scaffold materials for in vitro tumor and in vitro vascular models,
one ideally wants control over cell adhesion and signaling, ability of cells to migrate in
3D, and tunability of scaffold mechanical properties within a physiologically relevant
range. While natural materials inherently support cell adhesion and migration in 3D, they
provide limited control over cell adhesion and signaling, as well as a low degree of
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tunability of the mechanical properties independent of the bioactivity. Synthetic materials
do not harbor the inherent bioactivity of natural materials, which can make them an
advantageous option for a more controlled system but require extra processing to promote
desired cell-material interactions, though only when non-specific interactions mediated
by adsorbed proteins can be minimized.

2.1.1 PEG Hydrogels
The scaffold material utilized in these studies is based largely on poly(ethylene
glycol) (PEG) (Fig. 2.1), which is a synthetic polymer that is FDA-approved and used in
tissue engineering for its biocompatibility [53]. Due to the hydrophilic, neutral properties
of PEG and its high chain mobility, it inherently resists protein adsorption and subsequent
cell adhesion [80,121].

Figure 2.1. Chemical structures of poly(ethylene glycol) (PEG) and poly(ethyelene
glycol) diacrylate (PEGDA).
Peptides and proteins can be covalently immobilized within PEG hydrogels to
customize the cellular microenvironment that is otherwise absent of bioactivity
[79,81,122,123]. In this work, peptides and growth factors are conjugated to PEG via
amine-reactive chemistry with the use of a PEG derivative with an N42

hydroxysuccinimide ester group that reacts with the primary amines on peptides and
proteins [124]. Covalent immobilization of growth factors and peptides allows for
sustained bioactivity compared to biomolecules that are simply loaded into the scaffold
and freely diffuse out.
Two peptides were conjugated to PEG for this work: a cell-adhesive peptide and a
peptide sequence sensitive to proteolytic degradation. Cell adhesion to the surrounding
ECM occurs via cell adhesion receptors binding to recognition sites on ECM proteins.
RGDS, a cell adhesive peptide originally discovered in fibronectin that has been shown to
occur in several other ECM proteins, was chosen for this work because all five αV
integrins, two β1 integrins, and αIIbβ recognize and bind to RGD, thus supporting cell
adhesion of many different cell types [125,126]. RGDS was conjugated to a
monoacrylated PEG derivative as a pendant adhesion moiety via conjugation to the Nterminus. This conjugation step was necessary to support cell adhesion in hydrogels
because immobilization is required in order to achieve mechanically stable cell adhesion.
In vivo, cells degrade the surrounding ECM in order to migrate and this process is
facilitated by cell-secreted proteases that cleave segments of ECM proteins. In this work,
the proteolytic degradation sequence, GGGPQGIWGQGK (PQ), a MMP-2- and MMP-9sensitive degradation sequence found in the alpha chain of type 1 collagen, was
conjugated to PEG to support cell-mediated degradation of the hydrogel. While there are
several sequences that have been shown to support cell-mediated degradation [127], PQ
was chosen because the cells of initial cells of interest for this work were previously
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evaluated for MMP secretion via zymography and demonstrated secretion of MMP-2
(HUVEC) and MMP-2 and MMP-9 (344SQ) [53,80].
Additionally, PEG can be modified to incorporate terminal acrylate groups
(termed PEG diacrylate or PEGDA), which promotes crosslinking via free radical-based
photopolymerization to allow hydrogel formation (Fig. 2.1 and 2.2). When dissolved in
water, hydrophobic terminal acrylate groups on the hydrophilic PEG chains associate and
form structures similar to micelles, which leads to fast propagation and thus rapid
polymerization [128]. This process is process mild enough to allow for 3D encapsulation
of cells with high viability [79]. The hydrophilicity of PEG results in hydrogels that are
highly swollen with water, and this high water content resembles that of soft tissue [129].
Additionally, the mechanical properties of PEG hydrogels can be tuned based on polymer
molecular weight and polymer concentration, thus allowing for mechanical properties to
be tuned independent of the bioactivity [130]. The mesh size is also tuned by these
properties, which allows fabrication of PEG hydrogels that permit free diffusion of
biomolecules, thus supporting tissue-mimetic signaling between cells encapsulated within
the hydrogel [130]. While other synthetic and natural materials can also form hydrogels
with similar water content and tissue-like mechanical properties, the unique property of
PEG in its inherent resistance to protein adsorption and cell adhesion and resulting ability
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to customize the bioactivity makes it a very advantageous scaffold for tissue engineering.

Figure 2.2. PEG crosslinking to form hydrogels. (a) A schematic of free radical
polymerization of PEG diacrylate (PEGDA) showing terminal acrylate group micelle
formation and the use of 2,2-dimethoxy-2-phenyl-acetophenone as a photoinitiator, (b) A
schematic of PEG crosslinking architecture, and (c) an image of a PEG hydrogel on a
spatula. (a and b) Adapted from Miller, 2008 [128].
Overall, PEG is an optimal scaffold for a tumor angiogenesis model given the
properties discussed in this section and previous work validating PEG as a platform for
3D cancer and angiogenesis work independently [53,79].
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2.2 Materials and Methods
2.2.1 Material Synthesis
The peptide RGDS (American Peptide) was conjugated to PEG to yield PEGRGDS as described previously (Fig. 2.3a) [79]. Briefly, RGDS was mixed with
monoacrylate PEG-succinimidyl valerate (PEG-SVA, MW 3,400 Da, Laysan Bio) in
HEPBS buffer (20 mM HEPBS (Santa Cruz Biotechnology), 100 mM NaCl, 2 mM
CaCl2, 2 mM MgCl2, pH 8.5) at a molar ratio of 1:1.2 (PEG-SVA:RGDS). The solution
was maintained at pH 8 and left to react overnight at 4ºC. Following the reaction, the
solution was dialyzed and then lyophilized.
A similar reaction was used to incorporate a degradable peptide sequence into the
backbone of the PEG matrix (Fig. 2.3b). GGGPQGIWGQGK (abbreviated as PQ), which
is sensitive to degradation by MMP-2 and -9, was synthesized via standard Fmoc
chemistry on an APEX 396 solid phase peptide synthesizer (Aapptec) and analyzed using
MALDI-ToF mass spectrometry. PQ was reacted with PEG-SVA at a molar ratio 2.1:1
(PEG-SVA:PQ) to conjugate PEG chains to both the N-terminus and the lysine residue at
the C-terminus of the peptide. The solution was maintained at pH 8 and left to react
overnight at 4ºC. Following the reaction, the solution was dialyzed and then lyophilized.
Conjugation was confirmed for both peptides using gel permeation chromatography with
an evaporative light scattering detector (Polymer Laboratories).
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Figure 2.3. PEG-peptide conjugations. Reaction scheme for PEG conjugation to (a)
RGDS and (b) GGGPQGIWGQGK (PQ).
Fluorescently labeled PEG-RGDS was synthesized as described previously [82].
Briefly, PEG-RGDS was dissolved in 0.1 M sodium bicarbonate buffer (pH 9) and Alexa
Fluor® 488 carboxylic acid, 2,3,5,6-tetrafluorophenyl ester (AF488-TFP; Invitrogen) was
dissolved in dimethylsulfoxide (DMSO). AF488-TFP was added to PEG-RGDS at a 10:1
AF488-TFP:PEG-RGDS molar ratio slowly while mixing. The solution was allowed to
react for 2 hr, dialyzed for 24 hr, and lyophilized.

2.2.2 PEG Hydrogel Formation
Hydrogel precursor solutions were prepared by dissolving PEG-PQ-PEG and
PEG-RGDS in 10 mM HEPES-buffered saline with 1.5% v/v triethanolamine (Sigma)
(HBS-TEOA). The solutions were then sterilized via filtration using a 0.2 μm syringe
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filter (PALL Corporation) and stored at -20°C in stock concentrations (20% w/v PEGPQ-PEG and 59.3 mM PEG-RGDS). To create hydrogels, PEG-PQ-PEG and PEGRGDS precursor solutions were further diluted in HBS-TEOA at desired concentrations,
with the addition of 3.5 μL/mL N-vinyl pyrrolidone (NVP, Sigma) and 10 μM eosin Y
photoinitiator (Sigma). The polymer precursor solution was then pipetted between
polydimethylsiloxane (PDMS) spacers on a glass slide that had been treated with
Sigmacote (Sigma) to render it hydrophobic. The solution was then covered with a
methacrylate-modified glass cover slip and exposed to white light to initiate
photopolymerization (Fiber-Lite Series 180, 150 Q halogen, Dolan Jenner). The hydrogel
was subsequently removed from the Sigmacote-treated slide to yield a hydrogel cylinder
that was covalently attached to a cover slip base for easy handling. More detailed
protocols on PDMS spacer fabrication, Sigmacote treatment, and glass methacrylation
can be found in Appendix A.

2.2.3 Cell Adhesion to PEG Hydrogels
Cell adhesion to the surface of PEG-based hydrogels was performed to assess the
bioactivity of PEG-RGDS. PEGDA was used as the backbone for cell adhesion studies to
avoid any potential cell-driven degradation of the material that PEG-PQ-PEG would
support. PEGDA was synthesized as described previously [131]. Briefly, PEG (6 kDa,
Fluka) was reacted with acryloyl chloride and trimethylamine in anhydrous DCM.
Purification was performed with the addition of K2CO3 and subsequent phase separation.
PEGDA was collected in the organic phase and MgSO4 was added to further remove
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residual aqueous solution, followed by MgSO4 removal and subsequent rotary
evaporation, precipitation in diethyl ether, and filtration.
Sterile 5% PEGDA and 3.5 mM PEG-RGDS in HBS-TEOA were combined with
3.5 μL/mL NVP and 10 μM eosin Y photoinitiator as described in Section 2.2.2. 10 μL
droplets of polymer solution were pipetted on a Sigmacote-treated slide between two 380
μm-thick PDMS spacers and covered with a methacrylate-modified glass cover slip. The
polymer solution was exposed to white light for 45 seconds for polymerization.
Hydrogels were soaked in PBS overnight at 37℃ to allow swelling prior to cell seeding.
HUVEC were trypsinized and seeded onto hydrogel discs at a concentration of
59,000 cells per hydrogel. Cell adhesion was evaluated over the course of 3 days.

2.2.4 Degradation of PEG Hydrogels
In order to confirm PEG-PQ-PEG hydrogels degraded in response to proteolytic
enzymes, hydrogel discs were formed as described in Section 2.2.2, with the inclusion of
only PEG-PQ-PEG (no PEG-RGDS). Hydrogels were incubated in a protease solution
containing 2 mg/mL collagenase from clostridium histolyticum (Sigma) in PBS.
Hydrogels were placed on a rocker and evaluated every 30 minutes for degradation until
100% degradation was achieved.

2.2.5 Cell Encapsulation in PEG-based Hydrogels
To prepare cell-laden hydrogels, PEG-PQ-PEG and PEG-RGDS precursor
solutions were diluted and combined to create a polymer precursor solution of 4% w/v
PEG-PQ-PEG and 3.5 mM PEG-RGDS using HBS-TEOA with the addition of 3.5
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μL/mL NVP and 10 μM eosin Y photoinitiator (Sigma). Cells were trypsinized,
centrifuged and then resuspended at the desired density for each cell type in the polymer
precursor solution (Fig. 2.4).
For cancer or vascular cell-laden hydrogel fabrication, cells suspended in polymer
precursor solution were pipetted between 380 μm-thick PDMS spacers on a glass slide
that had been treated with Sigmacote. The solution was then covered with a
methacrylate-modified glass cover slip and exposed to white light for 30 seconds to
initiate photopolymerization as described in Section 2.2.2. The hydrogel was
subsequently removed from the Sigmacote-treated slide to yield a cell-laden hydrogel
cylinder that was covalently attached to a cover slip base. For the remainder of this
dissertation, cancer hydrogels and vascular hydrogels will be referred to as C-hydrogels
and V-hydrogels, respectively.

Figure 2.4. Schematic of cell encapsulation in PEG hydrogels. Cells are mixed with
prepolymer solution (PEG-PQ-PEG and PEG-RGDS) and eosin Y photoinitiator and
exposed to white light for photopolymerization, resulting in the formation of celladhesive, proteolytically degradable hydrogels with cells encapsulated in 3D.

2.2.6 Mechanical Testing of PEG Hydrogels
To confirm hydrogel formation and assess the mechanical properties of cell-laden
hydrogels, C-hydrogels and V-hydrogels were formed as described in Section 2.2.5, with
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the modification that 1 mm-thick PDMS spacers were used to reduce the influence of the
glass stiffness on the resulting mechanical properties. Cell-laden hydrogels were allowed
to grow for 3 days. Compressive testing was performed using a RSA III Microstrain
Analyzer (TA Instruments). Uniaxial compressive strain was applied at 0.003 mm/s.
Stress-strain data was plotted and the compressive modulus was measured from the linear
region of the curve.

2.3 Results
2.3.1 Material Characterization
Synthesis of the peptide GGGPQGIWGQGK was confirmed using MALDI-ToF
mass spectrometry (Fig. 2.5).
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Figure 2.5. MALDI-ToF mass spectrometry trace of GGGPQGIWGQGK (PQ)
peptide.

Fabrication of cell-adhesive, proteolytically-degradable PEG hydrogels first
required the conjugation of PEG-SVA to RGDS, a cell-adhesive peptide derived from
fibronectin, and PQ, a MMP-2 and -9 sensitive degradation sequence found in the alpha
chain of type I collagen, via nucleophilic substitution reactions [132]. Conjugation of the
RGDS and PQ peptides to PEG-SVA was confirmed using gel permeation
chromatography. Successful conjugation was demonstrated by the increased molecular
weight of PEG-peptide samples compared to unconjugated PEG-SVA samples (Fig. 2.6a
and b). The conjugation efficiency was calculated as the area under the curve for the left52

shifted conjugated peak (PEG-PQ-PEG or PEG-RGDS) over the sum of the area under
the curve for the left-shifted conjugated peak and the non-shifted (PEG-SVA) peak. The
conjugation efficiency was greater than 85% for all samples.

Figure 2.6. Representative gel permeation chromatography traces for PEG-PQ-PEG
and PEG-RGDS. (a) PEG-PQ-PEG and (b) PEG-RGDS GPC traces, from which
conjugation efficiencies were calculated (red – PEG-peptide; blue – PEG-SVA).

2.3.2 Cell Adhesion to PEG Hydrogels
HUVEC were seeded on PEGDA hydrogels with 3.5 mM PEG-RGDS to confirm
proper bioactivity of RGDS after conjugation. HUVEC were adhered to PEG hydrogels
on days 1 and 3 of culture (Fig. 2.7).
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Figure 2.7. HUVEC seeded on PEGDA hydrogels with 3.5 mM PEG-RGDS to
confirm PEG-RGDS bioactivity. Images of HUVEC on 5% PEGDA hydrogels with 3.5
mM RGDS on days 1 and 3 in culture. Scale bar = 200 μm.

2.3.3 Degradation of PEG Hydrogels
For all PEG-PQ-PEG material synthesized for use in this thesis, 100%
degradation of hydrogels in the presence of collagenase was confirmed.

2.3.4 Mechanical Characterization of PEG Hydrogels
Compressive testing was performed on C-hydrogels and V-hydrogels, which were
used throughout this thesis to assess 3D cancer and vascular cell behavior, respectively.
The compressive modulus of V-hydrogels was 16.0 ± 6.2 kPa and C-hydrogels was 15.1
± 7.0 kPa (Fig. 2.8). No statistically significant difference was detected between the two
hydrogel types, indicating the bulk mechanical properties did not change given the
differing cell densities. Furthermore, the compressive moduli reported here were
comparable to what has been reported previously for PEG hydrogels at a similar PEGPQ-PEG weight/volume concentration, confirming hydrogel formation occurred as
desired [53].
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Figure 2.8. Mechanical characterization of cell-laden PEG hydrogels. Mechanical
testing was performed on V-Hydrogels and C-Hydrogels and resulting the resulting
compressive modulus was not significantly different between the two types of hydrogels
(p < 0.05; student’s t-test).

2.4 Conclusions
In this chapter, PEG-based hydrogels with cell-adhesive and proteolyticallydegradable peptide sequences were synthesized and characterized via assessment of cell
adhesion, material degradation and mechanical testing. Cell encapsulation in PEG-based
hydrogels was also described, and this technique or a modified version as noted will be
used in all future chapters to incorporate cells into bioactive PEG hydrogels.

3. Development and Validation of a Tumor
Angiogenesis Model Using 344SQ Metastatic Mouse
Lung Adenocarcinoma Cells
3.1 Introduction
As discussed in chapter 1, tumor angiogenesis is the process of blood vessel
recruitment to a tumor site in order to support delivery of nutrients and removal of waste
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[2,117]. This blood vessel supply enables rapid tumor growth and facilitates metastasis,
the leading cause of death from cancer, via entry of cancer cells into the bloodstream [6].
Because of its significance in the tumor progression process, a complete understanding of
tumor neovascularization and the influence of vascular cells on tumor cell behavior is
essential to the development of therapeutics that effectively target the tumor vasculature.
As discussed in chapter 1, cells derived from a murine Kras- and p53-mutant lung
adenocarcinoma model, known as 344SQ [52], have previously been incorporated in 3D
in Matrigel [54] and PEG-based hydrogels [53] to explore the influence the extracellular
matrix (ECM) has on tumor progression and metastasis. While 344SQ cells are widely
metastatic in vivo, when cultured in 3D in vitro they revert to an epithelial phenotype
[53,54]. 344SQ cells form lumenized spheres that demonstrate epithelial polarity that
mimics the structure of normal lung acini, and can be perturbed to transition to a
metastatic, mesenchymal phenotype by exposure to transforming growth factor beta 1
(TGF-β1) [53,54]. This behavior is characteristic of the epithelial-to-mesenchymal
transition (EMT), a process that occurs in normal tissue development and has been
harnessed by cancer cells. This switch is required for non-migratory epithelial cellderived tumor cells to disseminate from the primary tumor to metastasize in vivo, making
it a target for development of novel therapeutics [53,56,133]. This phenotypic plasticity
makes 344SQ cells an attractive cancer cell source to study tumor progression-promoting
factors in the context of tumor angiogenesis.
Previous work has also shown that endothelial cells and pericytes co-cultured in
cell adhesive and proteolytically degradable PEG-based hydrogels form robust
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microvascular networks that are stable in culture for at least 28 days [79]. Cells within
these networks form lumenized tubes and secrete ECM components to build the basal
lamina that typically surrounds microvascular networks [79]. Additionally, this
microvascular system has been incorporated into a microfluidic device, and successful
perfusion of the networks within the device has been demonstrated, validating their
functionality [84]. The work in the current chapter combines 3D culture of 344SQ cells
with adjacent 3D microvascular cultures to study tumor angiogenesis and the impacts of
neovascularization on tumor cell behavior. The tumor angiogenesis model developed in
this work supports the study of many relevant aspects of tumor vascularization in 3D:
angiogenic paracrine signaling from cancer cells, the EMT-promoting potential of
vascular cells, and the impact of soluble versus direct vascular cell-cancer cell
interactions on 3D collective cancer cell invasion.

3.2 Materials and Methods
3.2.1 Cell Maintenance
Human umbilical vein endothelial cells (HUVEC, Lonza) were cultured in EBM2 media (Lonza) supplemented with 2 mM L-glutamine, 100 U ml-1 penicillin, and 100
μg ml-1 streptomycin (Corning) and the EGM-2 SingleQuot kit (Lonza): 2% fetal bovine
serum (FBS), hydrocortisone, bFGF, VEGF, insulin-like growth factor, ascorbic acid,
epidermal growth factor, GA-1000 (gentamicin and amphotericin-B), and heparin.
HUVEC were used in studies between passages 3 and 5. Human vascular pericytes
(HVP, Sciencell) were cultured in Pericyte Medium (Sciencell) and used between
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passages 3 and 10. As previously described, 344SQ cells derived from
KrasG12D/p53R172HΔG mice were cultured in RPMI 1640 media (MediaTech) supplemented
with 10% FBS (Atlanta Biologics), 10 μg/mL gentamicin, and 0.25 μg/mL amphotericinB (Life Technologies) [54]. All cells were maintained at 37º C and 5% CO2.

3.2.2 Cell Encapsulations in PEG-based Hydrogels
Hydrogel precursor solutions were prepared as described in chapter 2. Cells were
trypsinized, centrifuged (200 x g for 5 min for HUVEC and HVP, 200 x g for 4 min for
344SQ) and then resuspended in the polymer precursor solution at a concentration of 3
x107 cells/mL at a 4:1 ratio of HUVEC:HVP for vascular cell-laden hydrogels and 1.5
x106 cells/mL for 344SQ cancer cell-laden hydrogels.

3.2.3 Immunocytochemistry
Cell-laden hydrogels were fixed in 4% paraformaldehyde for 45 min, followed by
permeabilization for 45 min in 0.25% Triton X-100 (Sigma), blocking in 5% donkey
serum (Sigma) overnight at 4º C, and incubation with primary antibodies 40 hr at 4º C:
mouse anti-human nuclei (Millipore), rabbit anti-PECAM (Bethyl Laboratories), mouse
anti-β-catenin (BD Biosciences), rabbit zonula occludens-1 (ZO-1, Invitrogen), or rabbit
anti-active TGF-β1 (Promega). Following primary antibody incubation, hydrogels were
rinsed with phosphate-buffered saline (PBS) containing 0.01% Tween (Sigma) prior to
incubation with the secondary antibodies for 40 hr at 4º C: Alexa Fluor 488-, 555-, or
647-tagged donkey anti-mouse or -rabbit (Life Technologies). Following antibody
staining, cell-laden gels were incubated overnight in a 1:60 dilution of phalloidin
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(prepared according to manufacturer protocol, ThermoFisher Scientific) in PBS with 2
μM 4’,6-diamidino-2-phenylindole (DAPI) or 2 μM DAPI alone. Imaging was performed
on a Zeiss LSM 510 inverted confocal microscope.

3.2.4 Analysis of Growth Factor Secretion from Cell-laden PEG
Hydrogels
C-hydrogels were used to assess angiogenic growth factor secretion. 344SQ were
cultured in hydrogels for 16 days, and for TGF-β1-treated hydrogels, treatment with 5
ng/mL TGF-β1 (Calbiochem) was initiated on day 12 of culture. Conditioned media was
collected and assessed for bFGF (Abcam), VEGF (R&D Systems), and PDGF-BB (R&D
Systems) by ELISA according to the protocol for each assay kit. In addition, hydrogels
were degraded at the time of media collection with 2 mg/mL collagenase (Sigma),
followed by addition of RIPA buffer (Millipore) to lyse the cells. A BCA assay
(ThermoFisher Scientific) was run on cell lysate to normalize growth factor
concentrations to total protein in the samples. Data is shown as mean ± standard
deviation and student’s t-tests were performed to evaluate for statistically significant
differences with a 95% confidence interval.
V-hydrogels were used to assess TGF-β1 secretion, where they were cultured for
8 days, followed by conditioned media collection, hydrogel degradation and cell lysis as
described above. Active and total TGF-β1 ELISAs were performed on the conditioned
media according to the kit protocol with the use of an acid treatment to activate and
detect total TGF-β1 in the samples (Promega). Since it is known that secreted TGF-β1 is
often sequestered in the ECM and cells in V-hydrogels secrete ECM around
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microvascular networks [79,134], active and total TGF-β1 ELISAs (Promega) were also
run on conditioned media from HUVEC seeded in 2D on tissue culture polystyrene at
8x104 cells/cm2 to understand baseline endothelial cell TGF-β1 secretion. Media samples
for active TGF-β1 assessment were concentrated 6.2X with the use of Amicon Ultra 0.5
mL centrifugal filters with 10 kDa pores (Millipore).

3.2.5 Transwell Migration Studies
To assess migration of 344SQ in response to an angiogenic stimulus, HUVEC
(8x104 cells/cm2) or EGM-2 media (for the control condition) were added to the lower
chamber of a 24-well plate with hanging cell culture inserts (8 μm pore size, EMD
Millipore). 24 hr later, 344SQ cells (1.5 x105 cells/cm2) were seeded in RPMI 1640
without serum in the upper chamber and allowed to migrate for 16 hr. Media was
removed, the top side of the insert was wiped with a cotton swab, and remaining migrated
cells attached to the underside of the insert were fixed in 4% paraformaldehyde (Electron
Microscopy Sciences) and stained with 2 μM DAPI. Migrated cells were imaged on an
Axiovert 135 inverted fluorescent microscope (Zeiss) and quantified using the “Analyze
Particles” macro in ImageJ software (NIH).
The same protocol was followed to assess migration of HUVEC in response to
cancer cells, with the following modifications. 344SQ were seeded in the lower chamber
at 1.3x105 cells/cm2 and HUVEC were seeded in EGM-2 with serum in the inserts at
1x105 cells/cm2. The control condition was addition of EGM-2 to the bottom well. Data is
shown as mean ± standard deviation and student’s t-tests were performed to evaluate for
statistically significant differences with a 95% confidence interval.
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3.2.6 Tumor Angiogenesis Model Construction
To create the tumor angiogenesis model, hydrogel precursor solutions were
prepared as described above. The cancer cell suspension was spiked with 7.5 μM PEGRGDS-488 to allow for distinction between the hydrogel layers. This solution was added
to a 500 μm thick PDMS well (see Appendix A for protocol) on a glass slide treated with
Sigmacote and exposed to white light for 20 seconds. A second PDMS well was stacked
on top of the first and either the prepolymer solution with vascular cells (HUVEC and
HVP) or prepolymer solution without cells (for cancer only control hydrogels) was added
to the well and exposed to white light for 30 seconds. Spacers were removed and the
bilayer hydrogel was cultured in EGM-2 media for 7-14 days. Bilayer hydrogels
comprised of vascular cell and cancer cell layers will be abbreviated as V-C hydrogels
and bilayer hydrogels comprised of an acellular “blank” hydrogel layer and a cancer cell
layer will be abbreviated as B-C hydrogels. Figure 3a shows a schematic of the
experimental setup for the tumor angiogenesis model.

3.2.7 Quantitative Analysis of Changes in 344SQ Sphere Morphology
in Tumor Angiogenesis Model
In V-C hydrogels, it was observed that 344SQ cells, which had previously only
been observed to form spherical cell aggregates in PEG hydrogels, formed large, invasive
cell aggregates over time in culture [53]. The term “cluster” was chosen to refer to
aggregates of 344SQ cells formed in PEG hydrogels, whether they were spherical or
invasive in morphology, and this terminology will be used henceforth. The invasive
clusters appeared to occur only at the interface between vessel and cancer hydrogel
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layers. To confirm this observation, 4 z-stack images (635 μm thick) in different
quadrants of the hydrogel were taken starting at the lowest z-position of the cancer
region, as identified by the presence of PEG-RGDS-488, for fields of view containing
large, invasive structures. To ensure these changes at the interface were due to the
presence of vascular cells, B-C hydrogels with an acellular layer of hydrogel in place of
the vascular hydrogel were also imaged, where 4 z-stack images (635 μm thick) were
taken at random positions in different quadrants of the hydrogel, starting at the lowest zposition of the cancer region.
Changes in 344SQ cluster morphology were evaluated with a macro developed
using ImageJ software (NIH). The interface was identified with the use of fluorescentlytagged PEG-RGDS, where the average intensity in the PEG-RGDS-488 channel was
plotted for each slice in the stack, and the slice with mean gray value less than 17 was
identified. 10 slices above and below this slice were added to define the hydrogel
interface bin. The remainder of the slices in the z-stack were divided into 105 μm-thick
bins (Supplemental Fig. 2). Following binning, clusters from each hydrogel were zprojected to view the largest cross section, and binarized. A close morphological operator
(structural element: circle, radius: 2 pixels) was included in the analysis to better
represent cancer cluster features. Cluster area and circularity were measured for each
cluster in a given bin using the “Analyze Particles” application. Clusters on the edge of
the image were excluded and features with area less than 400 μm2 were excluded to avoid
inclusion of single cells. Manual removal of overlapping clusters, cells growing in 2D on
the gel surface, and vascular cells was performed following automated analysis.
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Normality tests were run, followed by Kolmorogov-Smirnov tests to compare the
distributions for each bin to the interface bin. Bonferroni correction was performed which
resulted in an alpha value of 0.0125.

3.2.8 3D Soluble Signaling Transwell Studies
To assess the role of vascular cell soluble signaling alone on 344SQ cells, PEG
hydrogels were formed with some modifications to the previously described protocol. Chydrogels were first formed on methacrylate-modified glass and added to a well plate. Vhydrogels were formed without attachment to glass and placed in transwell inserts (EMD
Millipore) hanging above the cancer hydrogels (model setup shown in Fig. 7a). A pore
size of 0.4 μm was chosen to enable the diffusion of soluble factors while preventing cell
migration. Staining with DAPI and phalloidin was performed as described above and
imaging was performed on a Zeiss LSM 510 inverted confocal microscope, whereby zstack images were taken through the thickness of each hydrogel. The hydrogels were
divided into 105 μm-thick bins according to distance from the top of the hydrogel to
account for possible differences in cell behavior for 344SQ cell clusters in closest
proximity to the vascular cell stimulus. Analysis was performed similar to what was
described above for V-C and B-C hydrogels, whereby clusters were z-projected,
binarized, and circularity and area for each cluster was measured using the “Analyze
Particles” application. Following quantitative analysis, normality tests were run, followed
by Kolmorogov-Smirnov tests to compare the distributions for each bin to the interface
bin. Bonferroni correction was performed which resulted in an alpha value of 0.0167.
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3.2.9 Inhibition of TGF-β1
To investigate whether TGF-β1 inhibition could prevent vascular cell-induced
344SQ cell migration, the 2D transwell assay described above was performed with a few
modifications. In addition to the HUVEC and EGM-2 media groups, an additional
HUVEC group was included and 24 hr after seeding, media was changed to incorporate
the TGF-β1 inhibitor, SB431542 (Sigma), into one of the HUVEC groups. SB431542 in
DMSO was added to EGM-2 at 25 μM and 1 mL was added to each well of the HUVECseeded treatment group. As a control, the same volume of DMSO was added to EGM-2
media and 1 mL was added to each well of the HUVEC-seeded control group. Migration
time and analysis approach were the same as described above. Data is shown as mean ±
standard deviation and an ANOVA was run, followed by pairwise comparisons with a
Tukey-Kramer HSD test using an alpha level of 0.05.

3.3 Results
3.3.1 C-Hydrogel and V-Hydrogel Immunostaining
Imaging of 344SQ cells in C-hydrogels in Figure 3.1 confirmed formation of
lumenized spherical cell clusters with epithelial morphology as indicated by staining with
epithelial polarity markers, β-catenin and ZO-1. Following treatment with TGF-β1, both
lumenization and epithelial polarity were lost, and clusters increased in size.
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Figure 3.1. Characterization of the behavior of cells in C-hydrogels. 344SQ sphere
formation (left) and response to TGF-β1 treatment (right) (red – β-catenin, yellow – ZO1, blue – DAPI; scale bars = 50 μm).
Imaging of HUVEC and HVP immunostained with CD31 and α-smooth muscle
actin, respectively, in V-hydrogels confirmed the formation of networks (Fig. 3.2).
Network architecture was similar to that of what has been reported by our lab for vascular
cells in PEG hydrogels [84].
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Figure 3.2. Characterization of the behavior of cells in V- hydrogels. Network
formation in vascular hydrogels (green – PECAM; red – α-smooth muscle actin; blue –
DAPI; scale bars = 50 μm).

3.3.2 Growth Factor Secretion
Angiogenic growth factor secretion by C-hydrogels was assessed via ELISA (Fig.
3.3a-c). VEGF, PDGF-BB, and bFGF were present in the conditioned media (523.6 ±
103.7, 9.6 ± 2.1, and 26.3 ± 9.3 pg protein / mg total protein, respectively) and following
treatment with TGF-β1, 344SQ secreted significantly higher concentrations of all 3
growth factors assessed (830.2 ± 158.5, 55.5 ± 6.0, and 39.6 ± 6.7 pg protein / mg total
protein; p < 0.01, p < 0.001, and p < 0.05, respectively).
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Figure 3.3. Assessment of growth factor secretion profiles from C-hydrogels.
Angiogenic growth factor secretion from 344SQ with and without TGF-β1 treatment for
(a) VEGF, (b) PDGF-BB, and (c) FGFb (black – no TGF-β1, gray – 5 ng/mL TGF-β1;
n=6 hydrogels; values are reported as mean ± s.d.; * indicates statistical significance as
determined by a two-tailed t-test: * p < 0.05, ** p < 0.01, ***p < 0.001).
In order to assess the EMT-inducing capability of the vessel cell co-culture, active
and total TGF-β1 ELISAs were performed on the conditioned media from V-hydrogels
(Fig. 3.4a). Results showed the vascular cells secreted 1.5 ± 0.16 ng/mL total TGF-β1
(4,270 ± 810 pg TGF-β1/ mg total protein) and undetectable levels of active TGF-β1.
Due to the undetectable levels of active TGF-β1 in conditioned media from 3D Vhydrogels, an ELISA was also performed on 2D seeded HUVEC alone and revealed 8.8 ±
4.5 pg active TGF-β1 / 106 cells and 685.9 ± 71.3 pg total TGF-β1 / 106 cells in the
conditioned media (Fig. 3.4b), indicating endothelial cells are capable of producing
activated TGF-β1 outside of a hydrogel system. Overall this data suggests that relevant
angiogenic and EMT-inducing growth factors are being secreted independently by the
cancer cells and vascular cells.
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Figure 3.4. Assessment of TGF-β1 growth factor secretion from vascular cells. (a)
Active and latent TGF-β1 secretion from V hydrogels (n.d. = not detected; n=5
hydrogels; values reported as mean ± s.d.). (b) Active and latent TGF-β1 secretion from
2D seeded HUVEC (n=3 wells (active) and n=4 wells (total); values reported as mean ±
s.d.). (c) Immunostaining of active TGF-β1 shown to be localized around vascular cell
networks in PEG hydrogels (red – phalloidin, blue – DAPI, green – active TGF-β1; scale
bars = 50 μm).

3.3.3 Active TGF-β1 Immunostaining
Due to the differences in 2D and 3D TGF-β1 secretion from vascular cells, it was
hypothesized that the lack of active TGF-β1 detected in the 3D V-hydrogel conditioned
media could be in part due to sequestration of TGF-β1 in the ECM proteins secreted by
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vascular cells in V-hydrogels. Immunostaining of cells within tumor angiogenesis models
using an antibody specific for active TGF-β1 revealed the presence of positive active
TGF-β1 staining localized around vascular cell networks (Fig. 3.4c).

3.3.4 Characterization of Cancer and Vascular Cell Migration Behavior

Figure 3.5. Migration behavior of 344SQ and HUVEC. (a) Schematic of study setup
for 344SQ migration. (b) 344SQ migration was significantly enhanced in the presence of
HUVEC over the media only control (black – media only in bottom well, gray – seeded
cells in bottom well; 5 images taken per insert as repeated measures, n=12 inserts per
group; values reported as mean ± s.d.). (c) Schematic of study setup for HUVEC
migration. (d) HUVEC migration was significantly enhanced in the presence of 344SQ
over the media only control (black – media only in bottom well, gray – seeded cells in
bottom well; 5 images were taken per insert as repeated measures, n=6 inserts per group;
values reported as mean ± s.d.). (* indicates statistical significance as determined by a
two-tailed t-test, in all cases p < 0.01).
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To evaluate the potential stimulatory effects of vascular cell interactions on
344SQ cells, migration in response to soluble signals from HUVEC was assessed using a
transwell assay (Fig. 3.5a). After 16 hr of incubation on the inserts, 344SQ exhibited a
140% increase in migration over control (p < 0.01, Fig. 3.5b). HUVEC migration in
response to soluble signals from 344SQ was also assessed (Fig. 3.5c). Following 16 hr of
incubation with 344SQ, HUVEC migration on transwell inserts was shown to have
increased by greater than 300% compared to the control (p < 0.01, Fig. 3.5d).

3.3.5 Tumor Angiogenesis Model Design and Validation
Fabrication of the tumor angiogenesis model is depicted in Figure 3.7, whereby
sequential addition of cancer and vascular cell-laden prepolymer solutions into stacked
PDMS wells enabled the formation of a dual layer cell-laden hydrogel. Previous work has
reported that 344SQ cells can be polymerized in PEG hydrogels for 30 s and retain high
viability [53]. To ensure the double polymerization (50 s total white light exposure) did
not negatively affect 344SQ cell viability, Live/Dead staining of 344SQ cells in B-C
hydrogels was performed after 48 hr in culture. Imaging revealed high 344SQ cell
viability was retained (Methods in Appendix A and Fig. 3.6). HUVEC have also been
previously encapsulated in PEG hydrogels with a 30 s polymerization time so we did
perform viability testing for our vascular cell co-culture as the polymerization time was
shorter for V-C hydrogels (20 s) [81].
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Figure 3.6. Tumor angiogenesis model viability testing. Live/dead staining of cancer
only control model after 48 hr in culture to show high viability of cells after 50 s of light
exposure (green – calcein AM, red – ethidium homodimer; scale bar = 200 μm).
Fabrication of the tumor angiogenesis model was validated with the use of
immunocytochemistry and confocal microscopy (Fig. 3.7b-c). Fluorescent PEG-RGDS
was added to the cancer cell-laden prepolymer solution to enable visualization of the
interface, and a human nuclear antibody was used to identify the vascular cells. For
hydrogels fixed on day 0 in culture, fluorescent PEG-RGDS was localized in the cancer
hydrogel and human nuclear staining was localized in the vascular hydrogel, indicating
successful fabrication of a 2-layer hydrogel with distinct cell compositions in each layer
(Fig. 3.7b). V-C hydrogels were also fixed on day 3 and imaging revealed the formation
of small cancer clusters in the cancer hydrogel layer and vascular network structures
forming in the vascular hydrogel layer (Fig. 3.7c).
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Figure 3.7. Tumor angiogenesis model construction schematic and model validation.
(a) Cancer prepolymer solution is added to a PDMS spacer well, followed by a 20 s
photopolymerization. A second PDMS spacer well is stacked on top of the initial spacer
well, followed by a 30 s photopolymerization and removal of PDMS spacer wells. (b)
Image of V-C hydrogel on day 0 in culture showing vascular cells and cancer cells in
their respective regions of the hydrogel (red – human nuclei, blue – DAPI, green –
Alexafluor 488-PEG-RGDS). (c) Images of V-C hydrogel at day 3 in culture showing
cancer cells forming spherical clusters in the fluorescently tagged region of the hydrogel
(left, 2 μm-thick slice) and vascular cells forming tubule networks in the nonfluorescently tagged region of the hydrogel (right, 30 μm-thick z projection) (red –
phalloidin, blue – DAPI, green – Alexafluor 488-PEG-RGDS, cyan – human nuclei and
PECAM; scale bars = 100 μm).
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3.3.6 Evaluation of Cancer Cell Morphology Changes in Tumor
Angiogenesis Model
Over time in V-C hydrogels, it was observed that some 344SQ clusters at the hydrogel
interface were large and disorganized (indicated by *, Fig. 3.8a) and in several cases
exhibited invasive projections in the surrounding hydrogel (indicated by ^, Fig. 3.8a).
This morphology stood out from that previously observed for 344SQ cells in PEG
hydrogels: small, spherical structures with epithelial morphology and cleared lumens
[53]. Vascular cells in V-C hydrogels, as identified by PECAM and human nuclear
antibody staining, were observed to home around 344SQ cell clusters at the interface and
interact with them (Fig. 3.8a and b). Vessel cell-cancer cell interactions were primarily
localized around the periphery of invasive 344SQ cell clusters and a few examples of
vascular cells penetrating throughout clusters were observed (indicated by white arrow,
Fig. 3.8a). In many cases, vascular structures were observed to be in contact with the tip
of invasive cancer projections (indicated by yellow arrow, Fig. 3.8a) or located in clefts
in large, disorganized structures (indicated by yellow arrowhead, Fig. 3.8a). While it is
apparent the latter occurred as a result of vascular invasion, live imaging would be
necessary to confirm how the vascular cell-cancer cell interactions at the tips of invasive
projections are initiated. However, based on our migration data, we hypothesize these
interactions transpire as a result of both vascular cell and cancer cell migration.
Additionally, vascular structures in V-C hydrogels were confirmed to have lumen as our
lab has reported to be typical for vascular cells in PEG hydrogels (Fig. 3.9).
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Figure 3.8. Images of cancer cells and vascular cells in V-C hydrogels interacting at
the hydrogel interface at day 12. (a) A view of the hydrogel parallel to the interface (*
indicates large, disorganized clusters, ^ indicates invasive clusters, yellow ↑ indicates
vascular cells in contact with the tip of invasive projects, white ↑ indicates vascular cell
invasion into a cancer cluster, yellow ▲ indicates clefts in clusters; red – phalloidin, blue
– DAPI, cyan – PECAM and human nuclear antibody, green – Alexafluor 488-PEGRGDS; scale bar = 200 μm). (b) A view of the hydrogel orthogonal to the interface (red –
phalloidin, blue – DAPI, cyan – PECAM and human nuclear antibody, green –
Alexafluor 488-PEG-RGDS; scale bar = 100 μm).
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Figure 3.9. Confirmation of lumens in vascular networks within V-C hydrogels. (a)
An image confirming lumenal clearing has occurred in vascular structures in V-C
hydrogels (lumens indicated with *; red – phalloidin, blue – DAPI, cyan– PECAM, green
– human nuclei; scale bar = 100 μm). (b) Slices from z-stacks are shown for vascular
structures in V-C hydrogels confirming lumens in V-C hydrogels (cyan – PECAM, blue –
DAPI; scale bar = 100 μm).
To confirm the regional occurrence of large, invasive structures in V-C hydrogels,
z-stacks obtained were used to divide the hydrogel into bins that were 105-microns thick
(Figs. 3.10 and 3.11).
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Figure 3.10. Tumor angiogenesis model schematics depicting binning for
quantification. (a) Schematic of tumor angiogenesis model with 488-PEG-RGDS. (b)
Hydrogel binning for quantification: z-stack images were taken through the hydrogel.
488-PEG-RGDS was used to identify the hydrogel interface slice by plotting the average
intensity for each slice and using a defined intensity threshold for the interface. 10 slices
above and below the interface slice were included to define the interface bin and
remaining slices were divided into 105 μm-thick bins.
Quantification of cluster area was performed for each of the bins of vascular and
cancer hydrogels (Fig. 3.12a). This analysis revealed that the population of large clusters
with projected area greater than 5000 μm2 in the interface bin of the tumor angiogenesis
model was higher than in the other regions of the hydrogel. Quantification of cluster
circularity was also performed for each bin, and this analysis revealed an enhanced
frequency of clusters with low circularity (<0.25) for the interface region that was not
observed in the other hydrogel bins (Fig. 3.12b). Furthermore, the distribution of clusters
in the interface bin was significantly different than the 3 bins below it for both area and
circularity. Area and circularity plotted for each cluster at the interface confirmed the
clusters with large area also exhibited low circularity (Fig. 3.12c). Taken together, area
and circularity analysis supports the hypothesis that large, invasive structures only
occurred at the hydrogel interface where interactions were occurring between cancer cells
and vascular cells.
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Figure 3.11. Analysis of 344SQ morphology changes based on location in V-C
hydrogels. Schematic and images of 105-μm thick bins of the cancer region of the
hydrogel (red – phalloidin; scale bars = 200 μm).
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Figure 3.12. Quantitative analysis of 344SQ area and circularity based on location
in V-C hydrogels. (a) Cluster area histogram broken down into bins. (b) Cluster
circularity histogram broken down into bins. For (a) and (b), * indicates statistical
significance as compared to the interface group as determined by Kolmorogov-Smirnov
tests: p < 0.0125 (Bonferroni corrected); 3 images were taken per hydrogel as repeated
measures across 5 hydrogels, 739 total clusters analyzed. (c) Cluster area versus
circularity for all clusters imaged in the hydrogel interface bin.
78

As a control, cluster area and circularity were also evaluated for B-C hydrogels
(Fig. 3.13). This analysis revealed a lack of structures with high area or low circularity
occurring at the hydrogel interface (Fig. 3.14a-b). For cluster area, no significant
differences in cluster distribution in the interface were observed compared to the other
bins. For cluster circularity, the (-315,-210) and (-210,-105) bins were significantly
different from the interface bin. However, in contrast to the interface bin for the V-C
hydrogels where there was a cluster population shift to clusters with lower circularity, the
interface bin for the B-C hydrogels did not exhibit a shift to clusters with lower
circularities. Rather, the significant difference is likely attributed to the decrease in
clusters with circularities between 0.7-0.8. In addition, area and circularity plotted for
each cluster at the interface confirmed the clusters with large area did not also exhibit low
circularity (Fig. 3.14c).

Figure 3.13. Analysis of 344SQ morphology changes based on location in B-C
hydrogels. Schematic and images of 105-μm thick bins of the cancer region of the
hydrogel (red – phalloidin; scale bars = 200 μm).
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Figure 3.14. Quantitative analysis of 344SQ area and circularity based on location
in B-C hydrogels. (a) Cluster area histogram broken down into bins. (c) Cluster
circularity histogram broken down into bins. For (a) and (b), * indicates statistical
significance as compared to the interface group as determined by Kolmorogov-Smirnov
tests: p < 0.0125 (Bonferroni corrected); 3 images were taken per hydrogel as repeated
measures across 5 hydrogels, 415 total clusters analyzed. (c) Cluster area versus
circularity for all clusters imaged in the hydrogel interface bin.
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3.3.7 3D Transwell Signaling Study
Due to the findings that large, invasive clusters occurred in the interface region of
the hydrogels and required the presence of vascular cells, it was hypothesized that
changes in cancer cluster morphology required close proximity to vascular cells. A
modified tumor angiogenesis model was developed to test this hypothesis. A cancer
hydrogel was cultured in the same well as a vascular hydrogel placed in a transwell insert
(Fig. 3.15a). This model setup facilitated soluble signaling between cells in the two
hydrogels but did not allow for direct cellular interaction between cells in the separate
hydrogels. Analysis of cluster area and cluster circularity throughout the hydrogel
thickness revealed no significant differences in the distribution of clusters comparing the
treatment to the no vessel corresponding bin for either metric assessed (Fig. 3.15b-f),
indicating the necessity for vascular cells to interact closely with cancer cells to drive
changes in cancer cell behavior.
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Figure 3.15. Analysis of 344SQ behavior restricted to soluble signaling from
vascular cells in a 3D transwell assay. (a) Schematic of the study setup. Representative
images of spheres in (0,-105) μm region of the hydrogels (a – no vessel, b – with vessel;
red – phalloidin, blue – DAPI; scale bars = 200 μm). Histogram of cluster area broken
down into bins according to distance from the top of the hydrogel for (d) no vessel group
and (e) with vessel group. Histogram of cluster circularity broken down into bins
according to distance from the top of the hydrogel for (f) no vessel group and (g) with
vessel group. No significant differences compared to the corresponding no vessel group
as determined by Kolmorogov-Smirnov tests at p < 0.0167 (Bonferroni corrected); 4
images were taken per hydrogel as repeated measures, n = 4 hydrogels per group.
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3.3.8 TGF-β1 Inhibitor Migration Assay
A 344SQ cell migration assay in the presence of HUVEC using treatment with a
TGF-β1 inhibitor, SB431542, was performed to investigate the hypothesis that vascular
cell secreted TGF-β1 was contributing to changes in 344SQ cell behavior. SB431542 is a
small molecule that inhibits TGF-β superfamily type 1 activin receptor-like kinases-4,-5,
and -7 [135]. Inhibition of these receptors prevents TGF-β-induced phosphorylation of
Smad2 and Smad3, which can lead to EMT occurrence downstream [135,136]. Treatment
with SB431542 significantly decreased the number of migrated 344SQ by greater than
280% as compared to the HUVEC control group (Fig. 3.16, P < 0.05). Additionally,
344SQ migration in the presence of SB431542 was not significantly different from
migration in the media only control group, indicating TGF-β1 inhibition alone was able
to decrease migration down to a level comparable to that of no HUVEC.
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Figure 3.16. Vascular cell-secreted active TGF-β1 as a mechanism for 344SQ
invasive behavior. 344SQ migration in the presence of seeded HUVEC and SB541542,
a TGF-β1 inhibitor, was significantly decreased compared to the seeded HUVEC positive
control (5 images were taken per insert as repeated measures, n=5 inserts per group;
values are reported as mean ± s.d.; * indicates statistical significance determined by a
one-way ANOVA and subsequent Tukey-Kramer HSD tests, p < 0.05 versus all others).

3.4 Discussion
The goal of this work was to design and develop a tumor angiogenesis model
comprised of 2 PEG-based hydrogel layers, each with different cell compositions: a
cancer cell monoculture (344SQ) and a vascular cell co-culture (HUVEC and HVP). The
resulting tumor angiogenesis model we developed is the first synthetic material platform
used to spatially localize cancer and vascular cells. The only other reported synthetic
tumor angiogenesis model we found was a tri-culture of homogeneously mixed cancer
cells, endothelial cells, and mesenchymal stem cells [103]. We aimed to improve upon
previously reported approaches in part by enhancing the cellular orientation in our
84

system. Our dual layer approach allowed vascular cells to undergo tubulogenesis and
cancer cells to form tumor spheroids in separate layers. Secreted growth factors diffuse
freely through the hydrogels and engineered cell-mediated degradability of the PEG
matrix allowed both vascular cells and cancer cells to migrate and interact with each
other. Combined, these features expanded the capabilities of current synthetic systems by
supporting tumor-driven vascular cell homing to cancer cell aggregates and study of cellcell interactions that are mediated by the cells themselves.
Other models that have spatially restricted cancer cells and vascular cells at study
initiation have made use of natural materials, where cancer cells were cultured in
collagen in 3D with endothelial cells seeded on top of the collagen in 2D [88,91] or
Matrigel [92] and vice versa with endothelial cells incorporated in 3D in a fibrin gel with
cancer cells seeded in 2D on top [94]. One fully 3D system with spatially restricted
cancer and vascular cells was developed in Matrigel. However, the vascular cell
component was an ex vivo arterial ring, and angiogenic sprouting from an artery is not
physiologically relevant to tumor angiogenesis [95]. These natural material systems have
provided a robust platform for 2D and 3D culture of cancer and vascular cells due to the
abundance of cell adhesion and degradation sites. However, natural materials have innate
bioactivity that is not easy to finely tune. Conversely, the use of a PEG-based materials
system allows for complete customization of the bioactivity. This material platform
facilitated development of a reductionist tumor angiogenesis model with minimal
bioactivity, as this work was focused on studying cell-cell interactions. Future studies can
easily build on this model to explore the role of different ECM components in tumor
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progression because the concentrations and types of cell-adhesive ligands and
degradation sites can be easily defined to match the pathophysiological tissue of interest.
In looking at mimicking processes that occur in cancer progression in vivo, the
angiogenic switch has been defined as the point in tumor progression when cancer cells
tip the balance between pro- and anti-angiogenic factor secretion, and this increase in
pro-angiogenic factor secretion stimulates quiescent vasculature and leads to vascular cell
migration to the tumor site [4]. Our evaluation of the release of 3 key angiogenic growth
factors by 344SQ cells thus provided evidence that these cancer cells are pro-angiogenic
in 3D in PEG hydrogels. VEGF is a well-known proangiogenic growth factor that
induces endothelial cell proliferation and migration while inhibiting apoptosis [137].
Previous work has shown that tumor vascularization depends on VEGF secretion, and
inhibition of VEGF disrupts tumor growth [137,138]. bFGF is upregulated during
angiogenesis and contributes to enhancing endothelial cell migration and proliferation, as
well as increasing ECM degradation [139,140]. Lastly, PDGF-BB facilitates pericyte
recruitment to stabilize nascent vessels [141]. Thus proangiogenic growth factor secretion
from 344SQ cells combined with our transwell migration assay findings suggest this
paracrine signaling is likely responsible for the observed vascular cell homing to tumors
within V-C hydrogels.
The increase in angiogenic growth factor secretion from TGF-β1-treated 344SQ
cells demonstrated a correlation between 344SQ cell angiogenic capacity and metastatic
progression. These findings corroborate previous studies in the literature that correlated
angiogenic growth factors with severity of disease. In patients receiving treatments for
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metastatic cancer, elevated serum levels of bFGF and/or VEGF occurred more often in
patients with progressive disease compared to patients that were responding to treatment
(57% progressing patients versus 15% responding patients) [142]. In another study, high
VEGF expression in primary human breast cancer tissue correlated with poor prognosis
[143]. Additionally, taken together with the findings that TGF-β1 treatment led to
enhanced angiogenic growth factor secretion from 344SQ cells, these results suggest
stimulatory feedback to the vascular cells likely occurs within in our tumor angiogenesis
model.
The large, disorganized 344SQ cell clusters observed in the tumor angiogenesis
model had not been previously observed for TGF-β1-treated 344SQ clusters in PEG
hydrogels. Previous research has only shown 344SQ clusters increasing in size and losing
their cleared lumen with TGF-β1 treatment [53]. However, 344SQ clusters in Matrigel
form invadopodia upon TGF-β1 treatment, suggesting close proximity vascular cell
interactions, and not vascular cell soluble signaling alone, provide necessary cues to
initiate 344SQ cluster invasion and demonstrating the ability of both ECM- and cellbased interactions to drive cancer cell invasion [54]. Our finding that in 3D, soluble
signaling alone from vascular cells was not enough to elicit changes in cancer cluster
morphology stands in contrast to a report in the literature. In this report, use of a transwell
system with D492 breast epithelial cells in Matrigel in the bottom well and breast
endothelial cells seeded as a monolayer in the top well was compared to the epithelial and
endothelial cells cultured together in Matrigel [144]. Increases in cell clusters with
mesenchymal morphology were observed when cancer cell-endothelial cell interactions
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were restricted to soluble signaling alone compared to direct co-culture [144]. However,
this disparity could be explained by differences in cell types and model setup, whereby
their vascular source was a 2D monolayer of endothelial cells and ours was a 3D coculture of endothelial cells and pericytes. This difference in cell behavior in 2D and 3D
also matches our finding that in spite of soluble signaling alone being sufficient to
enhance 344SQ cell migration in the presence of HUVEC in a 2D transwell assay, the 3D
invasive 344SQ cluster behavior required vascular cells in close proximity.
Exploration of differences in cell microenvironments in 2D and 3D can also be
used to better understand mechanisms involved in the development of large, invasive
344SQ cell clusters observed in our tumor angiogenesis model. In vivo, TGF-β1 is known
to be secreted in an inactive, latent form that typically binds to the ECM and can be
activated by many different factors, including proteases, low pH, reactive oxygen species,
thrombospondin-1, and integrin engagement in a force-dependent activation mechanism
[134,145]. Previous work in our lab has confirmed that vascular cells co-cultured in PEG
hydrogels secrete ECM components, such as collagen IV and laminin, that are deposited
locally around vascular cell networks [79]. Staining for active TGF-β1 in hydrogels
provided evidence that TGF-β1 is likely sequestered in vascular cell-secreted ECM and
activated locally around these vascular cell networks. There are a few ways TGF-β1
could be activated by vascular cells in the tumor angiogenesis model. Vascular cells
secrete proteases in order to facilitate migration through the hydrogel and these proteases
can cleave the latency-associated peptide of TGF-β1, resulting in release of active TGFβ1 [146]. Another potential mechanism of activation is binding of integrins on vascular
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cells to the RGD sequence on the latency-associated peptide and exertion of force by the
vascular cells, which also results in release of active TGF-β1 [134]. Thus when vascular
cells were in close proximity to cancer cells, activated TGF-β1 likely contributed to the
formation of large, invasive 344SQ clusters observed at the interface. This hypothesis
also accounted for why TGF-β1 secreted into the conditioned media did not lead to global
changes in the morphology of 344SQ clusters throughout the hydrogel, as the clusters
exhibited growth arrest, making it unlikely their quiescent, non-migratory behavior would
initiate TGF-β1 activation in a concentration relevant to induce EMT [53]. Active TGFβ1 has been previously detected around sprouting neovascular structures in vitro in 3D
cultures and localized increases in breast cancer cell proliferation around these sprouting
structures occurred, thus providing additional support for our vascular cell-induced TGFβ1 activation hypothesis [147].
Furthermore, TGF-β1 inhibition reduced 344SQ migration, a result that was
consistent with a study that reported a combination of TGF-β1 and TGF-β2 neutralizing
antibodies decreased endothelial cell-stimulated migration of lung carcinoma and normal
mammary epithelial cells [148]. TGF-β1 inhibition reduced 344SQ cell migration down
to a level not statistically different from the media only control, indicating TGF-β1 is a
major player in vascular cell-induced 344SQ cell migratory behavior. This inhibitor study
was conducted using a transwell assay due to compatibility issues associated with the
inhibitor and the polymer system. While the transwell system is simplified, these results
provided evidence in support of the hypothesis that vascular cell-secreted TGF-β1 is
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contributing to the large, invasive behavior of 344SQ clusters observed in the tumor
angiogenesis model.
Vascular cells have traditionally been studied in the context of tumor
angiogenesis as the cells that facilitate tumor growth via developing a vascular network
through which nutrients and oxygen can be delivered [149]. The findings in this report
indicate the potential for cancer cell-endothelial cell interactions to elicit changes in
cancer cell behavior, providing evidence that the role of vascular cells in tumor
progression might not be limited to providing nutrients and removing waste. Very few
reports investigating this hypothesis were found in the literature, where conditioned
media from endothelial cells [148] or direct co-culture and spatially restricted co-culture
with endothelial cells [144] induced morphological and migratory changes indicative of
EMT in cancer cell lines. Similar studies have also shown that endothelial cells enhance
growth and branching of normal breast, lung, and prostate epithelial cells in 3D culture,
which provides some evidence for the origin of these endothelial cell-induced changes in
epithelial cells, as they may be related to signaling associated with organ development
[150–152]. The 3D platforms used in these previous studies are limited in their ability to
mimic in vivo cell behavior because the endothelial cells in the direct co-culture platform
do not spread or form networks that interact with cancer cells. However, these platforms
provide some relevant information to which we can compare our results. In one study,
analysis was performed on MCF10A (non-cancerous breast epithelial) and MDA-MB231 (metastatic breast cancer) cell clusters where cluster size was correlated to distance
from endothelial cells. Endothelial cell proximity showed a significant effect on size of
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MCF10A clusters, but not MDA-MB-231 clusters [151]. While this effect was not
present in the cancer cells in this study, this finding in normal breast epithelium supports
our results that show vascular cell proximity-based differences in the size of lung cancer
clusters. Correlations have also been made between the location of microvascular cells
and increased expression of N-cadherin, a marker of EMT, in basal-like breast cancer
tissue, providing evidence that our in vitro findings might have relevance in vivo [144].
One additional study we found reported that endothelial cells, both in vitro and in vivo,
have the capacity to regulate breast cancer cell quiescence, whereby stable microvascular
networks supported a dormant phenotype, while sprouting neovascular structures induced
nearby tumor growth [147]. Overall, these results have larger implications in the field of
tumor angiogenesis because they provide additional evidence that vascular cells
contribute to tumor progression.
While there are many advantages of this system, it is not without its limitations.
We realize that while we have achieved spatially independent tumor spheroid formation
and microvascular network formation, the cells can still interact via paracrine signaling,
and this signaling at study initiation may not match that of tumor angiogenesis in vivo.
However, there are many technical challenges associated with completely independent
cell structure formation. Additionally, the cell choices for the model could be further
improved with the use of primary cancer and vascular cells that match the tumor tissue of
interest. Overall, findings discussed in this paper demonstrate the use of a more
physiologically relevant in vitro system that was built to better recapitulate
pathophysiological processes as they occur in vivo.
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3.5 Conclusion
This research has aimed to develop a novel, biomimetic lung tumor angiogenesis
model comprised of vascular cells and cancer cells in a fully 3D, synthetic hydrogel
system with physiologically relevant spatial localization of cells. The work discussed in
this report demonstrated the use of this tumor angiogenesis model to elucidate the role of
vascular cells in tumor progression. The design of this model also readily facilitates
further customization of matrix mechanics and biochemistry as well as incorporation of
other cells important in the tumor microenvironment, thus facilitating controlled
exploration of other potentially critical aspects of tumorigenesis and metastasis. These
types of studies will lead to identification of novel targets for cancer therapy.
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4. Studying the Behavior of Cancer Cells in a Tumor
Angiogenesis Model: 393P Mouse Lung Carcinoma
In this chapter, the tumor angiogenesis model developed in chapter 3 was used to
study the behavior of a lung cancer cell line (393P) that was derived from a primary
tumor. 393P cells are a murine cell line generated from mice with the same genetic
mutations as the 344SQ cells investigated in our model in chapter 3, Kras and p53.
However, in contrast to 344SQ cells that are highly metastatic in vivo, 393P cells are
metastasis-incompetent, thus providing an interesting opportunity for comparison of
differing cell behavior in our system. First, characterization of 393P cell morphology in
3D in PEG hydrogels was performed by assessing cluster size, circularity, and lumenal
clearing. Next, angiogenic growth factor secretion was assessed over time in culture.
Lastly, 393P cells were incorporated into the tumor angiogenesis model and
quantification of resulting changes in 393P cell cluster morphology in response to tumor
cell-vessel cell interactions was performed.

4.1 393P Cells
4.1.1 Background
393P cells were derived from the primary lung tumor of 129Sv mice with both
Kras and p53 mutations (KrasG12D/p53R172HΔG) [54,153]. As mentioned above, this cell
line was generated from mice with the same genetic background as the 344SQ cells
investigated in chapter 3. The number difference between the cell types indicates origin
from different individual mice, whereas the lettering indicates location of derivation (SQ
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for subcutaneous metastasis and P for primary tumor) [54]. Both 393P and 344SQ cells
express surfactant protein C, a marker for type II alveolar cells that has been previously
described as a common feature of lung adenocarcinoma cells from mice with the same
Kras mutation [54]. The 344SQ and 393P cell lines were previously explored for their
potential to metastasize when injected subcutaneously into immunocompetent syngeneic
mice. In this study, both 344SQ and 393P cells formed subcutaneous tumors. 13/13
animals with 344SQ tumors metastasized, with metastatic lesions widely distributed to
many organs, including the diaphragm, heart, pancreas, and bone [54]. In contrast, 0 of
the 10 mice with 393P tumors displayed metastases [54]. Thus since these two cell lines
have the same genetic background but drastically different metastatic capacities,
identified differences in cell behavior could lead to a better understanding of how cells
acquire a metastatic phenotype and ultimately uncover new targets for treating metastasis
in the clinic.

4.1.2 393P Cells in In Vitro
393P cells have been cultured in 3D in vitro in Matrigel and have been reported to
form disorganized aggregates [54]. While some 393P aggregates had smooth edges and
expressed E-cadherin, which is indicative of an epithelial phenotype, aggregates did not
exhibit lumenal clearing and epithelial polarity as is observed with 344SQ cells [54].
Additionally, α6-integrin staining was distributed on cells throughout aggregates, rather
than localized to the periphery of cells in aggregates, which was evident in 344SQ cellformed aggregates [54]. When treated with TGF-β1 to induce EMT, 393P cells were
described as partially resistant to treatment and required longer treatment times than
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344SQ cells. While TGF-β1 treatment of 393P cells to induce EMT in 3D was not
published, treatment in 2D revealed a morphological change in 393P cells after 7 days of
treatment, which stood in contrast to the notable morphological response exhibited by
344SQ cells after only 2 days of treatment [54]. Gene expression analysis following EMT
revealed a large increase in gene expression for vimentin and ZEB1 in 393P cells, which
together indicate EMT occurrence. However, gene expression of CDH1, the gene for Ecadherin, and a few other tight junction-associated genes, increased as well, indicating
only a partial EMT occurred for 393P cells [54].
Differences between 344SQ and 393P cell behavior have been linked to
differences in miR-200 expression, a microRNA family that has been demonstrated to
play a causal role in metastasis [54]. Thus, while 344SQ and 393P cells are both Krasand p53-mutant, these mutations alone do not ensure the cells will have the capacity to
undergo EMT and metastasize. Furthermore, culture conditions, including 2D versus 3D
and in vitro versus in vivo, have a clear impact on 344SQ and 393P cell behavior,
indicating the importance of the cellular microenvironment. Schliekelman, et al.
performed a global liquid chromatography/tandem mass spectrometry analysis comparing
344SQ and 393P cells [154]. Protein expression differences related to ECM proteins and
cell-cell versus cell-matrix proteins were observed. Compared to 393P cells, 344SQ cells
exhibited upregulation of ECM proteins (such as lamins A5, B2, and C1, collagen 6A1,
fibronectin, and Loxl1) and proteins involved in cell-matrix adhesion (such as integrins
αV and β3 and CD44) and downregulation of proteins involved in cell-cell adhesion
(such as cadherins 3 and 13, for 344SQ cells) (Fig. 4.1, [154]). Additionally, 344SQ cell
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upregulation of CD44, a stem cell marker, as well as other mesenchymal stem cell
markers, CD8 and CD106, indicate they exhibit characteristics of cancer stem cells,
which could play a role in their observed phenotypic plasticity compared to 393P cells
[154].

Figure 4.1. Expression of cell adhesion and ECM proteins for 344SQ metastatic cells
compared to 393P non-metastatic cells. Proteins listed in red are upregulated and
proteins listed in green are downregulated. Overall, there is an upregulation of ECM
proteins, and proteins involved in cell-matrix adhesion and the mesenchymal phenotype
and a downregulation of proteins involved in cell-cell adhesion. Adapted from [154].
Following initial studies of differences in 344SQ and 393P cell lines described
above, several follow-up studies have been performed with 393P cells to investigate
potential metastasis-promoting and -preventing markers [154–158]. Knockdown of
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scribble, an epithelial cell polarity protein involved in forming the basolateral complex,
was shown to promote metastasis of 393P cells in vivo [155]. Overexpression of ZEB1, a
transcriptional repressor of EMT that has been previously correlated to poor prognosis in
epithelial cancers, in 393P cells has also been reported to lead to metastasis in vivo
[156,159]. Thus while 393P cells have been previously described as metastasisincompetent, metastasis-promoting factors have been identified. 393P cells were explored
in this thesis for their potential response to vascular cell interactions in a tumor
angiogenesis model.

4.2 Materials and Methods
4.2.1 Cell Maintenance
HUVEC and HVP were cultured as described in Section 3.2.1. 393P cells were
cultured in RPMI 1640 media supplemented with 10% FBS (Atlanta Biologics) and 10
μg/mL gentamicin and 0.25 μg/mL amphotericin-B. 393P cells were used in passages 59. All cells were maintained at 37º C and 5% CO2.

4.2.2 Cell Encapsulation in PEG-based Hydrogels
Hydrogel precursor solutions were prepared as described in chapter 2. Cells were
trypsinized, centrifuged (200 x g for 5 min for HUVEC, HVP, and 393P) and then
resuspended in the polymer precursor solution at a concentration of 3 x107 cells/mL at a
4:1 ratio of HUVEC:HVP for vascular cell-laden hydrogels and 1.0 x106 cells/mL for
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393P cancer cell-laden hydrogels (referred to as C-hydrogels for the remainder of this
chapter).

4.2.3 Immunocytochemistry
Immunocytochemistry was performed as described in Section 3.2.4. An additional
antibody used in this chapter was goat anti-VE cadherin (Santa Cruz Biotechnology).

4.2.4 Analysis of Growth Factor Secretion from 393P in PEG
Hydrogels
C-hydrogels were used to assess angiogenic growth factor secretion. 393P cells
were cultured in hydrogels for 4, 8, 12, and 16 days. Conditioned media was collected
and assessed for VEGF, bFGF, and PDGF-BB by ELISA according to the protocol for
each assay (all from R&D Systems). Hydrogels were degraded at the time of media
collection with 2 mg/mL collagenase (Sigma) for 30 min, followed by addition of 0.25%
trypsin for 5 min to break up clusters, neutralization with media, and centrifugation at
500 x g for 4 min. The cell pellet was resuspended and cells were counted. Growth factor
concentrations were normalized to cell number. Data is shown as mean ± standard
deviation and an ANOVA followed by pairwise comparisons with a Tukey-Kramer HSD
test using an alpha level of 0.05 to evaluate for statistically significant differences.

4.2.5 Tumor Angiogenesis Model
Tumor angiogenesis model hydrogels were constructed as described in Section
3.2.7, with the exception of using 393P cells as the cancer cell component at a
concentration of 1.5 x 106 cells/mL in the hydrogel. The same naming convention as used
in chapter 3 will be implemented in this chapter, whereby V-C hydrogels are bilayer
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hydrogels comprised of vascular cell and cancer cell layers and B-C hydrogels are
comprised of an acellular “blank” hydrogel layer and a cancer cell layer. Imaging and
image analysis on these hydrogels was performed as described in section 3.2.8.

4.3 Results
4.3.1 393P Growth and Morphology in PEG Hydrogels
393P formed spherical aggregates in PEG hydrogels by day 4 in culture that
exhibited an average area of 1,952 ± 144 μm2 (average diameter = 50.8 ± 0.8 μm, Fig.
4.2). Spheroid growth did not persist over time in culture, with spheroid size essentially
constant between days 4 and 16. Spheroid circularity was used to evaluate cluster
morphology. Clusters had a circularity of 0.73 ± 0.04 on day 4 in culture with no
statistically significant changes over the time course.
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Figure 4.2. 393P spheroid size and morphology over time in culture. 393p cells form
spheroids in 3D culture in PEG hydrogels. (a) Images of 393p on days 4, 8, 12, and 16
(red – phalloidin; blue – DAPI; scale bar = 100 μm). 393p spheroid area (b) and
circularity (c) quantified at days 4, 8, 12, and 16. For (b) and (c), 2-3 images were taken
per time point as repeated measures, n=3 hydrogels per time point; values are reported as
mean ± s.d.; no significant differences were determined by a one-way ANOVA (p <
0.05).
As discussed in previous chapters, 3D culture of normal lung epithelial cells
results in formation of spherical aggregates with cleared lumen and epithelial polarity that
recapitulates the structure and function of lung epithelium in vivo. 344SQ lung cancer
cells evaluated in this thesis have also been shown to recapitulate this behavior. 393P
exhibited both lumenal clearing, as depicted in Fig. 4.3A, and full lumenization, as
depicted in Fig. 4.3B. Both lumenal clearing and lumenization were quantified for 393P
in 3D culture at days 4, 8, 12, and 16, whereby the percent of 393P clusters that exhibited
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lumenal clearing reached 41 ± 15 % by day 12 in culture (Fig. 4.3C). Fully lumenized
clusters represented 28 ± 7% of total clusters evaluated at day 12 in culture (Fig. 4.3D).

Figure 4.3. 393P lumenal clearing over time in culture. 393P cell clusters exhibit
central clearing and lumenal organization in 3D in PEG hydrogels. (a) Images of 393P
clusters with central lumen clearing evident (red – phalloidin; blue – DAPI; scale bar =
50 μm); (b) Images of 393P clusters with centrally cleared lumen (red – phalloidin; blue –
DAPI; scale bar = 50 μm); (c) Quantification of % of 393P clusters with central lumenal
clearing (100 μm from 3 z-stack images were analyzed per time point as repeated
measures, n=3 hydrogels per time point; values are reported as mean ± s.d.; no statistical
significances were detected at p < 0.05 as determined by a one-way ANOVA).

4.3.2 393P Angiogenic Growth Factor Secretion from PEG Hydrogels
To assess the angiogenic capacity of 393P in 3D in PEG hydrogels, enzymelinked immunosorbent assays (ELISA) were performed on VEGF, PDGF-BB, and FGFb
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from the conditioned media of 393P over time in culture (Fig 4.4). Very little VEGF
secretion was detected at day 4 but secretion significantly increased over time in culture.
By day 8, 210.6 ± 72.6 pg VEGF / 106 cells was detected, which increased to 509.9 ±
144.3 and 729.9 ± 220.3 pg VEGF / 106 cells on days 12 and 16 respectively. PDGF-BB
secretion did not significantly change over the course of culture (day 4: 75.5 ± 106.8, day
8: 98.6 ± 30.4, day 12: 73.1 ± 8.7, and day 16: 72.9 ± 18.7 pg PDGF / 106 cells). FGFb
was not detected in the conditioned media at day 4, but was present in the conditioned
media at all other time points (day 8: 22.1 ± 24.7, day 12: 9.1 ± 5.0, and day 16: 1.9 ±
3.3=4 pg FGFb / 106 cells).

Figure 4.4. Angiogenic growth factor secretion from 393P over time in culture.
VEGF, PDGF-BB, and FGFb were measured via ELISA on conditioned media from
393P in 3D PEG hydrogels at days 4, 8, 12, and 16 (n=3 hydrogels; values are reported as
mean ± s.d.; * indicates statistical significance compared to day 4 as determined by a
one-way ANOVA and subsequent Tukey-Kramer HSD tests: * p < 0.05, ** p < 0.01).
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4.3.3 Evaluation of 393P Morphology Changes in Tumor
Angiogenesis Model
393P cells interacted with vascular cells at the interface of V-C hydrogels, with an
average of 43 interactions per hydrogel observed. Changes in 393P cluster morphology
were observed at the interface as well (Fig 4.5). Most clusters observed were slightly
larger and exhibited an elongated, oval morphology. Cluster size was also observed to
increase, but not uniformly. Most cluster size increases were small, but a few clusters
exhibited a drastic size increase (Fig. 4.5 left versus right).

Figure 4.5. Vessel cell-cancer cell interactions in V-C hydrogels. Images of vessel
cell-cancer cell interactions at the hydrogel interface in V-C hydrogels (red – phalloidin;
blue – DAPI; cyan – VE-cadherin; scale bars = 100 μm).
Quantification of cluster morphology via analysis of 393P cluster area and
circularity for 975 clusters in V-C hydrogels that were broken down into bins according
to distance from the interface revealed changes in the distribution of clusters at the
hydrogel interface (Fig. 4.6). For cluster area analysis, it was evident that all clusters with
area greater than 5,000 μm2 were in the interface or (0,105) bins (Fig. 4.6a). This trend
extended below 5,000 μm2, whereby out of a total of 26 clusters with area greater than
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3,000 μm2, only 2 clusters were not in the interface or (0,105) bins. In addition, the only
significantly different distribution of cluster area for the hydrogel bins compared to the
interface was the (0,105) hydrogel bin, which had the highest number of clusters with
area greater than 5,000 μm2.
Quantification of cluster circularity for V-C hydrogels revealed that all bins were
significantly different from the interface bin (Fig. 4.6b). The circularity distributions for
hydrogel regions below the interface followed a similar pattern of left-skewed
distribution, with most clusters exhibiting circularity between 0.8 and 1. However, for the
interface region, while the highest number of clusters had circularities between 0.8 and 1,
the distribution did not taper off at lower circularities as it did for regions below the
interface. The (0,105) region exhibited a unique circularity distribution, where the
circularity of very few clusters was between 0.8 and 1 and the highest number of clusters
were found in the 0.1-0.3 circularity bins. The plot of cluster area versus circularity for all
clusters at the hydrogel interface did not reveal a population of large area (> 5,000 μm2),
low circularity (<0.25) clusters for 393P in V-C hydrogels, as observed for 344SQ cells.
However, this large area, low circularity population was evident in the (0,105) region
(Fig. 4.7).
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Figure 4.6. Analysis of 393P cluster morphology changes based on location in V-C
hydrogels. (a) Cluster area histogram broken down into bins. (b) Cluster circularity
histogram broken down into bins. * indicates statistical significance as compared to the
interface group as determined by Kolmorogov-Smirnov tests: p < 0.0125 (Bonferroni
corrected); 3 images were taken per hydrogel as repeated measures across 3 hydrogels,
975 total clusters analyzed. (c) Cluster area versus circularity for all clusters imaged in
the hydrogel interface bin.
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Figure 4.7. Cluster area versus cluster circularity for the (0,105) hydrogel bin of VC hydrogels. Large area, low circularity clusters are evident in the (0,105) hydrogel bin
of V-C hydrogels.
For quantification of cluster area in control B-C hydrogels, in contrast to V-C
hydrogels, it was evident that very few clusters were present in the (0,105) hydrogel bin
(Fig. 4.8a). The distribution of clusters at the hydrogel interface was significantly
different than the 3 regions below it. Additionally, the interface region had the highest
number of clusters with area greater than 5,000 μm2, with 7 total clusters in that bin. It
was also evident that at the interface, there were fewer small clusters (500-1500 μm2)
compared to the 3 regions below it. This difference could have also contributed to the
significant differences in distribution. For cluster circularity in B-C hydrogels, there was
a lower number of clusters with high circularity at the interface, but there was also not an
increase in clusters with low circularity as exhibited in V-C hydrogels (Fig. 4.8b).
Plotting cluster area versus cluster circularity for B-C hydrogels revealed only 1 cluster
with large area and low circularity (area > 5,000 μm2, circularity < 0.25) at the hydrogel
interface.
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Figure 4.8. Analysis of 393P cluster morphology changes based on location in B-C
hydrogels. (a) Cluster area histogram broken down into bins. (b) Cluster circularity
histogram broken down into bins. * indicates statistical significance as compared to the
interface group as determined by Kolmorogov-Smirnov tests: p < 0.0125 (Bonferroni
corrected); 3 images were taken per hydrogel as repeated measures across 3 hydrogels,
671 total clusters analyzed. (c) Cluster area versus circularity for all clusters imaged in
the hydrogel interface bin.
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4.4 Discussion
In this chapter, we have explored the behavior of a mouse tumor cell line with the
same genotype as the 344SQ cells explored in chapter 3, derived from a primary tumor
rather than metastasis. As discussed in the introduction, literature on 393P cells in vivo in
mouse models demonstrate these cells are metastasis-incompetent, in contrast to 344SQ
cells which are highly metastatic in vivo [54]. Interestingly, 393P cells exhibited a lack of
epithelial polarity in 3D in Matrigel cultures as well as reduced ability to undergo EMT.
These findings contrast those associated with 344SQ cells, which exhibit epithelial
polarity in 3D in Matrigel and an ability to reversibly undergo EMT. In comparing these
previous findings to the results reported in this chapter, 393P clusters in this study did
exhibit some lumenal clearing and lumenization. While quantification was not performed
in the earlier studies from other groups, differences in behavior could be due to
differences in matrix properties such as stiffness and availability of adhesive ligands.
In exploring the response of 393P cells to the presence of vascular cells in our
tumor angiogenesis model, we observed morphological changes for some 393P clusters
when in close proximity to vascular structures. 393P cells secreted key angiogenic
growth factors into the conditioned media, indicating the potential for the angiogenic
stimulus provided by the 393P cell clusters to support vascular cell stimulation and
migration. Additionally, as we have previously demonstrated that TGF-β1 likely plays a
role in inducing morphological changes in lung adenocarcinoma cells in our tumor
angiogenesis model, it is likely that morphological changes observed for 393P cells,
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while not as pronounced as demonstrated for 344SQ cells in the tumor angiogenesis
model, are likely also occurring partially due to the presence of TGF-β1 secreted by
vascular cells. It was previously found that 393P cells required a more prolonged
exposure to TGF-β1 than 344SQ cells, which is supported in our tumor angiogenesis
model as 393P at the interface are likely exposed to high levels of TGF-β1 when they are
in close proximity to vascular cells [54]. As discussed in the introduction, 344SQ cells
exhibited enhanced expression of cell-matrix adhesion proteins and decreased expression
of cell-cell adhesion proteins compared to 393P cells [154]. These differences likely also
contributed to the differential behavior of 393P cells and 344SQ cells described here,
whereby cell-cell adhesion may play a dominating role over cell-matrix adhesion for
393P cells, thus reducing migration and dissemination from the cluster. Additionally,
344SQ cells have enhanced expression of stem cell markers, such as CD44. This stem
cell phenotype could also help to explain the higher plasticity associated with 344SQ
cells compared to 393P cells, thus allowing for the more pronounced phenotypic change
observed in our system [54,154].
As discussed in the background, other studies have also investigated ways to
induce a more migratory, metastatic phenotype for 393P cells. One example was a study
exploring knockdown of scribble, a known polarity protein which is lost with TGF-β1
treatment, in 393P cells, which led to enhanced migration in a transwell assay, invasion
in Matrigel, and metastasis in vivo [155]. Overexpression of ZEB1, which is a
transcription factor known to regulate EMT, was also shown to enable metastasis of 393P
cells in vivo [157]. Taken together, these findings support the notion that 393P can
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exhibit EMT and metastatic capacity in the right context or when exposed to the certain
conditions. In this thesis, we have demonstrated that an additional factor not previously
explored for 393P cells, the presence of vasculature, can induce changes in 393P cell
behavior.

4.5 Conclusions
In this chapter, we have further validated our tumor angiogenesis model as a platform
that can support study of other lung adenocarcinoma cell lines and demonstrates the
potential for this model to be used to compare the behavior of cells with differing
metastatic capacities. We have also acquired additional evidence demonstrating a
potential role vascular cells play in tumor progression by expanding our findings to
incorporate multiple cancer cell lines.
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5. Studying the Behavior of Cancer Cells in a Tumor
Angiogenesis Model: A549 Human Lung Carcinoma
Chapter 5 uses the tumor angiogenesis model developed in chapter 3 to explore a
human lung adenocarcinoma cell line, A549, which are derived from a primary lung
tumor site. In addition to moving into a species that matches that of the vascular cells
used here, A549 are a commonly used cancer cell line that enabled assessment of whether
the results from chapter 3 translated to a cell type that exhibits a cancerous phenotype at
study initiation rather than exhibiting pronounced EMT behavior. First, characterization
of A549 cluster formation in 3D in single layer PEG-based hydrogels was performed by
evaluation of cluster size and morphology. Next, these A549 cells were characterized for
angiogenic growth factor secretion in 3D over time to assess their proangiogenic
capacity. Finally, A549 cells were incorporated into the tumor angiogenesis model and
analysis of tumor-vessel interactions and changes in A549 cluster morphology was
performed.

5.1 A549 Cells
5.1.1 Background
Non-small cell lung cancer (NSCLC) accounts for more than 80% of all lung
cancers and it includes adenocarcinoma, squamous cell carcinoma, and large cell
carcinoma [160,161]. Of these subtypes of NSCLC, adenocarcinomas are the most
predominant, accounting for approximately 38% of all lung cancers in the United States
as reported in 2011 [162]. A549 cells are a human lung adenocarcinoma cell line derived
from a primary tumor. Mutations in Kras and p53 are among the most common genetic
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mutations in human lung cancer [153]. A549 cells have a mutant Kras gene and a
wildtype p53 gene and exhibit alveolar type II cell behavior [160,163]. These cells are
widely used to investigate lung biology and have also been used in drug screening studies
both in vitro and in vivo [150,163–165].
Due to their widespread use, characteristics of the tumor vasculature associated
with A549 cell-derived tumors in vivo has been previously described. A549 cell-derived
tumors initiated via intravenous injection have been reported to be poorly vascularized,
with fine, continuous blood vessels evident throughout tumors [166]. Additionally, no
large blood vessels were identified [166]. As discussed in chapter 1, this vasculature
morphology is not typical of rapidly growing tumors, whereby structures are usually
described as being tortuous and discontinuous [8]. Another study reported that
subcutaneously injected A549 tumors in vivo grow slower and have a lower overall
number of blood vessels compared to A431, Calu-6, and MLS tumors cells when
analyzed by immunohistochemistry [167]. These in vivo findings correlated to VEGF
secretion assessed as well, with the lowest level of VEGF secreted by A549 cells [167].
Additionally, A549 tumor vessels had the highest number of alpha smooth muscle actinpositive cells, indicating they were the most mature [167]. It is thus evident that A549
cells are not highly aggressive or angiogenic and their vasculature is more representative
of normal tissue vasculature rather than tumor vasculature.

5.1.2 A549 Cells in 3D Culture
A549 cells have been studied in 3D in Matrigel. Fessart, et al. seeded A549 cells
on Matrigel using the overlay method, whereby a layer of Matrigel is solidified and
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following solidification, cells suspended in 2% Matrigel are seeded on top [161].
Spherical clusters formed and grew in size over time in culture from day 10 to day 20
[161]. In contrast to normal human bronchial epithelial cell spheroids in 3D culture,
A549 spheroids did not exhibit epithelial polarity, as assessed by β-catenin expression, or
central apoptosis and lumen formation [161]. Epithelial polarity and lumen formation in
spheroid culture mimics the architecture of native lung epithelium, whereby the basal
side of the epithlium is in contact with the ECM and the apical side is in contact with air
throughout the entire lung. Lack of this polarity behavior in A549 spheroids indicates 3D
culture provides an approach for differenting normal versus cancer cell behavior in vitro.
Cichon, et al. also published research incorporating A549 and 8 other lung cancer cell
lines in Matrigel in 3D [160]. Lung cancer cluster morphology was categorized into
smooth and branched aggregates, of which A549 fell into the smooth category [160].
This analysis was performed at day 5 in culture, so it was an early time point compared to
work reported by Fessart, et al., but overall the findings associated with A549 cell
behavior in 3D was similar between the studies.
Cichon, et al. also went on to explore differences in gene expression between the
lung cancer cell lines that formed smooth versus invasive aggregates in 3D. A geneset
containing twenty transcripts with significant differences in expression between the two
morphology classifications was defined and expression of these genes was evaluated for a
group of 59 lung adenocarcinoma patients [160]. Cluster analysis of gene expression was
used to group patients into 3 categories and of several metrics evaluated, patients were
found to have differences in staging and disease-free survival between the 3 groups [160].
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This work thus demonstrates the potential for 3D culture systems to be used as a way to
discover novel biomarkers and therapies for treating cancer. Additionally, spheroid
formation and growth characteristics of A549 in 3D culture discussed in this section
demonstrate that A549 cells exhibit behavioral characteristics similar to lung cancer cells
in vivo.

5.2 Materials and Methods
5.2.1 Cell Maintenance
HUVEC and HVP were cultured as described in Section 3.2.1. A549 cells were
cultured in F-12k media (Gibco) supplemented with 10% FBS (Atlanta Biologics). 100 U
mL-1 penicillin and 100 μg mL-1 streptomycin were added to the media at day 1 following
encapsulation in PEG hydrogels. A549 cells were used in passages 85-87. All cells were
maintained at 37º C and 5% CO2.

5.2.2 Cell Encapsulations in PEG-based Hydrogels
Hydrogel precursor solutions were prepared as described in chapter 2. Cells were
trypsinized, centrifuged (200 x g for 5 min for HUVEC, HVP, and A549) and then
resuspended in the polymer precursor solution at a concentration of 3 x107 cells/mL at a
4:1 ratio of HUVEC:HVP for vascular cell-laden hydrogels and 1.0 x106 cells/mL for
A549 cancer cell-laden hydrogels (referred to as C-hydrogels for the remainder of this
chapter).
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5.2.3 Immunocytochemistry
Immunocytochemistry was performed as described in Section 3.2.4. Additional
antibodies used in this chapter include: goat anti-VE cadherin (Santa Cruz
Biotechnology) and rabbit anti-ki-67 (Abcam).

5.2.4 Analysis of Growth Factor Secretion from A549 in PEG
Hydrogels
C-hydrogels were used to assess angiogenic growth factor secretion. A549 were
cultured in hydrogels for 4, 8, 12, and 16 days. Conditioned media was collected at each
of these time points and assessed for VEGF, bFGF, and PDGF-BB by ELISA according
to the protocol for each assay (all from R&D Systems). Hydrogels were degraded at the
time of media collection with 2 mg/mL collagenase (Sigma) for 20 min, followed by
addition of 0.25% trypsin for 5 min to break up clusters, neutralization with media, and
centrifugation at 500 x g for 4 min. The cell pellet was resuspended and cells were
counted. Growth factor concentrations were normalized to cell number. Data is shown as
mean ± standard deviation and an ANOVA followed by pairwise comparisons with a
Tukey-Kramer HSD test using an alpha level of 0.05 to evaluate for statistically
significant differences.

5.2.5 Tumor Angiogenesis Model Construction
Tumor angiogenesis model hydrogels were constructed as described in Section
3.2.7, with the exception of using A549 as the cancer cell component at a concentration
of 1.0 x 106 cells/mL in the hydrogel. The same naming convention as used in chapter 3
will be implemented in this chapter, whereby V-C hydrogels are bilayer hydrogels
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comprised of vascular cell and cancer cell layers and B-C hydrogels are comprised of an
acellular “blank” hydrogel layer and a cancer cell layer. Imaging and image analysis on
these hydrogels was performed as described in section 3.2.8.

5.3 Results
5.3.1 A549 Growth and Morphology in PEG Hydrogels
Over time in culture, single A549 cells formed spherical aggregates within PEG
hydrogels that were evident by day 4 in culture (Fig. 5.1). A549 were kept in culture for
16 days and analyzed every 4 days for both area and circularity. A549 clusters increased
in size over time, whereby average cluster area was 1050 ± 145, 2171 ± 67, 2267 ± 442,
and 2991 ± 168 μm2 on days 4, 8, 12, and 16, respectively. Cluster diameter was also
measured, and found to be 37.6 ± 2.1, 52.4 ± 0.8, 55.1 ± 5.5, and 63.7 ± 3.6 μm on days
4, 8, 12, and 16, respectively. Cluster circularity analysis, used as a quantitative measure
of cluster morphology, depicted a decrease in circularity with time in culture, however
the aggregates maintained a smooth edge throughout the culture period.
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Figure 5.1. A549 spheroid size and morphology over time in culture. A549 cells form
spheroids over time in culture. (a) Images of A549 spheroids at day 4, 8, 12, and 16 (red
– phalloidin; blue – DAPI; scale bar = 100 μm), A549 spheroid area (b) and circularity
(c) quantified at days 4, 8, 12, and 16. For (b) and (c), 4 images were taken per time point
as repeated measures, n=3 gels per time point; values are reported as mean ± s.d.; letters
indicate statistically different groups as determined by a one-way ANOVA and
subsequent Tukey-Kramer HSD tests (p < 0.05).
As discussed in chapter 4, 3D culture of normal primary lung epithelial cells
results in spheroid formation and differentiation, with organization of cells into a
lumenized sphere with epithelial polarity that mimics the lung acini in architecture [168].
This type of cluster phenotype was also observed for the 344SQ cells explored in chapter
3 and described in more detail in Gill, et al., whereby 344SQ cell spheroids organized
into a single layer of cells surrounding a centrally cleared lumen [53]. Thus A549 cluster
lumenization was evaluated (Fig. 5.2). No clusters comprised of a single nuclear ring
surrounding a hollow lumen were observed for A549 cells in PEG hydrogels. However,
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there were examples of lumenal clearing (Fig. 5.2a) and nuclear organization (Fig. 5.2b).
Lumenal clearing was quantified and includes all A549 clusters with central clearing.
Lumenal clearing increased over time in culture up to day 12, with 30 ± 4% of clusters
exhibiting some degree of lumenal clearing.
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Figure 5.2. A549 lumenal clearing over time in culture. A549 cell clusters exhibit
minimal central clearing and lumenal organization in 3D in PEG hydrogels. (a) Images of
A549 clusters with central clearing occurring (red – phalloidin; blue – DAPI; scale bar =
50 μm); (b) Images of A549 clusters with nuclear organization (red – phalloidin; blue –
DAPI; scale bar = 50 μm); (c) Quantification of % of A549 clusters with central lumenal
clearing (250 μm from 3 z-stack images were analyzed per time point as repeated
measures, n=3 hydrogels per time point; values are reported as mean ± s.d.; *p < 0.05
indicates statistical significance compared to day 4 as determined by a one-way ANOVA
and subsequent Tukey-Kramer HSD tests.
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5.3.2 A549 Proliferation in PEG Hydrogels
Immunostaining was performed to assess A549 proliferation in 3D culture over
time via Ki-67 expression. Spheroids at day 4 were highly proliferative, with 69 ± 1.5%
of cells positive for Ki-67, indicating active cell cycling (Fig. 5.3). Proliferation
decreased over time in culture, down to 32 ± 4.8, 4.8 ± 2.7, and 2.1 ± 2.9 % of cells
positive for Ki-67 at days 8, 12, and 16, respectively. Proliferative cells were
predominantly located around the periphery of the spheroids at later time points in
culture. This data indicates that A549 spheroids maintain the capacity to continue to
increase in size over longer time points in culture. However, with very few remaining
proliferative cells at day 16, spheroids have likely reached growth arrest. This is in
contrast to A549 behavior in 2D culture on tissue culture polystyrene, whereby cells
remain proliferative.
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Figure 5.3. A549 proliferation over time in culture. (a) Images of A549 clusters in
PEG hydrogels at days 4, 8, 12, and 16 showing positive nuclear staining for ki-67 (red –
phalloidin; blue – DAPI; green – ki-67; scale bar = 100 μm); (b) Quantification of
percent of nuclei that were positive for ki-67 at days 4, 8, 12, and 16 (n=3 hydrogels per
time point, 3 z-stacks 350 μm-thick per hydrogel as repeated measures; values are
reported as mean ± s.d.; different letters indicate groups are significantly different as
determined by a one-way ANOVA and subsequent Tukey-Kramer HSD tests: p < 0.0001
for all).

5.3.3 A549 Angiogenic Growth Factor Secretion from PEG Hydrogels
Angiogenic growth factor secretion by A549 in PEG hydrogels was assessed via
ELISA (Fig. 5.4). VEGF was present in the conditioned media at all four time points at
varying concentrations (day 4 653.0 ± 43.8, day 8 405.5 ± 55.4, day 12 384.8 ± 3.3, and
day 16 795.4 ± 116.4 pg VEGF / 106 cells). Interestingly, there was a significant decrease
in VEGF secretion observed for days 8 and 12 (p < 0.01) but secretion increased again at
day 16. No PDGF-BB was detected until day 16 in culture (0.2 ± 0.4 pg PDGF-BB / 106
cells). FGFb was detected at all time points (5.0 ± 8.7, 9.4 ± 3.9, 9.1 ±1.9, and 22.1 ± 4.7
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pg FGFb / 106 cells at days 4, 8, 12, and 16, respectively) and only exhibited a significant
increase at day 16 (p < 0.05).

Figure 5.4. Angiogenic growth factor secretion from A549 over time in culture.
VEGF, PDGF-BB, and FGFb were measured via ELISA on conditioned media from
A549 in 3D PEG hydrogels at days 4, 8, 12, and 16 (n=3 hydrogels; values are reported
as mean ± s.d.; * indicates statistical significance compared to day 4 as determined by a
one-way ANOVA and subsequent Tukey-Kramer HSD tests: * p < 0.05, ** p < 0.01).

5.3.4 Evaluation of A549 Morphology Changes in Tumor
Angiogenesis Model
Over time in V-C hydrogels, it was observed that some A549 clusters at the hydrogel
interface interacted with vascular cells, as identified by VE-cadherin, and lost their round
shape in comparison to the morphology observed in C-hydrogels (Fig. 5.5a-c). An
average of 40 vessel cell-A549 cell interactions were observed at the interface of the
hydrogels.
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Figure 5.5. Vessel cell-cancer cell interactions in tumor angiogenesis model. (a-c)
Images of vessel cells interacting with A549 clusters in the tumor angiogenesis model
depicting different morphologies of A549 clusters observed (red – phalloidin; blue –
DAPI; cyan – VE-cadherin; scale bar = 100 μm), (d) quantification of the number of
vessel cell-cancer cell interactions within the tumor angiogenesis model.
To assess regional changes in A549 clusters, z-stacks obtained were used to
divide the hydrogel into bins that were 105 micrometers thick. Quantification of cluster
area was performed for each of the bins of vascular and cancer hydrogels (Fig. 5.6a). This
analysis revealed that the number of large clusters with projected area greater than 5000
μm2 in the interface bin of the tumor angiogenesis model was not higher than in the other
regions of the hydrogel, as was reported for 344SQ cells. In fact, the hydrogel bin with
the highest number of clusters with area greater than 5000 μm2 was (-315, -210), which
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represents the cells that are furthest from the vascular cell source. Additionally, there
were no significant differences in the distribution of cluster area for any group compared
to the interface bin. Quantification of cluster circularity was also performed for each bin,
and this analysis did reveal an enhanced number of clusters with low circularity (< 0.3)
for the interface region that was higher than in the other hydrogel bins (Fig. 5.6b).
However, there were no significant differences in the distribution of cluster circularity for
any region compared to the interface. Area and circularity plotted for each cluster at the
interface revealed that only a few clusters with large area also exhibited low circularity
(Fig. 5.6c). So while there were vascular cell-cancer cell interactions and changes in
A549 morphology observed, there were not corresponding drastic increases in cluster
area and decreases in cluster circularity for A549 cells in the tumor angiogenesis model.
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Figure 5.6. Analysis of A549 morphology changes based on location in V-C
hydrogels. (a) Cluster area histogram broken down into bins. (b) Cluster circularity
histogram broken down into bins. No statistically significant differences as compared to
the interface group were determined by Kolmorogov-Smirnov tests: p < 0.0125
(Bonferroni corrected); 3 images were taken per hydrogel as repeated measures across 3
hydrogels, 279 total clusters analyzed. (c) Cluster area versus circularity for all clusters
imaged in the hydrogel interface bin.
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As a control, A549 cluster area and circularity were also evaluated for B-C
hydrogels (Fig. 5.7). This analysis revealed a lack of structures with high area and low
circularity at the hydrogel interface (Fig. 5.7a and b). For both cluster area and
circularity, no significant differences in cluster distribution at the interface were
observed. In addition, the (-315,-210) bin for cluster area had the highest number of
clusters with area greater than 5,000 μm2, which was also true for the V-C hydrogels,
indicating this high number of large clusters was not a result of the presence of vascular
cells. Cluster area and circularity plotted together for clusters at the interface of B-C
hydrogels further confirmed there were very few large clusters with low circularity.
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Figure 5.7. Analysis of A549 morphology changes based on location in B-C
hydrogels. (a) Cluster area histogram broken down into bins. (b) Cluster circularity
histogram broken down into bins. No statistically significant differences as compared to
the interface group were determined by Kolmorogov-Smirnov tests: p < 0.0125
(Bonferroni corrected); 3 images were taken per hydrogel as repeated measures across 3
hydrogels, 240 total clusters analyzed. (c) Cluster area versus circularity for all clusters
imaged in the hydrogel interface bin.
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5.4 Discussion
The findings in this chapter have demonstrated the ability of the tumor
angiogenesis model developed in chapter 3 to be used to study tumor cell-vascular cell
interactions of a human lung adenocarcinoma cell line, A549. First, the behavior of A549
cells in PEG hydrogels was characterized. Spherical aggregates similar to those reported
previously in Matrigel were observed [160,161]. Fessart, et al.’s reported spheroid
diameter was 87 μm as a final size at day 20 in culture, whereas the average diameter
reported here at day 16 was 64 μm [161]. The smaller diameter could be attributed to
time in culture, although at day 16 in culture, very few remaining proliferative cells were
observed via Ki-67 analysis. Thus this difference in size is more likely a result of
differences in the composition of the material used for culture. Matrigel is much softer
than the PEG hydrogels employed in this work (E = 2.5 kPa for Matrigel compared to 15
kPa for these PEG hydrogels). Additionally, 344SQ lung adenocarcinoma cell spheroids
have been previously reported to increase in size with decreasing materials stiffness [53].
Lumenal clearing, which was used as an indicator of epithelial behavior, was
observed for some A549 spheroids in PEG hydrogels. While this lumenal clearing was
not prevalent and there were no observed spheroids with single nuclear rings surrounding
a cleared lumen, lumenal clearing was not reported to occur at all for A549 in Matrigel
[161]. Again this difference in cell behavior in Matrigel could be attributed to differences
in the material composition of PEG versus Matrigel. In addition to differences in
stiffness, Matrigel is rich in growth factors and ECM proteins and this combination of
signals from the scaffold could lead to differences in how the cells organize in 3D.
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Cells in A549 spheroids in 3D culture exhibited a decrease in proliferation over
time in culture. This decreased proliferation in 3D culture contrasts the behavior of A549
cells in 2D culture, whereby proliferation has persisted over many passages. A549 cells
were cultured between passages 85-87 in 2D for these studies culture prior to
incorporating them in 3D and remained proliferative. Furthermore, as discussed in
chapter 1, the tumor microenvironment has been shown to play an important role in
tumor progression and research has shown notable differences in cancer cell behavior in
2D and 3D, including reduced cell proliferation in 3D [169–172]. An in vivo study
reported A549 tumors grew slowly compared to three other human cancer cell lines, one
of which was a lung adenocarcinoma line [167]. Thus this continued proliferation and
growth observed in 3D better correlates with reported growth of A549 tumors in vivo
compared to 2D culture.
A549 cells in C-hydrogels secreted VEGF, FGFb, and PDGF-BB into the
conditioned media. While A549 have been reported previously to secrete VEGF in vitro,
the VEGF concentration in A549 cell conditioned media was lower than 2 other human
cancer cell lines (A431 epidermoid carcinoma and MLS ovarian carcinoma), which
correlated to A549 tumors having a lower number of blood vessels in vivo [167]. As
discussed in the introduction, environmental stresses such as hypoxia and glucose
deprivation, can initiate the angiogenic switch, whereby tumor cells secrete
proangiogenic growth factors to stimulate migration of nearby vessels [3,4]. Notably, the
concentration of all three angiogenic growth factors assessed increased at day 16 for
A549 spheroids in culture. Thus, because A549 spheroids continued to grow over the
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time course evaluated and did not fully lumenize, it was hypothesized that the day 16
time point could correspond to A549 spheroids reaching a critical size for the cells to
experience hypoxia, which could ultimately contribute to the enhanced angiogenic
growth factor secretion observed. However, based on previous research performed
modeling the oxygen concentration in multicellular tumor spheroids, it was found that the
maximum spheroid radius that supported complete viability throughout a spheroid with
no central necrotic core was 232 ± 22 μm, which was defined as the diffusion limit of
oxygen [173]. This estimate came from solving Fick’s second law of diffusion with the
incorporation of an oxygen consumption rate, which was determined to be 7.29 ± 1.4 x
10-7 m3 kg-1 s-1 [173]. In our system, the average diameter of A549 spheroids in Chydrogels at day 16 was 64 ± 3.6 μm. Thus, it is unlikely that hypoxia is playing a major
role in the behavior of the A549 spheroids within C-hydrogels. Future studies with cancer
spheroids that achieve much larger diameters could be performed to evaluate the role of
hypoxia in angiogenic growth factor secretion.
In our tumor angiogenesis model, vascular cell-cancer cell interactions were
observed and A549 cluster morphological changes in the interface region were evident
after 10 days in co-culture with vascular cells. However, there was not a significant
change in the distribution of cluster area or circularity for A549 clusters at the hydrogel
interface compared to clusters in bins below the interface. When looking at cluster
circularity, however, the highest number of clusters with circularity between 0.1-0.3
existed in the interface region. Thus, while A549 clusters do not get larger, some clusters
lose their smooth, circular phenotype at the interface in the tumor angiogenesis model. A
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recent report by Aref, et al. presented a co-culture of A549 cells in 3D with HUVEC. In
this system, the presence of HUVEC in the model, and not HUVEC conditioned media,
led to A549 spheroid dissociation within 12 hr of incubation and expression of vimentin
and loss of E-cadherin by 36 hr [174]. Thus in both studies, a lack of smooth, round A549
aggregate morphology was evident, rather than an increase in aggregate size [174].
A549 have been previously reported to be able to undergo EMT with TGF-β1
treatment in 2D culture [175,176]. The EMT response observed was concentrationdependent and concentrations as low as 0.05 ng/mL were enough to elicit morphology
changes and complete loss of E-cadherin expression at 0.5 ng/mL [175]. However, these
A549 cells were positive for vimentin prior to treatment, which is a mesenchymal
marker, suggesting A549 cells are not in a fully epithelial state in 2D culture.
Additionally, A549 have been reported to be able to transition from a mesenchymal-like
phenotype in traditional 2D culture to an epithelial-like phenotype with EMT pathway
inhibitors, such as A83-01, a TGF-βR1 inhibitor and AZD 0530, a Src inhibitor [174].
These findings thus demonstrate A549 cells in traditional 2D culture exhibit
characteristics of both epithelial and mesenchymal cells and can be shifted between both
phenotypes. The same could be said for what has been reported in the literature for A549
cells in 3D culture, whereby they form spherical aggregates that do not exhibit epithelial
polarity but do express some markers of normal epithelial cells [161]. This variable EMT
behavior could also help to explain the lack of observed drastic morphological changes
occurring in this tumor angiogenesis model.
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A549 cells have also been used in vivo as xenograft orthotopic and ectopic lung
cancer models [177]. In one report, an endobronchial implantation of A549 cells resulted
in left lung, liver, and spleen metastasis [177]. So while A549 cells form slow-growing
tumors that are not highly aggressive, they do exhibit the capacity to metastasize [167].
This in vivo data can also be correlated to the findings in our tumor angiogenesis model
in that while there were some distinct morphological changes at the interface for some
clusters in the tumor angiogenesis model, they were not significantly different from the
distribution of clusters below the interface and they were not as drastic as what we
observed in chapter 3 for the highly metastatic 344SQ cells. Thus, our system has shown
the potential to correlate to the behavior of lung adenocarcinoma cells in vivo and
demonstrates the potential for use of this model in the future to predict the metastatic
potential of cancer cells.

5.5 Conclusion
In this chapter, we have demonstrated the ability of the tumor angiogenesis model
developed in chapter 3 to support exploration of other cancer cell lines aside from 344SQ
cells. Furthermore, by incorporating a well-studied cancer cell line, we have compared
our findings with in vivo data, which supports the notion that in vitro models with
enhanced complexity compared to existing oversimplified 2D culture systems could serve
as an avenue for accurately predicting cancer cell behavior in vivo.
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6. Comparison of the Behavior of 3 Lung Carcinoma
Cell Lines in 3D PEG-based Hydrogels
In this thesis, the behavior of three different lung adenocarcinoma cell lines has
been explored in 3D in PEG hydrogels alone and in the presence of vascular cells in a
novel tumor angiogenesis model developed to study cancer cell-vascular cell interactions.
This chapter will cover a comparison of the different cell types studied and the results
observed for each cell type and a discussion of the implications of these findings for the
field of cancer research.

6.1 Overview of Cells Studied
The cells studied in this thesis include 344SQ, A549, and 393P cell lines, all of
which are lung adenocarcinoma cells. However, there are a few key differences in their
origin and genetic mutations (Table 6.1). 344SQ cells are derived from a subcutaneous
metastatic site, whereas both A549 and 393P cells are derived from a primary tumor site
[54,163]. Additional differences include that 344SQ and 393P cells are both of mouse
origin, while A549 cells are a human cancer cell line. As discussed previously in this
thesis, Kras and p53 mutations are the most common genetic mutations in human lung
cancer [153]. Both 344SQ and 393P cells are derived from mice with Kras and p53
mutations [54]. In contrast, A549 cells only harbor a Kras mutation, with normal p53
[160]. Additionally, all three cell types have been described to exhibit features of type II
alveolar epithelial cells, which are a distal lung epithelial subtype found in the lung
alveoli and that function to secrete surfactant [178]. All three cell types express surfactant
protein C, a marker of type II alveolar cells [54,179]. Additionally, A549 cells exhibit
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multilamellar cytoplasmic inclusion bodies and phospholipid synthesis, which are also
characteristics of type II alveolar cells [163].
Table 6.1. Comparison of behavior of lung adenocarcinoma cells studied. For 344SQ,
A549, and 393P cells, the cancer cell type, species of origin, mutations, epithelial subtype
they exhibit characteristics of, their 2D behavior, and their 3D behavior are described
(scale bars = 100 μm).

6.2 Cell Growth and Morphology
When cultured in 2D on tissue culture polystyrene, all three cell types grew
rapidly and over the course of culture and did not reach senescence. Additionally, they all
grew in colonies and exhibited an epithelial-like morphology (Table 6.1). When cultured
in 3D, differences in growth and morphology were observed. For 344SQ cells, growth
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arrest occurred for aggregates between days 4-6 in culture (Fig 6.1, [53]). 393P aggregate
area was not significantly different at any of the time points evaluated (days 4, 8, 12, and
16), indicating that clusters reached growth arrest very quickly in hydrogels, as the
clusters became densely cellular (Section 4.2.1). In contrast, A549 cell clusters in PEG
hydrogels grew over time, with significant increases in cluster area on day 16 (Section
5.3.1). Cell proliferation was evaluated for cells in A549 clusters over time and very few
cells were proliferative at day 16, indicating they have also likely reached the point of
growth arrest (Section 5.3.2). These findings corroborate reports in the literature that
while cancer cells in monolayer culture exhibit exponential growth, 3D cultures better
recapitulate growth dynamics of tumors in vivo, in which there is an early growth phase,
followed by a period of growth delay [169–171,180]. Additionally, the growth
characteristics for A549 compared to 344SQ and 393P cancer cells matches what has
been described previously for A549 tumors in vivo compared to other tumor cells [167].

Figure 6.1. 344SQ cell growth and lumenization in PEG hydrogels over time in
culture. 3 different PEG matrices with different stiffness were assessed for 344SQ
cluster growth and lumenization over 2 weeks of culture. Adapted from [53].
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Some lung-derived tumor cells have been shown to form aggregates that can
lumenize and polarize in 3D culture, mimicking the architecture of native lung alveoli.
Comparing the cell types used in this work for their lumenal clearing as a metric of
ability to organize and exhibit epithelial polarity in 3D, all three cell types formed
aggregates that exhibited some degree of lumenal clearing over time in culture. 344SQ
and 393P cells both formed structures with a distinct central lumens. A549 cells,
however, only exhibited minor evidence of lumenal clearing and no distinct central
lumens surrounded by a layer of organized nuclei. These differing behaviors contrast
what might be expected for these cells solely based on our knowledge of their mutations,
whereby both 344SQ and 393P cells are more mutated but exhibit a greater capacity to
organize into an epithelial phenotype in 3D culture. Thus it is evident that Kras and p53
mutations alone do not solely determine cancer cell behavior.

6.3 Angiogenic Growth Factor Secretion
The angiogenic capacity of 344SQ, A549, and 393P cells in 3D in PEG hydrogels
also varied for the different cell lines (Fig. 6.2). 344SQ cells secreted VEGF and FGFb in
the highest concentration compared to A549 and 393P cells. VEGF and FGFb are
responsible for enhancing endothelial cell migration and proliferation, indicating 344SQ
might have the capacity to stimulate more angiogenesis than A549 and 393P cells.
Interestingly, 393P cells secreted the highest concentration of PDGF-BB, indicating
vascular structures associated with these tumors might be more mature than the other two
tumor cell lines because PDGF-BB plays a role in pericyte recruitment to stabilize
nascent vessels.
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VEGF plays a very important role in tumor angiogenesis and is the most widely
studied angiogenic growth factor. Thus concentrations of VEGF in the conditioned media
of C-hydrogels were compared to those reported in the literature for tumors in vivo. A
few studies evaluated the concentration of VEGF in plasma of patients with NSCLC,
whereby the average VEGF concentrations were reported to be approximately 110 and 88
pg/mL VEGF (107 and 18 patients evaluated, respectively) [181,182]. 344SQ, 393P, and
A549 cells in C-hydrogels secreted 360 pg/mL, 250 pg/mL, 202 pg/mL VEGF into the
conditioned media on average, respectively. Thus, the VEGF concentration secreted by
NSCLC cell lines in C-hydrogels is higher than reported plasma concentrations in vivo.
Overall, however, concentrations evaluated were similar to in vivo values. Furthermore, it
has also been reported that microdialysis measurements of VEGF interstitial
concentrations in normal skeletal muscle and breast tissue were similar to plasma levels
of VEGF, indicating using plasma VEGF concentrations to estimate concentrations in
interstitial tissue is valid [183]. Lastly, in our system, VEGF concentrations were
evaluated in the conditioned media of C-hydrogels, rather than in the hydrogel. Solving
Fick’s 2nd law of diffusion, for 344SQ cells we estimated that approximately 415 pg/mL
VEGF is present around cancer clusters at the interface of V-C hydrogels (based on a
diffusion distance of 500 μm over 24 hours, diffusivity = 0.75 x 10-6 cm2/s) [184]. For
393P and A549 cells, the estimated VEGF concentration in the hydrogel is 295 pg/mL
and 245 pg/mL, respectively.
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Figure 6.2. Angiogenic growth factor secretion comparison. VEGF, PDGF-BB, and
FGFb secretion from 344SQ, A549, and 393P cells at day 16 in culture. *p < 0.05, **p <
0.01; statistical analysis was evaluated with a one-way ANOVA, followed by subsequent
Tukey’s HSD tests.

6.4 Tumor Angiogenesis Model Outcomes
Comparing the number of vessel cell-cancer cell interactions in V-C hydrogels in
the tumor angiogenesis model, 344SQ had the highest number of interactions compared
to A549 and 393P cells, though this difference did not achieve statistical significance
(Fig. 6.3). This observation, though, correlates to the higher VEGF and FGFb
concentrations secreted by 344SQ cells.

Figure 6.3. Comparison of the number of vessel cell-cancer cell interactions in V-C
hydrogels for 344SQ, A549, and 393P cells. No statistically significant differences were
observed as determined by a one-way ANOVA with p < 0.05.
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When looking at overall changes in cancer cluster morphology in V-C hydrogels
for 344SQ, A549, and 393P cells, it was evident that only 344SQ clusters exhibited a
significant difference in distribution of both cluster area and circularity at the hydrogel
interface (Section 3.3.6). This same trend was not evident for A549 or 393P cell clusters
(Sections 4.3.3 and 5.3.4). Additionally for 344SQ clusters, there was a population of
clusters at the hydrogel interface that exhibited both large area and low circularity (area >
5,000 μm2, circularity < 0.25, Fig. 6.4). For 393P cells in V-C hydrogels, no clusters with
large area and low circularity were observed at the interface. However, some
morphological changes were observed for 393P cells interacting with vascular cells. It
was evident that large, invasive clusters were observed in the (0,105) hydrogel region for
393P clusters in V-C hydrogels, but these cluster morphological changes were not as
drastic as were observed for 344SQ cells. This finding is not surprising for 393P cell
clusters, as they have been described as only undergoing partial EMT after 7 days of
exposure to TGF-β1, which was contrast to 344SQ cells that underwent a full EMT under
the same conditions within 2 days [54]. Thus this inability to fully undergo EMT could
contribute to preventing 393P cluster morphological changes that could result due to the
presence of TGF-β1 secreted by vascular cells in the tumor angiogenesis model.
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Figure 6.4. Cluster area versus cluster circularity plotted for the interface region of
all 3 cell types studied: 344SQ, 393P, and A549. (344SQ – blue X; 393P – red cross;
A549 – black circle).
Very few clusters with high area and low circularity at the interface occurred for
A549 V-C hydrogels (Fig. 6.4). One factor to note for A549 cells is that fewer overall
clusters were analyzed in A549 V-C hydrogels (739 344SQ clusters versus 379 A549
clusters). However, large, invasive A549 clusters at the interface were all below 10,000
μm2 in size, whereas for 344SQ cells, several clusters exhibited area greater than 15,000
μm2. Thus it seems that regardless of cluster density differences, changes in 344SQ
clusters in the V-C hydrogel were more drastic than that of A549 cells. Additionally,
when the number of large, invasive (area > 5,000 μm2, circularity < 0.25) clusters was
normalized to overall number of clusters at the interface for 344SQ, 393P, and A549
cells, it was evident that 13%, 1%, and 6% of clusters were large and invasive,
respectively, which correlates well with metastatic capacity.
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Overall, these differential findings in the tumor angiogenesis model correlated to
the origin of the tumor (metastatic lesion-derived 344SQ cells versus primary tumorderived 393P and A549 cells) as well as in some regard to the metastatic potential of
these cells (344SQ have been described as widely metastatic versus A549 and 393P cells
as having less of a potential to metastasize) [54,177].

6.5 Conclusions
In conclusion, differing behaviors of lung adenocarcinoma cell lines in 3D in PEG
hydrogels were observed and correlated to tumor origin, mutations, and previous in vitro
and in vivo findings. Future work with these cells could further parse out differences in
EMT behavior and correlate these findings to vascularization of these cells in vivo.
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7. Conclusions and Future Directions
7.1 Concluding Remarks
The work presented in this dissertation demonstrates the development and use of a
tissue engineered tumor angiogenesis model that incorporates cancer cells with vascular
cells and recapitulates key aspects of the tumor angiogenesis process. Such a model
provides cancer researchers with better tools to advance our understanding of the tumor
microenvironment and the role of the vasculature in tumor progression. The design of this
model also readily facilitates further customization of matrix mechanics and
biochemistry, thus facilitating controlled exploration of other potentially critical aspects
of tumor progression. These types of studies will lead to identification of novel targets for
cancer therapy and ultimately impact the way cancer is studied and treated.

7.2 Future Research Directions
There are many potential future applications of the tumor angiogenesis model
developed in this dissertation. This dissertation has demonstrated successful
implementation of the model as a tool to study cancer progression and tumor
vascularization. In this section, aspects of the model that could be enhanced to better
recapitulate in vivo tumor behavior is discussed first. Then, new applications for using
this model to both study cancer and in clinical applications as a screening and prediction
tool will be explored.
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7.2.1 Enhancing the Tumor Angiogenesis Model
7.2.1.1 Cells Incorporated into the Model

In order to improve the current tumor angiogenesis model, incorporation of
primary microvascular endothelial cells, rather than venous-derived cells, could be
implemented. HUVEC were chosen as the cell source due to their widespread use and
ease in formation of vascular networks as demonstrated previously in PEG-based
hydrogels [79]. Incorporation of vascular cells specific to the disease tissue of interest,
such as including both lung-derived endothelial cells and pericytes for lung cancer
studies, would also ensure that cell-cell interactions that occur in the model best mimic
interactions as they occur in vivo.
The cellular composition of a tumor is heterogeneous and comprised of many
other cell types aside from cancer cells and vascular cells. One cell type of particular
interest in cancer research is tumor-associated macrophages (TAM). TAM have been
reported to be associated with tumors at all stages of tumor progression and play many
tumor-promoting roles in the tumor microenvironment, such as stimulating angiogenesis,
promoting invasion, intravasation, extravasation, and immunosuppression [185]. Due to
the diverse set of roles these cells play, they are currently being investigated as a target
for cancer therapy [185]. A pilot study was employed to study the co-culture of
macrophages with 344SQ lung adenocarcinoma cells in PEG hydrogels (Fig. 7.1). 344SQ
formed spherical clusters in the presence of macrophages and macrophages were present
as single, round cells throughout the study. No changes in macrophage or 344SQ cluster
morphology were observed. In spite of the lack of cell behavior changes, overall this
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study demonstrates the feasibility of co-culturing macrophages and 344SQ lung
adenocarcinoma cells together. Future work for this project could include stimulation of
macrophages to an M1 or M2 phenotype prior to incorporation into the co-culture model
to assess whether either of these macrophage phenotypes leads to a change in 344SQ cell
behavior.

Figure 7.1. 344SQ cell co-culture with macrophages. Day 3 images of 344SQ alone in
PEG hydrogels (left), macrophages alone in PEG hydrogels (middle, and the co-culture
of 344SQ co-cultured with macrophages (right), scale bars = 100 μm.
Cancer-associated fibroblasts (CAF) have also been identified as an important cell
type in the tumor microenvironment as they have been shown to participate in many
processes, including growth, angiogenesis, inflammation, and metastasis [186]. As
discussed in chapter 1, many existing tumor angiogenesis models have incorporated
fibroblasts as a necessary component to support endothelial cell invasion and
angiogenesis and have suggested they provide proangiogenic stimuli as a key component
of this role [91,92,98,99,101]. Thus incorporation of CAF into the tumor angiogenesis
model designed in this thesis would allow for better recapitulation of the complex tumor
microenvironment found in vivo.
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7.2.2 New Applications for the Tumor Angiogenesis Model
7.2.2.1 Evaluation of Vascular Network Changes

This work focused primarily on the role vascular cells play in tumor progression
in lung adenocarcinoma. Future work could explore whether angiogenic growth factors
or other signals from cancer cell clusters have an effect on vascular cells in the tumor
angiogenesis model. Some preliminary work towards this end was completed. Vascular
parameters were evaluated for V-C as well as V-B control hydrogels for 344SQ cells and
A549 cells. Vascular network parameters evaluated were total tubule length, number of
branch points, and average tubule thickness. Networks were evaluated adjacent to the
hydrogel interface as well in the vascular hydrogel region furthest from the interface in
order to determine if there were local changes in network parameters based on distance to
nearest cancer cells (Fig. 7.2). Alexafluor 488-PEG-RGDS was used to determine the
location of the interface.

Figure 7.2. Schematic depicting two regions of the tumor angiogenesis model
evaluated for vessel parameters for both V-C and V-B hydrogels (far from the
interface and at the interface).
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For 344SQ cells, total tubule length per image was significantly lower in V-C
hydrogels compared to V-B hydrogels at the interface (4079 ± 1508 μm versus 9904 ±
2462 μm, respectively; Fig. 7.3). Total tubule length far from the interface (6282 ± 1266
μm) was not significantly different from at the interface for V-C hydrogels or V-B
hydrogels. However, total tubule length for V-B hydrogels far from the interface (4567 ±
815 μm) was significantly lower compared to the same group at the interface. The
number of branch points was not significantly different for V-C and V-B hydrogels at the
interface (83 ± 32 versus 233 ± 61). The same trend also followed for branch points as
did for tubule length, whereby the number of branch points for V-B hydrogels far from
the interface (108 ± 33) was significantly lower compared to the same group at the
interface. Average tubule thickness was also not significantly different for any groups
evaluated (V-C interface: 9.8 ± 2.2; V-B interface: 10.9 ± 0.2 μm; V-C far from interface:
10.3 ± 0.4; V-B far from interface: 8.9 ± 0.3 μm).
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Figure 7.3. Vessel parameter quantification for 344SQ in tumor angiogenesis model.
(a) Representative images of tubules in V-C and V-B hydrogels at the interface and far
from the interface (cyan – VE-cadherin, blue – DAPI; scale bar = 100 μm);
Quantification of (b) total tubule length, (c) number of branch points, and (d) average
tubule thickness for tubule networks in V-C and V-B hydrogels both far from and at the
interface (black – at the interface; gray – far from the interface; groups with different
letters are significantly different from each other at p < 0.05 as determined by an
ANOVA and subsequent Tukey’s HSD tests).
For A549 cells, total tubule length per image was also significantly lower in V-C
hydrogels compared to V-B hydrogels at the interface (5915 ± 549 μm versus 9904 ±
2462 μm, respectively; Fig. 7.3). Total tubule length far from the interface was lower
than at the interface for both V-C and V-B hydrogels (3018 ± 1021 μm and 4567 ± 815
μm, respectively). Number of branch points was not significantly different for V-C and
V-B hydrogels at the interface (176 ± 18 versus 233 ± 61). Again, number of branch
points was lower further from the interface for both V-C and V-B hydrogels (67 ± 21
versus 108 ± 33). Average tubule thickness was also not significantly different for V-C
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and V-B hydrogels (10.5 ± 0.7 versus 10.9 ± 0.2 μm) and again average tubule thickness
was lower further from the interface compared to at the interface (9.3 ± 0.2 V-C versus
8.9 ± 0.3 μm V-B), but the average values were all between 8 and 11 μm, which is not a
large difference.

Figure 7.4. Vessel parameter quantification for A549 in tumor angiogenesis model.
(a) Representative images of tubules in V-C and V-B hydrogels at the interface and far
from the interface (cyan – VE-cadherin, blue – DAPI; scale bar = 100 μm);
Quantification of (b) total tubule length, (c) number of branch points, and (d) average
tubule thickness for tubule networks in V-C and V-B hydrogels both far from and at the
interface (black – at the interface; gray – far from the interface; groups with different
letters are significantly different from each other at p < 0.05 as determined by an
ANOVA and subsequent Tukey’s HSD tests).
For tumor angiogenesis model studies with both 344SQ and A549 cells, at the
interface, total tubule length was lower for V-C hydrogels as compared to V-B hydrogels.
It has been reported in the literature that addition of VEGF or VEGF and FGFb to
HUVEC seeded on polyacrylamide hydrogels led to inhibition of network formation,
which was found to be due to an increase in cell migration [187]. The growth factor
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concentration experienced by vascular cells in the interface region of the hydrogel is
likely the highest as they are the closest to cancer spheroids. Thus this increased growth
factor concentration could play a role in the lower total tubule length observed in V-C
hydrogels at the interface. Additionally, vessel structures associated with tumors have
been reported to be irregular and characterized by non-contiguous structures that are
tortuous [8]. Even though the structures analyzed here are not within the cancer clusters,
the postulated high concentration of angiogenic growth factors in this region of the
hydrogel could still contribute to more rapid vascular network formation that is less
mature in structure as compared to the control hydrogels.
Another interesting finding was that total tubule length and number of branch
points for 344SQ V-C hydrogels far from the interface was not significantly different
from V-B hydrogels at the interface. The same did not hold true for A549 V-C hydrogels
far from the interface, where total tubule length and number of branch points were both
significantly lower. When comparing these findings to angiogenic growth factor secretion
from 344SQ and A549 cells in C-hydrogels as discussed in chapter 6, it is evident that
344SQ secreted a higher concentration of VEGF, PDGF-BB, and FGFb compared to
A549. This finding indicates that soluble angiogenic growth factors secreted in the
conditioned media by 344SQ potentially impacted vascular structures throughout the
hydrogel. While this may seem contrary to inhibitory effect of angiogenic growth factors
described above, the concentration of VEGF experienced by the cells is likely higher at
the interface compared to far from it in the tumor angiogenesis model due to proximity to
cancer cells.
149

Overall, due to the differences in vascular cell network properties at the interface
compared to far from the interface for both the control and experimental groups in the
tumor angiogenesis model, as well as the decrease in vascular network parameters in the
V-C hydrogels for both 344SQ and A549 cells compared to V-B hydrogels, more
research would need to be done to fully understand the vascular network changes
occurring as a result of the presence of cancer cells in the tumor angiogenesis model. A
proposed additional parameter to explore is distance to the nearest cancer structure
correlated to vascular network parameters to identify if proximity to cancer structure has
an impact on the resulting findings in the model.
7.2.2.2 Studying the Role of the Extracellular Matrix

The microenvironment surrounding a tumor has been shown to play an important
role in tumor progression. Enhanced deposition of ECM proteins around solid tumors has
been widely reported [188,189]. Additionally, cells participate in ECM remodeling when
undergoing EMT, which has been shown to include secretion of fibronectin and laminin
to support migration and degradation of collagen IV to support invasion [190]. Previous
work in the West lab has explored ECM deposition from 344SQ cells in 3D PEG
hydrogels when they undergo EMT [190]. Collagen IV basement membrane deposition
was disrupted following TGF-β1 treatment and changes in membrane deposition were
reversed with TGF- β1 inhibition (Fig. 7.5).
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Figure 7.5. Collagen IV deposition from 344SQ cells in 3D with TGF-β1 treatment.
344SQ were cultured in the presence or absence of TGF-β1 or a TGF-β1 inhibitor and
stained with collagen IV (a-c; cyan- DAPI; yellow – phalloidin; red – collagen IV; scale
bar = 50 μm). (d and e) Quantification of collagen IV deposition comparing the outer to
inner radial sections of 344SQ clusters. Adapted from [190].
Analysis of fibronectin and laminin deposition was also performed and while the
organization of both ECM proteins remained the same following TGF-β1 exposure, there
was an increase in both fibronectin and laminin deposition (Fig. 7.6). Similar analysis
could be performed on cancer clusters within the tumor angiogenesis model developed in
this thesis to better understand whether matrix organizational changes are occurring
around large, invasive cancer clusters. For example, many studies have reported
alignment of collagen fibers perpendicular to the tumor margin and at the leading edge of
invasive breast cancers [188,191]. Thus future work could include assessing collagen
fiber orientation around invasive versus non-invasive clusters in the tumor angiogenesis
model.
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Figure 7.6. Fibronectin and laminin deposition from 344SQ cells in 3D with TGF-β1
treatment. Cyan – DAPI; red – phalloidin; green – fibronectin or laminin; scale bar = 50
μm. Adapted from [190].
Previous work in the West lab has also explored ECM protein deposition around
vascular networks in PEG hydrogels (Fig. 7.7, [79]). Immunostaining for collagen type
IV and laminin, which are major components of the basement membrane of vasculature,
revealed positive staining for both ECM proteins that was localized around cell-formed
networks [79]. Thus future work with the tumor angiogenesis model developed in this
thesis could include studying changes in basement membrane protein deposition of
vascular cells based on their proximity to cancer cells.
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Figure 7.7. Collagen type IV and laminin secreted by HUVEC and pericyte cells
encapsulated in PEG hydrogels. Day 6 in culture (Red – CD31; green – collagen IV
(left) and laminin (right); scale bars = 50 μm). Adapted from [79].
7.2.2.3 Studying Other Cancer Cell Types

All of the work in this thesis was focused on studying lung adenocarcinoma cell
lines in the tumor angiogenesis model. Future work should explore different cancer cell
types to confirm applicability of this model to cancer research in general. Many research
groups have studied breast cancer cell lines in 3D culture [37,51]. Thus, exploring the
response of a range of well-characterized breast cancer cell lines with varying metastatic
capacities to the presence of vasculature would provide a confirmation that responses in
the tumor angiogenesis model developed in this thesis correlates to metastatic capacity
for a range of cancer types.
7.2.2.4 Screening Therapeutics and Predicting Patient Outcomes

This model also has potential for widespread applicability in preclinical
applications and clinical applications, such as screening potential therapeutics and
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predicting patient outcomes. Research has shown the differences in cancer cell behavior
and response to therapeutics in 2D and 3D culture [45–47][35,41]. Furthermore, despite
preclinical success of many anti-angiogenesis therapeutics to date, many of these
therapies have not been efficacious clinically [7–10]. Use of this tumor angiogenesis
model that has been demonstrated to support cancer cell-vascular cell interactions and
behaviors indicative of EMT in cancer cells would be beneficial for testing potential
EMT-inhibitory and anti-angiogenesis therapeutics.
Another promising application for this tumor angiogenesis model is to use it as a
screening tool for patient-specific cells from biopsies. Assessing tumor vascularization,
as well as tumor morphological changes could help to predict tumor aggressiveness.
Additionally, due to patient-to-patient variability in cancer behavior and response to
therapeutics, incorporation of patient-specific cells into a model for testing therapeutic
efficacy of approved drugs prior to initiating treatment would have tremendous clinical
impact.

7.3 Overall Summary
In this thesis, we have demonstrated the development of a novel tumor
angiogenesis model in a fully 3D, synthetic hydrogel system with physiologically
relevant spatial localization of cancer cells and vascular cells. This system was used to
study the impact of vascular cells on tumor progression and explore differences in the
behavior of three lung adenocarcinoma cell lines with different metastatic capacities in
the presence of vascular cells. Findings in this model thus advance our knowledge of
tumor progression and validate the use of in vitro models that better recapitulate the
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tumor microenvironment for predicting cancer cell behavior in vivo. This thesis has also
provided cancer researchers with a new tool that supports controlled experimentation that
would be useful in research focused on identifying key promoters of tumor progression
that may also lead to the discovery of novel therapeutic targets. As described in this
chapter, this model could also serve as a better in vitro system than 2D monolayer
cultures to test potential drug candidates. To conclude, the many potential future
applications of the tumor angiogenesis model developed in this thesis and the findings
reported in this dissertation have widespread impact on cancer research now and in the
future.
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Appendix A
Supplementary Methods
Sigmacote Treatment of Glass Slides
In order to create a hydrophobic surface to repel PEG during polymerization,
glass slides were treated with Sigmacote (Sigma). In brief, glass slides were washed with
DI water and rinsed with acetone to clean. After allowing slides to dry, they were then
submerged in Sigmacote, which was followed immediately by rinsing with 70% ethanol,
and wiping to dry. Submersion, rinsing, and drying was repeated 5 times for each slide.

Modification of Glass with Methacrylate Groups
Cover slips were cleaned in Piranha solution (H2SO4 and H2O2) for 1 hr, followed
by rinsing with water and then ethanol. Methacrylation was then performed via treatment
with 2% 3-(trimethoxysilyl)propyl methacrylate in ethanol for 3 days. Coverglass were
then washed with ethanol, and baked for 1 hr at 60℃.

Production of PDMS Spacers and Wells
Elastomer base and elastomer curing agent (Dow Corning) were mixed together
in a 10:1 ratio (base:curing agent). The solution was degassed to remove bubbles and
then pipetted between 2 Sigmacote-treated glass slides with a Teflon spacer to create a
polydimethylsiloxane (PDMS) slab of desired thickness. The solution was then baked
overnight at 60℃. Following curing, the slab was removed from the glass slides. Spacers
were created by cutting strips from the slab and wells were created using a circular metal
punch with 3.8 mm inner diameter.
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Cytotoxicity Assessment of 344SQ Cells
In order to ensure the 50 s polymerization time of the cancer hydrogel layer in the
tumor angiogenesis model did not negatively affect 344SQ cell viability, B-C hydrogels
were fabricated. After 48 hr in culture, media was removed and cell-laden hydrogels were
incubated in Live/Dead staining solution (ThermoFisher Scientific) prepared according to
manufacturer’s instructions for 50 min. Immediately following staining, imaging was
performed on a Zeiss LSM 510 inverted confocal microscope.
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