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Abstract

Development of novel oncology therapeutics is limited by a lack of accurate pre-clinical
models for testing, specifically the inability of traditional 2D culture to accurately mimic in vivo
tumors. Neuroblastoma (NB) is a heterogeneous tumor, that in high-risk patients exhibits a 5-year
event free survival rate of less than 50%. As such, there is a clinical need for development of novel
systems that can mimic the tumor microenvironment and allow for increased understanding of
critical pathways as well as be used for preclinical therapeutic testing. In this thesis, lyophilized
silk fibroin scaffolds were used to develop 3D neuroblastoma models (scaffolded NB) using
multiple neuroblastoma cell lines. Cells grown on scaffolds in low (1%) and ambient (21%)
oxygen were compared to traditional 2D (monolayer) cell culture using oxygen-controlled
incubators. We hypothesized that scaffolded growth would promote changes in gene expression,
cytokine secretion, and therapeutic efficacy both dependent and independent of hypoxia.
Monolayer culturing in low oxygen exhibited increased expression of hypoxia related genes such
as VEGF, CAIX, and GLUTL1, while scaffolded NB exhibited increased expression of hypoxia
related genes under both low and ambient oxygen conditions. Pimonidazole staining (hypoxia
marker) confirmed the presence of hypoxic regions in the scaffolded NB. Cytokine secretion in
monolayer and scaffolded NB suggested differential secretion of cytokines due to both oxygen
concentrations (e.g. VEGF, CCL3, uPAR) and 3D culture (e.g. IL-8, GM-CSF, ITAC).
Additionally, treatment with etoposide, a standard chemotherapeutic, demonstrated a reduced
response in scaffolded culture as compared to monolayer culture regardless of oxygen
concentration. However, use of a hypoxia activated therapeutic, tirapazamine exhibited response
in low oxygen monolayer culture as well as scaffolded culture in both low and ambient oxygen.
To further expand this model into a single culture system capable of generating cell driven oxygen
gradients, a stacked culture system was developed. NB scaffolds were stacked using a holder
designed based on COMSOL modeling of oxygen tension in the medium. Post-culture, the
scaffolds can be separated for analysis on a layer-by-layer basis. Analysis of scaffolds
demonstrated a decrease in dsDNA and an increase in hypoxia related genes (VEGF, CAIX, and
GLUT1) at the interior of the stack, comparable to that of the scaffolded low oxygen culture.
Scaffolds on the periphery of the stack retained gene expression levels similar to that of scaffolded
ambient oxygen culture. COMSOL modeling of stacks suggests oxygen gradients present
throughout the tumor model similar to that of an in vivo tumor. Gradients of oxygen were
confirmed through positive pimonidazole staining. In summary, we developed a system capable
of altering critical oxygen-dependent and independent pathways through controlled oxygen levels
and 3D culturing. Further, we enhanced this system through the design of a culture system capable
of controlling cell driven hypoxic microenvironments to mimic that of an in vivo tumor. This
system has the potential to be applied to multiple cancer types, allowing for understanding of key
pathway changes and better development of therapeutics.
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Chapter 1: Overview

1.1. Introduction

Despite advances in understanding critical oncologic pathways, development of effective
therapeutics remains a challenge. Treatment of heterogeneous and orphan cancers, such as
neuroblastoma, is particularly difficult in part due to the lack of effective preclinical models for
testing [1-3]. Therapeutics are typically tested on cells attached to polystyrene dishes and grown
in 2D (monolayer cells) [4]. These cells lack critical microenvironment features and cell-cell
signaling present in vivo [5-8]. Thus, 3D modeling has become a mechanism to bridge the gap

between in vitro culture and in vivo systems.

One relevant tumor microenvironment feature is gradients of oxygen, which result in a

hypoxic (<2% O3) core within the tumor (Figure 1.1) [9-11]. Regions of hypoxia are a major

Hypoxia
Lack of nutrients
Low pH

Figure 1.1. Schematic of gradients within a
tumor.

Tumor cells further from vasculature
demonstrated increased levels of hypoxia,
lack of nutrients, and low pH. Tumor cells
adjacent to vasculature demonstrate sufficient
oxygenation, nutrients, and a normal pH.

Oxygen
Nutrients
Normal pH

feature of advanced cancer that influences both the tumor cells and the surrounding cells within
the microenvironment [12-15]. Hypoxia initiates a number of pathway effects within tumors,
leading to the promotion of aggressive, malignant tumor cells [9, 11, 12, 14, 16-20]. The hypoxic
response is mainly attributed to hypoxia-inducible factors (HIFs). HIFs consist of three

transcription factors, HIF1, HIF2, and HIF3 [21, 22]. Tumor cells, as well as the surrounding tumor
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microenvironment, are susceptible to HIF-driven transcriptional responses (Figure 1.2.) . In
addition, the presence of hypoxia promotes an alternate (glycolytic) metabolism, as well as ECM
remodeling to support metastases and vascularization [10, 13, 20, 22, 23]. Clinically, hypoxia has
been linked to poor prognosis and resistance to therapeutics [9, 12, 19, 20, 24]. Thus, there is a

need to develop in vitro systems to accurately mimic in vivo tumor hypoxia.

Ambient Oxygen Hypoxia

| ——> e
Cytosol
: \ /

Nucleus

OH(P584) ¥ OH(P402)

pH Regulation
Angiogenesis
Glucose Metabolism

Proteasomal '
Degradation

Hypoxia Inducible Factor (HIF)  Histone acetyltransferase p300 (p300)  Hypoxia responsive element (HRE)
Von-Hippel Lindau (VHL) cAMP-response element-binding protein (CBP)

Figure 1.2. Hypoxic pathway in cancer cells.

Under normoxic conditions, HIF 1a is hydroxylated at proline residues 402 and 564 by proplyl
hydroxylase domain containing proteins PHD1-3. HIF 1o then binds to VHL at these
domainsleading to ubiquitination and proteosomal degradation within the cytosol. However, under
hypoxia conditions this hydroxylation and degradation are impaired due to lack of oxygen. HIF 1a
does not bind to VHL and instead it translocates to and accumulates in the nucleus. It then
heterodimerizes with HIF 1, recruits coactivators such as CBP/P300 and binds to the core DNA
sequence RCTCG at hypoxia-responsive elements (HRES) in target genes. This leads to
transcriptional induction of target genes.
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Currently, many 3D culture systems have been employed to achieve more physiologically
relevant tumor models. The most common 3D model is cells grown as spheroids, or aggregates of
cells. These models have a critical size of approximately 400 pum and are able to partially
recapitulate the in vivo microenvironment [7, 25-29]. However, spheroids are size limited (400
pum), are difficult to generate in a uniform size, and drug treating and changing the medium are
challenging [30, 31]. An alternative to spheroids is tissue engineered scaffolded cultures.
Scaffolding may act as a substitute for tumor ECM, providing physical support for the tumor cells

and controlling spatial distribution.

Scaffold-based approaches consist primarily of natural and synthetic polymers. Natural
polymers include collagen (and other ECM components), chitosan, proteoglycans, fibrin, agarose,
and alginate [32-38]. As compared to synthetic polymers, they exhibit higher biocompatibility and
lower toxicity. Additionally, scaffold materials may be bioactive. This can enhance cell
proliferation and adhesion but can also influence cell morphology and pathway expression.
Synthetic polymers, such as polyesters, polyglycolic acid, polylactic acid, and their respective
copolymers/blends are advantageous as they are highly versatile, reproducible, and easier to
process [39-41]. A wide variety of techniques can be used to process scaffold materials. These
include freeze-drying (lyophilization), solvent casting/particle leaching, electrospinning, phase
inversion, stereolithography, and 3D printing [42-45]. Many of these processes are limited due to

the use of toxic solvents and batch-batch variability.

Silk fibroin is a natural biomaterial capable of being processed in an entirely aqueous method
to generate porous 3D scaffolds [46-48]. It has been demonstrated to be biocompatible, have
limited immunogenicity, and be stable at a wide range of temperatures and pH [46-49]. There are

many different methods of fabricating silk into porous scaffolds. The most common include salt-
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leaching and lyophilization [48]. Salt-leaching involves mixing of silk solution with salt particles
of a specific diameter. The salt content causes the silk to gel resulting in a water-stable porous
material. These scaffolds create highly interconnected pores with pore size determined by the salt
particle diameter. However, the minimum pore size for salt leached scaffolds is approximately 250
pm, which makes fabrication of thin (200 um), mechanically stable scaffolds difficult.
Lyophilization of silk fibroin creates a stable porous sponge-like scaffold, with an average pore
size of 70-90 um. Pores exhibit a honey-comb like structure with large enough pores to facilitate
cell-cell interactions, but small enough pores to fabricate thin, stable materials. These scaffolds
have been used both in vitro and in vivo for disease modeling and tissue engineering [46-49]. Cells
can grow on silk scaffolds and within the porous structure without the incorporation of ECM
components [46, 49-52]. However, analysis of potential hypoxic regions within silk scaffolds has

not been examined, particularly for the use of engineering tumor microenvironments.

1.2. Overall goal and hypothesis

The overall goal of this project was to develop a culture system for 3D growth of
neuroblastoma capable of characterizing different levels of the tumor microenvironment,

specifically cell driven hypoxic gradients.

We hypothesize that 3D culture of neuroblastoma will induce expression of hypoxia-related

genes and cytokines, as well as promote resistance to cytotoxic chemotherapeutics.

To test this hypothesis and develop this culture system, this dissertation was separated into
two specific aims. We investigated the role of hypoxia and 3D culture on NB gene expression,
cytokine secretion, and therapeutic efficacy in Specific Aim 1. Using low oxygen incubators and

modeling of oxygen gradients we were able to elucidate whether changes were driven by hypoxia
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and 3D culture. In Specific Aim 2, we developed a culture system capable of controlling oxygen
gradients by stacking scaffolds seeded with NB cells. The expected outcome of this dissertation
was the identification of a system to determine changes in genes and cytokines induced in 3D
growth and/or hypoxia, and the fabrication of a culture system capable of capturing multiple levels

of tumor hypoxia in a single culture.

1.3. Specific Aim 1: Evaluate the impact scaffolded NB growth and hypoxia on relevant
gene expression, cytokine secretion, and drug sensitivity.

A significant challenge in understanding cancer-relevant pathways and developing effective
therapeutics is generating effective tumor model systems. The goal of this aim was to develop a
model system that could elucidate the effects of scaffolded growth and hypoxia on NB gene
expression, cytokine secretion, and therapeutic response. In Chapter 3 of this thesis, we analyzed
the effects of scaffolded growth and hypoxia on NB cell lines. Cells were grown in lyophilized
silk scaffolds with a thickness of 200 pum at 21% (ambient) or 1% (low) oxygen. Scaffolded NB
cells were compared to cells grown in traditional monolayer culture at ambient and low oxygen.
Cells grown on silk scaffolds demonstrated upregulation of hypoxic markers as compared to
monolayer cells grown in ambient oxygen. COMSOL modeling and use of hypoxic stain
pimonidazole confirmed the presence of hypoxic regions within the scaffolds. Comparison of cells
grown in low oxygen, scaffolds grown in low oxygen, and scaffolds grown in ambient oxygen
allowed for the elucidation of whether critical changes were due to hypoxia or to scaffolded
culture. Analysis of cytokine secretion demonstrated differential secretion profiles based on
scaffolded growth and hypoxia. Hypoxia (both from scaffolded growth and low oxygen
incubators) demonstrated upregulation of angiogenic and proinflammatory cytokines. A subset of
cytokines, including IL-8, GM-CSF, and ITAC, demonstrated increased secretion only in

scaffolded culture, suggesting changes specific to scaffolded growth. These secretion changes
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were confirmed through a combination of PCR and ELISA assays. Treatment with clinically used
chemotherapeutic etoposide demonstrated enhanced resistance in scaffolded culture. No
significant differences were observed in monolayer culture in the presence of hypoxia, suggesting
that scaffolded culturing was the primary driver of resistance. When treated with the hypoxia-
activated therapeutic tirapazamine, monolayer low oxygen culture, and scaffolded culture in low
and ambient oxygen demonstrated a significant increase in cell response as compared to monolayer
ambient oxygen culture. This suggests that therapeutic efficacy has differential effects based on
culture conditions. Taken together, these data demonstrate the ability to modify NB culture
conditions by employing hypoxia and scaffolds to more closely mimic that of an in vivo tumor.
Ultimately, we anticipate that we can strategically use these culture methods to better understand

NB pathways and better evaluate therapeutic efficacy.

1.4. Specific Aim 2: Design, fabricate, and evaluate a culture system capable of controllable
cell driven microenvironments.

In vivo tumors express a range of oxygen gradients dependent on the distance between tumor
cells and supplies of oxygen and nutrients. These cell-driven gradients are important to the tumor
microenvironment as they drive critical pathways and can promote therapeutic resistance,
metastasis, and overall malignancy. Development of in vitro models capable of generating these
gradients remains a challenge. Scaffold are frequently limited by infiltration of cells (particularly
for thicker scaffolds), while solid spheroid models are heterogeneous in size, difficult to control,
and frequently exhibit necrotic centers. In Chapter 4 of this thesis, we designed, fabricated, and
evaluated a culture system capable of controllable cell driven microenvironments. Due to
limitations in scaffold thickness, we determined that stacking of scaffolds was necessary to create
cell-driven microenvironments. COMSOL modeling was used to identify scaffold holder

parameters based on rate of oxygen diffusion to the cells to allow for generation of hypoxic
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gradients within stacks. Further, using COMSOL, we identified a minimum stack thickness (4
scaffolds) capable of differential oxygen levels throughout the layers of scaffolds. Hematoxylin
and eosin staining of stacks demonstrated presence of cells throughout the stacked scaffolds.
Analysis of DNA content demonstrated reduced dsDNA within the interior of the stack, similar to
that of single scaffolds grown in low oxygen. Expression of hypoxia-driven genes in stacks were
compared to cells grown in single scaffolds under ambient and low oxygen conditions. Scaffolds
on the exterior of the stack demonstrated comparable expression of hypoxic markers to single
scaffolds grown in ambient oxygen. Scaffolds at the interior of the stack demonstrated an up
regulation of hypoxic markers, consistent with that of single scaffolds grown in low oxygen.
Immunofluorescence staining for hypoxia (pimonidazole) confirmed a gradient of oxygen within
the stacked scaffolds. These data demonstrate that stacked scaffolds experience different levels of
hypoxia regulation in each layer due to cell-driven microenvironment changes. These changes are
analogous to changes observed in in vivo tumors, suggesting that this culture system may provide

new insight into clinically relevant pathway changes and responses to therapeutics.
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Chapter 2: Background

2.1. Need for a more accurate preclinical neuroblastoma model

Neuroblastoma (NB) is the most common extracranial childhood tumor, accounting for
approximately 15% of all childhood cancer deaths [1-3]. Nearly half of all patients are classified
as having high-risk disease, portending poor long-term survival despite multimodal treatment [4].
NB is a disease of the sympaticoadrenal lineage of the neural crest, with tumors forming anywhere
in the sympathetic nervous system. Tumors most commonly arise in the abdomen (65%), however
they also occur in the neck, chest, and pelvis. Approximately 50% of patients present with evidence
of metastasis [5, 6]. Frequent metastasis sites include cortical bone, bone marrow, liver, and lymph
nodes [5, 6]. The disease exhibits a broad range of clinical behaviors, making treatment difficult,
particularly for high-risk patients [1, 4]. While NB typically occurs in children who do not have a
family history of the disease, there are some genetic changes frequently associated with the disease
[7]. The most commonly genetic change is MYCN amplification, occurring in approximately 20%
of patients, which strongly correlated with advanced stage NB [8, 9]. In addition, deletions of the
short arm of chromosome 1 (1p) are found in 25-35% of patients and can be correlated with MYCN
amplification [10-12]. Outside of MYC linked changes, allelic loss of 11q is present in 35-45% of

patients and is also associated with high-risk disease features [13, 14].

Treatment strategies for NB are guided by the staging and risk level of the disease. In low
risk patients, surgery is frequently curative. Should recurrence of NB occur, it is usually local to
the original tumor site and can be managed surgically [14, 15]. Use of cytotoxic therapies is
typically avoided due to the high amount of long-term complications [16]. Treatment for patients
with intermediate or high-risk NB consists of a multimodal approach including surgical resection,

chemotherapy, and radiation [4]. Therapy for high-risk NB begins with resection of the primary
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tumor coupled with chemotherapy and radiation to manage the tumor size and facilitate resection
[17, 18]. However, if the tumor is too large for surgical resection, an initial induction treatment
with chemotherapy is utilized to shrink the tumor. Chemotherapies typically used include
doxorubicin, vincristine, cisplatin, etoposide, and cyclophosphamide [19]. In addition, stem cell
rescue can be used during the consolidation part of the therapeutic regime after high-dose

chemotherapy to Kill the cells within the bone marrow [20].

There are many therapeutics currently undergoing preclinical development or in clinical
trials for NB including: cytotoxic agents such as topoisomerase 1 inhibitors, radionuclides,
retinoids, angiogenesis inhibitors, and tyrosine kinase inhibitors [21-26]. Recently,
immunotherapy has emerged as a promising therapy to improve outcomes in patients with
advanced stage NB, specifically targeting the highly expressed disialoganglioside GD2. Currently,
monoclonal antibodies for GD2 have been clinically approved for therapy in combination with
GM-CSF, IL-2, and 13-cis-retinoic acid, while other forms of immunotherapy (e.g. T-cell) are still
under development [27-29]. Despite the emergence of novel treatment strategies including

immunotherapeutics, the prognosis for high-risk patients remains poor.

NB is a heterogeneous cancer, with few distinct subtypes and many different clinical
presentations [30]. Development of effective therapeutics is dependent on understanding tumor
heterogeneity and the ability to accurately test therapies in a preclinical setting. Preclinical models
typically use developed environments (murine or in vitro) to assess how a tumor will respond to
therapeutics. The high degree of heterogeneity, lack of a consistent genetic marker, and range of
prognosis (dependent on stage) makes development of an accurate preclinical model difficult. This
chapter highlights current strategies and challenges of in vitro and in vivo NB modeling for

preclinical therapeutic testing.
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2.2. Preclinical murine models

Murine models are frequently used for preclinical testing of therapeutics due to their genetic
homology to humans (~80%), ability to be genetically manipulated to mimic human diseases, and
complex multicomponent environment (e.g. stroma, immune cells) [31]. They are advantageous
as they provide information regarding therapeutic efficacy that cannot be demonstrated in
traditional, less complex monolayer in vitro cultures. Murine models are typically a necessary
stage before progressing therapies to clinical trials. There are many different types of murine
models, including genetically engineered models, spontaneously formed tumors, mice with
implanted mouse or human tumors, and, more recently, mixed cell type xenograft models. Each of
these models is uniquely suited for preclinical testing of therapeutics, however there is still a need

for further development and refinement to drive the development of successful therapeutics.

2.2.1. Transgenic mouse models

Transgenic mice, also referred to as genetically engineered mouse models (GEMMs), can be
engineered through promotion or addition of genes (knock-in) or inhibition of gene expression
(knock-out). Methods of GEMM development have been reviewed elsewhere [32, 33]. Table 2.1
contains a list of currently used GEMMs for NB. The most widely used GEMM researched for
NB is the TH-MYCN model developed by Weiss et al. [34]. These mice overexpress MYCN
through a tyrosine hydroxylase promoter. This model was the first to demonstrate that MYCN
amplification can drive NB development, identifying the MYCN pathway as a potential
therapeutic target. Tumors generated from MYCN overexpressing mice have MYCN protein
levels similar to that of the established NB KELLY cell line, known to contain amplified MCYN
[34]. Additionally, similar histopathology is observed between MY CN-amplified patient tumor

samples and TH-MYCN tumors [35]. This model has been used extensively in preclinical testing
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for small molecule inhibitors and chemotherapeutics [35-41]. MYCN pathway inhibitors that
showed success in vitro in MYCN-amplified cell lines, such as bromodomain and extra-terminal
domain protein inhibitors and cyclin-dependent kinase inhibitors, demonstrated similar results in
the TH-MYCN model [37, 42, 43]. High MYCN expression has been linked to high levels of
angiogenesis. TH-MYCN tumors treated with angiogenic inhibitors, such as the angiogenesis
inhibitor TNP-470, demonstrated a high level of response with intact blood vessels being replaced
with hemorrhagic areas containing necrosis and apoptosis [35]. This model has also been used,
although in a limited capacity, for testing immune checkpoint inhibitors [44]. While the TH-
MYCN model has been considered the standard for preclinical modeling of MYCN amplified
tumors, there are some limitations. There is a high rate of tumor incidence in the 129/SVJ
background (100% for homozygous mice and 33% for heterozygous mice), but a considerably
lower rate of incidence in alternative background strains such as BL6 (5% incidence), this makes
crossing this strain with established BL6 GEMMSs a challenge [34]. Additionally, distant
metastasis frequently occur in the clinical presentation of MY CN-amplified tumors, but are rarely
observed in the TH-MYCN model [45]. This model is also limited by a long development time (an

average of 65 days), making it difficult for rapid, high-throughput testing [45, 46].

To address some of the limitations of the TH-MYCN model, a mouse with Cre inducible
MYCN expression (LSL-MYCN;Dbh-iCre ) was created [46]. This model has a better-defined
transgene insertion site allowing tumors to develop from multiple locations in the neural crest,
such as the adrenals, and the celiac and superior cervical ganglia. It allows for tumor development
in multiple mouse strain backgrounds, unlike the TH-MYCN which has a low incidence in
backgrounds other than 129/SvJ [46], which is important when attempting to combine the TH-

MYCN mouse with other cancer relevant alleles. LSL-MYCN;Dbh-iCre mice recapitulates NB
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histology and in molecular expression patterns. These mice are advantageous as compared to TH-
MYCN mice as it localizes the transgene insertion to the ROSA26 locus, a commonly used locus
for genetic insertion, which when discontinued has no phenotypic change in mice. Alternatively,
the TH-MYCN mouse primarily inserts into the distal region of chromosome 18, the effects of
which have not fully been characterized. While the insertion site has been changed, MYCN
expression increased to comparable levels as the TH-MYCN model. Cell lines derived from the
LSL-MYCN;Dbh-iCre mouse respond to MYCN targeting drugs, MLN8327 and JQ1 [46]. This
model presents a more defined MYCN-amplified tumor model for preclinical testing, and could

prove useful in the future for testing of therapies aimed at treating high risk MY CN-amplified NB.

In addition to the LSL-MYCN;Dbh-iCre mouse, the TH-MYCN mouse has been genetically
modified to incorporate other oncogenes. A cross of a TH-Cre caspase-8 knockout mouse with a
TH-MYCN mouse exhibited increased bone marrow metastasis as compared to the TH-MYCN
mouse (37% versus 5% incidence) [47]. Loss of caspase-8 does not change the incidence of
primary tumors, however it does change the extracellular matrix (ECM) structure of the primary
tumor into a more migratory phenotype with increased collagen 4A2 and laminin o4 as well as
increased EMT genes (Snai2, Twistl and Tfpl2). The metastatic propensity of this model could be
useful in identifying treatments for metastatic NB. In addition, similar to clinical treatment
strategies, the primary tumors in the mice could be debulked and allowed to metastasize. This
could allow for this model to be used to gain knowledge about the metastatic population and

identify therapeutic approaches specifically geared towards those tumors [47].

To mimic the impaired p53 function frequently present in high-risk NB recurrence, a TH-
MY CN/Trp53(KI/KI1) mouse with a tamoxifen inducible p5S3ER fusion protein was created [48].

Survival in TH-MYCN/Trp53(KI/KI1) mice was reduced, and the tumors exhibited decreased
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radiosensitivity [48]. In addition, when functional p53 was restored to these mice, only 50%
regained sensitivity to radiation, suggesting other resistance mechanisms. The authors also
identified upregulation of the glutathione S-transferase pathway in this model, which was
correlated with poor survival in NB patients [48]. TH-MYCN/Trp53(KI/KI) allografted tumors
treated with the glutathione S-transferase pathway inhibitor buthionine sulfoximine regained
sensitization to radiation, suggesting a potential therapeutic strategy for patients with amplified

MYCN and impaired p53 function [48].

Other mutations have been examined as a method of inducing NB, such as activation of
anaplastic lymphoma kinase mutations [49], present in approximately 10% of NB [50]. One model
used targeted expression of the most common and aggressive ALK mutation ALK, This model
exhibited a similar phenotype to NB and syntenic changes to those present in clinical NB including
179 gain and MYCN amplification [51]. Preclinically, this model has been used to evaluate drug
response to ALK inhibitors and may provide useful insight into treatments for ALK mutated NB.
To provide a model comparable to patient tumor that exhibit both MYCN amplification and ALK
mutations, the ALK mutation model was crossed with TH-MYCN mice [52]. Mice
hemizygotic for both ALKF74- and MYCN exhibited high tumor penetrance with rapid lethality
superior to that observed in MYCN hemizygotes allowing for elucidation of the interplay between

the ALK and MYCN pathways [53].

Finally, a transgenic mouse line carrying tetracycline inducible simian virus 40 T-antigen
(SV40 Tag) has been created using tetracycline responsive elements with a cytomegalovirus
promoter and SV40 Tag [54]. These mice all die by 28 weeks of age and exhibit bilateral adrenal
tumors. When compared to both human adrenal NB and pheochromocytoma, higher similarity to

human NB tumors as compared to the pheochromocytoma was observed. NB-associated genetic
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changes were present with upregulation of: MYCN, paired-like homeobox 2b, gamma-
aminobutyric acid A receptor beta3 subunit, islet 1, and kinesin family member 1A [54, 55]. In
addition, when this model was linked to the olfactory marker protein promoter region, it generated
a line of mice with highly metastatic tumors originating in the adrenals or sympathetic ganglia.
These metastatic tumors were morphologically very similar to clinical NB histologically [56].
While limited preclinical therapeutic testing has been performed with these models, it has the
potential to be promising for therapeutic testing due to its genetic similarity to NB and ability to

mimic metastasis.

GEMNM s are advantageous as they utilize mouse homologs of tumorigenic mutations present
in patient tumors to mirror clinical tumors. The mouse retains an intact immune system and stroma,
allowing for evaluation of therapeutics that target both the tumor and the surrounding
microenvironment. In addition, GEMMs have specific pathway activations, allowing for analysis
and targeted therapeutic testing [42, 52, 57]. The genetic changes are constitutively active in mice
throughout development or can be induced at a specific development stage. This is important as
neuroblastoma arises from developing cells in pediatric patients. In addition, transgenic mice with
different allele modifications can be crossed in order to study crosstalk between oncogenic
pathways [52]. While GEMMs are useful in understanding tumorigenesis and developing
therapeutics there are some drawbacks to these models. They are time consuming and difficult to
generate, and, while murine pathways share some homology to human pathways, they are not a
perfect match [31]. Further, a large number of therapies still exhibit a differential response between
murine and clinical models [58]. This may be partially due to a lack of control of modification
(e.g. achieving full knock-out) of targeted oncogenes. While more advanced methods such as the

CRISPR system have been employed for other cancers and for NB cell lines in vitro, they have yet
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to be reported on for NB murine models. In addition, a fundamental problem with many GEMMs

is that the mutations are frequently not localized to pathological cells and can impact other cells

within the mouse [34].

Table 2.1. Murine GEMM NB models

Mouse Model Advantages Limitations References
TH-MYCN Representative of Long time for tumor [34-43]
high-risk NB, high development, few
rate of tumor metastasis, limited
incidence background strain
LSL-MYCN;Dbh-iCre Better defined Few metastasis, [44]
transgene insertion Limited work with
then TH-MYCN, high  preclinical therapeutic
rate of incidence in testing
multiple background
strains
TH- Metastasis, high rate Altered ECM [47]
MYCN/CASP8(KO) of tumor incidence structure of primary
tumor
TH-MYCN/Trp53(KI)  Inducible p53 loss p53 mutation more [48]
frequently present in
recurrences, survival
in mice greatly
reduced
ALK (F1174) Consistent with NB Only present in 10% [51, 52]
phenotype of NB
TH- High tumor incidence, Relevance is limited [52]
MYCN/ALK(F1174)  faster tumor growth to <10% patients
SV40 Tag Consistent with NB All mice die by 28 [54-56]

phenotype, high tumor
incidence rate,
metastasis

weeks of age
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2.2.2. Syngeneic mouse models

Syngeneic mouse models, also known as allograft tumor models, utilize murine derived
tumor cells implanted into a mouse of the same genetic strain. Tumor cells can be removed from
GEMMs, used to develop cell lines in vitro, then reintroduced into mice of the same strain [59-
62]. Tumorigenic cells capable of cell line derivation have been identified in TH-MYCN mice as
early as day E13.5 [62]. TH-MYCN tumors from both homozygous and hemizygous mice have
been used to develop syngeneic tumors. Whether the mouse was homozygous or hemizygous
impacted the cell phenotype, allowing for creation of different tumor lines. Hemizygous tumors
gave rise to cell lines which were phenotypically similar to an N-type NB, expressing high levels
of MYCN. Homozygous tumors were able to give rise to both cell lines phenotypically comparable
those of hemizygous tumors (N-type, high MYCN) and to S-type, adherent NB cells, that exhibited
a reduction in MYCN expression [61]. Interestingly, the cell lines derived from hemizygous
tumors also displayed reduced tumorigenicity in a syngeneic model, compared to that of the
original tumor phenotype. Further, these cell lines contain many genetic changes present in clinical
NB, allowing for syngeneic mice to better represent clinical NB. For example, mouse chromosome
homologous to human chromosomes 7 and 12 were gained in one cell line, which has been
observed in a subset of clinical cases. Gains homologous to chromosomes 1q and 18q were
observed frequently in TH-MYCN derived cell lines, further suggesting that molecular and
biological features of NB are present in derived murine cell lines [61]. These murine tumor cells
can be transplanted into mice of the background strain leaving an intact matched immune system

and stroma [59-61].

TH-MYCN derived lines have been transplanted into mice both subcutaneously and

orthotopically [59-61]. Injection of tumor lines derived from TH-MYCN tumors (C57BI/6
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background) into C57BI/6 mice has been used for preclinical testing of immunotherapies [59].
Kroesen et al. demonstrated the relevance of this model for immunotherapy testing due to the
tumors expressing similar surface markers profiles (low HLA molecules and presence of NKG2D
activating ligand Rael), and containing a similar resident immune population [59]. In addition to
TH-MYCN derived tumors, other tumors derived from murine cell lines such as neuro-2a
(spontaneous NB from strain A albino mice, C1300 derived), TBJ (C1300, a strain A/J
spontaneous tumor), 9464D (TH-MYCN on a C57BI/6) and NXS2 (created from C1300 tumors
as well) have been engrafted both subcutaneously and orthotopically for testing of
immunotherapuetics [63-65]. This included preclinical testing of GD2 targeting
immunotherapeutics, both individually and in combination with IL-2, as well as examining the

impact on other immune components [59, 60, 65-67].

Syngeneic transplantations of murine cells are advantageous as tumorous cells can be
engrafted in mice with a non-genetically modified matching immune system and stroma [59, 60].
Unlike transgenic mouse models, the genetic mutations are confined to the transplanted tumor
cells. In addition, there is typically an abundance of cells for transplantation, which allows for
large scale therapeutic testing [59]. Further genetic modification of cells in vitro can also be
performed that either add tumor relevant pathway modifications or add markers to improve cell
visualization such as fluorescent or luciferase labels [64, 68, 69]. Potential modifications to cells
will be discussed further in the in vitro model section. Disadvantages to syngeneic models include
inconsistency in tumor engraftment and use of a murine (human homolog) system. Additionally,
similar to GEMMs, engrafted tumors are frequently based on a single oncogenic based mutation

as compared to the heterogeneity exhibited in clinical tumors [45].
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2.2.3. Xenograft models

Human cells have been engrafted into mice for preclinical testing and understanding the
mechanisms of NB. Xenograft models can be generated via subcutaneous or orthotopic injection
of human NB cells. Tumors developed in these studies are considered advantageous as compared
to those that developed in GEMMSs or in syngeneic models as they more closely mimic a primary
human tumor and are better at predicting clinical response [45]. Use of cell lines with different
genetic profiles can allow for formation of tumors with different phenotypes and growth rates [45,
70]. A table of different cell lines commonly xenografted into mice can be found in Table 2.2.
Additionally, these tumors mimic some of the heterogeneity observed in patient tumors [45]. They
are typically easier to generate than tumors generated using primary patient-derived cells, and
allow for large scale studies, as cell lines can be scaled up in vitro before engraftment. However,
they require the use of immunocompromised mice (typically lacking T-cells) for engraftment and
survival, which provides a less realistic tumor microenvironment and limits the conclusions that
can be made when testing immunotherapies. Both orthotopic and subcutaneous tumors have been
used extensively for preclinical testing of therapeutics, including chemotherapy, radiotherapy,
small interfering RNA, antisense oligonucleotides and pathway inhibitors as well as drug delivery
methods such as nanoparticles and drug loaded scaffolds or films [57, 70-77]. In addition to
subcutaneous and orthotopic injection, Seong et al. used intracardiac injection xenograft models
to identify NB sub-populations with a higher metastatic potential. Metastatic populations and
phenotype differences correlated with genetic changes representing utility for these metastatic cells

in identifying new therapeutic targets [78].

Borriello et al. evaluated the impact of the heterogeneous microenvironment. NB cell lines

with and without bone marrow-derived mesenchymal stromal cells (BM-MSCs) and cancer-
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associated fibroblasts (CAFs) taken from NB patients were injected subcutaneously and just below
the renal capsule [79]. Engrafted tumors were treated with chemotherapeutics etoposide, etoposide
with ruxolitinib (JAK2/STAT3 inhibitor), and trametinib MEK/ERKZ1/2 (inhibitor). These
inhibitors were chosen as CAFs and BM-MSCs have activated STAT3 and ERK1/2 pathways,
which contributes to drug resistance. No difference in response to etoposide between NB cells and
NB cells with BM-MSCs and CAFs was observed. However, response to etoposide by NB cells
and NB cells with BM-MSCs and CAFs was enhanced when combined with ruxolitinib and
trametinib. In the NB cell alone tumors, murine CAFs were identified within the tumor, potentially

explaining the similarity in response.

While cell lines injected into mice are typically passaged in vitro, many studies have shown
that traditional in vitro culture methods significantly impact the cell genotype and phenotype. This
may be due to the cells adapting to the tissue culture environment and the lack of in vivo relevant
signaling, instead relying on culture medium, with potential adverse effects, specifically related to
fetal bovine serum (FBS). FBS is frequently used as a source of hormone factors, essential
nutrients, and growth factors needed for a stable growth environment [80]. However, growth with
serum has been demonstrated to lead to cellular differentiation and genetic changes, causing the

cells to no longer mimic their original clinical phenotype and increasing drug sensitivity [81, 82].

As NB is an orphan disease, a limited number of patient-derived tumor specimens are
available. Patient-derived xenografts (PDX) are typically taken directly from patients and passaged
by subcutaneously or orthotopically implanting pieces of the primary tumor or previously
implanted tumor cells into mice. A list of current PDX tumor cells and suppliers can be found in
Table 2.3. Passaging the tumor as a xenograft eliminates in vitro culture adaptations often

observed with sub-cultured lines [83, 84]. Braekeveldt et al. and Stewart et al. demonstrated that
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PDX tumor cells orthotopically grown shared molecular characteristics with primary NB cells,
retained classic NB markers, and spontaneously metastasized in murine models [83, 84] . Increased
infiltration and distant metastasis were observed with orthotopically injected PDX cells as
compared to orthotopically injected cell lines. In addition, hallmarks of the microenvironment such
as vascular infiltration, CAFs, and tumor-associated macrophages (TAMSs) with an M2 phenotype
were observed in orthotopic PDX tumors [85]. Continuous xenograft transplantation has also been
used to identify genetic changes that tumors undergo during metastasis [86]. Regarding patient-
derived tumor cells that need to be propagated in vitro, culturing cells without serum and instead
with basic fibroblast growth factor, epidermal growth factor, and B27 (generating non-adherent
cell lines) was demonstrated to more closely mimic primary cell lines both in vitro and in vivo

[87].

PDX models have been used successfully to evaluate standard of care chemotherapeutics as
well as targeted therapeutics [84]. While PDX tumors are the gold standard for xenograft models,
there are still many limitations. The time to establish tumors is long and generating enough
consistently sized tumors for large scale therapeutic studies is difficult. In addition, PDX cells are
injected into immunocompromised mice, limiting their effectiveness for testing of
immunotherapies [88]. In vivo, PDX cells rely on the mouse microenvironment, which does not

completely mimic that of a human, confounding potential stromal interactions [85].
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Table 2.2. Frequently used human NB cell lines for preclinical testing

MYCN

ALK

P53

Cell Line Status Mutation mutation References
KELLY Amplified WT WT [70, 89-94]
CHP-212 Amplified WT WT [95, 96]
SKNAS Non- WT H168R [95, 97-105]

Amplified
SH-SY-5Y Non- F1174L WT [89, 90, 94, 97, 106-108]

Amplified
IMR-32 Amplified WT WT [99, 107, 109, 110]
IMR-05 Amplified WT WT [37, 105, 108, 111]
LA-N-5 Amplified R1275Q WT [90, 112, 113]
NB-1 Amplified WT; WT [114, 115]

Amplified

SK-N-BE(2) Amplified WT C135F [152, 160, 166][97, 105, 116]
SK-N-BE(2)-C  Amplified WT C135F [[97]
CHP-134 Amplified WT WT [97, 108, 117, 118]
SK-N-DZ Amplified WT R110L [101, 103, 104]
NB-1691 Amplified WT WT [102, 119, 120]
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Table 2.3. Available NB PDX cell lines and sources

Age of

PDX Line Stage of Patient MCYN p53 Status Organization
Tumor Status
(Yr.M)
NB-SD 4 1 Amp Mut
NB-1771 4 2.1 Amp Mut Pediatric
NB-1691 4 1.9 Amp WT -
26 Preclinical

NB-EBcl 4 ' Non Amp WT Testing
CHLA79 4 2 NonAmp  WT Program
NB-1643 4 1.7 Amp WT
NB-1382 3 3.5 Amp N/A
IGR-NB8 3 5.0 Amp N/A
IGR-N835 4 2.0 Amp N/A
MAP-IC-
A23-NB-1 L2 2.6 Non Amp N/A
MAP-GR- : .
B25-NB-1 4 4.0 Amp N/A Insitut Curie
MAP-GR-
A99-NB-1 4 1.10 Amp N/A
HSJD-NB-
011 4 2.6 Amp N/A
SINBL01240
7 X1 4 0.1 Amp N/A
SINBL01376
1 X1 4 3.0 Non Amp N/A
SINBL01376
2 X1 4 1.3 Amp N/A
SINBL01376
3 X1 2B 2.0 Amp N/A
EJ';I(TLOlS?Z 4 2.0 Non Amp N/A Children’s

= Solid Tumor
iJNBLO%— 4 2.0 Amp N/A Network
ijNBLlOS— 4 3.0 Non Amp N/A
SINBL04614
5 X1 4 2.0 Non Amp N/A
SINBL04614
8 X1 4 111 Amp N/A
SINBLO04744
3 X1 4 12.0 Non Amp N/A
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PDX-1 4 1.4 Amp N/A

PDX-2 4 2.2 Amp N/A

PDX-3 3 2.9 Amp N/A Lund
PDX-4 4 4.9 Amp N/A University
PDX-5 4 2.4 Non Amp N/A

PDX-6 2B 12.0 Amp N/A

COG-N-415x Unknown Unknown Amp WT

COG-N-440x  Unknown Unknown Amp WT

COG-N-453x Unknown Unknown Amp WT

COG-N-471x  Unknown Unknown Amp WT

COG-N-496x Unknown Unknown Amp N/A

COG-N-519x  Unknown Unknown Amp N/A

gﬁ?nN Unknown Unknown Non Amp N/A glrl]lclglrggys
COG-N-549x Unknown Unknown Non Amp N/A Group
COG-N-557x  Unknown Unknown Amp N/A

COG-N-573x Unknown Unknown Amp N/A

EIEZ)Z(G()C OG- Unknown Unknown Non Amp N/A

CHLA-90 4 8 Non Amp N/A

CHLA-136 4 3 Amp N/A

Amp=Amplified, Mut=Mutation, WT=Wild-type, N/A= Not Available

2.2.4. Xenografted tumors with humanized immune mice

A major limitation of xenograft models is the use of immunocompromised mice and
therefore lack of a fully functional immune system. As more immunotherapies are being
developed, identification of preclinical models for this testing is critical. Recently,
immunodeficient mice with humanized immune systems have emerged as a method to examine
xenografted tumor growth with an engrafted human immune system. These humanized mice (HM)
are developed to investigate the interactions between tumor cells and immune cells. There are
several methods of developing HM, the most basic of which consists of direct injection of human
peripheral blood into immunocompromised mice [85]. Alternatively, stromal tissue can be injected
alongside tumor tissue, resulting in an active immune population [121]. More commonly, human

hematopoietic stem cells and/or precursor cells (CD34+ or CD133+) are injected into the bone
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marrow of irradiated immunocompromised mice, allowing for generation of immune cells
including T cells, B cells, and macrophages [122]. This method is advantageous as a patient’s own
marrow or blood could be injected into the mouse, allowing for matching between the immune
system and tumor. However, successful use of this method has not been reported yet for NB. While
the method of hematopoietic stem cell injection is extremely promising, there are still many
components that need to be developed. These models still retain mouse stroma and cytokines,
which has the potential to prevent complete immune cell differentiation including T cells and B
cells [122]. Furthermore, these models have been shown to exhibit antigen-specific immune
responses [123, 124]. The development of accurate humanized mice represents the future for

effective pre-clinical therapeutic development.

2.3. Preclinical in vitro models

While murine-based systems are the primary method for preclinical testing, advances in
tissue culture techniques and in vitro systems are promising for creating accurate NB models.
Furthermore, the high cost of murine models as well as cross species pathways and
microenvironment differences makes accurate, high-throughput screening challenging. In vitro
models encompass a wide range of systems, including traditional adherent monolayer cells, cells
grown in 3D suspension cultures (spheroids), and more complex tissue engineering approaches. In
addition, they allow for testing of cell response or cell-cell communication in a more controlled
manner (e.g. control of cell confluence, ratio of different cell types, etc.). While in vitro systems
are already frequently used for screening of therapeutics prior to in vivo studies, advances in tissue
engineering approaches are creating more accurate models that will be better indicators of clinical

responses.
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2.3.1. Monolayer co-culture models

The NB tumor microenvironment is composed of multiple cell types including vascular cells,
tumor-associated macrophages, fibroblasts, T-cells, natural killer (NK) cells, and others [125].
Each cell type has the potential to influence NB phenotype based on cell-cell interactions,
paracrine signaling and secreted factors. Hashimoto et al. co-cultured NB cells with two prominent
microenvironment cells, fibroblasts and macrophages. Consistent with clinical results that
correlated areas of fibroblasts with aggressive NB phenotype, co-culturing with fibroblasts
increased NB cell proliferation [125]. In addition, peripheral blood macrophages were co-cultured
with NB cells directly and indirectly using NB cell conditioned medium. Indirect co-culture of
macrophages with tumor cell medium transitioned the macrophages into a pro-tumor survival M2
phenotype, or TAM phenotype, suggesting a crosstalk between NB cells and macrophages
supporting tumor progression. Indirect co-culture of NB cells macrophage medium increased
tumor invasiveness (through a Matrigel based invasion assay) likely through CXCL2 secretion
[125]. Direct co-culture of NB cells and macrophages did not result in an increase in NB
proliferation; however, it did enhance the invasiveness of NB cells. In co-culture with tumor cells,
both macrophages and fibroblasts exhibited and enhanced behavior, suggesting that they are

attracted to the tumor site.

Borriello et al. co-cultured NB cells with fibroblasts derived from MSC cells. They observed
that fibroblasts induced a pro-tumorigenic effect on NB cells including increased proliferation and
inhibited apoptosis [79]. Chemoresistance to therapeutics etoposide and melphalan was evaluated
through co-culture of fibroblasts using chemosensitive and chemoresistant NB cell lines. It was
determined that co-culturing significantly reduced responsiveness of both the NB cells and the

fibroblasts to chemotherapy. This suggests that presence of fibroblasts in the tumor bed contributes
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to chemoresistance. The authors also determined that these effects do not require cell-to-cell
contact but are likely due to soluble factors, many of which have convergent activity in the STAT3

and ERK 1/2 signaling pathways [79].

To evaluate the effect of ECM components on self-organization in co-cultures, Rizvanov et
al. co-cultured NB cells with MSCs on different surfaces including poly-I-lysine, fibronectin,
gelatin, collagen I, and Matrigel to examine the surface effect on cell phenotype [126]. No
phenotypic differences were observed between non-coated surfaces and surfaces coated with poly-
I-lysine, fibronectin, gelatin, or collagen 1. In these culture conditions, the cells organized into
distinct patterns with channels of MSCs and islands of NB cells, comparable to a tumor. However,
when cultured on Matrigel, MSCs organized into a dense core with a surrounding ring of NB cells.
The authors suggested that this phenotype was more representative of metastatic tumors and could
be used as a potential model for metastasis. In addition, exposure of this co-culture model to
oxidative stress through the addition of hydrogen peroxide demonstrated that the presence of
MSCs resulted in higher NB viability [126]. As oxidative stress is one of the primary death
mechanisms of radiation therapy, this finding implies that this culture system is more mimetic of

an in vivo resistant tumor [126].

For immunotherapy testing, short-term co-culturing is performed with NK cells. Co-culture
of NB and NK cells are frequently used as part of an antibody-dependent cell-mediated
cytotoxicity assay for testing of immunotherapies. The NK cells induce lysis of NB cells in the
presence of antibodies [127]. Similar studies have been carried out to test therapeutic efficacy with
leukocytes, peripheral blood mononuclear cells, and granulocytes [128, 129]. In addition, these
systems have been used to test out combination therapies of cytokines or retinoids with

immunotherapies [130, 131]. However, there has been little work done with longer-term culture
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of these immune cell populations and characterization of the impact of co-culture on tumor cells
and immune cells. As immune cells are present in NB tumors, further development of these co-

culture models may be critical to developing better therapeutic strategies.

NB cells have also been cultured with hepatocytes, as NB frequently metastasizes to the liver
[132, 133]. The authors observed resistance to apoptosis by the NB cells, induction of apoptosis
in the hepatocytes, and an increase in VEGF secretion. The hepatocytes induced NB cells to
overexpress Bcl-2, thereby reducing NB apoptosis and establishing Bcl-2 as a therapeutic target
for NB liver metastasis. Interestingly, studies focusing on VEGF secretion demonstrated that
expression of VEGF receptors is highly heterogeneous across NB lines, which likely extends to
patient tumors [132]. It is therefore critical to examine the expression of each individual tumor

when investigating the use of anti-VEGF therapies [132, 133].

Co-culture systems also enable the investigation of cell migration in the presence of other
cell types, as commonly evaluated using transwell plates. NB cells in transwell systems have
primarily been used to examine the impact of NB cells on migration of human umbilical vein
endothelial cells (HUVECs). NB cell expression of MYCN induced HUVEC migration
proportionately. In addition, it was demonstrated that efficacy of a PI3K inhibitor NVP-BEZ235
(as angiogenesis is regulated by PI3K) was dependent on MY CN. This suggests that a link between
angiogenesis, the PI3K pathway, and MYCN in NB [134]. Additional studies have demonstrated
that growth of HUVECSs in medium conditioned by NB cells induced vessel angiogenesis and

upregulation of VEGF and IL-8 [135].

Co-culturing NB cells with other cell types present within the tumor microenvironment such

as fibroblasts and immune cells as well as cells present at metastatic sites allows for understanding
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of the impact of tumor microenvironment on NB phenotype [125]. These culture systems allow
for an increase in understanding of tumor heterogeneity as well as critical tumor signaling
pathways. For preclinical therapeutic testing, this provides an opportunity to better understand
tumor escape as mediated by signaling factors secreted from neighboring cells and how therapies
influence non-tumor cells. Incorporating additional microenvironment stress components,
including hypoxia and mechanics, would add additional complexity and relevance for drug

development.

2.3.2. 3D in vitro models: Spheroid

Growth of NB cells in spheroids has been used as a preclinical model, as it has been shown
to more accurately mimic the clinical phenotype and response to therapeutics [83, 85, 87]. NB
spheroid cultures can be generated by using low or non-attachment culture dishes, coated plates or
dishes, or the removal of serum from the medium [136-139]. Comparing cells grown in monolayer
culture to spheroids, spheroid cultures exhibited increased expression of metabolic markers, cell
stress response proteins, cell structure proteins, and transport polypeptides [49]. Sidarovich et al.
used spheroids for high throughput drug screening of over 300 FDA-approved anti-cancer
compounds or compounds undergoing clinical trials [140]. From this screen, the authors identified,
and later evaluated in vivo, two different compounds (ponatinib and axitinib) as potential new

therapies for NB based on toxicity, molecular target, and side effects [140].

Spheroids are advantageous as once they reached a critical size of >100 um, they begin to
exhibit microenvironment changes due to nutrient and oxygen gradients, as well as spatial
organization of cells that more closely mimic the in vivo tumor microenvironment [138]. Changes
in nutrient and oxygen gradients induce therapeutic resistance through upregulation of pro-survival

and tumor promoting pathways [138]. Growth of NB cell lines and patient-derived tumor cells as
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non-adherent spheroids demonstrated retention of cellular phenotype more closely resembling
primary tumors [83, 85, 87]. Additional advantages of spheroids include altered diffusion and
ECM deposition that impacts therapeutic efficacy, often increasing the necessary effective

concentration [136].

Culturing as spheroids demonstrated selectively for tumor-initiating cells [141]. Coulon et
al. evaluated spheroid formation of serially passaged PDXs and found that only the bone marrow-
derived metastatic cells (the patient equivalent of stage 4) were able to generate spheroids
suggesting that the metastatic cells have a high degree of self-renewal and that this subset of cells
is likely enriched with a cancer stem cell population [142]. This is important as it allows spheroids
to be used to test therapies that target pathway changes associated with tumor stem cells such as
Notch and WNT [143, 144]. Regarding cellular phenotype and spheroid formation, MYCN
amplified tumor cells exhibit a higher propensity for spheroid formation then non-MYCN
amplified cells [142]. The ability to form spheroids is directly dependent on cellular differentiation
status, or stemness. Treatment with 13-cis-retinoic acid, a differentiation agent that induces a

neuronal phenotype, inhibited spheroid formation [145].

Gransbury et al. fabricated spheroids of different diameters (ranging from 50-800 microns)
to evaluate different microenvironments [138]. Using the spheroid culture, the authors were able
to examine different levels of hypoxia, diffusion, and redox state, giving them further insights into
therapeutic potential than otherwise possible with 2D culture models [138]. Two different cancer
therapies were identified: NAMI-A and KP1019 which are Ru''-based anti-metastatic and
cytotoxic drugs that are administered in a non-active form and subsequently become activated
under oxidative environments. Cuperus et al. used spheroid cultures to study fenretinide, which

has been shown to induce apoptosis through retinoic acid and reactive oxygen species dependent
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pathways [146]. In combination with buthionine sulfoximine, an inhibitor of glutathione synthesis,

fenretinide reduced proliferation and induced apoptosis both in monolayer and in spheroids.

Spheroid culture systems have been used to model drug diffusion challenges and develop
drug delivery systems with improved tumor penetration. Sagnella et al. used spheroid culture of
NB to evaluate the therapeutic potential of EDV™ nanocells — a bacterially-derived drug delivery
system consisting of nonviable cells that are ~ 400 nm in diameter. The authors demonstrated that
the EGFR-targeted nanocells enhanced penetrance of doxorubicin compared to non-targeted
doxorubicin loaded nanocells and doxorubicin without a delivery vehicle, resulting in increased
apoptosis. These findings were confirmed in an orthotopic xenograft model [147]. Spheroids have
also been used to evaluate radiotherapy cytotoxic agents and relavent pathway inhibitors such as

multikinase inhibitors, Betulinic acid, and oxidative phosphorylation inhibitors [148-151].

Spheroid cultures are an important part of preclinical testing. They are currently the most
widely used approach to bridge the gap between two-dimensional cell culture and the in vivo tumor
microenvironment [139]. Growth in spheroids exhibits phenotypes better resembling in vivo
tumors [88]. In addition to a higher degree of mimicry to in vivo tumors, spheroids are
advantageous as they allow for rapid preclinical testing [139]. They also exhibit cell-cell contact
similar to that of an in vivo tumor and exhibit similar diffusion limitations for nutrients and
therapeutics [83, 85, 87]. Limitations to spheroid tumors include heterogeneity in sizes, a necrotic
core in large spheroids, and lack of additional environmental components such the stroma and
immune cells [152, 153]. Non-uniform spheroid generation results in varying diffusion gradients,
making controlled experimentation challenging. Frequently tumors in vivo exhibit a hypoxic core,
with the necrotic cells secreting factors which induce angiogenesis, thus preventing the tumors

from becoming overly necrotic. Angiogenesis does not occur without a vascular component in the
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spheroid cultures, so care must be taken to avoid large regions of necrosis. Stroma and immune
cells are critical components of the tumor microenvironment and can impact oncogenic pathways
and therapeutic efficacy. Co-culture of NB cells with stroma and immune components, as
performed for other cancer types, in spheroids present a unique opportunity to mimic the tumor

microenvironment [154-157].

2.3.3. Hydrogels and scaffolds for 3D tumor growth

Limited work has been done with NB growth in 3D outside of spheroid cultures. However,
3D growth of NB cells can be achieved using a broad range of scaffold and/or hydrogel materials.
ECM hydrogels such as collagen | and Matrigel have been used to mimic tumor ECM and provide
a backbone for 3D tumor growth. These 3D matrices have the potential to impact gene expression
and cell morphology [158]. Li et al. used microarray analysis to demonstrate differences in gene
expression in cells grown in monolayer, collagen I hydrogels, and Matrigel hydrogels [158]. All
3D culture conditions induced morphological differences as compared to monolayer. Cells grown
in collagen I exhibited longer neurites then those grown in Matrigel, likely due to the fibrils present
in the collagen. This study focused on genes associated with morphology and neurite outgrowth;

studies evaluating impact on key NB tumor pathways have not been performed.

Mitchell et al., used spheroids embedded in collagen hydrogels to evaluate the invasive
behavior of NB. Mixed cellular population of NB cells, neuronal type NB cells and stromal type
NB cells, exhibited a heterogeneous invasive population. Crosstalk between both cell types was
identified where neuronal type NB cells decreased invasion of stromal type NB cells and stromal
type NB cells enhanced invasion in neuronal types NB cells [159]. This could be useful in

identifying which cell populations to target therapeutically to decrease metastasis.

Chapter 2: Background 35



Studies have suggested the presence of ECM molecules as well as growth in 3D can impact
responsiveness to therapeutics [160]. Mitchell et al., also evaluated siRNA-targeting Rac on both
single cell suspensions and cells suspended in 3D collagen hydrogels. Cell lines with different
morphologies, stromal, neuronal, or the combination, were evaluated. As Rac inhibition is most
effective in cells with elongated, invasive morphology, studies in 3D were critical to identifying

the differences in invasion and morphology for determining therapeutic efficacy [160].

Non-hydrogel-based scaffolds typically consist of porous or fibrous materials, either
synthetic or biological-derived, that can be used to mimic structures present in vivo. They are
advantageous as they have tunable degradation (based on material properties or material choice),
can be functionalized to mimic the native environment, and provide control over spatial
organization. Scaffolded approached have been used for the modeling of other cancer types but
limited scaffolded work has been done with NB cell lines. Curtin et al. used lyophilized collagen
I/glycosaminoglycan and collagen I/nanohydroxyapatite scaffolds for culturing of KELLY NB
cells and a cisplatin-resistant KELLY cell derivative [161]. Collagen/glycosaminoglycan and
collagen/nanohydroxyapatite were chosen as glycosaminoglycans such as hyaluronic acid are
typically found in the tumor ECM and NB frequently metastasizes to the bone, which contains a
high content of hydroxyapatite. Consistent with results of other cancer cells grown in 3D, the NB
cells exhibited reduced cellular growth rate in 3D [162, 163]. Interestingly, the cisplatin-resistant
cell line exhibited increased proliferation in the collagen/hydroxyapatite scaffold. Response to
cisplatin was evaluated in monolayer, 3D culture, and an in an orthotopic xenograft model. Both
3D culture systems exhibited similar chemosensitivity to the orthotopic in vivo model, with a
reduced response observed as compared to the monolayer culture. Using these scaffolds, KELLY

NB cells grown in 2D and 3D were used for evaluation of liposomes delivering miRNA for

Chapter 2: Background 36



therapeutic gene silencing [161]. Unlike the chemotherapy studies, the miRNA exhibited similar

effects in 2D and 3D highlighting the potential usefulness of miRNA as a therapeutic.

Scaffold based studies have also been used for biomechanical modeling. One scaffold-based
study used graphene-augmented nanofiber scaffolds to determine the impact of an “out-of-
comfort” nanobiomechanical environment for NB cells [164]. Growth on highly aligned graphene
fibers changed the morphology from flat to be more rounded in shape as the cells enveloped the
fibers. In addition, increased gene expression of pro-migratory and pro-invasion markers was
observed [164]. This represents a potential system to examine the more migratory or more

metastatic like NB cells, and develop therapeutics aimed at effectively inhibiting those cells.

3D scaffold-based modeling has been explored for other pediatric blastoma and similar
pediatric cancers. For example, polymeric poly(lactide-co-glycolide) nanoparticles have been used
to generate 3D cultures of retinoblastoma cells. When exposed to etoposide and doxorubicin
loaded nanoparticles, cells in 2D exhibited a higher reduction in proliferation then those in 3D.
The authors correlated this to a decreased drug uptake in cells grown in 3D as compared to 2D,
likely due to diffusion barriers [165]. Electrospun poly(e-caprolactone) microfiber scaffolds have
been used to generate models of Ewing sarcoma [166]. Using these models, cells grown in
microfiber scaffolds exhibited reduced proliferation as compared to 2D cultured cells. Cell growth
on the microfiber scaffold was comparable to xenograft growth, as was levels of relevant pathways
such as IGF-1R signaling and mTor [166]. Ewing sarcoma cell lines and PDX cells have been
grown on a porous matrix composed of freeze-dried type I collagen and hyaluronic acid meant to
mimic both mechanical and biologic cues present in the body. Both the Ewing sarcoma cell lines
and PDX cells demonstrated increased drug resistance and closer resemblance of in vivo tumors

[167]. Scaffold-based approaches could be applied for preclinical NB modeling. These approaches
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are advantageous as scaffolds can be fabricated from materials that mimic the native tumor ECM
(both chemically and mechanically). In addition, layered scaffold models with multiple cell types

can be used to model different components of the tumor architecture.

2.3.4. 3D co-culture models

3D models can be expanded to include multiple different cell types found in the tumor
microenvironment. Villasante et al. used a tissue engineered model consisting of sheets of HUVEC
cells and NB cells stacked to reach a total height of ~100 um placed on a “vascular bed” made of
collagen, fibrin, and HUVEC cells. The stacked vascular bed was placed on a collagen gel with
microchannels to mimic vessel-like structures within NB [168]. This system was cultured in a
perfusion bioreactor to mimic the in vivo environment. The therapeutic potential of isotretinoin
was evaluated using this model. Isotretinoin blocks cell proliferation and reduces tumor
vasculature in vivo. Isotretinoin increased cellular apoptosis, and decreased mMRNA levels of NB
markers MYCN and GLI1. In addition, isotretinoin weakened and disassembled the vascular
networks by blocking cell-to-cell adhesions. Resistant populations of both cancer cells and
vascular cells to isotretinoin were identified. Further characterization of resistant cells identified
an increase in SOX2 expression in the resistant population. This correlation had not previously

been identified using conventional 2D culture [168].

NB cells and MSCs have been co-encapsulated inside collagen I microspheres to investigate
the impact of the stromal environment on NB growth [169]. The MSCs were used as they exhibited
a fibroblast like morphology, resembling CAFs in vivo. The MSCs induced increased NB
proliferation, suggesting that the stromal component has a direct impact on tumor growth. The
cultured NB cells and MSCs exhibited a rosette like phenotype, resembling that of clinical NB.

MMP9-expressing cells were found primarily on the periphery of the microspheres, the more
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migratory region. Previous work with these microspheres identified a hypoxic core, which could
be evaluated with the NB model to mimic the hypoxic core frequently found in clinical NB tumors

[170].

Multicellular models grown in 3D are an emerging trend in tissue engineering to attempt to
understand the complex tumor microenvironment. This remains largely unexplored for NB;
however, preliminary studies suggest that it can provide insightful information about tumor
pathway crosstalk and potential therapeutic efficacy. The heterogeneity in NB, both within the
tumor microenvironment and across individual tumors represents a challenge for effective
therapeutic development. In vitro 3D culture of NB cells and relevant microenvironment cells
would allow for elucidation of critical pathways and mechanisms of resistance that mimic those in

Vivo.

2.3.5. Monolayer in vitro systems

Traditional in vitro models consist of commercially available or lab-derived cell lines
adherent to polystyrene dishes, typically grown in the presence of fetal bovine serum, nutrients,
and antibiotics. Monolayer culturing is the most common method of evaluating therapeutic
efficacy, primarily due to the higher number of cells that can be generated, allowing for rapid
screening of many compounds. In addition, these cells can be modified at the genetic level to
evaluate the impact of pathway changes on therapeutic efficacy. Methods of inducing gene
changes, including transfection, transduction, and more recently use of CRISPR systems, have
been previously reviewed [171-173]. Genes that have been identified as potential mediators in NB
pathways can then be evaluated through knockdown, overexpression, or direct targeting using

pathway inhibitors.
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MY CN-amplified cell lines have been useful in identifying many proteins and genes that
either contribute to or are associated with MYCN. Park et al. determined that high expression of
protein arginine methyltransferase 5 (PRMT5) was strongly associated with MYCN amplification.
Use of short-interfering RNA to reduce expression of PRMT5 decreased MYCN expression as
well as cell death in MY CN-amplified cell lines [174]. Ambrosio et al. identified lysine-specific
demethylase 1 (LSD1), a histone modifier, as a transcriptional modulator of NDRG1 (N-Myc
Downstream-Regulated Gene 1, a metastasis suppressor). In both in vitro models and patient

samples, high levels of LSD1 correlated with low levels of NDRG1 [175].

RNAI and CRISPR screens have been useful in identifying genes that could be targets for
therapeutic regimes. In a kinome-wide RNAI screen, Shen et al. targeted protein kinases and kinase
associated genes to identify sensitizing and inhibitory kinases to HDACS inhibitors. Knockdown
of ALK sensitized NB cells to HDACS inhibitors, and combinatory treatment of NB tumors with
crizotinib, an ALK inhibitor, and HDACS inhibitors increased cell death [176]. CRISPR-Cas9
screening of MYCN-amplified NB cells by Chen et al. demonstrated cell dependency on the
PRCR2 complex, specifically EZH2. MYCN binds at the EZH2 promoter, repressing neuronal
differentiaton of NB cells, which promotes a more tumorigenic phenotype. This was further
confirmed through genetic and pharmacological suppression of EZH2, which inhibited NB growth.
Screens such as these are useful in identifying key pathways that could be therapeutically targeted

in NB [177].

In addition to screening through genetic modifications, screens of high numbers of cell lines
and therapies can be conducted in vitro. Mahoney et al. screened 482 cell lines with metabolic
inhibitors [178]. Neuroendocrine cells, specifically NB cells, showed a higher sensitivity to NB-

598, an inhibitor of enzyme squalene epoxidase (SQLE). This suggests that targeting of this
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pathway may have therapeutic potential. Similarly, Michaelis et al. screened 321 cancer cell lines
(from 26 different types of cancer) for response to flubendazole (an inhibitor of microtubule
function) [179]. NB was identified as highly sensitive to flubendazole, reducing viability of 140
NB cells lines. Large scale screens such as these have the potential to identify novel therapeutics

for NB.

2.4. Conclusions

Neuroblastoma is a heterogeneous disease both in clinical presentation and prognosis.
Understanding of critical pathways in disease progression and development of effective preclinical
therapies remains a challenge. Murine models, including GEMM, syngeneic, and xenograft have
been developed for therapeutic testing, particularly geared towards mimicking high-risk
phenotypes. However, challenges remain as therapeutic development trends toward
immunotherapies and a mouse capable of combining a human NB tumor with an intact immune
system has not been created. The future of this likely lies within humanized immune mouse models
which have the potential to use a mouse as a vehicle to evaluate a human tumor, with an intact

human immune system.

Tissue engineering represents a promising approach for development of systems capable of
high throughput therapeutic evaluation using multicellular systems. The growth of cells in 3D
allows for diffusion gradients of nutrients, oxygen, and therapeutics similar to those found in vivo.
For development of effective models, it is critical to incorporate multiple cell types (stromal,
vascular, and immune) in an environment capable of mimicking relevant diffusion limitations.
Patient derived tumors are the most representative of the heterogeneous tumor phenotype. In the
future, combining patient tumors with patient-derived stroma and immune cells may achieve a

more accurate model for preclinical therapeutic testing.
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Chapter 3: Development of a silk-based neuroblastoma model for

studying the effects of hypoxia and scaffolded growth

3.1. Introduction

Neuroblastoma (NB) is the most common extracranial childhood tumor [1]. It is an
extremely heterogeneous disease with low-risk patients having a high survival rate and high-risk
patients exhibiting an event free survival rate of less than 50% [2, 3]. Patients with high-risk NB
undergo intense multimodal treatment, but still exhibit high levels of relapse [4, 5]. This may be
due to the disease heterogeneity, lack of clear genetic markers/drivers, and frequency of metastasis
[2, 3, 6]. Many changes within the tumor microenvironment, including hypoxia, are associated

with poor disease outcomes and metastasis [7, 8].

Hypoxia, the presence of oxygen tensions below physiologic levels, is frequently found in
solid tumors. In normal tissues, the oxygen concentration typically ranges from 4.5-9%, while
hypoxic tissues frequently exhibit oxygen concentrations of less than 2% [9, 10]. Low oxygen
tensions in tumors results in activation of a complex cascade involving the HIF, PI3K, MAPK,
and NFkB pathways [11-15], which can lead to increased angiogenesis, altered cell metabolism,
resistance to therapy, and metastasis [8, 16-19]. In NB, a hypoxic signature has been associated
with poor clinical outcomes [7]. Few in vitro models of NB are available, and those that do exist

fail to capture relevant heterogeneity of the tumors.

In vitro tumor models are used to identify potential therapeutic strategies and to understand
disease progression [20-22]. The most common tumor models consist of monolayer cultured cells

adhered to polystyrene dishes. These models, while informative and simple to use, are limited as
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they lack essential components of the tumor microenvironment [23]. These microenvironment
components include 3D cell-cell interactions and gradients of oxygen and nutrients [24-26].
Various methods of 3D cultures have been employed to address these limitations, including
spheroids, hydrogels, and scaffolds [20, 23, 26-28]. These methods achieve oxygen tension
gradients closer to that of tumor physiology. Additionally, methods of inducing hypoxia, such as
low oxygen incubators or chemical induction of hypoxia through upregulation of HIF-1 have been

used to elucidate the specific effects of hypoxic pathways [29].

Scaffolds and hydrogels for 3D cell growth can be fabricated from a number of materials,
both biological and synthetic [30-32]. Synthetic materials, such as poly(vinyl alcohol), polylactide,
polyglycolides, and poly(ethylene glycol) are advantageous as they are typically easy to process
and highly tunable [32-34]. Commonly used biological materials include collagen, fibrin,
Matrigel®, chitosan, and alginate. Biological materials typically have higher levels of

biocompatibility and bioactive moiety for cell attachments and functionality [24, 31, 32, 35-39]

Silk fibroin, a natural biomaterial, can be fabricated into porous scaffolds through
lyophilization [40, 41]. Silk fibroin is advantageous as all aqueous processing methods are utilized
for scaffold and hydrogel fabrication [42]. Additionally, it demonstrates excellent
biocompatibility, lacks immune activation, and exhibits long-term stability in a range of
temperature and pH [40, 41, 43-45]. Cells have been demonstrated to adhere to and proliferate on
silk, likely due to a combination of roughness and electrostatic interactions with soluble factors
present in culture medium (serum) [46, 47]. Several types of cancer such as breast, prostate, and
adenocarcinoma have been successfully modeled using silk fibroin scaffolds [48-50]. However,

cell-driven microenvironments have not been investigated using silk fibroin scaffolds.
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As there are limited preclinical models capable of characterizing the impact of hypoxia and
3D growth, development of one such system is needed. The present study utilizes high cell density
cultures of NB cells inside silk scaffolds to generate a scaffolded NB model with cell-driven
microenvironment changes. Computational and experimental studies were performed to
characterize these changes. Scaffolded NB cultured under ambient oxygen and low oxygen
conditions were utilized to determine changes resulting because of low oxygen versus scaffolding
in general. Monolayer cultures under ambient oxygen and low oxygen conditions were used as
controls to verify low oxygen-driven effects. Responsiveness to therapeutics was evaluated to
demonstrate potential applications of testing preclinical treatment strategies for NB, and this
system could be applied to study additional cancer types. Collectively, these results present a high
cell density scaffolded tumor model that incorporates controlled 3D, spatial features of the tumor

microenvironment integrate for drug screening to treat cancer.

3.2. Materials and Methods

3.2.1. Cell culturing
KELLY NB cells (Millipore Sigma, St. Louis, MO) were maintained in Roswell Park

Memorial Institute 1640 (RPMI) medium supplemented with 10% v/v fetal bovine serum, 100
U/mL penicillin, 100 pug/mL streptomycin, and 2 mM L-glutamine (Fisher Scientific, Hampton,
NH). SK-N-AS NB cells (ATCC, Manassas, VA) were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% v/v fetal bovine serum, 100 U/mL penicillin, 100
pg/mL streptomycin, 2 mM L-glutamine, and 0.1 mM NEAA (Fisher Scientific, Hampton, NH).
SH-SY-5Y cells (ATCC, Manassas, VA) were maintained in DMEM/F12 50:50 supplemented
with 10% v/v fetal bovine serum, 100 U/mL penicillin, 100 pg/mL streptomycin, 2mM L-

glutamine, and 0.1 mM NEAA. All cells were maintained at 37°C and 5% CO; in a humidified
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environment and passaged using 0.25% trypsin-EDTA when 70-80% confluence. For low oxygen

cultures a 37°C, 5% CO», 1% Oy incubator was used.

3.2.2. Silk fibroin extraction

Silk fibroin from Bombyx mori silkworm cocoons (Tajima Shoji Co Yokohama, Japan),
kindly provided by Dr. David L. Kaplan at Tufts University, was extracted as previously described
[40]. Briefly, 5 g of cocoons were cut into approximately 1 cm x 1 cm pieces. Cocoons were then
boiled in 0.02 M Na2CO3 for 30 min to extract the sericin and allowed to dry overnight. The dried
fibers were then dissolved in 20 mL of 9.3 M LiBr at 60°C for 3 h. The dissolved silk fibroin was
dialyzed in 3,500 MWCO dialysis tubing (Fisher Scientific, Hampton, NH) against ultrapure water
for 2 d with a minimum of 6 water changes. The aqueous silk fibroin (referred to as silk from here

on) solution was stored at 4°C.

3.2.3. Silk scaffold fabrication

Silk scaffolds were fabricated using 2 mL of 5% (w/v) silk solutions in 5.6 mm cylindrical
molds. Lyophilization was performed using a shelf lyophilizer with controlled temperature
(Labconco, Kansas City, MO). Samples were equilibrated at 20°C for 30 min followed by rate-
controlled freezing (-0.5°C/min) to -45°C with a 2 h hold. Samples were then ramped to -25°C
(0.5°C/min) for primary drying for 30 h. Secondary drying was performed with a 2 h hold at -4°C
(ramp at 1°C/min), followed by ramping up to 20°C (1°C/min). The vacuum was held at 0.210
Torr for both primary and secondary drying. To render the materials insoluble, scaffolds were
steam-treated via autoclaving. Scaffolds were vibratome sectioned to a thickness of 200 pm and
biopsy punched with a 6 mm diameter biopsy punch. Scaffolds were autoclaved in ultrapure water

and then soaked overnight in complete medium prior to cell studies.
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3.2.4. Seeding of cells on scaffolds

SK-N-AS, KELLY, and SH-SY-5Y cells grown as described above were made into a single
cell suspension. For seeding studies, 10 pL of cells at a range of cell concentrations from 1.25 x
107 cells/mL-4.0 x 108 cells/mL were used. For all other studies, a concentration of 1 x 108 cells/mL
were used with a volume of 10 pL. Cells were seeded by applying a volume of 5 pyL of to the
scaffold. After 10 minutes, the scaffold was rotated 180° and the remaining 5 pL was applied. The
cell-seeded scaffolds were allowed to incubate at 37°C, 5% CO, and 21% O for 4 h before
moving to medium. For cell seeding studies, scaffolds were cultured for 24 h at 21% O, in 2 mL
of medium in a 24-well pate. For all other studies cells/scaffolds were grown in 6-well plates with
3 mL of medium in 21% O or 1% O»; monolayer cultured cells were seeded at a concentration of

5 x 10° cells/well,

3.2.5. DNA content analysis

DNA content was analyzed using a Quant-iT™ PicoGreen™ dsDNA Assay Kit (Fisher
Scientific, Hampton, NH) according to the manufacturer’s protocol. Samples were lysed with 0.5%
Triton X-100 in Tris-EDTA buffer for 20 min at room temperature. All samples were passed
through a freeze-thaw cycle (-20 °C) prior to analysis. After thawing, the samples were mixed,
centrifuged, and diluted 1:5 with TE buffer. The samples were incubated at room temperature for
5 min in a 200-fold dilution of the PicoGreen™ dye. The full protocol can be found in Appendix
X. The DNA concentration was determined by measuring the fluorescence at an excitation
wavelength of 480 nm and an emission wavelength of 520 nm (Victor Multilabel Plate Reader,

Perkin Elmer, Waltham, MA) and comparing to a standard curve of lambda DNA.
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3.2.6. _Histology

Scaffolds were frozen in OCT and cryosectioned to 20 um. Sections were fixed in 100%
methanol at 4 °C for 5 minutes, followed by 25% methanol for 5 minutes. Sections were then
washed in PBS for 10 minutes and stained with Harris hematoxylin and eosin using a standard

protocol (Appendix V).

3.2.7. Pimonidazole staining

Cultures were treated with 300 uM pimonidazole-hcl (Hypoxyprobe, Burlington, MA) for
24 h prior to the end of the study. Scaffolds were fixed in 10% formalin, frozen in OCT, and
cryosectioned to a thickness of 20 um. Sections were hydrated in PBS for 10 minutes, then blocked
and permeabilized in 5% normal goat serum with 0.1% Triton X-100 for 1 h. Blocked and
permeabilized sections were incubated overnight with secondary antibody (HP-RedAPC-Mab,
Hypoxyprobe, Burlington, MA) at a dilution of 1:50 in PBS at 4°C. Sections were washed and
counter stained with Hoechst 33342 (1:5,000) to visualize cell nuclei. Scaffolds that were not

treated with pimonidazole were used as a negative control (Appendix 1V).

3.2.8. Ki-67 immunostaining

Cell seeded scaffolds were fixed in 10% formalin, frozen in OCT, and cryosectioned to a
thickness of 20 um. Sections were hydrated in PBS for 10 minutes, then blocked and permeabilized
in 5% normal goat serum with 0.1% Triton X-100 for 1 h. Blocked and permeabilized sections
were incubated overnight with primary antibody (1:100) at 4°C in 1% BSA + 0.3% Triton X-100.
Secondary antibody (goat anti rabbit 594) was incubated overnight at a dilution of 1:250 in PBS.
Sections were washed and counter stained with Hoechst 33342 (1:5,000) to visualize cells and
nuclei respectively. Sections without ki67 antibody applied were used as a negative control

(Appendix 1V).
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3.2.9. TUNEL staining

TUNEL staining was performed on 20 pum thick cryosections using a DeadEnd™
Fluorometric TUNEL system (Promega, Madison, WI) according to the manufacturer’s protocol.
Briefly, sections were hydrated in PBS, permeabilized, and treated with equilibrium buffer. The
positive control sample was treated with DNASE | (Millipore Sigma, St. Louis, MO) (Appendix
V). Sections were then incubated with fluorescently-labeled nucleotides and terminal
deoxynucleotide transferase which catalyzed the polymerization of nucleotides to the 3’-OH
terminal end of the DNA fragments. Sections treated with nucleotides but not terminal
deoxynucleotide transferase were used as a negative control (Appendix 1V). The sections were

then counterstained with Hoechst 33342 (1:5,000) for 10 min at room temperature.

3.2.10. Whole-mount immunostaining

Full scaffolds were stained with Adipored (1:500), Hoechst 33342 (1:5,000), and
phalloidin (1:40) in 5% BSA + 0.1% Triton X-100 PBS overnight at 4 °C. Samples were washed

in PBS before imaging.

3.2.11. Periodic acid-Schiff base staining

Scaffolds were fixed in 10% formalin, frozen in OCT, and cryosectioned to a thickness of 20 pm.
Cryosections were brought to room temperature and rinsed with distilled water to remove OCT.
Slides were then treated with periodic acid solution for 7 minutes and rinsed in distilled water for
10 minutes. The cells were then treated with Schiff reagent (VWR, Radnor, PA) for 15 minutes
and rinsed in tap water for 10 minutes. Slides were brought to xylene and mounted with cytoseal.

The full protocol can be found in Appendix VI.
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3.2.12. Scanning electron microscopy

The cells morphology on the scaffold surface was visualized using scanning electron
microscopy (SEM). Samples were fixed in 4% paraformaldehyde and chemically dried using
sequentially increasing concentrations of ethanol followed by hexamethyldisilazane (Millipore
Sigma, St. Louis, MO). The dry samples were sputter coated with gold (25 mA, 60s) and imaged

with a Phenom G1 SEM (Thermo Fisher Scientific, Waltham, MA) using a 5-kV electron beam.

3.2.13. Brightfield imaging

Brightfield imaging of histology was performed in bright field an upright microscope
(Nikon Eclipse E600, Tokyo, Japan) with a digital camera (Spot Insight CMOS 5.1, Sterling

Heights, MI).

3.2.14. Confocal imaging

Whole mount confocal imaging was performed using a confocal microscope (Leica TCS

SP5, Wetzlar, Germany).

3.2.15. Fluorescent imaging

Fluorescent imaging was performed used an Axiovert 200M Zeiss inverted epi-fluor
microscope (Oberkochen, Germany). Exposure time was determined based on negative controls
(highest possible exposure where negative control failed to exhibit positive staining) for ki67 and
pimonidazole. For TUNEL staining exposure time was determined based on positive visualization

of the DNASE treated positive control and lack of positive staining in the negative control sample.
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3.2.16. Whole scaffold brightfield imaging

Whole scaffold stitched imaging of histology was performed an automated inverted
microscope (Lionheart FX, BioTek, Winooski, VT). Scaffold images were stitched together using

the auto stitch function.

3.2.17. Cytokine secretion-dot blot

Medium was collected and centrifuged to remove cell debris. All medium went through
one freeze-thaw cycle to ensure consistent treatment. A human cytokine array (AAH-CYT-1000-
2; Raybiotech, Peachtree Corners, GA) was performed on the medium following the
manufacturer’s protocol. The protocol can be found in Appendix V1I. Blot images were acquired
using a Gel Doc imaging system (Biorad, Hercules, CA). Following acquisition of the images,
blots were analyzed and normalized to determine relative change in cytokine secretion (Appendix
I1). Briefly, the blot was inputted into a custom image processing GUI that defined the region of
interest as a ring in the center of each dot. The background was then detected using a second ring
with a radius 3x the size of the dot selection ring. The dots were then normalized by subtracting
the background intensity from each dot intensity using MATLAB. Each blot was then normalized
to its own internal controls and to its dsDNA content as determined using a Quant-iT™
PicoGreen™ Assay. Each secreted factor was normalized to the monolayer ambient oxygen (2D

21%) condition for its respective cell line.

3.2.18. Enzyme-linked immunosorbent assays (ELISAS)

ELISAs to validate individual targets were performed using commercially available Kits
for VEGF-A, MCP-3, GM-CSF, and IL-8 (R&D Systems, Minneapolis, MN) following the
manufacturer’s protocol. The protocol can be found in Appendix IX. Data was collected at

wavelengths of 450 nm and 540 nm (background control) using a SpectraMax 250 (Molecular
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Devices, San Jose, CA). Each sample was normalized to its dSDNA content as determined using a

Quant-iT™ PicoGreen™ Assay.

3.2.19. Gene expression

Total RNA was isolated after 3 d of culture using a TRIzol reagent (Fisher Scientific,
Hampton, NH) according to the manufacturer’s instructions. RNA was dissolved in ultrapure
molecular grade water and the concentration determined using an absorbance of 260 nm using a
spectrophotometer (Nanodrop 2000, Thermo Scientific). Complement DNA (cDNA) was
synthesized using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster
City, CA). Real-time PCR was performed on a 7500 Real Time PCR System (Applied Biosystems,
Foster City, CA) using SYBR™ Green master mix (Applied Biosystems, Foster City, CA). SDHA
was used as a reference gene, and the level or expression was calculated using the AACt method.
Data is presented as relative to monolayer ambient oxygen (2D 21%). The PCR primers are listed

in (Table 3.1).

3.2.20. Cell sensitivity to cytotoxic drugs

Scaffolds seeded as described above were cultured in 12-well plates for 3 d in 2 mL of
medium. Monolayer culture was seeded at 75,000 cells/well in a 12-well plate. After 3 d medium
was replaced with fresh medium (control), medium containing etoposide (Selleckchem, Houston,
TX) at a concentration of 1 um or 10 um, or medium containing tirapazamine (Millipore Sigma,
St. Louis, MO) at a concentration 2 pg/mL or 20 pg/mL. Cells were treated for 3 d. After 3 d, cell

viability was determined using the Quant-iT™ PicoGreen™ dsDNA Assay Kit as described above.
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3.2.21. Mathematical modeling of oxygen concentrations

Mathematical modeling was utilized to model oxygen gradients within the scaffolds.
Simulated oxygen diffusion and consumption was run on a commercially available finite element
platform (COMSOL, Burlington, MA). Three-dimensional axisymmetric modeling was used
based on a standard 6-well plate containing 3 mL of medium and one scaffold with a diameter of
6 mm and a thickness of 200 um, seeded with 500,000 cells. These models were run through a
“transport of diluted species” module incorporating both diffusion and consumption rate (modeled

using Michaelis-Menten kinetics) available from literature [51-55].
Oxygen diffusion coefficient, D =2.6 x 107" m?s™!
Oxygen consumption rate, OCR = -3.09 x 10~* mol m~s™!
Michaelis-Menten coefficient, MM= 0.0046 mol m™3
Initial concentration of oxygen at the surface of the culture C = 0.21 mol m™3

The model utilizes the following equations:

OCR*C
MM+C

Rate of Oxygen Consumption, R = —
Transport of diluted species: % + V - (=D;Vc;)) = R;

Initial concentration of oxygen at the surface of the culture, Co = 0.21 mol m~3 for ambient oxygen

or 0.01 mol m~3 for 1% 0>

Uniform oxygen consumption was assumed within the scaffold. It was also assumed that the
scaffold did not limit oxygen diffusion. Culture medium as well as the scaffolds were modeled as

water.
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3.2.22. Statistical analysis

Data is presented as mean £ SEM for all gene expression, cytokine secretion data, and cell
seeding data. Data is presented as mean £ SD for all other data. All data is presented as the mean
of three biological replicates. Statistical significance was determined by one-way ANOVA
followed by Tukey honestly significant differences test in GraphPad Prism (version 5.0; San
Diego, CA. Significance was determined at P < 0.05. Statistics on ELISA data were performed on

the logio-transformed data as has been previously described [56, 57].

3.3. Results

3.3.1. Fabrication and cell seeding on silk scaffolds

Next, we sought to confirm cell attachment to the silk scaffolds. Silk scaffolds were
fabricated through the lyophilization followed by autoclaving of the silk to induce B-sheet
formation and render the material insoluble (Figure 3.1 A, B). Scaffolds were then vibratome
sectioned to a thickness of 200 um and biopsy punched to width of 6 mm (Figure 3.1 C). The
thickness of 200 um was chosen due to the cells ability to penetrate the entire scaffold, whereas
thicker scaffolds contained an area in the middle of the scaffold that lacked cells (data not shown).
SEM analysis of the silk scaffold demonstrated a microporous structure with pore sizes comparable

to previously demonstrated results (70-90 um) (Figure 3.1 C). Cell seeding analysis demonstrated

that approximately 50% of the cells seeded adhered to the scaffolds after 1 day (Figure 3.1 D).
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Figure 3.1. Fabrication of lyophilized silk fibroin scaffolds and seeding of cells.

(A) Silk scaffolds were fabricated 5% silk fibroin in a 15.6 mm diameter mold, lyophilized with
rate-controlled freezing. (B) Lyophilized silk fibroin cylinders were removed from the cylindrical
molds and autoclaved to render material insoluble, then vibratome sectioned to desired thickness.
(C) Silk fibroin sections were biopsy punched to 6 mm in diameter to remove edge effects. SEM
imaging confirms presence of micropores throughout the scaffold. (D) Cell seeding of SK-N-AS
cells on silk scaffolds as determined by DNA quantification. Data is presented as mean = SEM for
three independent experiments.

3.3.2. Mathematical modeling of oxygen concentration throughout the scaffolded NB model

We first sought to determine to what extent low oxygen conditions could occur due to cell-
driven oxygen consumption. Mathematical modeling of scaffolded culture in ambient and low
oxygen was performed (Figure 3.2). These models demonstrated a significant drop in oxygen
concentration within the scaffold at both ambient and low oxygen when modeled with 0.5 x 108
cells. In ambient oxygen, oxygen concentrations within the scaffold decreased to below 5%, with
the very interior of the scaffold reaching oxygen concentrations less than 1% (Figure 3.2 A). In
low oxygen, the interior of the scaffold reached concentrations close to 0.1% (Figure 3.2 B). As

the median oxygen concentration of untreated tumors ranges from 0.3% to 4.5%, this suggests that

Chapter 3: Development of a silk-based neuroblastoma model for studying the effects of hypoxia
and scaffolded growth 67



the oxygen concentrations exhibited in the scaffolds fall into a physiologically relevant range.

Subsequent experiments were performed using a seeding density of 1 x 10° cells/scaffold assuming

approximately 50% cell attachment.

N WA WL N ® o X

0.2 mol/m3
0.18
0.16
0.14
0.12
0.1
0.08
0.06
0.04
0.02

Media-air
interface
at21% O,
or 1% O,

mol/m?

110.12

x107?

0-2mol/m?3
0.18

0.16
0.14

0.1

0.08
0.06
0.04
0.02

mol/m?®

- N W A 0O N ® ©

Figure 3.2. Mathematical modeling of oxygen gradients in scaffolded culture.
COMSOL Multiphysics software was used to model potential oxygen gradients in (A) scaffolded
ambient oxygen culture (21% Oz) and (B) scaffolded low oxygen culture (1% O.). Diffusion and
consumption of oxygen was modeled using 3D axiosymmetric modeling of a 6-well plate, with a
total cell number of 5 x 10° cells in the scaffold. The media air interface was assumed to be at
ambient (21%) or low (1%) oxygen. Uniform consumption of oxygen within the scaffold was
assumed, all materials were assumed to have the properties of water at 37°C.
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3.3.3. Cell distribution throughout the silk scaffolds

To understand cell distribution throughout the silk scaffolds, a series of image-based
analysis were performed. Cells grown on the scaffold in ambient (21%) and low oxygen (1%)
conditions for 3 d were visualized through confocal imaging (surface), SEM (surface), and
histology of the vertical cross section of the scaffold (Figure 3.3). In both ambient and low oxygen
conditions, cells adhered to the scaffolds, with pockets of cells forming inside of the silk pores.
This was demonstrated through confocal and SEM images of the surface (Figure 3.3). Cells
attached to the silk, forming a robust layer of cells at the surface of the scaffold. Hematoxylin and
eosin staining of scaffold cross sections confirmed a uniform distribution of cells throughout the
scaffold (Figure 3.3). No major differences in cell morphology were observed between cells

cultured in ambient and low oxygen.
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Figure 3.3. Morphology of cells grown on silk scaffolds.

(A) ambient (21%) and (B) low (1%) oxygen scaffolded SK-N-AS NB cells grown for 3 d. Images
left to right: whole mount confocal imaging of scaffold surface, SEM imaging of scaffold surface,
hematoxylin and eosin stain of a vertical section of the scaffold.

3.3.4. Viability of cells under different culture conditions

To determine the impact of scaffolded culturing on cell viability, scaffolds were evaluated
for dsDNA content, proliferation (ki67), and apoptosis (TUNEL). After 3 d of culture cells in
different culture conditions were analyzed for DNA content using a PicoGreen™ assay (Figure
3.4 A). Analysis of dsDNA demonstrated no significant differences in DNA content based on
culture condition. However, the DNA content did follow a trend where monolayer culture
contained a higher level of DNA as compared to scaffolded culture, and ambient oxygen culture
conditions had a higher level of dSDNA as compared to low oxygen cultures. In both ambient and

low oxygen culture, positive staining for proliferation was observed (Figure 3.4 B, C). In addition,
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limited apoptosis was observed in scaffolded ambient and low oxygen (Figure 3.4 D, E). This

suggests the presence of viable cells grown on scaffolds in both ambient and low oxygen.

Chapter 3: Development of a silk-based neuroblastoma model for studying the effects of hypoxia
and scaffolded growth 71



(©)

Figure 3.4. Analysis of cells under different growth conditions.

(A) Quantification of DNA content in each culture conditions after 3 d. Data is presented as mean
+ SD for three independent experiments. SK-N-AS seeded scaffolds after 3 d of growth in
scaffolded culture under (B) ambient (21%) and (C) low (1%) oxygen evaluated for Ki-67
expression. SK-N-AS seeded scaffolds after 3 d of growth in scaffolded culture under (D) ambient
(21%) and (E) low (1%) oxygen evaluated apoptosis using a TUNEL stain. Arrows denote areas
of positive staining.
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3.3.5. Impact of scaffolded and low oxygen culturing on hypoxia-induced genes

To understand the role of hypoxia in scaffolded culture, hypoxia-related gene expression
was evaluated after cell growth in monolayer and scaffolded culture in both ambient and low
oxygen culture for 3 d. Known hypoxia-induced genes, VEGF, CAIX, GLUT1, IGFBP3, and
MMP9, were evaluated (Figure 3.5 A). Low oxygen culturing in monolayer upregulated VEGF,
CAIX, GLUTL, and IGFBP3 (8.6, 1122.1, 8.3, and 7.5-fold, respectively), with a non-significant
trend toward increased MMP9 expression (2.41-fold). Scaffolded ambient oxygen culture
significant increased VEGF, CAIX, GLUT1, and MMP9 (5.7, 444.2, 5.6, and 35.0-fold,
respectively). These increases, while significant, were less robust than the monolayer low oxygen
culture for all genes except MMP9. A non-significant increase in IGFBP3 was also observed (5.2-
fold). These increases suggest hypoxic conditions developing in the scaffolded culture. Cells
grown in scaffolded, low oxygen cultures exhibited the greatest upregulation of hypoxia related
genes. VEGF, CAIX, GLUTL1, IGFBP3, and MMP9 were all significantly upregulated (21.0,
2152.8, 13.8, 70.7, and 312.9-fold, respectively). This data followed an increasing trend from
scaffolded ambient, monolayer low, to scaffolded low oxygen cultures, for all genes except MMP9
where the monolayer low oxygen culture did not exhibit increased expression. Other evaluated
genes can be found in Appendix 1. Similar trends in hypoxia related genes were observed in
KELLY and SH-SY5Y NB cells (Figure 3.6). KELLY cells in scaffolded low oxygen culture
exhibited significant increases in VEGF, CAIX, GLUTL1, IGFBP3, and MMP9 (8.5, 320.1, 5.9,
11.1, 13.9-fold respectively) (Figure 3.6 A). SH-SY5Y cells grown in scaffolded low oxygen
culture also demonstrated similar results with increases of 3.0, 153.7, 3.0, and 5. 4-fold in VEGF,

CAIX, GLUT1, and MMP9, respectively (Figure 3.6 B). SH-SY5Y cells exhibited a limited
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response as compared to KELLY and SKNAS cells. This is as expected as SH-SY5Y cells have

been demonstrated to have a suppressed hypoxia response [58].

3.3.1. Presence of hypoxia in scaffolded cultures

Next we sought to verify regions of hypoxia in scaffolded culture. Scaffolds were treated
with pimonidazole for the final 24 h of culture at a concentration of 300 uM. Pimonidazole binds
to thiol-containing proteins only stable under hypoxic conditions and has previously been used to
identify hypoxia in vitro and in vivo [35, 59, 60]. Scaffolded SK-N-AS cells in both ambient and
low oxygen demonstrated positive pimonidazole staining (Figure 3.5 B, C). These results were
consistent with the observed hypoxia-related genes expression changes. In addition, cells on the
scaffolds stained positive for glycogen accumulation, a metabolic adaptation common in tumor

cells and promoted by hypoxia (Figure 3.7 A, B).
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Figure 3.5. Impact of scaffolded growth and hypoxia on hypoxia related genes and presence
of hypoxia in 3D.

(A) Hypoxia related gene expression of SK-N-AS NB cells grown for 3 d in monolayer (2D) or
silk scaffolds (3D) in ambient (21%) oxygen or low (1%) oxygen, normalized to 2D 21%
condition. Data is presented as mean + SEM of minimum of three independent experiments.
Asterisk indicate statistical significance between the groups (*p < 0.05, **p < 0.01, ***p < 0.001).
SK-N-AS seeded scaffolds after 3 d of growth in scaffolder culture under (B) ambient (21%)
oxygen or (C) low (1%) oxygen stained for pimonidazole to confirm regions of hypoxia. Arrows
denote areas of positive staining.
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Figure 3.6. Impact of scaffolded growth and hypoxia on hypoxia related genes in other NB
cell lines.

Hypoxia related gene expression of (A) KELLY NB cells or (B) SH-SY5Y NB cells for 3 d in
monolayer or silk scaffolds in 21% oxygen or 1% oxygen, normalized to 2D 21% condition.
Data is presented as mean + SD for three independent experiments. Asterisk indicate statistical
significance between the groups (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 3.7. Presence of
glycogen in  scaffolded
culture.

SK-N-AS seeded scaffolds
after 3 d of growth under (A)
ambient (21%) and (B) low
oxygen stained for glycogen
accumulation using PAS.

3.3.2. Impact of scaffolded and low oxygen culturing on cytokine secretion

Next, we examined the impact of oxygen concentration and scaffolded culture on cytokine
secretion. A cytokine array was used to examine cytokine secretion in the medium of monolayer
and scaffolded cultures at low and ambient oxygen after 3 d of culture (Figure 3.8 A, B, Table
3.2). Scaffolded NB and low oxygen monolayer cultures secreted increased levels of ITAC,
VEGF-A, MIF, MIP, CCL3, and uPAR. Scaffolded NB exhibited increased secretion of pro-
inflammatory cytokines GM-CSF, IL-8, and MCP-3 as compared to ambient and hypoxic
monolayer cultures suggesting that 3D culturing independently contributes to changes in cytokine
secretion. Dot blot hits of IL-8, GM-CSF, MCP-3, and VEGF-A were confirmed through ELISAs
(Figure 3.8 C). Secretion profiles of hypoxic and scaffolded culture consistent with that of the dot
blot with were observed. Specifically, secretion of VEGF increased with similar increases

observed in monolayer low oxygen and scaffolded ambient culture and with the highest secretion
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observed in scaffolded low oxygen. Secretion of MCP-3, GM-CSF, and IL-8 demonstrated large

increases in both scaffolded culture conditions similar with the results observed on the dot blot.

To confirm dot blot results, gene expression for the inflammatory markers IL-8, GM-CSF,
MCP-3, and ITAC was evaluated (Figure 3.8 D). Monolayer cultures under low oxygen did not
increase IL-8, GM-CSF, MCP-3, and ITAC expression. Scaffolded ambient oxygen culture
significantly increased IL-8, GM-CSF, MCP-3, and ITAC expression (138.6, 24.4, 32.9, 21.7 fold,
respectively). Similar results were observed in scaffolded low oxygen cultures, with increased IL-
8, GM-CSF, MCP-3, and ITAC (247.0, 32.7, 45.2, and 17.8 fold, respectively) (Figure 3.8 D). No
differences were observed between scaffolded ambient and scaffolded low oxygen. Additional dot
blot hits such as G-CSF were also evaluated. However, a subset of them including G-CSF, CCL3,
and IL-6, all of which have been clinically linked to poor prognosis in NB failed to amplify
consistently in all conditions with the exception of scaffolded low oxygen culture [61-68]. This
further indicates that scaffolded culture with regions of hypoxia is necessary to mimic clinical NB.
A full table of clinical correlation between gene and cytokine changes can be found in Appendix

VII.

Cytokine secretion of KELLY NB cell was evaluated to compare secretion profiles
between cell lines (Figure 3.9 A, B, Table 3.3). KELLY NB cells demonstrate limited changes in
cytokine secretion under scaffolded culture and low oxygen. Hypoxia (scaffolded and monolayer)
related increases in VEGFA were confirmed via ELISA assay (Figure 3.9 C). Visual analysis of
the dot blots suggested lower overall levels of secretion in KELLY cells as compared to SK-N-AS

cells. This could be due differences in NB pathways and heterogeneity between tumor cell lines.
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Figure 3.8. Impact of scaffolded growth and hypoxia on SK-N-AS cytokine secretion.

(A), (B) Dot blot images of conditioned SK-N-AS media after 3 d of culture in monolayer (2D)
and scaffolded (3D) culture in ambient (21%) or low (1%) oxygen (A: Array C7; B: Array C6
from RayBiotech Human Cytokine Array C1000). Blue and red boxes represented changes driven
by hypoxic conditions and scaffolded culturing, respectively, as determined by protein secretion
and/or gene expression changes. (C) ELISA validation of select dot blot hits normalized to DNA
content of each sample. (D) Gene expression validation of select dot blot hits. Data is presented as
mean £ SEM for three independent experiments. Asterisk indicate statistical significance between
the groups (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 3.9. Impact of scaffolded growth and hypoxia on KELLY cytokine secretion.

(A), (B) Dot blot images of conditioned KELLY NB cell media after 3 d of culture in monolayer
(2D) and scaffolded (3D) culture in ambient (21%) or low (1%) oxygen (A: Array C7; B: Array
C6 from RayBiotech Human Cytokine Array C1000). (C) KELLY NB cell VEGF secretion via
ELISA assay. Data is presented as mean + SD for three independent experiments. Asterisk indicate
statistical significance between the groups (**p < 0.01).
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3.3.3. Impact of scaffolded growth and hypoxia on MYCN gene expression

Previous work has demonstrated that hypoxia contributes to aggressive tumor phenotypes
[7, 10, 14, 58, 69, 70]. Amplified MYCN is considered one of the hallmarks of aggressive NB [71-
75]. The impact of hypoxic culture as well as scaffolded growth on MYCN expression was
examined in three different cell lines (Figure 3.10). Scaffolded low oxygen culture of SK-N-AS
(non-amplified MYCN) cells significantly increased MYCN expression. In KELLY NB cells
(amplified MYCN) no difference in MYCN expression was observed in scaffolded and/or hypoxic
culture. This is likely due to the higher baseline MYCN expression, as can be seen when comparing
Ct values (Table 3.4). Interestingly, in SH-SY5Y (non-amplified MYCN) no increases were
observed. While these cells demonstrated similar Ct values to SK-N-AS cells, they also contain a
mutation in anaplastic lymphoma kinase [76] and have been demonstrated to be less responsive to

hypoxia, both in literature and our analysis of hypoxic genes (Figure 3.6 B) [58].

Chapter 3: Development of a silk-based neuroblastoma model for studying the effects of hypoxia
and scaffolded growth 81



(A)
100 -

gl

SKNAS KELLY SH-SY5Y

*%

Fold Expression

01 T
olo ole olo ole olo ole olo olo olo olo o\ olo
AN ASIEN NUNT ANT N NN AN N

PRI L SR L DL SR S

Figure 3.10. Impact of scaffolded growth and hypoxia on MYCN expression.

MYCN expression by three different NB cell lines after 3 d of culture in monolayer (2D) and
scaffolded (3D) in ambient (21%) or low (1%) oxygen. Data is presented as mean + SEM for three
independent experiments. Asterisk indicate statistical significance between the groups (**p <
0.01).

3.3.4. Cell sensitivity to cytotoxic drugs

To determine the impact of scaffolded and low oxygen culture on therapeutic sensitivity,
we evaluated the cell response to etoposide, a chemotherapy drug, and tirapazamine, a hypoxia-
responsive drug (Figure 3.11). Monolayer cultured SK-N-AS cells exhibited similar sensitive to
etoposide between ambient and low oxygen conditions when treated with 1 uM and 10 pM
etoposide (viabilities of 55.2 + 14.2% vs. 50.9 + 8.6 % and 27.3 = 8.9% vs. 20.5 £ 4.1% viability,
respectively) (Figure 3.11 A). Culturing NB cells under ambient and low oxygen scaffolded
conditions reduced cell sensitivity to 1 uM and 10 uM (viabilities of 96.6 + 7.8% and 88.9 + 13.0%
and 85.7 £5.1% and 78.6 £ 19.7% viability, respectively) suggesting that cells grown in scaffolds

are less responsive to etoposide than cells grown in monolayer(Figure 3.11 A).
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Monolayer cultured SK-N-AS cells in low oxygen demonstrated a greater response to
tirapazamine, an inhibitor that is selectively activated in hypoxia as compared to ambient oxygen
culture when treated with 2 pg/mL and 20 pg/mL tirapazamine (viabilities of 87.0 £ 15.9% vs.
43.2 +13.4% and 62.0 = 14.4% vs. 10.0 + 5.6% viability, respectively) (Figure 3.11 B). Culturing
cells under scaffolded low oxygen conditions demonstrated a similar response to monolayer low
oxygen to 2 pg/mL and 20 pg/mL tirapazamine (viabilities of 58.0 £ 20.4% and 16.3 = 3.7%,
respectively) (Figure 3.11 B). While there were no significant differences observed in 2D
monolayer low oxygen culture as compared to scaffolded 3D low oxygen, differences were
observed under ambient oxygen culture conditions. Scaffolded 3D culture showed increased
sensitivity to 20 pg/mL tirapazamine as compared to monolayer 2D culture under ambient oxygen
conditions (31.7 + 13.4% and 88.0 £ 16.2% viability, respectively). At a lower dose of 2 pug/mL
tirapazamine, there was no significant difference in response from scaffolded 3D versus monolayer
2D culture under ambient oxygen conditions. This suggests that the hypoxic regions within cell

seeded scaffolds can be targeted therapeutically by hypoxia-sensitive therapies.

Chapter 3: Development of a silk-based neuroblastoma model for studying the effects of hypoxia
and scaffolded growth 83



. , 140 - . :
(A)140 Etoposide (B) 140 Tirapazamine

120 A * *x 120 A

= IS

100 “ 100 - o
= —I_ —_ "/ m2p21%
& 80 - _I_ = 80 —*
> < B2D 1%
2 60 A 5 60 03D 21%
S $ 5

40 40 03D 1%

0 - 0 -
1M 10 uM 2 pg/mL 20 pg/mL

Figure 3.11. Differential response of cells grown in scaffolded culture and hypoxia to
therapeutics.

Response of cells to (A) etoposide and (B) tirapazamine in monolayer (2D) and scaffolded (3D)
culture in ambient (21%) or low oxygen (1%). Viability is determined via comparison of dSDNA
content. All conditions were normalized to an untreated control. Data is presented as mean + SD
for three independent experiments. Asterisk indicate statistical significance between the groups
(*p < 0.05, **p < 0.01).

3.4. Discussion

NB is a heterogeneous disease with limited treatment options and poor prognosis [3, 77].
The current models used to assess therapeutics and identify critical pathways are limited.
Specifically, they lack cell-cell interacts as well as oxygen and nutrient gradients present in vivo.
Here we present the development of a model system that incorporates 3D culturing as well as low
oxygen conditions to better mimic the tumor microenvironment and bridge the gap between

traditional monolayer cultures and preclinical murine models.

In this work, a scaffolded in vitro NB model was developed using lyophilized silk
scaffolds. Silk fibroin is a versatile, non-immunogenic biomaterial that can be processed into a
porous structure capable of sustaining cell growth using lyophilization [41, 45]. Our studies
demonstrate that cells grew throughout the silk scaffolds under different oxygen conditions. Cells

attached to the silk scaffold and grew throughout the pores, exhibiting cell-cell interactions as well
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as cell-material interaction. It has been well established in literature that 100 um is a critical
thickness for oxygen and nutrients in vivo furthermore, in vitro spheroids typically begin to
demonstrate hypoxia when they reach a radius of 100 um [78]. To allow for cell growth throughout
the scaffold and cell-driven oxygen gradients, a scaffold thickness of 200 um was utilized. . While
the scaffold and seeding properties (i.e. scaffold thickness, number of cells seeded) allowed for
fabrication of cell driven gradients using highly metabolic NB cancer cells, scaffold properties
could be tuned for different cancer types to support cell-driven gradient formation. Additional
properties of the silk scaffolds that could be varied include pore size, stiffness, and chemical
properties to further impact cell responses and better understand the role each property plays in

tumor aggressiveness.

In our system we demonstrate that silk scaffolds can sustain viable cells in both ambient
and low oxygen. This was demonstrated through quantification of dsDNA after 3 d of culture as
well as ki67 (proliferation) and TUNEL staining. Quantification of dSDNA demonstrated a trend
in DNA content where cells grown in low oxygen (both in monolayer and scaffolded conditions)
demonstrated reduced dsDNA as compared to cells grown their ambient oxygen counterparts. In
many cancer types hypoxia has been demonstrated to reduce cell proliferation, as proliferation
with a high number of metabolic cells would exacerbate hypoxic stress [79, 80]. Positive staining
for proliferation (Ki-67) was observed. While typically observed as a nuclear stain, our cells
exhibited a mixture of nuclear and cytoplasmic staining. Previous literature using other cancer cell
types have reported this observation, though the reason for cytoplasmic Ki-67 protein is not fully
understood [81-83]. Limited TUNEL staining was observed suggesting that at 3 d, hypoxia within

the scaffolds is not causing a high level of apoptosis.
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Hypoxia is a critical factor in tumor progression and prognosis. Traditional monolayer in
vitro cultures fail to accurately mimic hypoxic regions present in the tumor environment. In this
study, hypoxia was induced by cell-driven oxygen consumption and controlled for using a low
oxygen incubator. The presence of hypoxic regions in the scaffolds was confirmed through
COMSOL modeling, upregulation of hypoxia-related genes and positive pimonidazole staining.
COMSOL modeling suggests that scaffolded low oxygen culture exhibited the highest amount of
hypoxia, followed by monolayer low oxygen culture and scaffolded ambient oxygen culture.
Furthermore, COMSOL modeling suggested physiologically relevant oxygen gradients. Modeling
of scaffolded, ambient oxygen cultures demonstrated regions of hypoxia (<1%) as well as
physiologic oxygen levels (3-5%) Thus, COMSOL modeling suggest that scaffolded ambient
oxygen culture may be similar to the gradient exhibited within the tumor that ranges from 4% to

hypoxic levels.

Gene expression changes corroborated the COMSOL modeling, with consistent
upregulation of known hypoxia markers. This included HIF down-stream target VEGF, which is
known to contribute to tumor survival and invasion [16]. CAIX expression has been demonstrated
to be induced by hypoxia [69, 84]. It functions to regulate pH by accelerating the conversion of
COz and H20 to HCO3™ and H*, helping to maintain a more alkaline intracellular pH [84]. GLUT1
expression has been demonstrated to be upregulated under hypoxic conditions as part of an altered
metabolic pathway and correlated to high malignant potential and poor prognosis[85]. Clinically,
increased GLUT1, CAIX, and VEGF have been correlated with advanced NB [69, 85-87]. In
addition to directly transcribing VEGF, CAIX, and GLUT1 as transcription targets, HIF has been
demonstrated to function as parts of key pathways such as PI3K, MAPK, and NFxB. For example,

VEGF has been demonstrated to stimulate MAPK, and MMP9 activity is promoted by ERK and

Chapter 3: Development of a silk-based neuroblastoma model for studying the effects of hypoxia
and scaffolded growth 86



PI3K activity. In addition, we observed glycogen accumulation in the scaffolded culture. Glycogen
accumulation has been observed in hypoxia in multiple cancer types [88-92]. Metabolically,
GLUTL1 can increase uptake of the accumulated glycogen to promote cell survival in oxygen
deprovision [88]. The impact of both hypoxia and scaffolded culture on downstream targets of
these pathways specific to individual tumors could be elucidated utilizing this system. Previous
work using monolayer cells under 1% O- conditions, identified hypoxia-related changes in VEGF,
CAIX, GLUT1, and MMP9 in NB. However, previous studies did not directly compare scaffolded
culturing (that likely contain low oxygen regions) to monolayer culturing in low oxygen. These
direct comparisons allow for a more complex understanding of the impact on 3D culture as

compared to changes driven by hypoxia.

In the tumor microenvironment, low levels of oxygen and nutrients can recruit immune
cells and stromal cells, induce cell transformation, and promote malignancy through increased
cytokine secretion [93, 94]. It is well established that significant differences in cytokines exist
between the in vivo tumor microenvironment and traditional monolayer in vitro culture [95, 96].
In this work, we demonstrated differential cytokine secretion based on both hypoxia and scaffolded
growth. The proinflammatory cytokines 1L-8, GM-CSF, MCP-3, and ITAC exhibited significant
upregulation in scaffolded conditions. Clinically, the pro-angiogenic cytokine I1L-8 expression has
been demonstrated in tumor samples, as compared to minimal expression in the near-by adrenal
tissue, suggesting it is a relevant part of the tumor microenvironment [97]. GM-CSF, a commonly
used cytokine in NB therapy has been demonstrated to have both a stimulatory and suppressive
effect in tumors [98]. It functions as an immunomodulator, stimulating dendritic, monocyte, and
macrophage activity [99]. Studies have also demonstrated that GM-CSF stimulates tumor growth

and metastasis in several cancers [98]. MCP3 (CCL7) has not yet been clinically linked to NB.
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However, in other cancers MCP3 has been linked with a decreased in relapse-free survival,
increased numbers of cancer associated fibroblasts, recruitment of macrophages, and enhanced
tumor metastasis [100-102]. ITAC ligand for the receptor CXCR3 and a chemotactic for activated
T-cells. In other cancers, ITAC has been demonstrated to attract CD8+ lymphocytes and
macrophages, as well as enhancing tumor cell growth and metastasis [103]. Taken together, these
cytokine changes suggest that scaffolded NB culture provides a more physiologically relevant
tumor microenvironment, as compared to monolayer hypoxic culture.. Further, many cytokines
that were upregulated in hypoxic culture such as uPAR, CCL3, and VEGF demonstrated similar
upregulation in scaffolded culture. To better mimic the tumor phenotype, a combination of cell-
driven oxygen gradients and the scaffolded NB approaches well as 3D culture (cell-cell

interactions) is necessary.

Hypoxia, both cell-driven due to scaffolded culture and induced through low oxygen
conditions, induced secretion of cytokines. However, a subset of cytokines was induced in
scaffolded culture, but not in monolayer, low oxygen culture. This suggests that scaffolded culture
and cell driven gradients were able to induce secretion of cytokines that hypoxia alone was not
able to induce. This suggests that scaffolded culture is capable of secreting hypoxia-related
cytokines, but hypoxic culture (not in 3D) does not exhibit the same secretome profile as scaffolded

cells.

Differences were observed between different NB cell lines and cytokine secretion. While
secretion of hypoxia-related cytokines such as VEGF was conserved between monolayer ambient
and low oxygen culture across cell lines, there were large differences in inflammatory cytokine
secretion. These differences exhibited between cell lines, would likely be observed with patient

tumors due to the heterogenous nature of this cancer [104]. Differences in gene expression and
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cytokine secretion could be evaluated in patient-derived tumor samples to understand the
aggressive tumor microenvironment in the hypoxic tumor core to develop patient-specific
treatment strategies. Our studies were performed with three established NB cell lines, SK-N-AS,
KELLY, and SH-SY5Y. These changes include MYCN amplification, characterized by extra
copies of MYCN. KELLY cells exhibit MYCN amplification, while SH-SY5Y and SK-N-AS do
not [105]. This allowed for understanding of how our system responded to heterogeneity in NB.
Further, SH-SY5Y has been previously demonstrated to a limited hypoxic response, potentially

due to pathway expression or degree of differentiation [58].

The goal of understanding different tumor properties is to develop more effective
therapeutics for individual tumor subtypes and patients. It has been well established that response
of cells to therapeutics in monolayer culture is not indicative of clinical response [25, 106, 107].
This is due to differences in pathway activation, diffusion barriers, and resistance developed by
the cell microenvironment. In this study, cells grown in scaffolded cultures, both in ambient
oxygen and hypoxia, demonstrated resistance to the clinically used chemotherapeutic etoposide as
compared to monolayer culture. Tirapazamine, which is activated to a toxic radical in hypoxia,
was tested to determine if this trend was conserved with other therapeutics. In monolayer culture,
hypoxia was able to significantly enhance the toxicity of tirapazamine. Scaffolded low oxygen
cultures also demonstrated similar toxicity. Interestingly, when treated with 20 pg/mL of
tirapazamine, scaffolded culture in ambient oxygen demonstrated increased responsiveness as
compared to monolayer cultures under ambient oxygen conditions. This suggests that testing of
therapeutics both in 3D and at different oxygen levels may represent an improved platform for

preclinical drug screening.
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3.5. Conclusions

This work establishes a scaffolded tumor model using lyophilized silk scaffolds capable of
mimicking physiologically relevant oxygen gradients. Use of controlled oxygen incubators in
combination with this scaffolding method has the potential to drive fundamental understanding of
pathway changes relevant to scaffolded culture and hypoxia. Examination of cytokine secretion
and gene expression suggests a more physiologically relevant tumor microenvironment with the
scaffolded culture. NB grown within the scaffolded 3D cultures exhibited changes in critical
oncogenic pathways such as MYCN, as well as resistance to clinically used chemotherapeutics.
This culture method represents an initial link between physiological tumor and in vitro culture.
However, while this model captures critical signaling pathways present in the tumor
microenvironment, there is still a high degress of cell heterogeneity present in the tumor
microenvironment. In the future, this platform could be expanded to incorporate other integral
cells of the tumor microenvironment such as stromal and immune cells to enhance the complexity

of the model and expanded to study additional tumor types.
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Table 3.1. List of primers used for gqRT-PCR in Aim 1

Gene Sequence

F-GGGTGTCATCTGGACTGTGTT
R-CTTCTGTGCTGCCTTCTCATC

F - CCTGCAGTTTGGCTACAACA

CAIX

cLUT R - GTGGACCCATGTCTGGTTG
S F - GGGAGCATGTGAATGCCATC
R- GGCTCCTGGAGGTCAAACAT
GrEP F - TCTGCGTCAACGCTAGTGC
R - GCTCTGAGACTCGTAGTCAACT
L F - AAGACATACTCCAAACCTTTCCACC
R - CTTCAAAAACTTCTCCACAACCCT
T F - GACGCTGTCTTTGCATAGGC
R - GGATTTAGGCATCGTTGTCCTTT
ep.s F - TCTCATGTGGAAGCCCATGC
R - GTATTAATCCCAACTGGCTGAGCA
PO F - TTCTGCCCGGACCAAGGATA
R - ATGCCATTCACGTCGTCCTT
N F - CGACCACAAGGCCCTCAGT
R - TGACCACGTCGATTTCTTCCT
VEGr F - AGGAGGAGGGCAGAATCATCA
R - CTCGATTGGATGGCAGTAGCT
SDHA (housckeeper) - TOGGAACAAGAGGGCATCTG

R - CCACCACTGCATCAAATTCATG
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Table 3.2. Analysis of cytokine section by SK-N-AS cells

Secreted Factor 2D 1%? 3D 21%* 3D 1%°
1-309 (CCL1) 0.76 0.63 0.00
Adiponectin (ACRP30) 1.86 2.04 2.32
AgRP 1.69 1.28 2.10
Angiogenin 0.83 0.56 0.50
ANGPT2 2.27 2.66 2.83
AR 2.25 2.44 2.80
Axl 2.85 2.39 3.55
BDNF 0.96 1.63 0.53
beta-NGF 2.81 3.45 3.49
bFGF 3.12 3.87 3.89
BLC (CXCL13) 1.17 0.95 0.69
BMP-4 0.64 1.25 0.93
BMP-6 0.90 0.50 0.58
BTC 3.05 2.18 3.79
CCL28 [108] 2.53 2.26 3.15
CK beta 8-1 (CCI23) 0.18 1.12 0.92
CNTF 1.10 1.03 1.01
CTACK (CCL27) 1.19 1.87 1.48
Dtk 0.96 1.36 1.19
EGF 1.01 0.65 1.27
EGFR 1.51 2.04 1.87
ENA-78 (CXCL15) 1.89 2.48 2.35
Eotaxin-1 (CCL11) 0.93 231 1.47
Eotaxin-2 (CCL24) 0.65 1.03 0.21
Eotxin-2 (CCL26) 0.94 0.95 0.67
Fas (Apo-1) 2.59 3.42 3.22
FGF-4 2.32 2.76 2.88
FGF-6 0.83 1.05 0.60
FGF-7 (KGF) 1.10 0.83 0.34
FGF-9 2.23 2.65 2.77
Fit-3 Ligand 0.72 1.02 0.44
Fractalkine (CX3CL1) 0.70 0.90 0.49
GCP-2 (CXCLS6) 0.76 0.82 0.61
G-CSF 3.59 3.70 4.47
GDNF 0.54 1.13 0.59
GITR (TNFRSF18) 2.48 2.88 3.08
GITR Ligand (TNFSF18) 2.54 2.69 3.16
GM-CSF 0.75 65.65 51.42
gp130 3.32 3.66 4.13
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GRO 4.44 6.35 5.53
GRO alpha (CXCL1) 4.27 4.73 531
HCC4 (CCL16) 3.57 3.67 4.44
HGF 2.11 2.45 2.62
ICAM-1 (CD54) 1.69 4.19 2.10
ICAM-3 (CD50) 2.52 3.12 3.14
IFN-gamma 0.52 0.72 1.09
IGF-1 0.48 0.89 0.65
IGF-1R 2.84 4.19 3.53
IGFBP-1 0.00 1.02 0.55
IGFBP-2 0.62 0.94 1.18
IGFBP-3 2.47 3.77 3.07
IGFBP-4 111 0.38 0.37
IGFBP-6 3.28 2.09 4.08
IL_1 beta (IL-1 F2) 0.87 0.90 0.73
IL_12 p40 2.98 4.47 3.70
IL-1 alpha (IL-1 F1) 1.62 1.44 1.19
IL-1ra (IL-1 F3) 0.64 1.26 0.80
IL-10 0.00 11.98 4.88
IL-11 2.36 2.87 2.94
IL-12 p70 3.49 4.63 4.34
IL-13 0.03 0.00 0.01
IL-15 0.88 1.09 0.87
IL-16 0.88 0.92 0.74
IL-17A 3.86 5.93 4.81
IL-1R1 2.98 4.10 3.71
IL-1R4 (ST2) 2.80 3.71 3.48
IL-2 0.75 0.94 0.34
IL-2 R alpha 3.41 5.12 4.24
IL-3 0.99 1.55 1.13
IL-4 0.89 1.73 1.22
IL-5 7.99 0.00 0.00
IL-6 0.00 1.22 2.35
IL-6R 3.74 5.09 4.65
IL-7 17.23 0.00 0.00
IL-8 (CXCLS) 3.66 20.80 4.55
I-TAC (CXCL11) 3.31 5.74 4.12
Leptin 0.50 1.00 0.70
LIGHT (TNSF14) 0.80 1.52 1.08
Lymphotactin 3.16 4.09 3.93
MCP-1 (CCL2) 0.84 1.70 1.01
MCP-2 (CCLS8) 0.39 3.32 1.00
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MCP-3 (MARC/CCLY7)
MCP-4 (CCL13)
M-CSF

MDC (CCL22)

MIF

MIG (CXCL9)
MIP-1 delta (CCL15)
Mip-1-alpha (CCL3)
MIP-1-beta (CCL4)
MIP-3 alpha (CCL20)
MIP-3-beta (CCL19)
MSP (alpha/beta)
NAP-2 (CXCLY7)
NT-3

NT-4

OPG (TNFRSF11B)
OSM

PARC (CCL18)
PDGF-BB

PLGF

RANTES (CCL15)
SCF

SDF-1 Alpha

TARC (CCL17)
TECK(CCL25)

TGF Beta 1

TGF Beta 3

TIMP-1

TIMP-2

TNF Alpha

TNF Beta

TNFRI (TNFRSF1A)
TNFRII (TNFRSF1B)
TPO

TRAIL R3

TRAIL R4

uPAR

VEGF-A

VEGF-D

1.16
0.90
0.76
0.66
2.94
0.64
0.73
3.06
2.96
0.65
2.27
3.46
0.60
0.63
2.65
2.72
3.41
1.81
0.56
3.95
0.78
1.14
0.57
0.51
1.94
0.79
0.62
1.81
2.51
0.50
0.50
5.29
3.84
4.90
3.36
0.29
2.87
3.57
2.57

14.19
1.14
1.19
1.10
3.60
0.99
1.19
5.47
4.57
1.26
5.06
5.42
1.18
0.91
4.32
4.98
4.97
0.51
1.19
6.77
1.74
1.47
1.33
1.20
3.83
1.02
1.40
2.55
2.95
1.08
1.09
7.47
4.55
6.72
4.54
0.44
2.68
7.04
3.66

9.78
0.67
0.71
0.68
3.66
0.82
1.17
3.81
3.68
1.54
2.82
431
1.34
0.94
3.30
3.38
4.25
0.02
0.00
491
1.42
0.57
0.47
0.66
2.41
0.20
1.09
2.25
3.12
1.01
1.08
6.59
4.78
6.10
4.17
0.36
3.57
4.45
3.20

4Fold Change Relative to 2D 21%
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Table 3.3. Analysis of cytokine section by KELLY cells

Secreted Factor 2D 1%? 3D 21%* 3D 1%?*
1-309 (CCL1) 1.40 0.61 1.17
Adiponectin (ACRP30) 2.33 1.62 2.52
AgRP 2.12 1.65 2.19
Angiogenin 1.08 0.69 0.65
ANGPT2 2.18 1.46 2.58
AR 2.08 1.89 2.72
Axl 1.68 1.49 2.64
BDNF 0.96 0.65 0.77
beta-NGF 0.00 0.00 0.00
bFGF 2.47 2.15 3.59
BLC (CXCL13) 0.91 0.67 0.92
BMP-4 1.13 0.67 0.93
BMP-6 0.49 1.05 1.29
BTC 0.81 1.68 2.58
CCL28 [108] 0.10 0.36 1.30
CK beta 8-1 (CCI23) 1.24 0.65 1.16
CNTF 1.47 0.75 1.58
CTACK (CCL27) 2.12 1.71 3.35
Dtk 2.01 1.96 2.59
EGF 1.43 0.98 1.99
EGFR 1.90 1.63 2.49
ENA-78 (CXCL15) 2.04 1.03 3.72
Eotaxin-1 (CCL11) 0.00 0.61 1.07
Eotaxin-2 (CCL24) 1.26 1.32 1.36
Eotxin-2 (CCL26) 1.00 0.93 1.01
Fas (Apo-1) 2.31 1.10 2.60
FGF-4 2.49 1.67 2.29
FGF-6 1.74 1.56 1.86
FGF-7 (KGF) 1.07 0.86 1.06
FGF-9 2.53 2.09 2.79
Fit-3 Ligand 0.72 0.44 0.28
Fractalkine (CX3CL1) 0.95 0.55 0.77
GCP-2 (CXCLS6) 0.98 0.54 0.54
G-CSF 3.40 1.75 1.48
GDNF 1.35 0.65 0.70
GITR (TNFRSF18) 2.37 2.22 2.38
GITR Ligand (TNFSF18) 2.46 1.71 2.49
GM-CSF 2.05 0.00 1.95
gp130 2.39 1.63 2.63
GRO 2.32 1.41 1.82
GRO alpha (CXCL1) 2.85 1.95 3.37
HCC4 (CCL16) 1.82 1.79 2.43
HGF 1.18 1.22 1.18
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ICAM-1 (CD54)
ICAM-3 (CD50)
IFN-gamma

IGF-1

IGF-1R

IGFBP-1

IGFBP-2

IGFBP-3

IGFBP-4

IGFBP-6

IL_1 beta (IL-1 F2)
IL_12 p40

IL-1 alpha (IL-1 F1)
IL-1ra (IL-1 F3)
IL-10

IL-11

IL-12 p70

IL-13

IL-15

IL-16

IL-17A

IL-1R1

IL-1R4 (ST2)

IL-2

IL-2 R alpha

IL-3

IL-4

IL-5

IL-6

IL-6R

IL-7

IL-8 (CXCLS8)
I-TAC (CXCL11)
Leptin

LIGHT (TNSF14)
Lymphotactin
MCP-1 (CCL2)
MCP-2 (CCLS8)
MCP-3 (MARC/CCLY7)
MCP-4 (CCL13)
M-CSF

MDC (CCL22)
MIF

MIG (CXCL9)
MIP-1 delta (CCL15)
Mip-1-alpha (CCL3)

2.30
4.10
1.15
131
2.19
1.12
1.03
2.54
12.72
2.79
0.88
2.06
0.60
1.40
0.16
1.90
2.01
1.05
1.64
1.02
1.92
2.48
2.68
0.93
2.12
1.30
1.40
0.00
1.78
2.26
9.58
3.85
2.96
1.28
1.85
2.18
1.73
0.56
0.99
0.96
1.07
1.20
1.96
1.13
1.48
1.93

2.50
3.62
0.45
0.95
1.66
0.67
0.85
2.26
3.79
1.94
0.51
1.37
0.30
0.95
0.24
1.66
1.88
0.18
0.93
0.68
1.50
1.90
2.07
0.96
1.74
0.57
1.18
0.10
0.50
1.66
0.00
2.42
2.38
0.76
1.24
1.85
1.01
0.51
0.63
0.54
0.69
0.77
3.43
0.71
0.91
2.29

4.96
5.65
1.56
0.48
2.88
2.82
1.38
3.77
6.62
4.46
0.57
3.20
0.69
0.63
0.36
3.35
2.19
0.46
0.65
0.51
1.88
3.07
2.61
1.01
2.44
0.71
1.74
1.65
1.26
1.90
0.00
2.93
5.95
0.60
0.63
6.32
0.30
0.36
0.68
0.50
0.46
0.61
5.03
0.46
0.79
4.42
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MIP-1-beta (CCL4)
MIP-3 alpha (CCL20)
MIP-3-beta (CCL19)
MSP (alpha/beta)
NAP-2 (CXCL7)
NT-3

NT-4

OPG (TNFRSF11B)
OSM

PARC (CCL18)
PDGF-BB

PLGF

RANTES (CCL15)
SCF

SDF-1 Alpha

TARC (CCL17)
TECK (CCL25)
TGF Beta 1

TGF Beta 3

TIMP-1

TIMP-2

TNF Alpha

TNF Beta

TNFRI (TNFRSF1A)
TNFRII (TNFRSF1B)
TPO

TRAIL R3

TRAIL R4

UPAR

VEGF-A

VEGF-D

2.61
2.04
2.77
2.76
2.05
2.38
2.85
2.46
3.30
8.71
1.67
2.07
2.15
1.97
1.30
191
2.90
1.72
1.11
2.69
1.52
1.34
1.28
2.62
2.32
4.17
3.22
0.53
6.51
5.02
2.36

2.30
1.34
1.94
2.40
1.37
1.85
2.37
1.98
2.52
3.03
1.04
1.79
1.09
0.57
0.47
0.58
1.68
0.89
0.58
2.33
1.88
0.82
0.83
2.12
1.73
2.82
2.92
5.54
5.32
4.06
2.07

5.17
191
2.70
4.36
2.42
4.00
4.55
4.23
3.85
16.12
0.73
2.47
0.82
0.42
0.50
0.58
3.68
0.23
0.56
3.82
1.70
0.65
0.70
3.44
2.57
6.75
5.32
0.49
9.55
7.50
3.32

4Fold Change Relative to 2D 21%
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Table 3.4. Average Ct values for MYCN

2D 21% 33.57
2D 1% 31.79
3D 21% 32.27
3D 1% 30.82

MYCN SDHA

SK-N-AS KELLY SH-SY5Y SK-N-AS KELLY SH-SY5Y
19.11 27.59 23.86 19.11 27.59
20.40 28.82 24.24 20.40 28.82
21.18 28.05 25.22 21.18 28.05
22.64 28.12 25.37 22.64 28.12
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Chapter 4: Development of a stacked neuroblastoma model

4.1. Introduction

Many solid tumors demonstrate regions of reduced oxygen tension, otherwise known as
hypoxia [1-5]. In tumors, rapid proliferation and high levels of oxygen consumption yield to
depleted levels of oxygen, particularly in cells far from vasculature [6]. Rapid growth in tumors
without adequate vasculature leads to gradients of oxygen, nutrients, and pH [7]. Cancer cells that
are under hypoxic stress have an altered metabolic pathway, relying instead on glycolysis [1, 2, 8].
Hypoxic stress has also been demonstrated to cause adaptations in tumor cells that promote a more
aggressive tumor phenotype [9, 10]. These changes include promotion of migration, invasion,

resistance to apoptosis, and increased angiogenesis [3, 4, 11-13].

As neuroblastoma is an orphan disease there are few preclinical in vitro models available for
disease modeling. Current NB hypoxia models have relied on chemical induction of hypoxia using
DMOG (HIF-1 activator) or CoCl (mimics HIF-1 activation) or use of low oxygen incubators
[14]. In NB cell lines, use of low oxygen incubators and DMOG has been shown to confer
important pathway changes, which persisted when cells were implanted in vivo [15]. However,
low oxygen incubators and DMOG are primarily useful at identifying cellular changes at the
molecular level. Intumors is hypoxia is cell-driven, existing in a gradient with the highest oxygen
tension close to vasculature and lowest oxygen tension distant from vasculature. Further, cells
under hypoxia can impact surrounding tumor cells, having an impact on the tumor’s

responsiveness to therapeutics and metastatic potential.

Chapter 4: Development of a stacked neuroblastoma model 106



Many current 3D in vitro models are capable of generating hypoxic regions. The commonly
used spheroid models (cell aggregates) demonstrates a hypoxic core once the tumor has reached a
size of greater than 200 um [16-18]. Spheroids have been used to study therapeutic response to
hypoxia as well as alterations in pathway expression [17, 19]. However, it is difficult to spatially
control spheroids, and analysis of different regions of the spheroid is a challenge. Hydrogel
systems have also been used to model hypoxia. For example, cells have been grown within
hydrogels composed of collagen, agarose, and Matrigel [20-22]. Scaffold based approaches have
also been used. These include polymer (natural and synthetic), paper (cellulose), and silk fibroin
[23-26]. Scaffolds are advantageous as they allow for spatial control of cell distribution. This
allows for control of where cells are located in the model, which is especially important when
multiple cell types are incorporated. In comparison scaffold free approaches such as spheroids can

be non-uniformly distributed and analysis of different areas of the model can be difficult.

In the previous aim, we demonstrated the use of silk scaffolds and low oxygen incubators to
model different levels of oxygen tension of the tumor microenvironment. Further, we
demonstrated changes in gene expression and cytokine secretion due to 3D culture and low
oxygen. In the present study, we generated 3D models using stacked silk fibroin scaffolds. Silk
fibroin has been demonstrated to be an effective material for tissue engineering due to its stability,
biocompatibility, and lack of immunogenic response [27-30]. While many studies have been
performed to engineer 3D tumor models (both using scaffolds and in spheroid form), few studies
have developed systems with controlled oxygen gradients. To achieve this, we utilized a stacking
method, which has been previously employed to evaluate cell invasion and for layered cell models
[25, 31, 32]. COMSOL modeling was used to determine the impact of scaffold holder geometry

on oxygen diffusion and number of scaffolds on oxygen gradients (as a result of oxygen
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consumption). Stacks of different thicknesses were evaluated for cell presence through dsDNA
content and histology. Hypoxic gradients were characterized through gene expression and
pimonidazole staining as compared to single scaffolds grown in ambient and low oxygen. This
system has the potential to be applied to many different cancer types and to allow for improved

understanding of tumor pathways as well as presenting a novel therapeutic testing platform.

4.2. Materials and Methods

4.2.1. Cell culturing
KELLY NB cells (Millipore Sigma, St. Louis, MO) were maintained in Roswell Park

Memorial Institute 1640 (RPMI) medium supplemented with 10% v/v fetal bovine serum, 100
U/mL penicillin, 100 pug/mL streptomycin, and 2 mM L-glutamine (Fisher Scientific, Hampton,
NH) at 37°C at 5% CO in a humidified environment. SK-N-AS NB cells (ATCC, Manassas, VA)
were maintained in Dulbecco’s Modified Eagle Media (DMEM) supplemented with 10% v/v fetal
bovine serum, 100 U/mL penicillin, 100 pg/mL streptomycin, 2mM L-glutamine, and 0.1 mM
NEAA (Fisher Scientific, Hampton, NH) at 37°C at 5% CO: in a humidified environment. All
cells were passaged using 0.25% trypsin-EDTA at 70-80% confluence. For low oxygen cultures a

37°C, 5% COg, 1% O3 incubator was used.

4.2.2. Silk fibroin extraction

Silk fibroin from Bombyx mori silkworm cocoons (Tajima Shoji Co Yokohama, Japan),
kindly provided by Dr. David L. Kaplan at Tufts University, was extracted as previously described
[29]. Briefly, 5 g cocoons were cut into approximately 1 cm x 1 cm pieces and boiled for 30 min
in 0.02 M Na>COs to extract the sericin. Silk fibers were then dried overnight. The dried silk fibroin
fibers were dissolved in 9.3 M LiBr at 60°C for 3 h. The dissolved silk fibroin was dialyzed in

3,500 MWCO dialysis tubing (Fisher Scientific, Hampton, NH) against ultrapure water for 2 d
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with a minimum of 6 water changes. The aqueous silk fibroin (referred to as silk from here on)

solution was stored at 4°C for future use.

4.2.3. Silk scaffold fabrication

Silk scaffolds were using 2 mL of 5% silk solution in 15.6 mm cylindrical molds.
Lyophilization was performed using rate-control freezing with a 2 h hold at -45°C followed by
lyophilization for 30 h at -25°C. Secondary drying was performed with a 2 h hold at -4°C, followed
by ramping up to 20°C. All steps before lyophilization were performed at a rate of 0.5°C/min, all
steps following engagement of the vacuum were performed at 1°C/min. To render the materials
insoluble, scaffolds were autoclaved following removal from the lyophilizer. Once the materials
were rendered insoluble, scaffolds were vibratome sectioned to a thickness of 200 pum and biopsy
punched with a 6 mm diameter biopsy punch. Scaffolds were sterilized via autoclaving in ultrapure

water.

4.2.4. Seeding of cells on scaffolds

Cells grown, as described above, were made into a single cell suspension. Cells were
seeded at a concentration of 100,000 cells/uL. Seeding was performed by applying a volume of 5
puL of to the scaffold, waiting 10 minutes, vertically inverting the scaffold and applying the
remaining 5 pL. The cell-seeded scaffolds were allowed to incubate at 37°C, 5% CO. for 4 h

before moving to 3 mL of medium.

4.2 5. Stacking of scaffolds

Cell seeded scaffolds were allowed to grow at 21% O, for 3 d. After 3 d, the scaffolds were
stacked using a PTFE (Polytetrafluoroethylene) scaffold holder into stacks of two, four, six, or

eight scaffolds in 8 mL of medium. As a control, single scaffolds were maintained in 3 mL of
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medium at both 21% and 1% oxygen. Stacks were grown for 3 d on a rotating shaker at a speed of

75 rpm.

4.2.6. DNA content analysis

Scaffolds were lysed with 0.5% Triton X-100 in Tris-EDTA buffer for 20 min at room
temperature. All samples were passed through a freeze-thaw cycle (-20°C) prior to analysis. DNA
content was analyzed using a Quant-iT™ PicoGreen™ dsDNA Assay Kit (Fisher Scientific,
Hampton, NH) according to the manufacturer’s protocol. The full protocol can be found in
Appendix X. After thaw, the samples were centrifuged and diluted 1:5 with TE buffer. The
samples were incubated at room temperature for 5 min in a 200-fold dilution of the PicoGreen™
dye. The DNA concentration was determined by measuring the fluorescence at an excitation
wavelength of 480 nm and an emission wavelength of 520 nm (Victor Multilabel Plate Reader,
Perkin Elmer, Waltham, MA) and comparing to a standard curve of lambda DNA (0 pg/mL to 2

pg/mL).

4.2.7. Histology

Cell seeded scaffolds or stacks of scaffolds were frozen in OCT and cryosectioned to a
thickness of 20 pm. Sections were fixed in 100% methanol at 4°C for 5 minutes, followed by 25%
methanol for 5 minutes. Sections were then hydrated in PBS for 10 minutes. Following hydration,
sections were stained with Harris hematoxylin and eosin following standard procedures

(Appendix V).

4.2.8. Pimonidazole staining

Prior to the termination of culture, scaffolds of stacks were treated with 300 uM
pimonidazole (Hypoxyprobe, Burlington, MA) for 24 h, as previously described [25]. Scaffolds or

stacks were fixed in 10% formalin, frozen in OCT, and cryosectioned to a thickness of 20 pm.
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Sections were hydrated in PBS for 10 minutes, then blocked and permeabilized in 5% NGS with
0.1% Triton X-100 for 1 h. Pimonidazole secondary was applied at a dilution of 1:50 in PBS
overnight at 4°C. Sections were counter stained with Hoechst (1:5000) to visualize cell nuclei.

Scaffolds that were not treated with pimonidazole were used as negative controls (Appendix V).

4.2.1. Brightfield imaging

Brightfield imaging of histology was performed in bright field an upright microscope
(Nikon Eclipse E600, Tokyo, Japan) with a digital camera (Spot Insight CMOS 5.1, Sterling

Heights, MI).

4.2.2. Fluorescent imaging

Fluorescent imaging was performed used an Axiovert 200M Zeiss inverted epi-fluor
microscope (Oberkochen, Germany). Exposure time was determined based on negative controls
(highest possible exposure where negative control failed to exhibit positive staining) for

pimonidazole.

4.2.3. Gene expression

Stacks were separated based on distance from the medium source with the scaffolds on the
exterior being combined, then the next layer being combined, until the two center most scaffolds
were combined. Total RNA was isolated from scaffolds or stacks after 3 d of culture using a TRIzol
reagent according to the manufacturer’s instructions. RNA was dissolved in ultrapure molecular
grade water and measured using an absorbance of 260 nm using a spectrophotometer (Nanodrop
2000, Thermo Scientific). cDNA was synthesized using High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA). gRT-PCR was performed on a 7500
Real Time PCR System (Applied Biosystems, Foster City, CA) using SYBR Green qPCR master

mix (Applied Biosystems, Foster City, CA). SDHA was used as an internal control as has been
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previously demonstrated in NB [10, 33-35]. The relative expression was quantified using the AA
cycle threshold method. Data was normalized to the 2D 21% condition. Table 4.1 lists the primer

sequences used in this study.

Table 4.1. List of primers used for gRT-PCR in Aim 2.

Gene Sequence

F-GGGTGTCATCTGGACTGTGTT
R-CTTCTGTGCTGCCTTCTCATC

F - CCTGCAGTTTGGCTACAACA

CAIX

cLUT R - GTGGACCCATGTCTGGTTG
GEEP3 F - TCTGCGTCAACGCTAGTGC
R - GCTCTGAGACTCGTAGTCAACT
VEGE F - AGGAGGAGGGCAGAATCATCA
R - CTCGATTGGATGGCAGTAGCT
SDHA (ousckeeper) - TOGGAACAAGAGGGCATCTG

R - CCACCACTGCATCAAATTCATG

4.2.4. Mathematical modeling of oxygen concentrations

Mathematical modeling was utilized to determine oxygen gradients within the scaffolds.
Simulated oxygen diffusion and consumption was performed on a commercially available finite
element platform (COMSOL, Burlington, MA). 3D axisymmetric modeling was utilized based on
scaffolds grown in the holder. For preliminary modeling (original scaffold holder), an assumed
oxygen concentration of 21% at interface of the holder well with media reservoir was used. For
design of the final scaffold holder, an oxygen concentration of 21% at the interface of the PTFE
piece touching the scaffold and media reservoir was assumed (based on mixing). These models
were run through a “transport of diluted species” module incorporating both diffusion and
consumption rates (modeled using Michaelis Menten kinetics) available from literature [36-40].

The following values were utilized in our model:
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Oxygen diffusion coefficient, D =2.6 x 10° m?s™!

oxygen consumption rate, OCR = -3.09 x 10~* mol m3s™!
Michaelis-Menten coefficient, MM= 0.0046 mol m™3

Initial concentration of oxygen at the surface of the culture C = 0.21 mol m™3

The model utilizes the following equations:

OCR*C
MM+C

Rate of Oxygen Consumption, R = —
Transport of diluted species: % + V - (=D;V¢;)) = R;

Uniform oxygen consumption was assumed within the scaffold. It was also assumed that the
scaffold did not limit oxygen diffusion. Culture medium as well as the scaffolds were modeled as

water.

4.2.5. Statistical analysis

Data is presented as mean + SEM for all gene expression data. Data is presented as mean
+ SD for all other data. All data is presented as the mean of three biological replicates, except for
the 200 um vs. 600 um study which is presented as the mean of three experimental replicates.
Statistical significance was determined by one-way ANOVA followed by Tukey honestly
significant differences test in GraphPad Prism (version 5.0; San Diego, CA). For comparison of
only two groups statistics were determined using an unpaired t-test. Statistics for gRT-PCR were
run using the delta CT (gene of interest-housekeeping gene) for each condition. Significance was

determined at P < 0.05.
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4.3. Results

4.3.1.Impact of scaffold thickness on cell proliferation and infiltration

First, we sought to understand the impact of scaffold thickness on cell growth and infiltration.
Scaffolds (200 pm and 600 pm in thickness) were seeded with SK-N-AS and KELLY NB cells
and were evaluated for cell proliferation based on dsDNA content (Picogreen) and metabolic
activity (Resazurin) (Figure 4.1, Figure 4.2). Both 200 um and 600 um scaffolds supported cell
proliferation as indicated by the increase in DNA content and metabolic activity. Specifically, both
exhibited an initial drop in dsDNA from d 1 to d3 (Figure 4.1 A). Following this, dSDNA increased
from 2.5 pg/scaffold (d 1) to a maximum dsDNA content of 4.7 pg/scaffold (d 10) for 200 um and
from 4.0 pg/scaffold (d 1) to a maximum dsDNA content of 4.5 pg/scaffold (d 10) for 600 pum.
Similar results were observed with metabolic activity in KELLY and SK-N-AS cells with
maximum increases of 1.69 fold (SK-N-AS, 200 um, d 1 to d 14), 1.4 fold (SK-N-AS, 600 um, d
1 to d 14), 2.4 fold (KELLY, 200 pm, d 1 to d 28), and 1.9 fold (KELLY, 600 um, d 1 to d 28)
(Figure 4.2 A, B). No differences in viability and DNA content were seen between 200 um and
600 um scaffolds after the initial 3 d of growth. As cells were seeded proportionally (1 million
cells on 200 um and 3 million cells on 600 um scaffolds), this suggests that cells were less able to
grow on thicker scaffolds. Examination of cell infiltration through H&E staining demonstrated
presence of cells in the periphery of the scaffold in both 200 um and 600 um scaffolds (Figure 4.1
B,C). Over time, cells fully infiltrated the 200 pum scaffolds, creating an evenly distributed high
number of cells within the scaffold. In comparison, the 600 um scaffolds demonstrated limited cell

distribution throughout the scaffold, even over time, with a confluent layer of cells on the outer
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surface, but limited cells in the center of the scaffold. The same response was observed with
KELLY NB cells (Figure 4.2 C, D)This suggests that the interior of the scaffold was not conducive
to cell growth, likely due to diffusion limitations for oxygen and nutrients. Based on these

observations, subsequent experiments were performed with 200 um scaffolds.

Chapter 4: Development of a stacked neuroblastoma model 115



(A) _E200 pm @600 pm

DNA content/scaffold
(Hg)
o = N W OO

1 3 7 10 14 21 28
Time (d)

(B) (©)

Figure 4.1. Impact of scaffold thickness on cell growth (DNA content) and distribution .

(A) Impact of scaffold thickness on SK-N-AS growth over time as determined by dsDNA content.
Data is presented as mean + SD of three individual samples. Hematoxylin and eosin staining to
visualize SK-N-AS NB cell distribution throughout scaffolds over time in (B) 200 um scaffolds
and (C) 600 um scaffolds. Black arrows indicate areas of high cell density, red arrows indicate
areas of low cell density.
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Figure 4.2. Impact of scaffold thickness on cell growth (metabolic) and distribution.

Impact of scaffold thickness on (A) SK-N-AS and (B) KELLY NB grown over time (metabolic
via Resazurin). Data is presented as mean £ SD of three individual samples. Fluorescent staining
to visualize KELLY cell distribution over time in (C) 200 um scaffolds and (D) 600 um scaffolds.
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4.3.2. Development of stacked culture system

To facilitate the stacking of 200 um scaffolds, a holder was designed and fabricated out of
PTFE. The first iteration of scaffold holders was designed to hold stacks of scaffolds between a
solid piece of PTFE and a piece of PTFE with a hole for media to pass through (Figure 4.3 A).
This would create a hypoxic gradient from the interface of the media to the solid PTFE bottom.
However, analysis of stacks grown in this scaffold holder (gene expression and COMSOL
modeling) demonstrated that the deep and narrow channel between the scaffold and the media
reservoir cause the scaffolds to be in a hypoxic state (Figure 4.3 B). Analysis of gene expression
of three stacked scaffolds grown in this system demonstrated no differences in VEGF, CAIX, or
GLUTL1 (Figure 4.3 C). This is due to the metabolic nature of NB cells out competing the oxygen
diffusion rate. Based on these preliminary results, we identified a key parameter of the scaffold
holder, the depth of the channel between the media reservoir and the surface of the scaffolds, to

evaluate further for optimizing oxygen tension at the scaffold surface.
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Figure 4.3. Original scaffold holder design and its impact on oxygen diffusion.
(A) Original scaffold holder design consisting of two PTFE plates with O-rings to hold scaffolds
in place. (B) COMSOL modeling of the original scaffold holder with a single scaffold at the bottom
of the well. (C) Hypoxia related gene expression for a stack of 3 scaffolds seeded with SK-N-AS
cells within the original holder. Data is presented as mean of a single representative experiment.
COMSOL modeling was performed to identify the channel depth able to allow oxygen to
diffuse at a fast enough rate to the scaffold (Figure 4.4 A-D). Channel depths of 5 mm, 2.5 mm, 1
mm, and 0.5 mm were modeled. Scaffold holders of 5 mm and 2.5 mm demonstrated hypoxic
conditions within a single scaffold, suggesting that oxygen diffusion was too slow to the scaffold.

Thicknesses 1 mm and 0.5 mm suggested scaffolds within the normal oxygen range for tissue,

indicating enough oxygen was able to diffuse to overcome the high metabolic rate of the cells.

2

This was further confirmed by calculating oxygen diffusion times using the equation: t = ;—D :

withD=2.6 x10°m?s %,
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The oxygen diffusion time through the modeled depths were 80 min, 20 min, 3 min and 1 min for
5 mm, 2.5 mm, 1 mm, and 0.5 mm, respectively. For subsequent work, 500 um was selected for
the channel depth as it allowed for the most oxygen to reach the scaffold (based on diffusion rate)

and was on the lower end of the range that the PTFE could be machined.

Iy (B) © D) |

| E i i . A021
! c . ! ! ! molimé®
: =1 : ‘, : : 0.2
I § i g- : : : 0.18
B 5 - . e
1 ' D 1 I I 1 .
: ;o g | — 2 im o
i ! L8 | 3 —— b o
) : | | i 0.08
! E i i . 0.06
E ' | | ' No.os
i : i ! i 0.02
i ‘ ! | ! 0

! ! ! ! : v -2x107°
o, | ] i i

1 diffusion 80 min 20 min ! 3 min : 1 min !

| times: ! ' | !

| Media ! ! ! |

! 21%, ! | E

i i n %.: i i !

i : Media ! ! E

: i 21%, : ,

i E : . i 0, ! Media i . :

= | E =i 21%. Media !

=1 = | i o, 21%!

- '8 & iy l 0,!

| g 8] TS Lo

| X : 1 | 2 3 E !

: : : : u u ’

! : ! _l T 21%

! : ! T 21%| . ey

i : = Ealha . i Media :

| | v 2w Media | |

! ! . 02: ! |

: ! Media i : |
A : | ;

: . 0, | ! : !

' Media ! w ! i

Figure 4.4. COMSOL modeling and oxygen diffusion times of scaffold holders with a single
scaffold and varying channel depths.

COMSOL modeling of a scaffold holder with a depth of (A) 5,000 um (5 mm), (B) 2,500 um (2.5
mm), (C) 1,000 pm (1 mm), and (D) 500 pum (0.5 mm). Based on a single scaffold within the
holder.
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Scaffold holders were designed to be expandable (for stacks of different thicknesses) and
fit within a standard 6-well plate (Figure 4.5). COMSOL modeling of scaffold holders
demonstrated the potential for a range of oxygen gradients through a cell-laden scaffold (Figure
4.6). This modeling assumed an oxygen concentration of 21% at the edge of the PTFE piece in
contact with the scaffold, due to the use of a shaker to enhance oxygen diffusion. Models of stacks
with two scaffolds demonstrated an oxygen concentration of approximately 6-8% within the
scaffold (Figure 4.6 A). Increased scaffold number in the stacks demonstrated lower
concentrations of oxygen within the center of the stack. Modeling of four, six and eight scaffolds
demonstrated a range of oxygen concentrations from 4-6% (exterior) to <2% (interior) (Figure 4.6
B-D). These oxygen levels are similar to those of physiological tumors, which have been shown

to range from <0.7% to 4-5% [1, 41, 42].
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Figure 4.5. Final design of scaffold holder.
(4) CAD images of the final scaffold holder. (B) CAD drawing with dimensions of the final
scaffold holder design. (C) Images of the fabricated PTFE scaffold holder.
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Figure 4.6. COMSOL modeling of different stack thicknesses.
COMSOL modeling of stacks of (A) two scaffolds (B) four scaffolds (B) six scaffolds and (D)
eight scaffolds utilizing parameters from the final scaffold holder design.
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4.3.3. Histology of stacked scaffolds

Utilizing the stacking system, we first sought to observe the impact of stacking scaffolds
on cell distribution within the stacks. Scaffolds were grown in stacks of two, four, six, and eight
scaffolds for 3 d on a shaker at ambient oxygen and compared to non-stacked scaffolds at ambient
and low oxygen. Hematoxylin and eosin staining of stacks demonstrated that individual scaffolds
as well as stacks of two scaffolds had cells present throughout the scaffold (Figure 4.7 A-C). In
stacks of four scaffolds, cells were present throughout, although more cells were observed on the
exterior as compared to the interior (Figure 4.7 D). Similar results were observed in the stacks of
six and eight scaffolds where cells were distributed throughout with a higher concentration on the

exterior (Figure 4.7 E-F).
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Figure 4.7. Visualization of cell distribution in stacked scaffolds.

Hematoxylin and eosin staining to visualize SK-N-AS NB cell distribution within stacks 3 d post
stacking as compared to single scaffolds at ambient (A) and low (B) oxygen 3 d post stacking.
Stack thicknesses of (C) two, (D) four, (E) six, and (F) eight (scaffolds) were examined.
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4.3.4. Evaluation of scaffold DNA content

Next we sought to determine the impact of stacking on dsDNA content at each layer
(Figure 4.8). Analysis of DNA content in ambient oxygen scaffolded conditions as compared to
scaffolded conditions in low oxygen demonstrated a significant decrease in dsSDNA from 3.2
pg/scaffold to 1.4 pg/scaffold (Figure 4.8). Analysis of a double stack of scaffolds demonstrated
similar DNA content to scaffolds grown in ambient oxygen (3.7 pg/scaffold vs. 3.2 pg/scaffold)
(Figure 4.8). In quadruple stacked scaffolds the interior of the stack resembled the single low
oxygen scaffold in DNA content ( 1.2 pg/scaffold vs. 1.4 pg/scaffold, stacked and low oxygen
respectively), while the exterior of the stack resembled the single ambient oxygen scaffold ( 3.3
pg/scaffold vs. 3.2 pg/scaffold, stacked and ambient oxygen respectively) (Figure 4.8). A similar
trend was observed in sextuple stacked scaffolds where dsDNA content decreased from 2.8
pg/scaffold in the exterior vs. 2.2 pg/scaffold in the middle layer vs. 1.5 pg/scaffold in the interior
(Figure 4.8). No significant differences were present between the single scaffolds grown in
ambient oxygen and the exterior or middle of the stack. Similarly, no significant differences were
present between single scaffolds at low oxygen and the middle or interior of the scaffold.
Evaluation of dsDNA in the octuple stacked scaffolds demonstrated a lowered change in DNA
content as compared to smaller stacks. The DNA content ranged from 3.3 pg/scaffold at the
exterior to 2.0 pg/scaffold at the interior (Figure 4.8). No significant differences were present
between any of the layers of the stack. This suggests that eight scaffolds may not be demonstrating

a gradient of microenvironment.
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Figure 4.8. Impact of stacking on dsDNA content of scaffold layers.

Evaluation of dsDNA content of SK-N-AS NB stacked scaffolds at each individual layer 3 d post
stacking. 21% (ambient) and 1% (low) represent single scaffolds grown at that oxygen
concentration. Representation of each stacking thickness can be found above it on the graph. “E”
corresponds to exterior, “I” corresponds to interior, “M” corresponds to the middle, “OM”
corresponds to the outer middle, and “IM” corresponds to the inner middle. Data is presented as
mean + SD of three independent experiments. A denotes no statistical significance from single
scaffolds grown at ambient oxygen, b denotes no statistical significance from single scaffolds
grown at low oxygen. Asterisk indicate statistical significance between the groups (*** p<0.001,
** p<0.01, **p<0.05).

4.3.5. Evaluation of hypoxic gene expression in stacked culture

After determining differences in DNA content similar to that of single scaffolds cultured
in low and ambient oxygen, we next sought to characterize the microenvironment of the stacks
through gene expression. SK-N-AS NB scaffolds were grown for 3 d at ambient oxygen then
moved to stacked culture, kept at 21% (ambient) O, or moved to 1% (low) O for an additional 3
d. Gene expression of hypoxia-linked genes VEGF, CAIX, GLUT1, and IGFBP3 was evaluated
(Figure 4.9). All gene expression was compared to cells grown in monolayer culture at ambient

oxygen. Scaffolds grown in ambient oxygen and low oxygen demonstrated increased expression
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of all markers as compared to monolayer ambient oxygen culture (Figure 4.9). As compared to
scaffolded ambient oxygen culture, scaffolded low oxygen cultures demonstrated significantly
higher expression in all genes except for IGFBP3, which demonstrated a trend towards increasing
expression. Stacks of different thickness were compared to scaffolds grown at ambient and low
oxygen. Evaluation of double stacked scaffolds grown in the scaffold holder demonstrated similar
expression of VEGF (11.1 vs. 9.3 fold expression, CAIX (883.0 vs. 1133.2 fold expression, GLUT1
(8.1 vs. 8.0 fold expression), and IGFBP3 (9.1 vs. 4.7 fold expression) to the scaffolded ambient
oxygen condition (Figure 4.9). No significant differences were observed between the double
stacked scaffolds and scaffolded ambient oxygen condition (Figure 4.9). Quadruple stacked
scaffolds demonstrated a gradient of hypoxic gene expression (Figure 4.9). The interior of the
stack demonstrated increased expression of hypoxic markers as compared to the exterior with
changes in VEGF (22.4 vs. 14.1 fold expression), CAIX (1960.4 vs. 1066.5 fold expression),
GLUTL1 (16.9 vs. 12.42 fold expression), and IGFBP3 (37.8 vs. 7.9 fold expression). All of these
gene expression changes were significant except for VEGF (Figure 4.9). Comparison of the
interior of the stack with scaffolded low oxygen culture demonstrated no significant differences.
Similarly, comparison of the exterior of the stack with scaffolded ambient oxygen culture was only
significantly different in IGFBP3. This suggests the presence of an oxygen gradient where the
exterior of the stacks resembled scaffolded ambient oxygen culture and the interior of the stacks

resembled scaffolded low oxygen culture.

Analysis of sextuple stacked scaffolds also suggests the presence of hypoxic gradients in
which the middle and interior of the stack demonstrated higher expression of hypoxic genes than
the exterior (Figure 4.9). No significant differences in VEGF were observed among scaffolds

within the stack, however, the middle and the interior of the stack demonstrated significant
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increases as compared to scaffolded ambient oxygen culture (12.4, 19.4, 18.7 fold expression for
exterior, middle, and interior) (Figure 4.9). CAIX expression was significantly increase in the
middle and interior of the stack as compared to the exterior of the scaffold (915.1, 1957.5, 1328.5
fold expression for exterior, middle, and interior) (Figure 4.9). Similarly, GLUT1 expression was
significantly increase in the middle and interior of the stack as compared to the exterior of the
scaffold (7.4, 14.7, 17.3 fold expression for exterior, middle, and interior) (Figure 4.9). IGFBP3
did not exhibit any significant increase in expression, however the middle and interior exhibited
increased expression as compared to the exterior (12.6, 26.1, 22.7 fold expression for exterior,

middle, and interior) (Figure 4.9).

Octuple stacked scaffolds demonstrated an interesting trend with an increase from the
exterior scaffold to the adjacent (outer middle) layer, followed by a decrease in the two most
interior layers (Figure 4.9). This trend was present in VEGF, CAIX, GLUT1, and IGFBP3
expression. Significant increases between the exterior of the scaffold and the adjacent layer were
present in VEGF and GLUT1 expression (Figure 4.9). No significant differences were observed
between the exterior and interior of the scaffold. This suggests that eight scaffolds may be

ineffective for generating hypoxic gradients (Figure 4.9).

MMP9 expression was also evaluated in stacks (Figure 4.10). Previous results from Aim
1 demonstrated that MMP9 is mainly driven by 3D culture. However, a trend was still observed
where scaffolds on the interior of the stacks more closely resembled low oxygen scaffolded growth
and scaffolds on the exterior of the stacks more closely resembled ambient oxygen scaffolded

growth for double, quadruple, and sextuple stacks.
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Gene expression of quadruple stacked scaffolds was also evaluated using KELLY NB cells
(Figure 4.11). Scaffolded culture in low oxygen and the interior of the stack demonstrated a
significant increase in expression as compared to scaffolded culture in ambient oxygen. While no
significant differences were observed between the interior and exterior of the stack, the interior
demonstrated an increased expression of hypoxia markers VEGF, CAIX, GLUT1, and IGFBP3
(Figure 4.11). VEGF and IGFBP3 expression were highest in the interior of the stacks. CAIX
expression was significantly increased in the interior of the stack as compared to scaffolded culture
in ambient oxygen and followed the same trend for the exterior of the stack (as compared to
scaffolded ambient oxygen) (Figure 4.11). Expression of GLUT1 also followed the trend where
scaffolded ambient oxygen culture was more similar to the exterior of the stack, and scaffolded
low oxygen culture was more similar to the interior of the stack, although no significant differences

were observed (Figure 4.11).
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Figure 4.9. Evaluation of hypoxia related gene expression in stacked scaffolds.

Evaluation of hypoxia related gene expression of SK-N-AS NB stacked scaffolds at each
individual layer as compared to monolayer ambient oxygen culture 3 d post stacking. 21%
(ambient) and 1% (low) represent single scaffolds grown at that oxygen concentration.
Representation of each stacking thickness can be found above it on the graph. “E” corresponds to
exterior, “I”” corresponds to interior, “M” corresponds to the middle, “OM” corresponds to the
outer middle, and “IM” corresponds to the inner middle. Data is presented as mean + SD of three
independent experiments. a denotes no statistical significance from single scaffolds grown at
ambient oxygen, b denotes no statistical significance from single scaffolds grown at low oxygen.
All gene expression is normalized to a monolayer, ambient oxygen control. Asterisk indicate
statistical significance between the groups (*** p<0.001, ** p<0.01, **p<0.05).
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Figure 4.10. Evaluation of MMP9 expression of stacked scaffolds at each individual layer.
Gene expression of MMP9 in SK-N-AS NB stacked scaffolds as compared to monolayer ambient
oxygen culture 3 d post stacking. 21% (ambient) and 1% (low) represent single scaffolds grown at
that oxygen concentration. Representation of each stacking thickness can be found above it on the
graph. “E” corresponds to exterior, “I” corresponds to interior, “M” corresponds to the middle,
“OM” corresponds to the outer middle, and “IM” corresponds to the inner middle. Data is
presented as mean = SD of three independent experiments. a denotes no statistical significance
from single scaffolds grown at ambient oxygen, b denotes no statistical significance from single
scaffolds grown at low oxygen. Asterisk indicate statistical significance between the groups (***
p<0.001, ** p<0.01, **p<0.05).
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Figure 4.11. Evaluation of hypoxia related gene expression of KELLY NB stacked scaffolds.
Evaluation of hypoxia related gene expression of KELLY quadruple stacked scaffolds 3 d post
stacking. 21% (ambient) and 1% (low) represent single scaffolds grown at that oxygen
concentration. All gene expression is normalized to a monolayer, ambient oxygen control. a
denotes no statistical significance from single scaffolds grown at ambient oxygen, b denotes no
statistical significance from single scaffolds grown at low oxygen. Data is presented as mean + SD
of three independent experiments.
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4.3.6. Pimonidazole staining of stacks for hypoxia

To confirm hypoxic gradients SK-N-AS stacks of two, four, six, and eight, scaffolds were
stained for pimonidazole after 3 d of culture (Figure 4.12). As demonstrated in Aim 1, scaffolds
grown in ambient and low oxygen both exhibited positive pimonidazole staining (Figure 4.12 A,
B). Double stacked scaffolds and quadruple scaffolds demonstrated a gradient of pimonidazole
positive staining, with higher levels of staining observed in the center of the scaffolds (Figure 4.12
C, D). Double stacked scaffolds demonstrated lower pimonidazole binding then scaffolds grown
in ambient oxygen. This is likely due to the use of a shaker improving oxygen diffusion in the
stacked scaffolds, whereas single scaffolds were grown without the use of a holder or shaker.
Pimonidazole staining in sextuple and octuple stacked scaffolds demonstrated less distinct
gradients then double and quadruple stacked scaffolds (Figure 4.12 E, F). Sextuple stacked
scaffolds demonstrated reduced pimonidazole binding at the surface of the stack as compared to
the interior stack, further confirming changes observed in DNA content and gene expression.
Octuple stacked scaffolds demonstrated no clear differences in pimonidazole staining. This further

confirmed our previous results suggesting a lack of a gradient in the octuple stacks.
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Figure 4.12. Pimonidazole staining of stacked scaffolds.

Pimonidazole staining of SK-N-AS NB scaffolds to visualize hypoxia within stacks 3 d post
stacking. (A) Single scaffolds grown in ambient oxygen (21%). (B) Single scaffolds grown in low
oxygen (1%). (C) Double stacked scaffolds. (D) Quadruple stacked scaffolds. € Sextuple stacked
scaffolds. (F) Octuple stacked scaffolds.

4.4. Discussion

Hypoxia is a critical cell driven gradient in solid tumors that has been demonstrated to drive
tumorigenesis, metastasis, and therapeutic resistance. However, few models exist that are capable
of controllable oxygen gradients. In this work we used 200 pum silk scaffolds stacked together to
generated cell driven oxygen gradients that mimic those of solid tumors. Silk scaffolds are
mechanically strong and porous, allowing for temporal retention of scaffold dimensions and cell-
driven oxygen and nutrient gradients. Further, silk does not contribute biologically to the system
allowing for cell-driven responses to dominate the model system, unlike ECM-based hydrogels
(e.g. Matrigel, Cultrex) which have been demonstrated to contain bioactive proteins and peptides

[43].

Thick silk scaffolds, 600 um demonstrated reduced cell distribution throughout the scaffold
as compared to 200 um scaffolds. Uneven cell distribution within large (thick), porous scaffolds
has been previously identified as a limitation to these systems [44, 45]. In vivo, distances of 150-
200 pm has been identified as the maximum diffusion distances for oxygen and nutrients due to
cell-driven consumption [46, 47]. Scaffolds with a thickness of 200 um demonstrated full cell
infiltration creating a solid layer of cells. These scaffolds can then be stacked to form multilayer
scaffolds that mimic a thicker tissue. To create these stacks, a scaffold holder was designed.

COMSOL modeling of different well depths allowed for the design of a system capable of
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generating hypoxic gradients. When modeling of this system was performed with a range of

scaffolds, it suggested that four scaffolds would be necessary to generate a hypoxic gradient.

Histological evaluation of stacks ranging from two to eight scaffolds demonstrated the
presence of cells in each scaffold layer, regardless of stack thickness. Scaffold stacking was able
to create a tumor model on the millimeter-scale of thickness, more relevant to that of solid tumors
then monolayer culture. Additionally, unlike spheroids or other solid models, the stacks can be
separated into single scaffolds allowing for analysis of individual levels without undergoing

processing (e.g. fixing, lysis).

Using this in vitro system be were able to demonstrate controllable cell generated oxygen
gradients within the stack. We confirmed that cells that are placed further from the source of
oxygen and media showed increased expression of hypoxia markers VEGF, CAIX, GLUT1, and
IGFB3, as well as a decrease in dsDNA. This indicates that these cells are experiencing decreased
oxygen levels. Interestingly, the stack of eight scaffolds demonstrated a decrease in these hypoxia
gene expression markers in the two interior most layers of the stack and no changes in dsSDNA
content. This could be due to the number of scaffolds exceeding the limitations of our holder design
resulting in leaking. Staining of pimonidazole confirmed hypoxic gradients within the stacks.
Stacks with thicknesses of two and four scaffolds demonstrated clear hypoxic gradients. These

gradients were less distinct in the stacks of six to eight scaffolds, which aligned with the PCR data.

Here we demonstrate a silk fibroin culture capable of generating cell driven oxygen
gradients that mimic those of an in vitro tumor. This system is advantageous as it can be assembled
and/or disassembled at different times to control tumor properties. For example, stacks could be

assembled, then disassembled and grown as single scaffolds to evaluate growth and cytokine
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secretion post oxygen deprivation. Work with two different NB cell lines demonstrates that our

system is compatible with multiple cell types, which should extend to multiple cancer types.

4.5. Conclusion

In this work, we propose a silk-based, ECM-free method of modeling cell-driven oxygen
gradients, that can be broadly applied to many cancer types. This silk-based culture system offers
many advantageous to traditional monolayer and spheroid models. Use of different number of
scaffolds has the potential to support a gradient of oxygen tensions throughout the stack, thus
allowing for an understanding of fundamental biology and pathway changes. Analysis can be
performed at each layer of the stack allowing for understanding of the cell population at precise
regions of the model. In addition, we expect that additional cell types such as stromal and immune
cells frequently found within the tumor microenvironment can be incorporated into different layers
of the model. This would allow for a tumor model with oxygen and cytokine gradients similar to

that of a physiological tumor.

This system also has the potential to be used for therapeutic screening as it mimics different
diffusion barriers and oxygen tensions present within the tumor, which has been demonstrated to
impact therapeutic response. For example, cells grown in silk scaffolds have been previously
shown to have an enhanced response to therapeutics activated within hypoxia (e.g. tirapazamine).
Using a stacked culture system, viability at each layer of the stack can be evaluated allowing for
understanding of what regions of the tumor a therapeutic is infiltrating or is active in. Overall, we
expect that this system is broadly applicable, both in fundamental tumor understanding and in

therapeutic development and could be adopted for many cancer types.
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Conclusions and Future Work

5.1. Overview

The work in this thesis describes the development of a 3D in vitro tumor model capable of
generating cell driven microenvironment changes, specifically hypoxia. The use of lyophilized silk
fibroin provided structure and spatial control for cells to grow on without the use of ECM
components. Impact of growth on 3D scaffolds in ambient and low oxygen was characterized
through gene expression and cytokine secretion. We determined that growth in 3D induces cell
driven hypoxia and induces expression of proinflammatory cytokines, such as GM-CSF, IL-8, and
MCP-3. Further, we developed a culture system for stacking of the cell-laden silk scaffolds to
generate controllable hypoxic gradients. Scaffolds can be seeded with cells, grown for 3 d,
allowing cells to fully infiltrate the scaffold, then stacked using a PTFE holder. Post-culture, stacks
can be separated for independent analysis. Stacks of different thicknesses were evaluated for
presence of hypoxia. This analysis demonstrated a gradient of hypoxia through the different layers

of the stack, similar to that of a physiological tumor.

5.2. Results and Conclusions

5.2.1. Specific Aim 1: Evaluate the impact scaffolded NB growth and hypoxia on relevant gene
expression, cytokine secretion, and drug sensitivity.

Many studies have demonstrated that monolayer cultured cells are not effective at
mimicking the in vivo tumor microenvironment. Current model systems evaluate hypoxia as an
independent factor or as a result of 3D culture, however they fail to make direct comparisons
between hypoxia and 3D culture. This prevents a complete understanding of the role of 3D culture
and hypoxia in changes in pathway expression and therapeutic response. We developed a

scaffolded NB system capable of growth of NB cells. Low oxygen incubators were utilized to

Conclusions and Future Work 143



induce hypoxia in both monolayer and scaffolded culture. These were chosen as other methods of
inducing hypoxia (typically chemical ones) have been demonstrated to induce other pathway

related changes (such as metabolic).

Cell seeding on silk scaffolds demonstrated the maximum number of seeded cells on
scaffolds as approximately 2 million cells. Density of cells on silk scaffold could be controlled
based on number of cells attached. The effects of culturing NB cells on scaffolds (both in ambient
and low oxygen) were evaluated through analysis of dSDNA content, proliferation (ki67 staining),
and apoptosis (TUNEL staining). Scaffolded NB cells demonstrated similar levels of dsSDNA
content to non-scaffolded cells. Limited proliferation and apoptosis were observed. This result is
not unexpected, as 3D culture and hypoxia has been demonstrated to slow cell proliferation. Based
on preliminary studies, we identified 1 million cells as the cell number to move forward with.
However, in future works, if a higher initial cell number is desired, a higher cell number can be

seeded.

COMSOL modeling of scaffolded NB in ambient and low oxygen was performed to
determine that oxygen gradients could be generated with the model. We identified hypoxic regions
under ambient 3D culture conditions and confirmed the oxygen levels of scaffolded NB in low
oxygen. These regions suggested that low oxygen and hypoxic environments were present in
scaffolded NB. This was due to the highly metabolic nature of NB cells outcompeting oxygen
diffusion into the scaffolds. Staining for the hypoxia marker pimonidazole confirmed the presence

of hypoxia in both low and ambient oxygen scaffolded cultures.

Next we examined the impact of hypoxia and scaffolded culture on gene and cytokine

secretion. We observed a significant upregulation of hypoxia relevant genes, furthering confirming
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the presence of hypoxia. Cytokine analysis demonstrated a significant upregulation of
proinflammatory cytokines GM-CSF, IL-8, and MCP-3 in 3D, but not hypoxia, suggesting 3D
culture is necessary to mimic a microenvironment similar to in vivo. While hypoxia was sufficient
in upregulating a subset of proinflammatory cytokines, upregulation of select cytokines only
occurred in scaffolded culture suggesting that a combination of 3D culture and oxygen gradients

are necessary to accurately mimic the tumor microenvironment.

Development of in vitro systems that can be used to accurately assess therapeutic efficacy
represents a critical hurdle in cancer research. Traditional monolayer cultures fail to mimic
diffusion barriers and resistance mechanisms that are present in vivo. We utilized the scaffolded
NB system in ambient and low oxygen to evaluate response to different therapeutics. Etoposide is
a clinically used cytotoxic chemotherapy (topoisomerase inhibitor). Scaffolded NB demonstrated
a resistance to treatment with etoposide both at ambient and low oxygen. Use of a hypoxia
activated therapeutic tirapazamine demonstrated a response in both scaffolded and low oxygen
culture, but not monolayer ambient oxygen culture. This demonstrated that our system is able to

differentiate the efficacy of different therapeutics (both toxic and microenvironment based).

To conclude Specific Aim 1: Evaluate the impact of scaffolded NB growth and hypoxia on
relevant gene expression, cytokine secretion, and drug sensitivity, we determined that scaffolded
NB in low and ambient oxygen is capable of capturing different levels of the tumor
microenvironment. This resulted in differential gene and cytokine secretion, as well as therapeutic
efficacy. Taken together, these data suggest that scaffolded NB is more representative of the tumor
microenvironment then traditional monolayer culture. Growth of different cell lines and cancer
types in 3D and low oxygen can allow for evaluation of different pathway expression and response

to therapeutics.
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5.2.2. Specific Aim 2: Design, fabricate, and evaluate a culture system capable of controllable
cell driven microenvironments.

In this section of the thesis, we incorporated the findings from Specific Aim 1 by
developing a model capable of mimicking the effects of low oxygen incubators on scaffolded NB
in asingle culture system. First, in an effort to develop a model with a more comprehensive oxygen
gradient we evaluated the use of larger dimension scaffolds. Analysis of cell content in the
scaffolds through quantification of dSDNA, metabolic activity, and visualization through histology
demonstrated that cells were not able to fully infiltrate scaffolds. Therefore, we determined that

stacking of pre-seeded thin scaffolds had the potential to develop cell driven oxygen gradients.

To achieve this, we designed a scaffold holder using COMSOL modeling. Modeling of
different scaffold holder setups predicted oxygen gradients based on oxygen diffusion in the media
and into the scaffolds. This modeling was extended to different scaffold numbers which predicted

different oxygen gradients based on scaffold number.

To evaluate impact of stacking using different numbers of scaffolds in the scaffold holder,
we first performed histology and evaluated dsDNA content. Both histology and dsDNA content
demonstrated cells throughout the scaffold. In stacks of four and six scaffolds, the dsDNA content
at the interior was similar to that of low oxygen scaffolded culture. This suggested that differences
existed between the exterior and interior of the stacks existed similar to that of scaffolds grown in

different oxygen levels.

These changes were further characterized through changes in gene expression and positive
pimonidazole staining. Hypoxia induced gene expression changes were present in the stacks of
four scaffolds and six scaffolds with significant differences present at the interior of the stacks.

Pimonidazole staining of stacks demonstrated the presence of oxygen gradients in two, four, and
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six scaffolds. Interestingly, stacks of eight scaffolds demonstrated limited differences in dsSDNA
content, gene expression, and pimonidazole staining. Lack of a hypoxic gradient in stacks of eight
scaffolds could potentially be due to leakage of the scaffold holder. Taken together, this data
demonstrates the fabrication of a tumor model with a range of oxygen gradients relevant to that of
an in vivo tumor and the identification of four and six scaffolds as the optimal number of layers

with our design.

To conclude Specific Aim 2: Design, fabricate, and evaluate a culture system capable of
controllable cell driven microenvironments, we developed a stacked culture system capable of cell
driven oxygen gradients. Comparison of different layers of the stacks to scaffolds grown in low
and ambient oxygen allowed for correlation of dsDNA level and gene expression at the interior of
the stacked culture to that of scaffolds grown in low oxygen. Additionally, using a hypoxia stain
we were able to visualize these gradients throughout the stack. As this system employs layers of
scaffolds, it can be separated for layer by layer analysis. This could be highly effective for future

work examining different levels of the tumor microenvironment.

5.3. Future Work

The ultimate goal of this dissertation was to develop a culture system for 3D growth of
neuroblastoma capable of capturing different levels of the tumor microenvironment, specifically
cell driven hypoxic gradients. In accomplishing this goal, we determined the impact of hypoxia
and 3D culture on NB cell lines and developed a stacked culture model. To further develop this
silk scaffold technology, work can be done to incorporate multiple cell types into the system,
characterize additional pathways in the scaffolds, evaluate therapeutic response of the stacks,
incorporate patient tumor samples, and implant scaffolds in vivo. Further, the stacking system

could be redesigned to be high throughput and adapted into a bioreactor system.
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5.3.1. Evaluation of HIF activation in scaffolded culture

In this work transcriptional targets of HIF were evaluated to determine if hypoxic regions
were present in scaffolds. Transcriptional targets of HIF including VEGF, CAIX, and GLUT1 are
frequently used as indicators of HIF activity as HIF protein is rapidly degraded, making accurate
analysis difficult [1]. However, multiple transcription factors target these genes [2, 3]. To directly
determine HIF activation and location (cytosol vs. nucleus) a fluorescent reporter system could be
utilized. Cells can be tagged with GFP or RFP labeled HIF, allowing for visualization of HIF
protein localization. This method has been previously employed to understand the role of HIF in

vitro and in vivo [4, 5].

There are three HIF transcription factors HIF-1a, HIF-2a, and HIF-3a. These transcription
factors are found in the cytosol, but under hypoxic conditions translocate to the nucleus and
dimerize with their respective B subunits leading to transcription of downstream pathways. In
cancer, hypoxia regulated pathways changes have been linked to HIF-1a and HIF-2a, whereas
HIF-3 a is less extensively studied [6]. In NB, HIF-1o and HIF-2a have both been detected and
been demonstrated to correlate to patient outcome, whereas HIF-3a has only been detected at
extremely low levels [7]. There is a large amount of overlap in the transcriptional targets of HIF-
la and HIF-2a, however there are some key differences. HIF-1a is primarily responsible for
metabolic changes, whereas HIF-2a is linked to an undifferentiated state and stemness in NB [8,
9]. Additionally, MYCN status in NB has been linked to differential expression of HIF-1a and
HIF-2a. [9]. Therefore, understanding the impact of scaffolded culture on expression of HIF-1a

and HIF-2a is important.

For this work, a dual reporter system with GFP-tagged HIF-1a and RFP-tagged HIF-2a

could be utilized. Plasmids for HIF-1a and HIF-2a could be purchased from addgene (pg-HIF-
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lalpha-EGFP, pg-dsRedXP-HIF-2alpha) [10]. These plasmids could then be grown up in bacteria
(DHb5alpha bacteria under Kanamycin selection) and the plasmid could be purified using a
Maxiprep (Qiagen). Cells could then be transfected with GFP-tagged HIF-1a and/or RFP-tagged
HIF-2a. This would allow for elucidation of how scaffolded culture impacts both HIF pathways
and direct correlation to HIF status. As NB cell lines have been demonstrated to express HIF-1
and HIF-2 differentially (primarily based on MYCN status), the first step would be to transfect
cells with GFP-HIF-1a and RFP- HIF-2a and confirm positive expression under short term and
chronic hypoxia. HIF-1a and HIF-2a could then be examined in scaffolded culture under ambient
and low oxygen. This would allow for understanding of whether transcriptional changes are due

to HIFs and where those changes were localized in scaffolds.

5.3.2. Co-culture of NB and cells from tumor microenvironment in scaffolds

Within the NB microenvironment, stromal cells (fibroblasts, endothelial cells) and immune
cells are frequently present [11, 12]. These cells contribute to the malignant nature of the tumor
through cell-cell interactions, paracrine signaling, and secreted factors. Cancer cells promote
migration of stromal and immune cells into the tumor environment through secretion of cytokines
and inflammation within the tumor. Culture of NB cells with stromal and immune cells has been
evaluated in vitro in monoculture models, however, our work has demonstrated fundamental
differences in monolayer and scaffolded culture [11-13]. Use of scaffolded and stacked culture
systems with multiple cell types has the potential to better understand signaling and malignant

drivers within the tumor microenvironment.

Macrophages can be acquired in the form of cell lines (THP-1) or isolated from peripheral
blood based on surface expression of CD14. Similarly, CD16- expressing natural killer (NK) cells,

and T-cells can be acquired or isolated. Immune cells can be cocultured directly or indirectly with
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scaffolds. Our data suggests the upregulation of proinflammatory cytokines that have the poteintial
to recruit immune cells into the scaffolds. For initial experiments, medium from scaffolds and
monolayer cells grown under ambient and low oxygen could be used for indirect coculture on
immune cells (NK cells, macrophages). This would assist in identifying changed based on secreted
factors. Gene expression and immunostaining, could be used to determine activation and/or
polarization of the immune cells. For example, macrophages are can be polarized to TAM in the
presence of secreted cytokines from cancer cells. This polarization can be measured through gene
expression. Once the impact of secreted factors on immune cell activation has been evaluated, a
direct co-culture system could be employed. Primary co-culture experiments would be performed
utilizing a polymer trasnwell system with scaffolds or monolayer cancer cells on the bottom of the
transwell system and immune cells in the top level of the transwell system. Post-culture gene
expression, cytokine secretion, and cell morphology could be evaluated. This would allow for
elucidation of cross talk between cancer cells and immune cells. Finally, immune cells could be
incorporated into the scaffolded tumor model (both the stacked and single scaffold system). Ratios
of immune cells as well as location with the stacked culture could be controlled. This would allow
for a more accurate tumor representation, in addition provide a more accurate system for

therapeutic testing, specifically for immunotherapuetics.

Stromal cells such as fibroblasts have been associated with high risk NB and demonstrated
to exert a protumerogenic effect on NB cells [11, 12]. In addition, they have been demonstrated to
inhibit apoptosis and induce resistance to therapeutics [11]. Fibroblast (or hmscs with a fibroblast
phenotype) could be cocultured both directly and indirectly with NB cells in monolayer and
scaffolded culture. Impact on viability, proliferation, and morphology of both cancer and stromal

cells could be evaluated. Media from indirect and direct coculture could be analyzed for cytokine
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secretion. Gene expression in stromal cells (oncogenes) and in the cancer cells (PI3K pathway)
could be evaluated. This could guide understanding of the role of the tumor stroma in cancer
progression. In addition, CAFs have been demonstrated to reduce cancer cell response to
therapeutics. Therefore, integrating CAFs at different rations into the tumor model and evaluating

therapeutic efficacy could create are more accurate tumor model.

Our data suggests the upregulation of angiogenic factors (IL8, VEGF) in scaffolded NB
culture. High levels of angiogenic factors has been associated with advanced tumor stage in NB
[14]. It has also been associated with metastatic disease and poor outcomes. This silk-based culture
system could be used to evaluate infiltration and migration of vascular cells into the tumor bed.
.Impact on viability, proliferation, and morphology of both cancer and stromal cells could be
evaluated. Media from indirect and direct coculture could be analyzed for cytokine secretion.
Finally a cancer model with vascular cells on the exterior (adjacent to the media source) could be
generated to better understand tumor/vascular interactions. For testing of therapeutics, this could

represent the diffusion barrier presented by vascular cells in vivo.

To best mimic the in vivo tumor microenvironment a complex multicellular model would
need to be developed. This model would contain a mixture of stromal and immune cells in
combination with cancer cells/ Development of these multicell culture models could assist in

understanding functional biology questions as well as developing more effective therapeutics.

5.3.3. Examination of extracellular adenosine as a function of hypoxia and 3D culture

The hypoxic tumor microenvironment has been demonstrated to exhibit increased
extracellular adenosine in vitro as well as in vivo [15] [16]. Increased extracellular adenosine

occurs as a result of dying cells releasing ATP [17]. ATP is then degraded by CD73 and CD39
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enzymes, converting ATP to adenosine [18, 19]. In normoxic conditions, the concentrations of
ATP and ADP are balanced, however, in hypoxia there is an increase of ADP. ADP can be
degraded into adenosine via 5’-nucleotidase, acting as an additional source of adenosine [20].
Functionally, adenosine inhibits immune cell activation by binding to adenosine receptors on the
surface of immune cells [15]. These receptors can impact the G protein (either activation or
inhibition), which regulates the intracellular adenyl cyclase-cAMP system. Receptors A; and Az
decrease CAMP, while receptors A2a and Azg increase CAMP [15]. Increases in intracellular ;cAMP
can decrease immune cell function through the cAMP/PKA signally pathway. Thus, understanding

of the role of adenosine in solid tumors is essential.

Analyzing the content of intracellular and extracellular adenosine as well as surface
associated CD73 and CD39 enzymes can be evaluated. Presence of adenosine in this culture
system would further validate its relevance to the in vivo microenvironment. Once this has been
identified response to adenosine receptor (A:a and Agg) antagonists such as SCH58261,

SCHA420814 and PSB1115 could be evaluated in combination with immune cells.

5.3.4. Evaluation of therapeutic response in a stacked culture system

Stacked culture systems have demonstrated gradients of oxygen based on the layer cells
are present in. Presence of hypoxia has previously been demonstrated to impact therapeutic
response in vitro and in vivo. Our stacked culture system could be used to examine therapeutic
efficacy. The ability to evaluate therapeutic response at different oxygen gradients could provide
insight into how hypoxia effects different parts of tumors. This is further enhanced by the use of
stacks of scaffolds. Stacks can be separated into individual layers for analysis. This would allow

us to examine the sensitivity to therapeutics at each layer, something that cannot be achieved in
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spheroid culture. Outside of chemotherapeutics and hypoxia dependent therapies use of the

stacking system for evaluation of immunotherapies as well as pathway specific inhibitors.

To bettwe evaluate therapeutic efficacy cells stacks of cells could be evaluated. Cells could
first be seeded in monolayer and in scaffolds. After 3 d scaffolds could be stacked and allowed to
grow for an additional 3 d. Medium containing therapeutic could then be applied to scaffolds,
stacks of scaffolds, or monolayer cells. To analyze therapeutic efficacy a PicoGreen dsDNA assay
could be used. Stacks could be analyzed both in bulk and in a layer by layer method. This would
allow for understanding of how therapeutics impact each level of the stack. In addition, scaffolds
and stacks could be frozen and cryosectioned. Histology (H&E) and TUNEL staining could be

performed to identify regions of cell death within scaffolds/stacks.

5.3.5. Use of patient derived NB cells in silk model

Patient derived xenografts (PDX) are cells taken directly from the patient and serially
passaged in mice. This eliminates adaptations acquired through grown in traditional in vitro 2D
cell culture and has been determined to retain a phenotype closer to that of the patient tumor [21-
23]. Recently our lab has acquired 5 PDX samples from the Childhood Solid Tumor Network (St.
Jude’s) (Table 5.1). Biopsies were taken of these frozen stocks to determine if any cells had the
potential to grow in vitro. One PDX line was able to be cultured and demonstrated a mix of

adherent and non-adherent cells (Figure 5.1).

Additionally, preliminary culturing procedures have been determined for these cells
(Appendix I). We hypothesize that we can use PDX cells to better mimic patient tumors. Use of
our system for patient-derived tumors could provide insight into relevant pathway changes as well

as assist in development of therapeutic strategies. PDX cells could first be grown in monolayer
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and scaffolded culture, under both ambient and low oxygen. RNA seq could be used to identify
genetic changes based on culture conditions. Dot blots could be used to characterize the secrotome
of PDX cells. Finally, therapeutic efficacy on PDX cells could be evaluated under different culture

conditions.

Figure 5.1. Images of cultured PDX cell line.
Representative images of PDX tumor Mast 3.2_142 RBC- after 21 days in culture, prior to being
passaged. A mixed population of spheroids and adherent cells can be observed.
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Table 5.1.PDX Tumors from St. Jude’s (Childhood Solid Tumor Network)

Tumor Status

Mast 191.B-1.2 Did not grow in vitro

Mast 3.2_142 RBC-  Growing slowly in vitro

Mast 190 1.1 Did not grow in vitro
Mast 121 3 Did not grow in vitro
Mast 78_11 Did not grow in vitro

5.3.6. Understanding interactions between cells and silk

Previous literature has demonstrated the ability for cells to adhere to and proliferate on silk
fibroin scaffolds [24-27]. However, the specific mechanisms by which cells adhere to silk scaffolds
remains unclear. The hypothesized mechanism for cell adhesion to silk scaffolds involves
interactions between media components (proteins present in serum or secreted by cells) and the
silk fibroin creating binding sites for cells. This is similar to the mechanism by which cells adhere
to tissue culture plates. Tissue culture plates are treated to be negatively charged, proteins (either
in the medium or cell secreted) then adhere through electrostatic interactions to plate surface
creating binding sites for cells. As silk fibroin is negatively charged, a similar mechanism is
potentially present between cells and silk. In order to elucidate the mechanism of cell binding silk

could be soaked in medium (either non conditioned media or conditioned media from cells) to
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allow for proteins to interact with the silk. Mass spectrometry could then be employed to identify
proteins or peptides present on the silk surface. Once these proteins have been identified to
determine binding interactions immunostaining for proteins or associated integrins, or co-
immunoprecipitation could be employed. This would be useful in understanding cell-silk

interactions and identifying adhesion properites of different cell types to silk.

5.3.7. Implantation of scaffolded NB in vivo

While the goal of this project is to develop an in vitro tumor model, animal studies can be
performed to validate these in vitro models for clinical relevance. Scaffolded NB and injected NB
cells can be implanted into a murine model after preconditioning in ambient oxygen or hypoxic
conditions. Tumor growth, vascularization, immune cell infiltration, and metastasis can be
evaluated. Previous work has examined in vivo implantation of scaffolded cancer cells using a
stacked paper-based system [28]. Researchers were able to examine invading cells from the
surrounding microenvironment in response to different gradients. In addition, comparative
analysis implanted cells grown in monolayer with implanted scaffolds can allow for understanding
of morphologic and pathway changes promoted by scaffolded growth and the presence of an intact

stroma.

For this work, female NCr mice at 6-8 weeks of age will be used. 1 x 10® SK-N-AS or
KELLY human NB cells (in 100 pL Matrigel or on silk scaffolds) will be injected subcutaneously
in the left flank region. Control animals will receive silk and Matrigel only. Tumor progression
will be monitored every two to three days via caliper measures of the two longest perpendicular
axes in the x-y plane. Tumor volume will be calculated as V=(xy?)/2, where y is defined as the
shortest of the perpendicular axes. Tumors will be monitored and be harvested at predetermined

timepoints of 3d, 7 d, 10d, 14 d, 21 d, and 28 d post-implantation. If the tumor volume exceeds
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1.5 cm?® or if humane endpoints are reached prior to the timepoints, tumors will be harvested.
Tumors harvested at predetermined endpoints will be evaluated for histology, infiltration of
stromal/immune cells, and a subset will be taken for RNA extraction. Samples lysed for RNA can
be evaluated for a panel of hypoxic genes or could be evaluated for a large number of gene changes

using RNA seq.

5.3.8. Development of a high throughput stacking system

While our system is effective in modeling hypoxic gradients within the tumor
microenvironment, it requires a large number of cells and uses a large volume of medium. This is
inefficient for high-throughput drug screening. However, our current system could be modified for
high throughput therapeutic testing. Scaffolds could be biopsy punched to smaller diameters (1-2
mm, as compared to 6 mm). This would decrease the cell number and amount of medium required
for culture. Additionally, the holder system for silk scaffolds could be modified to hold smaller

scaffolds and accommodate multiple stacks into one holder.

5.3.9. Development of a bioreactor system for silk scaffolds

One challenge of this culture system is adequately supplying the scaffolds with medium
(nutrients) and oxygen. This requires large media reservoirs and shaking to enhance oxygen
diffusion into the culture. Our lab has been developing a bioreactor system capable of flowing
medium over silk scaffolds and recycling medium. Currently, this system has been designed to
hold 10 mm diameter silk scaffolds and has not been optimized for thin silk scaffolds or stacks.
This perfusion bioreactor system could be designed to hold scaffolds or stacks scaffolds under
continuous medium flow. Different perfusion rates could be evaluated to optimize cell viability

and impact on oxygen concentrations.
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In addition, other cancer microenvironment cells could be incorporated into the bioreactor
system. Previously, an MQP team in our lab (3D Perfusable, Endothelialized Tumor Model, 2017-
2018) determined that vascular cells could be grown un the surface of silk scaffolds and cultured
in a bioreactor setup. Seeding of vascular cells on the outermost layer of the scaffold could mimic
the interface between the cancer cells and the vasculature. As cancer cells have been demonstrated
to migrate into layers of vascular cells, this system would better mimic the in vivo tumor
environment. Additionally, medium containing circulating cells such as immune cells could be
flowed over the scaffold. A perfusion-based cell infiltration system would better mirror the way

that the cells interact with the tumor in vivo.

5.4. Final Conclusions

In this thesis, we developed tools to examine the impact of scaffolded growth and hypoxia
on cancer cells. We investigated the impact of these culture systems and found that a combination
of scaffolded growth and different oxygen gradients is necessary to accurately mimic in vivo
tumors. Significant changes in gene expression, cytokine secretion, and therapeutic efficacy
Combinatorial use of low oxygen incubators and scaffolded growth allowed us to elucidated

changes dependent on hypoxia as compared to those driven by scaffolded culture.

We then progressed this system to create a stacked scaffolded system capable of combining
the effects observed in scaffolds grown in low oxygen with scaffolds grown in ambient oxygen.
This resulted in a single culture system with cell driven oxygen gradients relevant to that a
physiological tumor. These data suggest that these models will be able to identify critical pathway
and therapeutic responses in tumors. Evaluation of these systems with different NB cell lines has
demonstrated that these gradients are conserved. This suggests that this system could be broadly

applicable to multiple cancer types.
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Appendix I: Culture of PDX Cells

Media Composition:

DMEM
20% FBS
L-glut

Pen Step

Culture protocol:

1. Small portions of frozen stocks were removed using 26 G needled and placed into
prewarmed culture media (3 mL, in a 6-well plate)

2. Leave cultures in 37 °C incubator without moving plate for 7 days
3. After 7 days begin periodic media changes (2 per week)

Media change protocol:
1. Removed 1 mL of culture medium

2. Spin down medium at 1000 rpm for 5 minutes

w

Removed medium from cell pellet, take care as very few cells are present

&

Resuspend cells in 1 mL of medium and add to culture

Cells have undergone one passage, which resulted in a high level of cell death. Thus, for future
passages the protocol should be revised.
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Original passaging protocol:

1.

2.

Remove medium from cells

Add 0.5 mL of 0.25% Trypsin EDTA to culture
Incubate cells with trypsin for 5 minutes at 37 °C
Neutralize trypsin with 4 mL of complete medium
Centrifuge cells at 1000 rpm for 5 minutes
Remove medium from cell pellet

Resuspend cell pellet in 3 mL of media and replate in a 6-well plate
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Appendix Il: MATLAB code for dot blot analysis

Dot blot normalization code

%%Dot blot normalization to its own controls
%Upload data file

fileloc=inputdlg('Input the file location below:");
filename=inputdlg('Input file name below:");
file=fullfile(fileloc,filename);

filechar=char(file);

%Read the data file (Save file as Excel Workbook)
dat=xlIsread(filechar);

%Normalize to controls (Subtract by average of negative controls (Blanks)

%Take mean of the blank values
controlavg=mean([dat(1,3:5),dat(2,3:5),dat(9,10:13),dat(10,10:13)]);

stddev_neg=std([dat(1,3:5),dat(2,3:5),dat(9,10:13),dat(10,10:13)]);

if controlavg<0
controlavg==
else

controlavg=controlavg

end
%Subtract negative control from each sample

dat_negnorm=dat-controlavg;
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%Take mean of the positive controls

posavg=mean([dat_negnorm(2,1:2),dat_negnorm(9,14),dat_negnorm(10,14)]);

std_pos=std([dat_negnorm(1,1:2),dat_negnorm(9,13:14),dat_negnorm(10,13:14)]);

%Normalize the positive controls
pos_norm=posavg-controlavg;
%Divide by positive control

dat_norm=dat_negnorm/(pos_norm);

%Display heatmap

h=heatmap(dat_norm)

%Save normalized excel sheet
newname=strcat(filechar," _normalized");

xIswrite(newname,dat_norm);

Dot blot normalization to media control
%Normalization to Media control

%Upload data file

fileloc_blot=inputdlg(‘Input the blot file location below:');
filename_blot=inputdlg(‘'Input file name below:");
file_blot=fullfile(fileloc_blot,filename_blot);
filechar_blot=char(file_blot);

%Read the normalized data file for blot comparison

dat_norm=xlsread(filechar_blot);
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%Read in media control Kelly Blot 6

mediacontrol_name='R:\Masters\Dot Blot Images Analysis
_2.0\Kelly\C6\Kelly_MediaControl_6 _5min_Results Documents\Kelly MediaControl_6_5min-
Grid Measurements Table_2 normalized';

control_dat=xlsread(mediacontrol_name);

%Normalized to media control (divide each dot)

media_norm=dat_norm./control_dat;

nrows=10;
ncols=14;

A=zeros(nrows,ncols);

for c=1:ncols
for r=1:nrows
if dat_norm(r,c)>0 & control_dat(r,c)<0

A(r,c)=true;

else
A(r,c)=media_norm(r,c);
end
end

end

%Save normalized data in Excel
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newnamel=strcat(filechar_blot,'media_normalized";

xlswrite(newnamel,A);
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Appendix I11: Other gene expression evaluated in hypoxia and

scaffolded culture

Gene 2D 1%° 3D 21%* 3D 1%?
LDH5 1.28 3.64 2.26
Nestin 0.76 0.46 0.36
CASPASE 8 0.97 1.18 1.44
VCAN 0.89 0.81 0.76
ITGA 0.92 1.21 2.27
NCAM 1.55 0.69 1.10
VCAM 1.49 1.67 1.98
IL-6R 0.49 1.30 2.64
MIF 1.57 1.51 2.33
OSM 1.53 0.68 1.54
uPAR 0.89 4.93 2.55
PLGF 0.52 1.13 1.08
IL-17A 1.09 0.93 1.22
PDGF 4.63 1.3 8.80

Fold Change Relative to 2D 21%, Representative experiment
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Appendix IV: Positive and negative controls for staining

(A)

(B)

(©)

(D)

(E)

(F)

Figure A.1V.1. Positive and negative staining controls.

(A) TUNEL positive control. (B) TUNEL negative control. (C) ki67 ambient oxygen (21%)
negative control. (D) ki67 low oxygen (1%) negative control. (E) Pimonidazole negative control
for Aim 1 (low oxygen, no pimonoidazole added). (F) Pimonidazole negative control for Aim 2
(low oxygen, no pimonoidazole added).
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Appendix V: Hematoxylin and eosin protocol

Remove slides from freezer
Fix cells in cold (4°C) 100% methanol, 5 minutes
Move slides to 25% methanol, 5 minutes
PBS at room temperature, 10 minutes
Harris hematoxylin, 3 minutes
Tap H20, 5 minutes
Acid Alcohol, 3 dips
Tap H20, 1 minute
Ammonia water, 3 dips

. 95% ethanol, 1 minute

. Eosin, 30 seconds

. 95% ethanol, 1 minute

. 95% ethanol, 1 minute

. 100% ethanol, 1 minute

. 100% ethanol, 1 minute

. Xylene, 2 minutes

. Xylene, 5 minutes

. Mount with cytoseal

© o N R WNRE

el i N ol =
0 ~NOoO U~ WNEREO

Appendix V: Hematoxylin and eosin protocol 170



Appendix VI: Periodic acid -Schiffs base protocol

Bring slides to room temperature
Distilled water, 5 minutes
0.5% Periodic Acid, 7 minutes
Distilled water, 1 minute
Schiff Reagent, 15 minutes
Running tap H20, 10 minutes
95% ethanol, 1 minute

95% ethanol, 1 minute

. 100% ethanol, 1 minute

10. 100% ethanol, 1 minute

11. Xylene, 2 minutes

12. Xylene, 5 minutes

© o N R WNRE
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Appendix VII: Clinical correlation to gene and cytokine changes

Gene/Cytokine Clinical Correlation

VEGF Expressed clinically in NB, correlated with poor prognosis [1]

CAIX Expressed clinically in NB, correlated with reduced survival [2]

GLUT1 Expressed clinically in NB, correlated with unfavorable histology and high-
risk patients [3]

IGFBP3 No current clinical link, in vitro mechanism undetermined

MMP9 Correlated with poor overall survival in patients [4]

GM-CSE ;J]sed as part of a therapeutic regime to enhance immune cell infiltration [5-

MCP-3 Not clinically linked to NB

TNFRI Not clinically linked to NB

TPO Not clinically linked to NB

GRO Not clinically linked to NB

CXCL1 Not clinically linked to NB

PLGE Identified as part of a malignant gene signature, secretion higher in high
stage tumors [8]

IL-10

IL-17A Not clinically linked to NB

TNFRII Not clinically linked to NB

IL-6R

IL-8 Expressed in patient samples [9]

G-CSF Linked to highly tumorigenic NB cells [10-12]

HCC4 Not clinically linked to NB

MSP Not clinically linked to NB

I-TA Not clinically linked to NB

CCL3 Not clinically linked to NB
Overexpressed in high-risk NB, and associated with invasion, metastasis,

uUPAR :
and poor prognosis [13]
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Appendix VII: Dot blot protocol

Remove kit from cold storage and allow to equilibrate to room temperature

Remove the antibody arrays from the packaging and place (printed side up) into a well of
the incubation tray (one per well)

Pipette 2 mL of blocking buffer (supplied) into each well and incubate for 30 min at room
temperature

Aspirate blocking buffer from each well with a pipette

Pipette 1 mL of undiluted media (1 freeze thaw cycle, centrifuged to remove debris) into
each well and incubate overnight at 4°C on a rocking platform shaker

Aspirate samples from each well with a pipette

Dilute wash buffer I and wash buffer Il (' both 20-fold) with ultrapure water

Pipette 2 mL of 1x wash buffer I into each wel land incubate for 5 min at room temperature.
Repeat 2 more times for a total of 3 washes using fresh buffer and aspirating out the buffer
completely each time

Pipette 2 mL of 1x wash buffer Il into each well and incubate for 5 min at room
temperature. Repeat 1 more times for a total of 2 washes using fresh buffer and aspirating
out the buffer completely each time

Pipette 2 mL of blocking buffer into the bottle of biotinylated antibody cocktail, mix gently
with a pipette

Pipette 1 mL of the prepared biotinylated antibody cocktail into each well and incubate for
2 h at room temperature

Aspirate biotinylated antibody cocktail from each well with a pipette

Wash membranes as directed in steps 8 and 9

Dilute HRP-Streptavidin (1000-fold) with blocking buffer, mix gently with a pipette
Pipette 2 mL of 1x HRP-Streptavidin into each well and incubate for 2 h at room
temperature

Aspirate HRP-Streptavidin from each well with a pipette

Wash membranes as directed in steps 8 and 9

Transfer the membranes, printed side up onto a piece of tissue or blotting paper on a flat
benchtop

Remove excess wash buffer by blotting the membrane edges with another piece of paper
Transfer and place the membranes, printed side up, onto a plastic sheet

In a clean tube, pipette equal volumes of detection buffer C and detetection buffer D (250
ML of each, for a total of 500 pL is enough for one membrane)

Gently pipette 500 pL of the detection buffer mixture onto each membrane and incubate
for 2 mins at room temperature (Do not rock or shake)
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23. Place another plastic sheet on top of the membranes by starting at one end and gently
"rolling™ the flexible plastic sheet across the surface to the opposite end to smooth out any
air bubbles. The membranes should now be “sandwiched" between two plastic sheets.

24. Transfer the sandwiched membranes to the chemiluminescence imaging system such as a
CCD camera (recommended) and expose.

25. Steps 22-24 can be repeated if chemiluminescence fades
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Appendix IX: ELISA protocol

=

Dilure the capture antibody to the working dilution (specific to each lot) in PBS without
carrier protein. Immediately coat a 96-well microplate with 100 pL per well of the diluted
capture antibody. Seal the plate and incubate overnight at room temperaute.

2. Aspirate each well and wash with wash buffer, repeating the process two times for a total
of three washes. Wash by filling each well with wash buffer using a squirt bottle. To
completely remove wash buffer, blot against clean papr towels.

3. Block plates by adding 300 pL of reagent dilutent (blocking solution for IL-8) to each
well. Incubate at room temperature for 1 hr.

4. Repeat the aspiration/wash as in step 2.

5. Add 100 pL of sample of standards in reagent dilutent per well. Standards are specific to
individual lots, samples run undiluted , 1:10, and 1:100. Seal the plate and incubate for 2 h
at room temperature.

6. Repeat the aspiration/wash as in step 2.

7. Add 100 pL of the detection antibody (diluted in reagent dilution, specific to each lot) to
each well. Cover plate and incubate for 2 hr at room temperature.

8. Repeat the aspiration/wash as in step 2.

9. Add 100 pL of the working dilution of streptavidin-HRP (diluted in reagent dilution,
specific to each lot) to each well. Cover the plate and incubate for 20 min at room
temperature. Avoid placing the plate in direct light.

10. Repeat the aspiration/wash as in step 2.

11. Add 100 pL of substrate solution (not supplied) to each well. Incubate for 20 mins at room
temperature. Avoid placing the plate in direct light.

12. Add 50 pL of stop solution to each well. Gently tap the plate to ensure thorough mixing.

13. Using a microplate reader, determing optical density of eacg well at wavelengths of 450

nm, 540 nm, 570 nm. Readings done at 540 nm and 570 nm are background readings
which can be subtracted from 450 nm data.

Assay components not in Kit:
Wash buffer (All): 0.05% Tween® 20 in PBS, pH 7.2-7.4, 0.2 um filtered

Regent Dilutent (GM-CSF, MCP-3, VEGF), Blocking solution (IL-8): 1% BSA in PBS, pH 7.2-
7.4, 0.2 um filtered

Reagent Dilutent (IL-8): 0.1% BSA, 0.05% Tween® 20 in Tris-buffered Saline, pH 7.2-7.4, 0.2
pm filtered

Substrate solution: BIOFX EXTENDED RANGE TMB

Stop solution: 2N H2SO4
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Appendix X: Picogreen protocol

» Quanti-iT Picogreen dsDNA Reagent and Kit
o 20X TE Buffer
o Lambda DNA Standard
o PicoGreen dsDNA reagent

> Black Plate (brand new — this is because it is believed that PicoGreen stains plates)

1. Make fresh 1 x TE buffer if necessary. (1.25 mL 22 x buffer into 23.75 mL filtered
millig water). Left over buffer can be stored in the fridge 4C.

2. Dilute all the sample supernatant as described with 1X TE buffer using labeled new
tubes, so that the final concentration of Triton is 0.1% (e.g. 80 ul of 1x TE + 20 ul of
sample in 0.5% TE buffer)

3. Prepare DNA standard (found in kit in fridge). In 1x TE + 0.1% Triton

Standard How to Prep

S1-2ug 5 uL DNA standard & 245 pL 1X TE Buffer

S2-0.667ug | 75 uL S1 & 150 pyL of 1X TE Buffer

S3-0.222ug | 75 pL S2 & 150 pL of 1X TE Buffer

S4-0.074ug | 75 pL S3 & 150 pL of 1X TE Buffer

S5-0.025ug | 75 yuL S4 & 150 pL of 1X TE Buffer

S6-0.008ug | 75 puL S5 & 150 pL of 1X TE Buffer

S7-0.0027 ug | 75 uL S6 & 150 pL of 1X TE Buffer

S8 Blank 200 pL of 1X TE Buffer

4. Prepare pico green reagent diluting 5ul per 995 ul of 1X TE Buffer.

5. Turn off the lights in work area.

6. Using a new black plate add 50 pL of PicoGreen to each well and then add 50 pL of
sample to the respective wells. Mix thoroughly. Plate duplicates of standard.

7. Letincubate in a drawer for 5 minutes.

8. Read on plate reader using the appropriate PicoGreen protocol (standard fluorescein
wavelengths, excitation ~480 nm, emission ~520 nm) three times.
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