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Abstract

Neuroblastomais currently one of the most common and deadly solid extracranial tumors in pediatric
oncology. The primary site of metastasis of neuroblastoma is the bone marrow. A great obstacle in
clinical oncology is chemotherapy resistance and relapse in pediatric patients, resulting in a poor
prognosis. Itis suggested the bone marrow microenvironment plays a crucial role in this process. This
microenvironment in which metastatic neuroblastoma cells reside, is hypoxic. Hypoxia is known to
affect the malignant behavior and phenotype of tumor cells. Moreover, hypoxia has been reported to
activate bone marrow cells to mediate neuroblastoma drug resistance. However, the significance of
hypoxia in pediatric cancer and the exact role of chronic hypoxia on the neuroblastoma cell
characteristics has yet to be elucidated. Therefore, we aimed to investigate the effects of chronic
hypoxia on the cellular response of the SHEP-2 and SH-SY5Y neuroblastoma cell lines, in terms of
proliferation and drug resistance. Since the primary site of metastasis of neuroblastoma is the bone
marrow, the research further investigates the role of HS-5 primary bone marrow cells on the
neuroblastoma cell response in hypoxia. It was observed that proliferation of both SHEP-2 and SH-
SY5Y cells was significantly increased in hypoxia, with a near 2-fold increase in proliferation. In co-
culture with HS-5, the proliferation was significantly decreased in normoxia, while the proliferation
was further increased in hypoxia, compared to the monoculture proliferation. The IC50 of vincristine,
a chemotherapy drug commonly used in induction chemotherapy, in nhormoxia was found to be
0.031+0.008 pM and 0.0019+0.0004 uM for SH-SY5Y and SHEP-2 cells, respectively. In hypoxia the
tolerance of the cells for vincristine was significantly increased by 3-fold for both cell lines. The co-
culture with HS-5 bone marrow cells did not show a significant difference of the percentage viability
compared to the monoculture. These results indicate that hypoxia significantly affects the
proliferation of the SHEP-2 and SH-SY5Y neuroblastoma cell lines and the tolerance of both
neuroblastoma cell lines to vincristine. Therefore, hypoxia is a microenvironment characteristic that
should not be neglected in in vitro drug resistance and tumor behavior studies as it may strongly
influence the results and translatability to the patient.
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1. Introduction and Theoretical Background

In neuroblastoma pediatric cancer, one of the biggest clinical problems is that of relapse, resulting in
low overall patient survival [1-3]. It is hypothesized that relapse is caused by a dormant and drug-
resistant state of metastatic neuroblastoma tumor cells in the bone marrow that survive therapy and
remain undetected due to the bi-directional communication with bone marrow resident cells in the
hypoxic bone marrow microenvironment (~1-7% oxygen) [4-6]. However, many of the current co-
culture studies are performed in normoxic conditions (standard oxygen concentration in the culture
flask ~21% [7]), which does not reflect the biological microenvironment of the metastatic
neuroblastoma cells. As hypoxia is known to strongly affect tumor cell characteristics [8-14] as well
as to play a role in activating the bone marrow stromal cell behavior in mediating malignant behavior
of tumor cells [15-17], this research project is aimed to elucidate the role of hypoxia in the malighant
behavior of the SHEP-2 and SH-SY5Y neuroblastoma cells in monoculture and co-culture with HS-5
bone marrow cells in terms of proliferation and drug resistance.

1.1 High-risk neuroblastoma and the bone marrow microenvironment

Neuroblastoma (NB) is one of the most common extracranial solid childhood tumors, characterized
by clinical heterogeneity ranging from spontaneous regression without medical intervention to
therapy resistant tumors with metastasis [18-22]. Neuroblastoma tumors arise from
sympathoadrenal cells of the neural crest, which differentiate to sympathetic ganglion cells and
adrenal catecholamine-secreting chromaffin cells [18]. Primary neuroblastomas form along the
sympathetic chain or in the adrenal gland [19]. Diagnosis and staging of neuroblastoma are achieved
through a combination of histological, biochemical, and imaging approaches. A currently widely
accepted risk classification system used for pretreatment risk stratification is the International
Neuroblastoma Risk Group Staging System (INRGSS), which is based on a combination of prognostic
factors, including clinical stage, patient age, histopathology, and genetic and molecular properties
[23,24]. Patients are classified into low-, intermediate-, and high-risk groups, based on for example
age, MYCN amplification, chromosome aberrations, and metastasis [3]. The most common
metastatic site of neuroblastoma is the bone marrow (BM) [1,25]. More than 50% of patients present
with metastasis to the bone marrow at the time of diagnosis and 90% of high-risk patients have BM
metastasis [22]. Despite the aggressive multimodal therapies (including surgical resection, high-dose
chemotherapy, radiation therapy and post-consolidation immunotherapy) for high-risk patients, the
overall survival of children with metastatic neuroblastoma is poor (<40%) [1-3]. Over 50% of high-risk
patients relapse [3], possibly due to a chemo-resistant, dormant-state of tumor cells in the BM, which
survive therapy and remain undetected. As relapse or progression in the BM are major causes of death
for neuroblastoma patients, itis of great importance to understand and study the complex interaction
between BM-infiltrating neuroblastoma cells and the BM resident cells, as this might aid in identifying
therapeutic strategies and improvement of the overall survival of patients with high-risk, metastatic
NB.

Important to realize is the complexity of the bone marrow microenvironment (BMM). The BMM is not
just one niche itself, but rather an assembly of multiple micro-niches composed of distinct cell
populations and chemotactic gradients [12,13]. The micro-niches induce distinct hematopoietic stem
and progenitor cell (HSPC) responses, including cell homing, quiescence, self-renewal, or lineage
commitment. The two most referred to sub-niches in the human BM are the endosteal and the
perivascular niche [26-29]. The perivascular niche, located in close proximity to the blood vessels, is
comprised of endothelial cells (ECs) (constructing the BM sinusoids) accompanied by MSCs [30] and
CXCL12-abundant reticular (CAR) cells [31]. The perivascular niche is associated with activated
HSPCs [28]. The endosteal niche is situated at the interface tween trabecular bone and the BM, and is
primarily comprised of osteoblasts (OBs), acting as an interface between calcified bone and the BM,
CAR cells, stromal fibroblasts, and osteoclasts [27,30,31]. HSPCs isolated from the endosteal niche
show higher hematopoietic potential [32,33], indicating there are separate, spatially distinct niches
for quiescent and proliferating HSCs in BM [26,29,34]. Every cell type within the BM expresses
receptors and ligands for communication with other cells via secreted soluble factors (e.g., growth
factors, cytokines, and chemokines) or extracellular vesicles with various cargo (e.g., proteins, DNA
fragments, metabolites, and RNA) [35,36]. The complex cross-talk between hematopoietic and non-
hematopoietic cells is required for BM homeostasis. This physiological homeostasis may be altered
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by the presence of a metastatic neuroblastoma tumor cell. The physiological functions of the bone
marrow niches become commandeered by the tumor cells as such that the niches support tumor cell
functions such as dormancy, relapse, and growth [10,37-39]. The metastatic niche of tumor cells in
the bone marrow is believed to be composed of both the perivascular and endosteal niche [38]. Both
the vascular and endosteal niche have shown to maintain cell dormancy, by release of stromal cell
derived factor 1 (SDF-1), also known as CXC motif chemokine ligand 12 (CXCL12) that binds to CXCR4
on tumor cells [10,38]. For NB, the role of the different niches is not elaborately described.

Importantly, the entire BMM is regarded as hypoxic. Normoxia is generally approximated to be ~20-
21% oxygen, with an oxygen tension (Pp,) of 160 mmHg [7]. In the bone marrow, the Py, is much lower
(< 32 mmHg) [40]. However, local Py, in the BM is heterogeneous, resulting in an oxygen gradient
(figure 1) [40-42]. The lowest Py, of ~10 mmHg is found deep in the BM center. The endosteal region
is less hypoxic as these regions are perfused with small, nestin positive arterioles. In percentages, the
oxygen concentration ranges from 1% to 7% [5,6,43]. Hypoxia is believed to be a necessity in
maintaining SC quiescence [44,45]. For HSCs it is observed that hypoxia is associated with
quiescence and retention in the BM, whereas high oxygen tension allows for HSC mobilization [46],
also indicating the biological importance of the oxygen gradient in the BMM. In cancer cell biology,
tumor cells alter signaling pathways to adapt to hypoxia, promoting malignant behavior such as
proliferation, migration, epithelial-to-mesenchymal transition, and chemotherapy resistance
[8,13,14,47,48]. The hypoxic microenvironment induces molecular changes to facilitate dormancy
[37,38].
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Figure 1: Simplified summary of the different cell types found in BMM of NB. Important cell types include
the HSPCs and mature cells from the hematopoietic lineages, BMSCs, CAR cells, LepR* cells, adipocytes,
osteoblasts, osteoclasts, and ECs of the blood vessels. In addition, there is an indicated gradient in ECM
stiffness (with higher stiffness in the endosteal niche) and oxygen tension (with higher oxygen tension in the
endosteal niche). BMSC= bone marrow mesenchymal stromal cell, CAR= CXCL12 abundant reticular cell,
LepR+=leptin receptor positive cells, EC=endothelial cell. Created with BioRender.com (05 Oktober 2023)

Hypoxia can be categorized in acute, intermittent, and chronic hypoxia [47]. Acute hypoxia is
characterized by short term exposure to low oxygen (few minutes to a few hours) while chronic hypoxia
is characterized by prolonged exposure to hypoxia. Intermittent hypoxia is the cyclic occurrence of
high and low oxygen concentrations. In metastatic NB, the tumor cells reside in a naturally hypoxic
environment. Therefore, in the case of high-risk neuroblastoma, metastatic neuroblastoma tumor
cells are exposed to hypoxia for alonger period in the presence of BM resident cells, indicating chronic
hypoxic conditions and co-culture of neuroblastoma cells with BM stromal cells is biologically most
relevant to mimic high-risk neuroblastoma.
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1.2 The SHEP-2 and SH-SY5Y neuroblastoma cell lines

Both the SHEP-2 and SH-SY5Y celllines are derived from the SK-N-SH cell line, originally isolated from
a bone marrow biopsy taken from a four-year-old female with neuroblastoma [49]. The SHEP-2 cell
line is an S-phenotype subline [49]. They are epithelial-like, substrate adherent cells, which are
flattened in shape without neuritic processes and no expression activity of the TH and DBH enzymes.
The SH-SY5Y cell line is considered to be an N-phenotype subline [49-51], however, it is also
suggested the SH-SY5Y cell line comprises both cell types [52,53]. These are neuroblast like cells,
exhibiting a combination of adherent and suspension culture.

Based on master transcriptional regulators controlling gene expression of neuroblastoma, two
distinct cell identities have been discriminated:
1. (nor)adrenergic (ADRN)-type cells, defined by a core regulatory circuitry (CRC) module
including the PHOX2A/B, HAND1/2 and GATA2/3 transcription factors.
2. mesenchymal (MES)-type cells (close to human neural crest cells)

The ADRN and MES tumor cell types differ in phenotype, super-enhancers (SEs) and core regulatory
circuitries (CRCs). SHEP-2 cells are MES-type cells, whereas SH-SY5Y cells are characterized as
ADRN-type cells. Therefore, they form a frequently used isogenic cell line pair [50]. MES-type cells are
considered to be more drug-resistant in comparison to ADRN-type cells [54]. Somewhat
paradoxically, it has been reported that SHEP-2 cells are observed to be less aggressive, while the SH-
SY5Y resemble a highly aggressive neuroblastic phenotype [55]. Both SHEP-2 and HS-SY5Y are MYCN
non-amplified cell lines [53,55-57].

There is some discussion about the use of these cancer cell lines in regard to some inherent
limitations. Namely, neuroblastoma cell lines, as well as other conventional cancer cell lines, do not
properly recapitulate properties and phenotype of the original tumor properties [58]. They do not fully
reflect the natural biology, complexity, and heterogeneity of the malignancy [59]. Therefore, they may
not provide the ideal model for preclinical studies as the obtained results using these cell lines might
not be translatable to patients. It isimportant to keep this in mind while drawing conclusions upon the
results of this study and making recommendations for future research. Nonetheless, these cancer
celllines arevery broadly implemented in fundamental biology studies due to their beneficial practical
characteristics. Additional background readings for the different cell lines are included in
Supplementary S1.

1.3 Neuroblastoma cellular response to hypoxia

Hypoxia can have a significant effect on the malignant behavior and cellular phenotype of cancer
cells, including proliferation, dormancy, and chemotherapy resistance [60]. In order to determine the
best course of action and most meaningful additions for filling current gaps of knowledge in research,
it is important to assess what is already known about the specific response of neuroblastoma tumor
cells in a hypoxic environment.

It is generally suggested that a hypoxic microenvironment increases drug resistance. This has also
been observed for neuroblastoma tumor cells for several chemotherapeutics used in neuroblastoma
treatment including etoposide and vincristine [11,61]. However, research upon drug resistance
behavior for some chemotherapeutic agents is still limited the and the effects of hypoxia on
chemotherapy resistance are yet to be examined and clarified. In NB, hypoxia is expected to evoke a
more aggressive phenotype, showing more undifferentiated, stem-like cells correlated with poor
prognosis and survival outcome. Hypoxia, for instance, can induce high levels of expression of drug
resistance genes in cancer cells [62,63]. These include P-glycoprotein 1 (PGP) also known as
multidrug resistance protein 1 (MDR1) and multidrug resistance-associated protein 1 (MRP1)[62].

In NB, Applebaum et al. [63] have combined several neuroblastoma tumor and cell line datasets to
identify a hypoxia-upregulated signature correlated with poor patient outcome. This signature
includes elevated expression of LCO4A1, ENO1, HK2, PGK1, MTFP1, HILPDA, VKORC1, TPI1,
and HISTTH1C. When it comes to cell survival, upregulation of several survival and growth-related
genes is observed in NB-derived cells under hypoxic conditions, including VEGF, NEUROPILIN 1,
ADRENOMEDULLIN and IGF2. Hypoxia induced VEGF expression was found to cause apoptosis
resistance in neuroblastoma cells by upregulation of B-cell leukemia 2 (Bcl-2) expression [64] as well
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as extracellular-signal-regulated kinase (ERK1/2) phosphorylation [65]. It is hypothesized this
apoptosis resistance is partially responsible for hypoxic-mediated chemoresistance.

In response to hypoxia, HIF-1a and HIF-2a stabilized is induced. HIF-1a and HIF-2a are expressed
continuously, however, in an oxygen rich environment HIFs are degraded whereas low oxygen
concentration allows for HIF stabilization. HIF-1a forms the initial response to acute hypoxia whereas
HIF-2« is stabilized upon prolonged hypoxia exposure [66]. Hypoxia has been observed to provoke
HIF-1a mediated resistance to chemotherapeutic agents [60,67,68]. It has been demonstrated that
HIF-1«a is preferentially expressed in MYCN-amplified neuroblastoma cells and primary tumors,
compared to samples without MYCN amplification [69]. In addition, interplay between N-Myc and HIF-
1a has a vital role in NB. For instance, high levels of N-Myc override HIF-1a cell cycle inhibition and
allow for continued proliferation under hypoxia. Moreover, HIF-1a and N-Myc are vital for the Warburg
effect, also known as aerobic glycolysis, commonly observed in tumor growth. Other studies report
that MYCN-amplified neuroblastoma cells show increased apoptosis in hypoxia [70]. Moreover, HIF-
1a has shown to protect neuroblastoma cells from apoptosis by promoting Survivin expression in SH-
SY5Y cells [71].

HIF-2 a also plays a significant role in neuroblastoma cell survival, by promoting hypoxic cell
proliferation through the upregulation of c-Myc transcriptional activity [72]. Hypoxia is also known to
trigger dedifferentiation of neuroblastoma cells towards a more immature SC phenotype and is
associated with neuroblastoma metastasis [73]. HIF-2a leads to a neural crest-like neuroblastoma
population with increased NOTCH1, HES-1, c-Kit, vimentin and dHAND expression [74]. HIF-2«
additionally regulates OCT-4, affecting stem cell function and tumor growth [75]. Moreover, hypoxic
neuroblastoma cells have shown to switch from primitive neuronal to chromaffin cell type with
increased IGF2 and GAP-43 expression [76] and neuroblastoma cells under hypoxic culture
conditions exhibit more stem cell like features with increased expression of proneuronal lineage
specifying transcription factor inhibitors: ID2 and HES-1 [12,77]. High HIF-2 @ expression in
neuroblastoma patients was correlated with a poor prognosis and more aggressive tumor phenotype
[66].

As hypoxia induces a more aggressive cancer phenotype, this also includes an increase in
proliferation [13]. However, limited data is available describing the relation between neuroblastoma
tumor cell proliferation and hypoxia. A correlation between MYCN-amplification, HIF-1 a«, and
proliferation has been suggested but the exact relation with hypoxic exposure has yet to be
established [78]. It has also been suggested that hypoxia reduces the tumor cell proliferation,
ultimately resulting in drug resistance, since anticancer drugs target rapidly dividing cells [79].

1.4 MSC specific response to hypoxia and BMSC in the tumor microenvironment

BM MSCs also respond to hypoxic cell culture. Increased expression of Oct4, C-Myc, Nanog, Nestin
and HIF-1a have been observed in MSCs cultured under hypoxic conditions [15]. In addition, MSCs
cultured under hypoxia conserve a higher level of MSC specific surface markers, as well as lower level
of hematopoietic markers. Moreover, a significantly increased proliferation rate has been observed in
MSCs cultured under hypoxic conditions, in combination with a higher percentage of cells in the S-
phase of the cell cycle. Others, however, describe a reduction in proliferation and differentiation in
response to hypoxia [4], indicating current literature is somewhat divided and additional research may
elucidate the response of the HS-5 bone marrow cell line in hypoxia.

BMSCs are also known to mediate chemoresistance in tumor cells. In acute lymphoblastic leukemia
(ALL), BMSCs have shown to mediate vincristine resistance through the CXCR4/CXCL12 axis [16]. In
addition, extracellular vesicles containing specific micro-RNAs were excreted by hypoxic BMSCs,
resulting in drug resistance in multiple myeloma [17]. BMSCs have in general been reported to be
involved in increased tumor cell proliferation [80], tumor cell dormancy [81], stemness and
chemoresistance [82-84].
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1.5 Chemotherapy treatment regimens for neuroblastoma

In order to make a well substantiated decision on a chemotherapeutic agent for evaluating the drug-
resistant behavior of neuroblastoma tumor cells in hypoxia, it is important to first gain insight in and
understand the current treatment regimens of neuroblastoma patients. Treatment of neuroblastoma
patients is based on the risk-classification. Patients with high-risk neuroblastoma constitute half of
the total number of patients with newly diagnosed neuroblastoma. Multimodal therapy for high-risk
patients starts with induction chemotherapy. The traditional most commonly implemented induction
therapy, the current North American induction regimen, encompasses dose-intensive cycles of
cisplatin and etoposide, alternating with vincristine, cyclophosphamide, and doxorubicin [85,86]. This
regimen was elaborated with topotecan during the first two cycles of induction in the Children’s
Oncology Group (COG) trials [86,87]. The Society of Pediatric Oncology Europe Neuroblastoma Group
(SIOPEN) have developed the rapid COJEC regimen. The rapid COJEC regimen encompasses eight
cycles using combinations of cisplatin [C in the acronym, normally abbreviated P], vincristine [O],
carboplatin [J], etoposide [E], and cyclophosphamide [C]. In comparison with the N5-MSKCC
(Memorial Sloan Kettering Cancer Center) regimen, there is no difference in event free survival (EFS)
or overall survival (OS), but COJEC showed lower frequency of toxicities [88-90]. In addition, the
shorter time period of the rapid COJEC induction chemotherapy could in theory reduce the risk of drug
resistance [91]. The standard rapid COJEC regimen [90,92,93] and N5-MSKCC [88-90] regimen have
been depicted in figure 2, together with the COG regimen [94] and alternate OPEC/OJEC regimen
[92,93].

Induction therapy

Rapid COJEC regimen

dy d1o dzo d3o d4o dso dgp d7o

70 days, 10-day intervals

N5-MSKCC regimen (modified N7)

e [ e

110 days

Modified COG regimen

'l o I

~110 days, 21-day intervals

OPEC/OJEC regimen

126 days, 21-day intervals

Vincristine 1.5 mg/m? x 1 day

Carboplatin
Etoposide

Vincristine
Cisplatin

Vincristine
Etoposide
Cyclophosphamide

Cyclophosphamide
Doxorubicin
Vincristine

Cisplatin
Etoposide

Topotecan
Vincristine
Doxorubicin

Cyclophosphamide
Topotecan

Vincristine
Cisplatin

Etoposide
Cyclophosphamide

Vincristine
Carboplatin
Etoposide
Cyclophosphamide

750 mg/m? x 1 day
175 mg/m? x 2 days

1.5 mg/m? x 1 day
80 mg/m? x 1 day

1.5 mg/m? x 1 day
175 mg/m? x 2 days
1050 mg/m? x 2 days

70 mg/m? x 2 days
25 mg/m? x 3 days
0.022 mg/m? x 3 days

50 mg/m? x 4 days
200 mg/m? x 3 days

100 mg/m? x 5 days
1 mg/m? x 2 days
22 mg/m? x 2 days

n.d.
n.d.

1.5 mg/m? x 1 day
80 mg/m? x 1 day

200 mg/m? x 1 day
600 mg/m? x 1 day

1.5 mg/m? x 1 day
500 mg/m? x 1 day
200 mg/m? x 1 day
600 mg/m? x 1 day

Figure 2: Induction chemotherapy regimens. SIOPEN recommend additional therapy with topotecan,
vincristine, and doxorubicin (TVD) before consolidation transplantation if no adequate metastatic
response to induction chemotherapy is shown in patients. Based on the works of [85-90,92-94].

SIOPEN recommend additional therapy with topotecan, vincristine, and doxorubicin (TVD) before
consolidation transplantation if no adequate metastatic response to induction chemotherapy is
shown in patients [90,94].

Induction therapy is followed by consolidation therapy and after consolidation therapy (or
maintenance) [86]. The induction therapy phase does not only include chemotherapy, but also
comprises stem cell collection and surgical resection of primary tumor. The consolidation phase
encompasses high dose chemotherapy with autologous stem cell transplant (ASCT). The past
consolidation phase or maintenance phase includes immunotherapy and retinoid therapy.
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1.6 COJEC chemotherapeutic drugs mechanisms of action and (possible) mechanisms of drug
resistance in normoxia and hypoxia

As previously described, the rapid COJEC regimen encompasses eight cycles of different
combinations of five chemotherapeutics cisplatin (CDDP), vincristine (VCR), carboplatin (CBDCA),
etoposide (VP-16), and cyclophosphamide (CTX). The chemical structures of the compounds are
depicted in figure 3. The drugs have different mechanisms of action, and different underlying
mechanisms of drug resistance. It is important to keep in mind that the cellular response to the
chemotherapeutics is complex and depends on many factors including for instance the dose,
schedule of administration, and exposure time [95].
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Figure 3: Overview of the chemical structures of the chemotherapeutics of the rapid COJEC regimen.
Created 15-02-2024.

An overview of the characteristics of these chemotherapeutic drugs in pediatric cancer treatment
have been included in table S2 (Supplementary S3). This includes the peak plasma concentration
(Cmax), a standard measure in pharmacokinetics important to understand exposure-response
effects [96]. Drug resistance is often measured using the IC50 value, i.e. the concentration of drugs
that causes 50% growth inhibition [97,98]. For a further elaboration on the mechanism of action and
possible mechanisms of drug resistance of cisplatin, carboplatin, etoposide, and cyclophosphamide,
refer to Supplementary S3.

Vincristine

As described previously, VCRis included in each course of the rapid COJEC induction chemotherapy
protocol, indicating its significance in neuroblastoma treatment. In addition, VCR is a bit less well-
studied in comparison to for instance etoposide and cisplatin, and more unanswered questions
remain. It has a clear mechanism of action and initial evidence was found to support the hypothesis
thatthe response to VCR s influenced by hypoxia, also in neuroblastoma [11,99]. Therefore, based on
the analysis of all drugs included in the rapid COJEC treatment, in this study, it was decided to
investigate the effect of VCR on the SHEP-2 and SH-SY5Y neuroblastoma cell lines in normoxia and
hypoxia.

Vincristine (VCR) is a vinca alkaloid, which can bind to the S-tubulin subunit of the tubulin dimers
[100]. By formation of tubulin-drug complex, called paracystalline, the equilibrium between growth
and shrinking of microtubules is pushed in favor of shrinking, by reducing the concentration of the
tubulin dimers (figure 4). This inhibits the proper formation of mitotic spindles, causing cells to lose
the ability to progress through the cell cycle, resulting in mitotic cell cycle arrest. Cells consequently
undergo apoptosis. In the SH-SY5Y neuroblastoma cell line, VCR has shown to cause cell cycle arrest
in the G2/M phase [99]. In addition to its effect on the mitotic process, VCR interferes with processes
that require the microtubules, including molecular transport, secretion processes, and cellular
structure [100].

There is limited literature on the mechanisms of drug resistance to VCR. One of the proposed causes
of VCR drug resistance is P-glycoprotein-mediated multidrug resistance. In the breast cancer MCF7
cellline, VCR drugresistance is correlated with changes in microtubule proteins and drug metabolism
pathways. In addition, drug resistance to VCR is related to changes in VEGFA and IL-1( expression
[101]. Mutations in the tubulin protein or alternative tubulin expression leading to VCR drug resistance
has been observed in leukemia [102,103].
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In neuroblastoma cells, hypoxia promotes HIF1-a resistance to etoposide and VCR. In SH-EP1 and
SH-SY5Y short hypoxic exposure (up to 16 hours) did not affect drug resistance. However, prolonged
hypoxia between 1 and 7 days, results in reduced VCR- and etoposide-induced cell death. Short- and
long-term hypoxic exposure did not induce cisplatin drug resistance. HIF1-a expression stabilized in
2 hours of hypoxia. After 48 hours of hypoxic exposure, the HIF1- @ was not detectable.
Downregulation of HIF1-a decreased the hypoxia-induced drug resistance [11].

In addition, VCR resistance in neuroblastoma cells was found to be related to upregulation of
epidermal growth factor receptor (EGFR), dihydrofolate reductase (DHFR), microsomal epoxide
hydrolase (EPHX1), MVP, cytochrome P450 3A4, and DNA topoisomerase Il alpha and beta (TOP2A
and TOP2B), that all have been linked to drug resistance mechanisms [104].

Chronic hypoxia has shown to induce HIF-1a dependent VCR and etoposide resistance in SH-EP1 and
SH-SY5Y cells. In this study, short term exposure to hypoxia did not result in the drug-induced
apoptosis, while prolonged exposure to hypoxic conditions did. Manually interfering with the HIF-1a
expression showed the dependence of the increased drug-resistant on this HIF-1a function [11]. In
addition, for SHEP-2 cells, VCR resistance was correlated with LIM-kinase 2 (LIMK2) expression. LIMK
is a serine/threonine kinase, regulating actin dynamics [105].

Vincristine High VCR %
VINCA domain

—

Tubulin dimer

Promotion of Arrest of
depolymerization polymerization

Cellcycle

Figure 4: Mechanism of action VCR. Binding to [ -tubulin, VCR interferes with the microtubule
formation leading to cell cycle arrest and disruption of other microtubule involved processes. Created
with BioRender.com (04 June 2024).

1.7 Drug resistance related membrane proteins in NB

Important in the chemotherapeutic drug resistance are a superfamily of membrane proteins linked to
the ATP-regulated transport of many chemotherapeutic substrates across the membrane of tumor
cells, known as the so-called ATP-binding cassette (ABC)-transports [106,107]. Examples of these
ABC-transporters include MRP1, breast cancer resistance protein (BCRP), and PGP (also known as
MDR1). MRP1 is considered to be the most important ABC transporter related to malignant and drug-
resistant phenotype in neuroblastoma [108]. Etoposide and VCR are known substrates for the MRP1
transporter, as well as cisplatin [109]. MRP1 has been shown to contribute to tumor responsiveness
to chemotherapy in MYCN amplified neuroblastoma primary tumors obtained from mice [110].

However, also PGP has been shown to be expressed in the SK-N-SH cell line (the parental cell line of
SHEP-2 and SH-SY5Y). However, literature is limited [111]. PGP was associated with VCR resistance,
as described above. In addition, PGP is correlated with etoposide resistance, but not with cisplatin
resistance [109].

Finally, BCRP has been reported in neuroblastoma [112]. BCRP gene transcription was found to be
influenced by hypoxia [113]. BCRP was associated with etoposide resistance, however, cisplatin and
VCR were found not to be compatible substrates for BCRP [114].
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2. Research aim and key objectives

Many of the current studies to evaluate the interaction between metastatic neuroblastoma cells and
bone marrow resident cells are conducted under normoxic conditions. Little information is acquired
on the neuroblastoma cell proliferation in hypoxia and also the drug-resistant behavior of
neuroblastoma tumor cells in hypoxia is not fully understood. The interactions with bone marrow
resident cells and its effect on proliferation and resistance in hypoxic conditions remains elusive.
Although individual cell lines have been exposed to hypoxic culture conditions, current knowledge on
the role of hypoxia in the tumor aggressive behavior and phenotype in neuroblastoma is limited.

We hypothesize, based on the presented literature, that exposure to hypoxia causes an increase in
the proliferation of neuroblastoma cells as well as the drug resistance to VCR. In addition, we
hypothesize that a co-culture with bone marrow cells increases the malignant behavior of
neuroblastoma cells in the form of proliferation and drug resistance.

The aim of this thesis project is to investigate and understand the effect of hypoxia on the proliferation
and VCR drug resistance of the neuroblastoma tumor cell lines SHEP-2 and SH-SY5Y as well as study
how co-culture conditions with the HS-5 bone marrow cell line further affects these neuroblastoma
cell behaviors. In order to achieve the aim, this research involves the following key objectives:

1. Determine the cellular proliferation of SHEP-2, SH-SY5Y and HS-5 cell lines in hypoxia
compared to normoxia.

a. Research question: What is the effect of exposure to chronic hypoxia (5% oxygen) in
comparison to normoxia on the proliferation of the SH-SY5Y and SHEP-2
neuroblastoma cell lines and the HS-5 bone marrow cell line?

b. Research question: What is the effect of bidirectional communication (co-culture) of
SH-SY5Y or SHEP-2 with HS-5 on the proliferation rate? Is this altered in hypoxic
conditions?

2. Determine the effect of hypoxia and co-culture with HS-5 bone marrow cells on the VCR drug
resistance of the SHEP-2 and SH-SY5Y neuroblastoma cell lines.

a. Research question: How is the IC50 for vincristine in the SHEP-2 and SH-SY5Y cell
lines affected by hypoxia?

b. Research question: Does communication with HS-5 affect the drug resistance for
vincristine in the SHEP-2 and SH-SY5Y cell line in normoxia and/or hypoxia?

2.1 Approach

The research project can, roughly speaking, be divided in three main phases, each thoroughly
optimized before continuation to the next phase of the project. In the initial phase, the cellular
proliferation of the SHEP-2 and SH-SY5Y neuroblastoma cell lines are determined and protocols for
using the hypoxic chamber and creating a hypoxic microenvironment are optimized. Subsequently,
the drug resistance behavior of the neuroblastoma monocultures is determined using an IC50
determination experiment in normoxia and hypoxia. The mono-culture experiments provide the
necessary basis for designing the co-culture experimental conditions, in terms of seeding densities,
incubation durations, VCR concentrations, and handling of hypoxic medium pre-equilibration. The co-
culture study and evaluation of the HS-5 bone marrow cell characteristics in hypoxia form the final
phase of the project.
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Phase 1: proliferation in mono-culture Phase 2: drug resistance in mono-culture
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Figure 5: schematic representation of the study approach: 1) monoculture proliferative behavior is studied in
hypoxia compared to normoxia; 2) monoculture drug response to vincristine is evaluated in hypoxia and
normoxia; 3) all previous information on proliferation and drug resistance behavior is combined in the final
phase of co-culture studies, evaluating the proliferation and drug response of neuroblastoma and bone
marrow co-culture in hypoxia and normoxia.

3. Materials and methods

3.1 Cell culture

SH-SY5Y and SHEP-2 cells were cultured in DMEM High-glucose with L-glutamine (Capricorn, DMEM-
HA) supplemented with 1% pen/strep (Capricorn, PS-B), 200 mM L-glutamine (Capricorn, GLN-B), 1%
MEM non-essential amino acids (Gibco, 11140-050), 100 mM Sodium Pyruvate (Gibco, 11360070),
and 10% Fetal Bovine Serum (FBS)(Sigma Aldrich, F7524).

For co-culture studies, HS-5 cells are used to resemble primary bone marrow mesenchymal stromal
cells (BM-MSCs). Primary cells, isolated from donors, have a low proliferation rate, and lack
homogeneity, which may result in experimental variation [115-117]. This mesenchymal stromal cell
heterogeneity and associated variability in experimental results, may be reduced by using
commercially available bone marrow-derived cell lines [115]. An example of an immortalized stromal
cell line that can be used for in vitro models of the bone marrow microenvironment is HS-5. Twenty-
seven immortalized clones, designated HS-1 to HS-27, were isolated from the stroma of a white, 30-
year-old, male patient [118]. HS-5 is a fibroblast-like cell line demonstrating plastic adherence,
cluster of surface differentiation marker (CD) expression, and fibroblastic morphology, resembling
primary BM-MSCs [115-117]. HS-5 cells (ATCC, CRL-3611) were cultured in DMEM High-glucose with
L-glutamine (Capricorn, DMEM-HA) supplemented with 1% pen/strep (Capricorn, PS-B), 100 mM
Sodium Pyruvate (Gibco, 11360070), and 10% Fetal Bovine Serum (FBS)(Sigma Aldrich, F7524).

All experiments were performed using DMEM High-glucose with L-glutamine supplemented with 100
mM Sodium Pyruvate (Gibco, 11360070) and 10% Fetal Bovine Serum (FBS)(Sigma Aldrich, F7524)
(referred to as Experiment DMEM).

3.1.1 Hypoxic cell culture

Prior to any exposure of cells to hypoxia or experimental conditions, cells were allowed to attach for a
minimum of 24h in normoxic conditions. To establish hypoxic cell culture conditions, a modular
incubator chamber (Billups-Rothenberg, MIC-101) was used. Cells in a well-plate or culture flask are
placed on a tray in the hypoxic chamber containing a 100mm petri-dish with sterile milli-Q.
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Subsequently, the chamber is tightly closed, using the O-ring clamp and the chamber is flushed with
a gas mixture containing 5% O, and 5% CO. in nitrogen gas, for 4.5 minutes with a flow rate of 20 L/min
using a single flow meter (Billups-Rothenberg, SFM-3001). The cylindrical shape of the chamber
creates an even gas distribution. After flushing, the chamber is fully sealed using the in- and outlet
tube-clamps, and the hypoxic chamber is placed in the standard incubator at 37°C.

3.1.2 Medium pre-equilibration

Culture medium in general contains oxygen. When placed in hypoxic conditions, it required a
minimum of 24h for the medium to equilibrate to these hypoxic oxygen concentrations [119].
Therefore, if medium is used in hypoxic cell culture, the medium should be pre-equilibrated to hypoxic
conditions, prior to the experiment. Medium pre-equilibration was performed by adding the required
volumes of medium to the same well-format used for the subsequent experiment and placing these
well plates in the hypoxic chamber 24h prior to the start of the experiment. After flushing the hypoxic
chamber, it was placed either at 4°C in the fridge or at 37°C in the incubator, giving hypoxic pre-
equilibrated medium (designated as PEMh). As a control, the same handling procedures were
implemented but placing well-plates containing medium directly in the fridge or in the incubator
(without use of the hypoxic chamber), at normoxic conditions, giving hormoxic PEM (designated as
PEMN). This control was included to account for any effects the pre-equilibration procedure might
have on the quality of the medium.

3.2 Trypan blue cell counting assay to assess proliferation in monoculture

To assess the proliferation of the SH-SY5Y and SHEP-2 cells, cells were seeded in a 6-well plate at
10000 cells/cm? and 4200 cells/cm? for the SH-SY5Y and SHEP-2 cells, respectively. Cells were
allowed to attach for 24h in normoxic conditions. Subsequently, cells were cultured for 48h in
normoxic or hypoxic conditions with either standard pre-warmed Experiment DMEM or pre-
equilibrated Experiment DMEM. After the culture period, cells were trypsinized and diluted in a 1:1
ratio with trypan blue (Gibco™ 15250061). Trypan blue is a cytotoxicity assay, used to determine the
cell number and percentage of viable cells [120]. The assay is based on the principle that live cells
presentwith anintact cellmembrane and the trypan blue dye is impermeable, whereas for dead cells,
the dye is permeable. Viable cells have a clear cytoplasm, while dead cells appear blue. After
incubation, live cells were counted using the LUNA FL automated cell counter (Logos biosystems,
L20001) using LUNA counting slides (Logos biosystems, L12001). To limit exposure of hypoxically
cultured cells to high oxygen concentration, the cells are placed on ice after incubation with trypan
blue until loading the samples in the counting slides, to reduce the metabolic activity of the cells in
normoxic conditions. The analyzed imaged of the LUNA automated cell counter software are saved on
an external hard drive and used to manually correct the total cell concentrations in case of
miscounted cells. This manual correction was necessary due to the presence of small clusters of cells
(especially for the SH-SY5Y cell line) that are not included in the automated counts, as well as errors
in the number of dead cells due to wrongful cell counts as a result of some debris in the trypan blue
solution. The experiment was performed in triplicates.

3.3 Trypan blue cell counting assay to assess proliferation in co-culture

To assess the proliferation of the SH-SY5Y and SHEP-2 cells in co-culture with HS-5 cells,
neuroblastoma cells were seeded in the bottom well of a 12-well plate transwell system. The transwell
system encompasses a standard tissue culture treated 12-well plate with in each well a movable, 12-
mm diameter insert, containing a 10 um thick polycarbonate membrane with 0.4 ym diameter pores
(Corning, 3401). SHEP-2 cells were seeded at a density of 4200 cells/cm? and SH-SY5Y cells were
seeded at a density of 11000 cells/cm?. HS-5 cells were seeded in the transwell inserts at a density of
11000 cells/cm?. As a control, to assess if the polycarbonate surface would affect the proliferative
behavior of the HS-5 cells, a monoculture of HS-5 in the bottom well and HS-5 top transwell insert was
established. To assess the proliferation of HS-5 in hypoxia compared to normoxia and compare the
co-culture to neuroblastoma monoculture, HS-5 cells, SH-SY5Y cells, and SHEP-2 cells were seeded
at 11000 cells/cm?, 110000 cells/cm?, and 4200 cells/cm? cells, respectively. Cells were allowed to
attach for 24h at 37°C. Subsequently, medium for all conditions was changed, adding standard pre-
warmed Experiment DMEM to the normoxic conditions and pre-equilibrated hypoxic Experiment
DMEM to the hypoxic conditions. Hypoxic conditions were placed in the hypoxic chamber. The
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chamber was flushed, and all cultures were incubated for 48h at 37°C. After the culture period, cells
were trypsinized and diluted in a 1:1 ratio with trypan blue (Gibco™ 15250061). After incubation, live
cells were counted using the LUNA-Il automated cell counter (Logos biosystems, L40002) using LUNA
counting slides (Logos biosystems, L12001), using the same method as previously described for the
monocultures.

3.4 Morphology analysis

In addition to the proliferation analysis, cells were morphologically assessed for changes between
normoxic and hypoxic culture conditions. After 48h culture, cells were fixated by incubating the cell
culture with 4% paraformaldehyde (PFA) solution (prepared using PFA powder obtained from Sigma-
Aldrich, 158127) for 15 minutes. Cells were subsequently washed two times with pre-warmed Hanks’
Balanced Salt Solution (HBSS) (Gibco™ 14025092), after which the HBSS was replaced with fresh PBS
before storage at 4°C. Cells were observed using a standard phase-contrast microscope.

3.5 Cell Titer Glo assay for IC50 determination in monoculture

To identify the IC50 value of vincristine for the neuroblastoma cell lines, cells were seeded in 96-well
plates at 4200 cells/cm? and 9000 cells/cm? for SHEP-2 and SH-SY5Y, respectively and were allowed
to adhere for 24h in normoxic conditions. For the treatment groups, cells were incubated for 24h with
100uL of 0.001, 0.01, 0.1, 1 or 10 uM vincristine (MedChemExpress, HY-N0488) in medium. As a
control, cells were incubated with 100 uL of plain medium. After 48h exposure to the treatment or
control condition, the plates are allowed to equilibrate to room temperature before addition of 100 uL
of prepared CellTiter Glo Reagent (Promega, G7571). As a control for background luminescence, wells
without cells containing solely medium and medium with the highest concentration vincristine are
added (since the presence of a chemical compound may affect the background luminescence). The
content is mixed for 2 minutes on an orbital shaker to induced lysis of the cells. Subsequently, the
plate is incubated at room temperature for 10 minutes after which the contents of each well is
translocated into a designated well of a white opaque 96-well plate and luminescence is recorded.
The IC50 value is determined using sigmoidal curve fitting in the OriginLab software.

3.6 Assessment of the effect of co-culture condition on the IC50

To investigate the effect of the bi-directional communication of neuroblastoma cells and bone marrow
cells in a co-culture setting on the drug resistance behavior of the neuroblastoma cells, the obtained
results from the monoculture IC50 determination is used. For the co-culture, a 24-well plate transwell
system (Corning, CLS3413) with a 10 um thick polycarbonate membrane with 0.4 ym pores is used. In
the bottom wells, SHEP-2 cells and SH-SY5Y cells were seeded at a density of 3000 cells/cm? and
9000 cells/cm?, respectively. HS-5 cells were seeded in the transwell inserts at a density of 9000
cells/cm?. For the monoculture controls, cells were seeded at the same densities in a standard 24-
well plate. Cells are allowed to attach for 48h prior to adding any treatment. Subsequently, cells are
incubated with 0 yM VCR or with the determined IC50 value of the monoculture study (distinct per cell
type). Cells were incubated with the indicated treatments for 48h in normoxia and hypoxia. After
incubation, the transwellinserts were translocated into a separate 24-well plate. Avolume of Cell Titer
Glo equal to the volume of culture medium is added to each well. The content is mixed for 2 minutes
on an orbital shaker to induced lysis of the cells. Subsequently, the plate is incubated at room
temperature for 10 minutes after which the contents of each well is translocated into a designated
well of a white opaque 96-well plate and luminescence is recorded. For each condition incubated with
VCR, the response in percentage viability is determined by normalizing the associated control
condition (0 pM VCR) to 100 percent. This allows for a comparison of the monocultures and co-
cultures and determine the effect of the co-culture on the percentage viability.

3.7 Statistical analysis

All experiments were repeated three times (biological replicates, n=3), with a minimum of three
replicates for each experimental condition (technical replicates) per experiment, unless indicated
differently. For data analysis, SPSS 13.0 software was used. To compare two groups, the t-test was
applied. For the comparison between more groups, one-way ANOVA was used. All results are
indicated at a means * standard error. Differences were considered to be significant when P<0.05,
and highly significant when P<0.01.
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4. Results

4.1 Cellular morphology and distribution across cell culture surface differs per cell line
Cell morphology is evaluated based on the cellular shape and relative size, visually. Figure 6 shows
morphological images of standard normoxic culture of SHEP-2, SH-SY5Y, and HS-5 cells. HS-5 cells
have a fibroblast-like morphology (fig. 6A). They are very evenly distributed across the substrate
surface (fig.6B). The SHEP-2 cells present as large, flattened cells that firmly attach to the culture
substrate (fig. 6C). This is a characteristic of the MES-type or also called S-type neuroblastoma cell
lines [121]. SHEP-2 cells present regions with lower and higher density of cells, with only mono-layer
formation and relative spread over the surface (fig. 6D).

SH-SY5Y SHEP-2

HS-5

Figure 6: Cell distribution of HS-5, SHEP-2 and SH-SY5Y over the substrate of a standard T25 culture flask.
(A, B) HS-5 (p+6, seeding density 8500 cells/cm2) show a uniform distribution across the surface. There is
no cluster formation. (C,D) SHEP-2 (p24, seeding density 4200 cells/cm2) show a combination of a
generally equal distribution and formation of cell cluster, always in the form of mono-layers. Since the
SHEP-2 are more flattened and substrate adherent, they show with less contrast under the microscope in
comparison to the other cell lines. (E, F) SH-SY5Y (p+20, seeding density 10000 cells/cm2) show specific
cluster formation. In denser regions, cells start growing in multi-layers and clusters. At higher densities, SH-
SY5Y cells start forming spheroids. Left column: 10x objective, scalebar = 25 um; Right column: 4x
objective, scalebar =75 um.

The SH-SY5Y cells present as more rounded, neuroblast-like cells (fig 6E). This is characteristic of the
ADRN- or N-type celllines [121,122]. The SH-SY5Y cells grow in focal aggregates (fig 6F). In the center
of these clusters, cells tend to grow on top of each other, forming multilayers. As the cells attach more
poorly to the substrate clumps of viable cells may detach and float in the culture medium. The SH-
SY5Y cells show multiple fine and delicate processes, called tunnelling nanotubes (TNTs). These TNTs
have been discovered to form connections between distant cells. They are thin (50 to 700 nm) and can
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extent to a length from tens up to hundreds of microns (on average 20-100 um). TNTs allow for the
intercellular transport of cellular components and molecules, such as organelles, pathogens, ions,
proteins, DNA, mRNA, and micro-RNA[123]. In addition, they form a way of electrical coupling of cells
[124].

4.2 The proliferation of SHEP-2 and SH-SY5Y cells is increased in chronic exposure to
hypoxia

The proliferation of SHEP-2 and SH-SY5Y cells in hypoxia in comparison to hormoxia was evaluated
using a trypan blue cell counting assay. Cells were cultured for 48 hours in: 1) ambient conditions
(normoxia) with standard Experiment DMEM; 2) normoxia with medium that was pre-equilibrated for
24h at ambient conditions in the incubator at 37°C; 3) hypoxia with standard Experiment DMEM; 4) and
hypoxia with 24h medium equilibration at 37°C and 5% O,. For each cell line, the proliferation in the
form of the total cell numbers per cm? was normalized to percentages, in which the control (normoxic
cell culture with standard medium) was normalized to 100%. Experiments were repeated three times
independently (n=3). According to the trypan blue assay and cell counting, proliferation (normalized
to the control) for SH-SY5Y cells was 67.3 + 8.4%, 156.2 + 12.1%, and 143.9 + 14.8%, respectively
(figure 7). For the SHEP-2 cells, the proliferation (normalized to the control) was 77.0 + 7.4%, 126.5 +
9.9%, and 95.0 + 8.6%, respectively. For both SH-SY5Y and SHEP-2, the hypoxic culture condition
results in significantly higher (P=0.001) proliferation compared to the normoxic culture. However, use
of the pre-equilibrated medium (prepared at ambient conditions for normoxic cell culture and
prepared using the hypoxic chamber for hypoxic cell culture) results in a decrease of the overall
proliferation for both cell lines in normoxia as well as hypoxia. This also complicates the assessment
of the effect of hypoxia on the proliferation of the cells. Overall, the results indicate an increase in the
proliferation rate of both SHEP-2 and SH-SY5Y cells in hypoxia and a negative influence of the pre-
equilibration process.
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Figure 7: Hypoxia influences the proliferation of SH-SY5Y and SHEP-2 cells. Cells are grown in
normoxic (~21% 0,) and hypoxic (~5% 0,) conditions for 48 h with and without hypoxic or normoxic
PEM (pre-equilibration at 37°C). The normoxic condition is normalized to 100%. Norm = Normoxia,
Norm PEMn = Normoxia with normoxically pre-equilibrated medium, Hyp = Hypoxia, Hyp PEMh =
hypoxia with hypoxically pre-equilibrated medium. Data represented as mean of independent
experiments (individual marks), overall mean (bar) and SD (n=3). Statistical significance *P<0.05,
**P<0.01, if nothing indicated, then it was found not significant.

There is not yet sufficient data available when it comes to the effect of hypoxia on neuroblastoma

tumor cell proliferation [13], however, these findings coincide with previous studies that have shown
increased proliferation for SH-SY5Y in hypoxic conditions [125,126] as well as for SHEP-2 cells [127].
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For SHEP-2 culture, a 1.4-fold increase in hypoxia was observed compared to normoxia when cells
were exposed to 1% 0, for 24 hours using a modular incubator chamber. It has also been shown that
neuroblastoma tumor cells survive and proliferate in hypoxic conditions [9]. In a conflicting study
however, hypoxic conditions have decreased the cellular proliferation in SH-SY5Y cells [128].
Nonetheless, when considering tumor cells in general, it is generally acknowledged that cancer cells
increase proliferation in hypoxia [8,14,39].

On the other hand, the proliferation rate is influenced by the preparation of PEM (figure 7). Adding
medium equilibrated for 24h at 37°C at ambient oxygen conditions to cells cultured in normoxic
atmosphere (PEMn), results in a significant decrease of the proliferation for both SHEP-2 (P=0.015)
and SH-SY5Y (P=0.038). Adding hypoxically prepared pre-equilibrated medium (PEMh) to cells
cultured in hypoxia, the same trend is observed, despite the lack of statistical significance. It was
hypothesized that this decrease in proliferation was caused by the pre-equilibration process itself. It
is described in literature that equilibration of medium at 37°C can cause degradation of some
components in the culture medium, including pyruvate and some amino acids, such as L-glutamine
[119]. In addition, literature states that the degradation of L-glutamine can result in release of
cytotoxic ammonia as a byproduct, which could result in decreased cell viability and proliferation
[129]. This effect might be involved in the observed decrease in proliferation for the SHEP-2 and SH-
SY5Y cells.

Therefore, it was decided to perform the pre-equilibration of the medium at 4°C in subsequent
experiments. Similar to previous experiments, as a control, medium was “pre-equilibrated” by placing
medium at ambient conditions at 4°C (PEMn) and medium was pre-equilibrated using the hypoxic
chamber at 4 °C to prepare hypoxic medium (PEMh). Experiments were repeated three times
independently (n=3). According to the trypan blue assay and cell counting, the proliferation
(normalized to the control) for SH-SY5Y cells was 106.5 + 4.2%, 133.0 + 5.4%, 146.1 + 15.6% and
186.1 £+ 18.8% for, respectively the normoxic culture with PEMn, the normoxic culture with PEMh, the
hypoxic culture, and the hypoxic culture with PEMh (figure 8). For the SHEP-2 cells, the proliferation
(normalized to the control) was 104.0 + 6.9%, 120.1 +£9.7%, 148.0+ 7.0% and 198.6 + 8.6%,
respectively.
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Figure 8: Hypoxia influences the proliferation of SH-SY5Y and SHEP-2 cells. Cells are grown in normoxic
(~20% 0,) and hypoxic (~5% 0,) conditions for 48 h with and without hypoxic or normoxic PEM (pre-
equilibration at 4°C). The normoxic condition is normalized to 100%. Normoxic pre-equilibration of the
medium at 4°C does not lead to a decrease in proliferation. The hypoxic condition with hypoxic PEM is now
much increased compared to the normoxic culture condition. Norm = Normoxia, Norm PEMn = Normoxia
with normoxically pre-equilibrated medium, Norm PEMh = Normoxia with hypoxically pre-equilibrated
medium. Hyp = Hypoxia, Hyp PEMh = Hypoxia with hypoxically pre-equilibrated medium. Data represented
as mean of independent experiments (individual marks), overall mean (bar) and SD (n=3). Statistical
significance *P<0.05, **P<0.01, n.s. not significant.
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When the medium is pre-equilibrated at 4°C, the difference in proliferation between the normoxic
condition with standard pre-warmed Experiment DMEM and medium kept at ambient atmosphere and
4°C in a 12-well plate before warming, is no longer significant (P=1 for SHEP-2, and P=1 for SH-SY5Y).
In addition, the proliferation of SHEP-2 and SH-SY5Y cells in hypoxic conditions is further increased
using pre-equilibrated medium hypoxically prepared at 4°C, in comparison to the use of non-
equilibrated medium (P=0.023 for SHEP-2 and P=0.021 for SH-SY5Y).

Another culture medium characteristic that is influenced by temperature, is the oxygen solubility and
the oxygen diffusion coefficient. The concentration of dissolved oxygen in medium is approximately
doubled when medium is cooled from 37°C to 5°C [130]. In contrast, the oxygen diffusion is decreased
at lower temperatures and the flux of oxygen is increased by ~15% when the temperature is increased
from 25°C to 37°C[131,132]. This means that pre-equilibration of the medium at 4°C may result in a
higher concentration of remaining oxygen or the necessity of a longer pre-equilibration time. If the
remaining oxygen concentration in the medium would be higher after pre-equilibration at 4°C, cells
would be exposed to less hypoxic conditions, which in turn would result in a smaller difference in
proliferation between normoxia and hypoxia. However, this is not observed. Looking at the results, we
observe a slight but significant increase in proliferation when using hypoxic PEM on normoxically
cultured cells. This indicates that the gradual change from a hypoxic state back to normoxia does not
negatively affect cell proliferation. Cells appear to increase their proliferation for the duration of
hypoxic exposure, to subsequently restore to normal proliferation when the oxygen concentration in
the medium changes to normoxia.

Forthe HS-5 cells, there is no statistically significant difference in proliferation between normoxia and
hypoxia on either a standard polystyrene culture surface of a standard well-plate or the polycarbonate
transwell insert (figure 9). The proliferation of HS-5 cells was found to be 103.6 + 16.5(n = 3)% in
hypoxia compared to normoxia. The polycarbonate surface of the transwell insert does have a
significant (P<0.05) effect on the proliferation. It shows a decrease to 64.9 + 0.02(n = 3)% and 62.6 +
3.7(n = 3)% in normoxia and hypoxia, respectively in comparison to standard normoxic culture.

It is suggested by the transwell insert manufacturer, that the cellular proliferation on the treated
polycarbonate surface may differ from the proliferation in a standard tissue treated polystyrene well
plate [133]. This should be kept in mind when deciding on seeding densities for co-culture
experiments. Cells should be seeded at a higher density, to reach the same confluency over a set
period of time.

ns. Figure 9: The polycarbonate surface of the

n.s. transwell insert affects the proliferation of
% HS-5 cells. Hypoxia does not affect the

1207 : proliferation of HS-5 cell proliferation in
T either a standard polystyrene well plate or
on the polycarbonate insert. Norm =
Normoxia, Norm Mono = HS-5 proliferation
in normoxia on standard polystyrene
surface, Norm Insert = HS-5 proliferation in
normoxia on polycarbonate transwell
insert, Hyp = Hypoxia, Hyp Mono = HS-5
proliferation in hypoxia on standard
polystyrene surface, Hyp Insert = HS-5
proliferation in hypoxia on polycarbonate
transwell insert. Statistical significance
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The results combined showed that hypoxia influences the proliferation of SHEP-2 and SH-SY5Y
neuroblastoma cells in monoculture. The proliferation is significantly (P=0.0005 for SH-SY5Y and
P=0.0001 for SHEP-2) increased in hypoxia using pre-equilibrated medium in comparison to normoxia.
The results also indicate the importance of using hypoxically pre-equilibrated medium (PEMh) for the
hypoxic cultures and the necessity of performing the pre-equilibration at 4°C to prevent possible
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medium degradation. Finally, it was shown that the HS-5 proliferation is not affected by hypoxia (P=1),
while the polycarbonate surface of the transwell insert causes a significant decrease (P=0.04 in
normoxia and P=0.02 in hypoxia) of the proliferation.

4.3 The morphology of SHEP-2 and SH-SY5Y cells is not altered in hypoxia

The SHEP-2 cells present a healthy and ideal morphology in hypoxia and no clear differences between
the various conditions (figure 10, left column). Hypoxia, thus, does not affect SHEP-2 morphology. For
the SH-SY5Y cells, also, no clear differences in morphology are observed (figure 10, right column). SH-
SY5Y cells demonstrate a healthy and ideal morphology in hypoxic conditions, indicating hypoxia does
not affect the appearance of the neuroblastoma cell line. Based on these findings, both cell lines
tolerate the hypoxic cell culture condition well. This supports the previous results of increased
proliferation.

Hypoxia Normoxia PEMn Normoxia

Hypoxia PEMh

Figure 10: Left) Morphology images of SHEP-2 cells at passage p30 in normoxia in comparison to normoxia
with pre-equilibrated medium and hypoxia in comparison to hypoxia with pre-equilibrated medium (top to
bottom). Cells seeded at 4200 cells/cm? density cultured for 72h in total. Cells are properly attached to the
culture substrate and multiple cells very vastly flatten over the surface (red pointed arrows). Cells form
clear connections with adjacent cells through very fine protrusions (yellow arrows); Right) Morphology
images of SH-SY5Y cells at passage p+21 in normoxia in comparison to normoxia with pre-equilibrated
medium and hypoxia in comparison to hypoxia with pre-equilibrated medium (top to bottom). Cells seeded
at 10000 cells/cm? density cultured for 72h in total. In denser regions of the clusters, cells appear to grow
on top of each other (red pointed arrows). Cells form long, very fine TNTs (yellow arrows). Scalebar 10 um.
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In this study, an oxygen concentration of 5% is used to mimic the bone marrow microenvironment
oxygen tension. As previously described, the oxygen concentration in the bone marrow presents a
gradient from 2 - 7% [4,5,40], with a higher oxygen concentration in the endosteal niche and a lower
oxygen concentration in the center of the bone marrow. However, it is yet unclear whether the
neuroblastoma tumor cells reside in a specific niche, and it is suggested that both niches are involved
in the malignant behavior of the cancer cells . 5% oxygen was suggested as more physiologically
relevant [6,7,12,134]. In addition, the initial results show an effect of 5% oxygen on the proliferation of
neuroblastoma cells, without affecting the morphology. Therefore, it was decided to use 5% oxygen in
all subsequent experiments.

4.4 The tolerance to VCR is increased in hypoxia for both neuroblastoma cell lines

SHEP-2 and SH-SY5Y cells were allowed to attach in normoxia for 24h and subsequently treated with
a range of VCR concentrations (0.001 — 100 uM) for 48h in either normoxia or hypoxia. A dose-
dependent decrease of the relative cell viability was observed (figure 11). Experiments were repeated
three times independently(n=3). According to the CellTiter Glo assay, the IC50 of VCR in SHEP-2 cells
was found to be 0.031+0.008 uM for 48h incubation in normoxia and 0.096+0.02 uM for 48h incubation
in hypoxia. The IC50 of VCR in SH-SY5Y cells was found to be 0.0019+0.0004 pM and 0.0058+0.001
UM for 48h incubation in normoxia and hypoxia, respectively. Both the SHEP-2 and SH-SY5Y cells,
show a significant (P<0.05) 3-fold increase in the tolerance for VCR in hypoxia when compared to
normoxia.
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Figure 11: SHEP-2 and SH-SY5Y neuroblastoma cells were treated with a range of VCR concentrations. The
viability for both cell lines shows a dose-dependent reduction. Both cell lines show a shift of the dose-
response curve to the right when exposed to hypoxia (red line) in comparison to normoxia (black line). Data
represented as mean+SD, n=3. Statistical significance *P<0.05.

These results indicate an influence of hypoxia on the drug resistance behavior in monoculture. For
both neuroblastoma cell lines, an increase in the IC50 of VCR is observed when exposed to hypoxia.
This designates the percentage cell viability at the same VCR concentration remains higher in hypoxia
compared to normoxia, indicating a greater drug resistance. This coincides with the hypothesis that
hypoxia increases the malignant behavior of tumor cells, including drug resistance [11,60,61].
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4.5 Treatment with vincristine results in the disappearance of TNTs in the SH-SY5Y cell line
When incubated for 48h with different concentrations of VCR, the morphology clearly changes (figure
12). For the SH-SY5Y cells, the first morphological alteration is clearest visible at a 0.01 pM VCR
concentration, showing a clear reduction of the length and number of TNTs. Additionally, the cellular
bodies are slightly smaller. Furthermore, differences between normoxic and hypoxic culture can be
observed. The cellular density is higher in hypoxia compared to normoxia, as expected from the
previous experimental findings of an increase in proliferation. More importantly, at the 0.1 uM VCR
concentration, the SH-SY5Y cells in hypoxia still show formation of TNTs, whereas these are no longer
being formed in normoxia. This corresponds to the increase in the IC50 value and a greater tolerance
for the VCR in hypoxia.

Normoxia Hypoxia

0.01 uMVCR 0.001 uMVCR O0uMVCR

0.1uMVCR

Figure 12: Representative images of SH-SY5Y cells (at passage 34, seeding density 11 000 cells/cm?)
allowed to attach for 24h and subsequently exposed for 48h to increasing VCR concentration (0 uM
(control)- 0.1 uM). At a concentration of 0.007 uM VCR, the cellular morphology is relatively unchanged. At
a concentration of 0.01 uM VCR the loss and decrease in length of the SH-SY5Y TNTs can be observed. At
a concentration of 0.1 uM VCR the cell bodies have reduced in size and dead cells are visible in the clusters
of cells that remain attached to the culture surface. Objective 10x, scalebar 25 um.
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The changes in morphology for the SHEP-2 (figure 13) cell line already appear at the lowest VCR
concentration of 0.001 pM VCR. Cells are less stretched over the culture surface. Further
morphological changes that are observed include detachment and dead cells (spherical and floating).
Ata 0.01 pM VCR concentration, the number of adherent cells with a normal morphology is drastically
reduced. This corresponds with the results from the IC50 determination. However, still at high
concentrations of VCR, some cells present a healthy morphology, being flattened, and attached to the
culture surface. As such, the SHEP-2 cells differ from the SH-SY5Y cells. At the higher VCR
concentration (0.1 uM VCR), SH-SY5Y remains a higher percentage viability, but all cells have
changed in morphology with loss of TNTs and reduction if the size of the cell body. At the same VCR
concentration, the number of SHEP-2 cells that appear viable is much lower compared to SH-SY5Y,
however, most of the few SHEP-2 cells that remain, present a normal morphology.

Normoxia Hypoxia

0.01 UM VCR 0.001 UMVCR OuMVCR

0.1uMVCR

Figure 13: Representative images of SHEP-2 cells (at passage 44, seeding density 4200 cells/cm?) allowed
to attach for 24h and subsequently exposed for 48h to increasing VCR concentration (0 uM (control) - 0.1
uM). At a concentration of 0.001 uM VCR, cells have (partially) detached and dead cells are visible as
floating, rounded cells. The majority of cells remain attached with a flattened morphology. Ata 0.01 uM VCR
concentration, the number of attached cells has drastically reduced and mostly round, dead cells are
visible. At 0.1 uM concentration and higher (not shown in this figure panel) still few SHEP-2 cells remain
viable with a normal, healthy morphology of flattened and attached cells. Objective 10x, scalebar 25 um.
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4.6 SHEP-2 and SH-SY5Y cells proliferate faster in co-culture with HS-5 cells in hypoxia
To assess the effect of the co-culture with HS-5 bone marrow cells on the proliferation of SHEP-2 and
SH-SY5Y neuroblastoma cells, cells were incubated for 48h in monoculture and in a co-culture, using
a transwell co-culture system. Cells were exposed to normoxia and hypoxia. Experiments were
repeated three times independently (n=3).In normoxia, the proliferation was decreased in co-culture
t071.6 £ 2.3% and 74.2 + 1.8% for SHEP-2 and SH-SY5Y cells, respectively (figure 14) in comparison
with the mono-culture. In hypoxia, the proliferation of the monocultures is increased to 168.7 +
24.7% and 151.7 + 9.8% for SHEP-2 and SH-SY5Y, respectively, in comparison with the mono-culture
in normoxia. This agrees with previous experimental results. The co-culture in hypoxia shows a further
increase in proliferation to 212.9 + 8.2% for SHEP-2 and 200.8 + 14.2% for SH-SY5Y. The differences
in proliferation between the monoculture and co-culture in both normoxia as well as hypoxia were
found to be statistically significant.
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Figure 14: Proliferation of SHEP-2 and SH-SY5Y in co-culture. The bi-directional communication with HS-5
cells affects SHEP-2 and SH-SY5Y proliferation in normoxia and in hypoxia. In normoxia, the proliferation is
decreased, whereas in hypoxia the proliferation is increased in comparison to the monoculture conditions.
Norm Mono= Normoxia Monoculture, Norm Co = Normoxia Co-culture, Hyp Mono = Hypoxia Monoculture,
Hyp Co = Hypoxia Co-culture. Statistical significance *P<0.05, **P<0.01, n.s. not significant, n=3.

These results show that the co-culture with HS-5 cells influences the proliferative behavior of both
neuroblastoma cell lines, with a significant (P=0.01723 for SHEP-2 and P=0.03995 for SH-SY5Y)
decrease in normoxia and a significant (P=0.0056 for SHEP-2 and P=0.0007 for SH-SY5Y) increase in
hypoxia. It is generally suggested that co-culture with bone marrow cells contributes to tumor
malignancy by an increase in proliferation [3,135]. However, this is not observed for the normoxic co-
culture of HS-5 and neuroblastoma cells, which show a decrease in proliferation.

It is predicted that introducing the transwell insert in the bottom well, may cause for proteins in the
medium to stick to the plastic of the transwell insert. It is hypothesized that this can result in a
decrease of the concentration of medium components that is available for the cell culture in the well,
which may negatively affect the proliferation of the cells. However, in a previous experiment, HS-5
cells were cultured in a standard 12-well plate as well as in the bottom well of a 12-well transwell
system in a monoculture condition (just insertion of the transwell insert, only in presence of HS-5
cells). This experiment has shown that the proliferation in each set-up was equal and the insertion of
the transwell insert did not reduce the proliferation (supplementary S4). Therefore, the observed
reduction in proliferation for the co-culture condition is regarded as an effect of the bi-directional
communication between the HS-5 and neuroblastoma cells.
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A study by Chulpanova et al. (2020), has shown a small decrease in proliferation of SH-SY5Y
neuroblastoma cells, PC3 cells and A549 cells when exposed to conditioned medium of adipose-
tissue-derived-MSCs, in comparison to the use of fresh DMEM [136]. The study focused on the
proliferation reduction in presence of MSCs with interleukin 2 overexpression. However, also a slight
decrease in proliferation was observed for normal MSCs. To the best of my reckoning, no further
studies were published on the proliferative behavior of nheuroblastoma cells in co-culture with bone
marrow cells. However, in for instance ovarian cancer, the opposite was observed in the form of
increased proliferation in co-culture [80]. In contrast however, BMSC derived extracellular vesicles
were observed to inhibit colorectal cancer progression [137]. In breast cancer, celllines MDA-MB-232,
MCF-7 and ZR-75-1 showed a 3-fold increase in proliferation in presence of adipose derived cells
whereas the proliferation was notincreased (and even slightly decreased) in presence of BMSCs [138].
Other studies again state the increase of breast cancer cell proliferation by exosome excretion from
BMSCs [139]. Therefore, the existing literature is inconsistent and conflicting and does not provide a
present reasoning for the observed findings.

On the other hand, in hypoxia an increase in proliferations is observed when SH-SY5Y and SHEP-2
cells are in co-culture with HS-5 cells. This is in line with the hypothesis. To the best of my knowledge,
no literature is available on the proliferation behavior of neuroblastoma cells in co-culture with BMSCs
in hypoxia. However, in lung cancer, EVs from hypoxically exposed BMSCs induced increased
proliferation and EMT [140,141]. Similarly, in hepatocarcinoma cancer cells increased proliferation
was observed as a result of hypoxic BMSC-derived exosomal micro-RNA [142]. The findings also follow
the more generally accepted hypothesis that co-culture with bone marrow resident cells in hypoxia
promotes the malignant behavior of cancer cells.

HS-5 proliferation is increased in hypoxia in co-culture with SHEP-2 as well as in co-culture with SH-
SY5Y (supplementary S5), in comparison to the monoculture. Overall, these results indicate the co-
culture of neuroblastoma cells and bone marrow cells results in changes in the proliferation of both
cells, showing a decrease in proliferation of the neuroblastoma cells in co-culture with bone marrow
cells in normoxia. In contrast, the proliferation of neuroblastoma cells is increased in co-culture in
hypoxia, indicating the importance of the microenvironmental cue of oxygen tension.

4.7 Co-culture conditions in normoxia or hypoxia do not influence the cellular morphology
of SHEP-2 and SH-SY5Y cells

When comparing the cellular morphology after 48h incubation in monoculture and co-culture, there
are no clear differences for any of the cell lines (figure 15). SHEP-2 cells are properly attached to the
culture surface, showing a large, flattened morphology. The SH-SY5Y cell line shows a stellate
morphology with long and abundant TNTs in each culture condition. The HS-5 cells present a
fibroblast like morphology of large, flat, and spindle-shaped cells with clear processes extending out
of the cell body. Differences in density between mono- and co-culture conditions were somewhat, but
not clearly visible. Based on the morphology, the co-culture condition was well-tolerated by each of
the cell lines.

Importantly, this co-culture study uses the SH-SY5Y and SHEP-2 neuroblastoma cell lines, isolated
from a bone marrow biopsy taken from a four-year-old female with neuroblastoma. In contrast, the
HS-5 bone marrow cell line is isolated from the stroma of a white, 30-year-old, male patient. There is
thus a difference in age and gender. Research has shown that infant BMSCs present a faster
proliferation and increase in doubling times compared to adult BMSCs [143]. Infant BMSCs in addition
exhibit a lower level of senescence, based on gene expression. Moreover, child BMSCs have a greater
differentiation potential in chondrogenesis. Finally, gene expression has shown a higher expression of
osteogenic, tenogenic, hepatogenic and adipogenic genes in differentiated infant BMSCs, but a
decreased adipogenic differentiation potential. When comparing the adult and infant bone marrow
mesenchymal niche, the infant BM niche was characterized by more primitive subsets of BMSCs with
high expression of platelet-derived growth factor, Jagged-1 and CXCL-12[144]. Interestingly, CXCL-12
has proven to be involved in neuroblastoma tumor cell dormancy [10,38]. Therefore, the co-culture
response of the neuroblastoma cells might differ when making use of infant BMSCs.
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Normoxia co-culture Normoxia mono-culture

Hypoxia mono-culture

Hypoxia co-culture

Figure 15: Representative images of the different culture conditions for SHEP-2 (p31, seeding density 4200
cells/cm?), SH-SY5Y (p+10, seeding density 11 000 cells/cm?) and HS-5 cells (p+21, seeding density 11 000
cells/cm?), incubated for 72h in monoculture or co-culture, in hypoxia and normoxia. No clear differences
in morphology were observed for the different cell culture conditions (normoxia, hypoxia, monoculture, and
co-culture). Objective 20x, scalebar 10 um.
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4.8 The co-culture with HS-5 bone marrow cells does not significantly affect the drug
resistance behavior of SHEP-2 or SH-SY5Y

To determine the effect of the co-culture with HS-5 cells on the VCR tolerance of the neuroblastoma
cell lines, the results of the optimized monoculture IC50 determination experiments were used as a
basis. Cells were seeded in mono- and co-culture and incubated in normoxia (37 °C) for 48h.
Subsequently, the medium was aspirated and either fresh Experiment DMEM (control) or Experiment
DMEM with VCR was added. For SHEP-2 cells, a concentration of 0.0054 uM of VCR was added and
for SH-SY5Y cells, a concentration of 0.09 uM of VCR was added. These concentrations correspond
to the determined IC50 concentrations in hypoxia. Cells were incubated for 48h in absence or
presence of VCR, after which the Cell Titer Glo assay was performed. The cells incubated without VCR
were normalized to 100% for each condition (monoculture and co-culture in normoxia and hypoxia)
and the cells incubated with VCR were normalized accordingly. The experiment was performed two
times independently (n=2). The relative percentage viability of the SHEP-2 monoculture and co-culture
in normoxia were found to be 34.7+0.6% and 37.0+1.4%, respectively. In hypoxia, the monoculture
and co-culture percentage viability were 37.9+2.6% and 36.6+5.3%, respectively. The relative
percentage viability of the SH-SY5Y monoculture and co-culture in normoxia were found to be
55.2+4.8% and 55.6+1.5%, respectively. In hypoxia, the monoculture and co-culture percentage
viability were 44.9+0.8% and 54.1+3.5%, respectively.
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Figure 16: The relative percentage viability of monocultures and co-cultures in normoxia and hypoxia
exposed to VCR. Cells are allowed to attach and incubate for 48h in normoxia, after which the medium is
replaced with to Experiment DMEM with VCR or without VCR as a control. For hypoxia, pre-equilibrated
medium is used. SHEP-2 cells are incubated with 0.0054 uM of VCR. SH-SY5Y cells are incubated with 0.09
UM VCR. For each condition, the percentage viability of the cells incubated without VCR is normalized to
100% and the percentage viability of the treated conditions are normalized accordingly, resulting in the
experimental results as represented. Statistical significance *P<0.05, **P<0.01, n.s. not significant, n=2.

No statistically significant difference was identified between the response to VCR in co-cultured
compared to the mono-culture for either SHEP-2 or SH-SY5Y in normoxia or hypoxia (figure 16).
Despite the lack of statistical significance, for SH-SY5Y cells the percentage viability (as a measure of
the tolerance to VCR) is higher in co-culture compared to the monoculture in hypoxia, possibly
indicating the SH-SY5Y cells have a greater tolerance to VCR in co-culture with bone marrow cells. A
possible explanation for not seeing any effect of the co-culture with HS-5 on the neuroblastoma drug
resistance behavior could be the orientation of the co-culture system and used time of incubation.
Cells on the top of the transwell insert directly excrete any soluble factors, proteins or EVs in the pores
of the membrane. It is hypothesized that the apical-to-basolateral transport (top-to-bottom) is faster
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compared to the basolateral-to-apical direction [145]. In contrast, molecules (or EVs) secreted by the
cellsin the bottom well are first diluted in the larger volume of the bottom well and subsequently have
to make their way through the membrane. If some factor excreted from neuroblastoma cells is needed
forthe HS-5 cells to exhibit pro-tumor activity, the indicated time of incubation in the experiments may
be too short. In addition, after 48h of attachment and incubation in normoxia, the medium is aspirated
and Experiment DMEM is added (for each condition). This is a necessary handling procedure to add
the pre-equilibrated medium for proper hypoxic cell culture. This procedure, however, also removes
all excreted molecules or vesicles in the co-culture.

In addition, the transwell system only allows for analysis of the effects of long-distance cellular
communication. Communication in the cancer microenvironment can entail direct communication,
involving direct cell-cell contact in the form of gap junctions, ligand-receptor pairs and cell adhesion,
or tunnel nanotubes, or indirect communication, involving signaling through extracellular vesicles,
cytokines, chemokines, and/or growth factors [146]. When culturing HS-5 and SHEP-2 cells in direct
co-culture, it can clearly be observed that cells form direct connections (supplementary S6). It could
be hypothesized that changes in drug resistance behavior caused by bi-directional communication
dependsondirect cell-cell contact, causingit notto be observed in this long-distance communication
study. Mechanisms involved may for instance be the presence of gap-junctions, ligand-receptor pairs
and tunnel nanotubes [147-149]. However, literature suggest that changes in drug resistance
behavior can also be induced by EV mediated cellular communication [150,151]. Therefore, further
investigation is necessary.

The results of this experiment do form an internal control for the previous IC50 determination
experiments of the neuroblastoma monocultures. In the monoculture experiments, the IC50 value
was determined using sigmoidal curve fitting. It was observed that the percentage viability very rapidly
decreases at low concentrations of VCR. These large leaps in the percentage viability may result in a
less accurate IC50 value determination. It could therefore be valuable to include additional
measurement points in the lower VCR concentration range (between 0.001 and 0.01 uM). However,
addition of the determined IC50 concentrations from the monoculture study in this subsequent
experiment to evaluate the effect of the co-culture, the percentage viability came close to 50%,
indicating the determined IC50 values were accurate.
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When looking at the HS-5 cells, the relative percentage viability was found to be 35.2+0.66(n=2)%
when exposed to 0.09 uM VCR and 67.4+3.9(n=2)% when exposed to 0.0054 uM VCR in normoxia
(figure 17). In hypoxia the relative percentage was found to be 53.6+3.3(n=2)% and 79.5+0.5(n=2)%
when exposed to 0.09 pM VCR and 0.0054 uM VCR, respectively. Comparing normoxia and hypoxia,
there is a significantly increased tolerance for VCR in hypoxia when incubated with 0.09 uM VCR
(P=0.047). For 0.0054 uM VCR the same trend is observed, however, lacking the statistical
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significance. Nonetheless, it is observed that HS-5 cells tolerate VCR better when incubated in
hypoxia. The differences between the monoculture and co-culture conditions in normoxia were not
found to be statistically significant for either SHEP-2 or SH-SY5Y (Supplementary S5). In general, the
co-culture condition causes a minor decrease in the tolerance of the HS-5 cells for VCR (in hypoxia as
well as normoxia), with a lack of statistical significance.

SHEP-2 SH-SYSY HS-5

Control co-culture VCR mono-culture Control mono-culture

VCR co-culture

Figure 18: Morphology of cells treated with the IC50 concentration in monoculture and co-culture. Cells
were seeded and allowed to grow in normoxia (in monoculture or co-culture) for 48h. Subsequently,
Experiment DMEM without VCR (control) or with VCR was added (0.0054 uM for the cultures with SHEP-2
cells and 0.09 uM for cultures with SH-SY5Y) using pre-equilibrated medium for the hypoxic cultures.
Finally, cells were incubated for 48h in normoxia or hypoxia. Left column: SHEP-2 cells (p20, seeding
density 3000 cells/cm?) show a lower confluence in co-culture. When treated with VCR, rounded, floating,
dead cells appear, in both mono- and co-culture. In mono-culture, the remaining cells appear somewhat
larger and more flattened. Middle column: for SH-SY5Y cells (p+16, seeding density 8500 cells/cm?) the
treatment with VCR results in the disappearance of the TNTs, in both mono- and co-culture. On top of the
still attached cells, spherical, dead cells can be observed. Right column: when treated with 0.09 uM VCR,
HS-5 culture (p+26, seeding density 9500 cells/cm?) exhibits a chaos of cell debris and dead cells.
Underneath, still viable and attached cells are visible. Objective 10x, scalebar 25 uym.
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Looking at the morphology of the cells, there are no clear differences between the monoculture and
co-culture conditions. Regarding the confluence of the cells, the co-culture condition showed a lower
cell density in the center of the wells, underneath the transwell insert and a little higher cell density
along the edges of the well.

In all IC50 determination experiments, cells were exposed to VCR for 48 hours. In this study, we are
interested in chronic hypoxia. Therefore, the minimally desired period of exposure is 24 hours. This
time-span of 24h exposure would be more relevant when looking at the administration and half-life of
VCR in pediatric pharmacodynamics and pharmacokinetics. However, using a 24-hour incubation
period with VCR resulted in a percentage viability only decrease to ~70%, and the luminescence
remained high even in highest concentration of VCR. This readout did not support the observation of
the morphology of the cells, that clearly showed similar results in comparison with the 48h exposure
to VCR. Therefore, the incubation was increased to 48h. This resulted in proper dose-response curves
with a sigmoidal curve to determine the IC50 values. It was decided to keep this incubation duration
for the remainder of the experiments.

4.9 SHEP-2 cells are much less sensitive to VCR when exposed for a second time and show
clear morphological changes

During the study, a new question arose: how do the neuroblastoma cells respond to a second
treatment with VCR? Do the cells recover when the VCR is removed? And, if the cells are subsequently
treated for a second time with VCR, will the percentage viability decrease in the same manner as
observed in the first VCR exposure?

In order to investigate these questions, cells were seeded at a density of 3000 cells/cm? and 8500
cells/cm? for SHEP-2 and SH-SY5Y, respectively, and allowed to attach for 48h, followed by a 48h
incubation with VCR (all in normoxia). Subsequently, the VCR containing medium was removed, cells
were washed with pre-warmed PBS and fresh Experiment DMEM (without VCR) was added. Cells were
allowed to recover for 72h. The morphology was imaged. Subsequently, cells were kept in fresh
Experiment DMEM (as a control) or incubated for 48h with VCR (as a second VCR treatment). This
means, after removal of the first VCR, cells were 1) allowed to recover in fresh medium for 5 days
(120h) or 2) allowed to recover for 72h followed by second VCR incubation for 48h. Experiments were
repeated two times independently (n=2).

When treated with VCR (0.0054 uM for SHEP-2 and 0.09 pyM for SH-SY5Y), the percentage viability is
reduced to 34.7+0.59% for SHEP-2 and 55.2+4.8% for SH-SY5Y (P=0.002 and P=0.01). When allowed
to recover, the percentage viability of the SHEP-2 cells is restored to 103.6+10.6%, which is a
significant (P=0.0017) increase compared to the treated cells. Interestingly, the relative percentage
viability of the recovered cells does not significantly differ from the non-treated control (P=1). In
contrast, the relative viability of the SH-SY5Y cells is not significantly (P=1) increased when allowed to
recover. The cells incubated with VCR for 48h show a reduction of the viability to 55.2+4.8% and when
allowed to recover, the percentage viability only goes increases a few percentages to 63.0+11.2%.
Interestingly, when incubated with VCR for a second time, the relative percentage viability of the
SHEP-2 cells is only reduced to 84.6+4.4%, which was not found to be statistically significant
(P=0.181) compared to the recovered cells. This reduction is much less compared to the decrease in
viability of the first incubation with VCR, indicating a greater tolerance to VCR. Conversely, the SH-
SY5Y cell viability is further reduced to 30.1+7.8%, which is approximately half of the relative viability
of the recovered cells, indicating the SH-SY5Y cells respond very similar to the consecutive VCR
incubation in comparison to the first VCR exposure.

These results show that, upon a consecutive round of VCR exposure, SH-SY5Y cells exhibit the same
tolerance (or sensitivity) to the VCR drug, while the SHEP-2 cells are much less sensitive to VCR in
comparison to the first drug treatment. It is hypothesized there is sub-population of SHEP-2 cells that
presents a mechanism of drug resistance, which survive the first exposure to VCR as a selection
process. These surviving cells proliferate and grow, and upon the second round of VCR exposure, the
more sensitive SHEP-2 cells that have remained in a first round of selection, cause the observed
decrease in percentage viability, which as a result is smaller compared to the initial VCR treatment.
The observations do support the proposition that MES-type neuroblastoma cells are more drug
resistant as suggested in literature [54]. However, further investigation on the mechanisms behind the
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observed increase in VCR tolerance is necessary. Nonetheless, these findings are interesting and
relevant, as the situation in which cells are exposed to multiple consecutive rounds of drug treatment
is very similar to the clinical scenario of induction chemotherapy treatment, in which patients receive
multiple rounds of chemotherapy treatment.
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Figure 19: The relative percentage viability of SHEP-2 and SH-SY5Y monocultures incubated with two
consecutive rounds of VCR. These experiments are performed fully in normoxia. 0 VCR= control, cells
cultured in normoxia for 96h without VCR; 0.0054 VCR= SHEP-2 cells allowed to attach for 48h and
incubated with VCR for 48h; 0.09 VCR = SH-SY5Y cells allowed to attach for 48h and incubated with VCR
for 48h; Recovered= 48h attachment, 48h incubation with VCR, and 120h recovery in fresh Experiment
DMEM; 2x VCR= 48 attachment, 48h incubation with VCR, 72h recovery in medium without VCR, and 48h
incubation with VCR (second treatment). For each condition, the percentage viability of the cells incubated
without VCR is normalized to 100% and the percentage viability of the treated conditions are normalized
accordingly. Statistical significance *P<0.05, **P<0.01, n.s. not significant, n=2.

In addition to the change in the drug response, clear changes in morphology were observed for
recovered and repeatedly exposed cells, especially in the SHEP-2 cell line. For SH-SY5Y itis observed
that the long and fine TNTs are restored. Cells form very long processes to again connect to each other
for communication. In addition, multiple dead cells are still visible as small clusters around the
healthy cells. For the SHEP-2 cells, it was observed that the majority of the remaining, recovering cells,
presented a very flattened, enlarged morphology (figure 20). Cells appear much larger compared to
the normal morphology. In addition, there are some cells that form very long, thin processes,
comparable to those observed for the SH-SY5Y cells. Multiple cells appear more stellate and
elongated.

Studying the effects of multiple rounds of VCR treatment was only performed in normoxia, as it
requires multiple handling steps and medium changes. This introduces one of the main limitations of
this research. To create a hypoxic environment, a hypoxic chamber is used. The hypoxic chamber is
flushed with a specific gas mixture, creating a stable oxygen tension inside the chamber. The moment
the hypoxic chamber is opened (or the closing ring is compromised), oxygen is allowed to diffuse into
the chamber, increasing the oxygen concentration and losing the hypoxic microenvironment. In cells,
this rapid increase in oxygen can result in the generation of reactive oxygen species (ROS). ROS are
free radicals, unstable molecules that contain oxygen and easily react with other cellular molecules.
These ROS are considered cytotoxic [152-155]. A buildup of ROS can cause oxidative stress
characterized by DNA damage, RNA damage and damage to proteins, resulting in cell death.
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Radiotherapy is based on this principle to kill tumor cells [156]. In contrast, other studies suggest that
intermitted hypoxia increases the malignant behavior of tumor cells in the form of increase
proliferation, survival, and metastasis [157-159]. Anyhow, sudden reoxygenation can affect the
experimental outcome. The bone marrow microenvironment has a constant hypoxic oxygen pressure,
and therefore it is desired to minimize any effects of reoxygenation in these studies since it does not
represent the physiological situation. When investigating proliferation and percentage viability, we are
only interested in the effect of the hypoxia itself and want to minimize the effect of ROS. Therefore, it
isimportant to limit the time cells are exposed to oxygen and itis not possible to manually manipulate
the cells in between the start of the incubation and the final readout. Measuring multiple consecutive
rounds of VCR exposure in hypoxia was therefore not possible with the given restrictions.

Recovered 120h Recovered 72h Non-treated

Second VCR treated

Figure 20: Morphology of cells treated with the IC50 concentration in monoculture and co-culture. SHEP-2
cells (p22) and SH-SY5Y (p+18) were seeded (3000 cells/cm? and 8500 cells/cm?, respectively) and allowed
to grow in normoxia for 48h. Subsequently, Experiment DMEM without VCR (control) or with VCR was added
(0.0054 uM for the cultures with SHEP-2 cells and 0.09 uM for cultures with SH-SY5Y) and cells were
incubated for 48h in normoxia or hypoxia. Cells were then allowed to recover in fresh medium for 72h.
Finally, cells were kept in fresh medium or incubated with VCR for 48h. SHEP-2 cell morphology shows an
increase in the cell size and a very flattened, stretched cytoplasm. In addition, several cells with a more
stellate morphology and long, fine processes are observed. SH-SY5Y cells that are allowed to recover show

a re-appearance of the long, fine TNTs, connecting the cells over relatively long distances.
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Most often, an MTT assay is used for IC50 determination for different timepoints (generally 24h, 48h
and 72h). However, this assay requires a 4h incubation of metabolically active cells. This would mean
hypoxically cultured cells would be exposed to high (ambient) oxygen tension for 4 hours. This may
allow for ROS to negatively affect viability and as such the measured percentage viability would not
reflect the effect of the hypoxic environment alone but the combined effect of the ROS. The CellTiter
Glo presented a suitable alternative assay, in which cells are lysed immediately after opening the
hypoxic chamber and thus no exposure of cells to the high oxygen concentration. When performing
proliferation assays, hypoxically cultured cells are kept on ice as much as possible after opening the
hypoxic chamber to limit their metabolic activity. Nonetheless, use of the hypoxic chamber limits the
choice of possible readouts. Not being able to open and close the hypoxic chamber during an
experiment due to the negative effects of ROS also limits the options for analyzing different
timepoints. The time-scale is determined by the moment of closing and flushing the chamber and
opening it. The 48h exposure time presented with clear difference between normoxia and hypoxia and
was therefore used in every experiment. 48h is in the range of chronic hypoxia and thus provided
biologically relevant findings, as it resembles chronic hypoxia exposure of neuroblastoma cells in the
hypoxic bone marrow. Finally, itis important to realize that use of the hypoxic chamber also provides
a limitation in the medium equilibration process. When the medium is pre-equilibrated for 24h, the
chamber has to be opened to take out the medium and, if necessary, further process the medium (for
instance by adding the VCR). These handling steps require (some) time. Even though this time is
limited as much as possible, and the medium is transferred to tubes of which the lids are kept closed
as much as possible, there may be some exchange of oxygen with the medium and the medium will
not be fully hypoxic. A set-up with a glovebox could provide means to circumvent these practical
limitations by creating a fully hypoxic environment where all handling and incubation steps can be
performed with a constant, fixed, and pre-set oxygen concentration. This would also allow for some
diversification of the oxygen concentration.

5. Discussion and conclusions

Culturing SH-SY5Y and SHEP-2 neuroblastoma cells in hypoxia (5% O,) significantly affected cellular
proliferation. Using hypoxic pre-equilibrated medium, the proliferation was almost doubled for both
celllines after48h incubation in hypoxia. Cell morphology was not affected by hypoxia for either SHEP-
2 or SH-SY5Y. These results indicate that the hypoxic microenvironment is well tolerated by the
neuroblastoma cell lines and increases the malignant behavior of the neuroblastoma cells. In co-
culture with HS-5, the proliferation of both neuroblastoma cell lines is decreased in normoxia. In
contrast, the presence of HS-5 cells in hypoxia results in an increase in proliferation of both
neuroblastoma cell lines.

When introduced to hypoxia, the drug resistance is significantly increased as well as the proliferation
of both the SHEP-2 and SH-SY5Y cell line. In the hypoxic microenvironment, the malignant behavior of
the cells is thus increased. This corresponds to previously reported findings. The mechanism involved
in hypoxia-mediated drug resistance in the neuroblastoma cells should be further investigated. It is
possible that HIF-2a, one of the major players in response to chronic hypoxia, plays a role in this
mechanism, as suggested by previously reported literature. It is also possible that, as suggested by
Hussein at al. [11] that HIF- 1« is involved in the drug resistance mechanism. Looking at the
proliferation of the neuroblastoma cells in hypoxia, a possible proposed reason for the observed
increase could be found in the membrane potential of the tumor cells. Hypoxia has been known to
affect the resting membrane potential of cells [152,153]. In addition, a relation between the
membrane potential and cellular proliferation has already been proposedin 1971 [154]. Itis suggested
that depolarized tumor cells have a higher proliferation rate compared to hyperpolarized cells that are
observed to be more quiescent. However, to the best of our knowledge, there is no currently available
data onthe membrane potential of neuroblastoma tumor cells in hypoxia, indicating a valuable future
research step. Bioelectrical signaling may also play a crucial role in hypoxia-mediated drug resistance
in a co-culture setting [155].

An interesting observation is that the ADRN-type SH-SY5Y cells exhibited a greater tolerance to VCR
in the first round of exposure to the chemotherapy drug, which did not follow the hypothesis based on
the literature that indicated an expected higher drug resistance of MES-type neuroblastoma cells.
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Interestingly, however, the MES-type SHEP-2 cells show some mechanism of drug resistance,
allowing them to continue to proliferate and greatly increasing the percentage viability upon a second
round of VCR exposure. This exact mechanism, however, is not yet fully understood. It can be
hypothesized that a population of the SHEP-2 cell line contains a mechanism such as the presence of
ABC-transporters to reduce the sensitivity to VCR. Alternatively, these cells may lack the membrane
associated transporter to take up the VCR drug. Importantly, however, the cells that do remain after
theinitial VCR exposure present avery flattened and stretched morphology. As VCR affects the tubulin
protein, a cytoskeletal component, this is an interesting observation. As possible mechanisms of
resistance to microtubule affecting chemo-therapeutics, it is proposed in literature that cells [156]: 1)
form tubulin mutations; 2) overexpress specific tubulin isotypes; 3) overexpress microtubule
interacting proteins. It has been observed in children treated for ALL, that vincristine resistance was
accompanied by increased levels of microtubule polymers [157]. As the microtubules are a
cytoskeletal component of the cell, it is hypothesized, based on the change in morphology and cell
size, that changes in the tubulin expression and microtubule polymer levels could be involved in the
observed drug resistance increase. Nonetheless, further research is necessary to unravel this specific
drug resistance behavior that is observed only in the MES-type SHEP-2 cells.

TNTs are described to be composed of primarily actin, but also tubulin has been described to be a
possible minor component in TNTs [149,158-160]. The presence of tubulin in the TNTs would be a
possible explanation for their disappearance in the SH-SY5Y cell line upon VCR exposure.
Nonetheless it can be theorized that, since vincristine affects a cytoskeletal component, in general
the disappearance of the small processes is a logical consequence. In the tumor microenvironment,
the TNTs form communicative channels between tumor cells as well as between tumor cells, normal
cells and immune cells. This facilitates the transport of organelles such as mitochondria, transport of
proteins, transfer of calcium waves and transfer of lysosomes. This can contribute to the malignant
behavior of tumor cells in the form of survival, metastasis, and chemoresistance [160]. It is
hypothesized these TNTs play a crucial role in the malignant behavior of neuroblastoma cells, also in
co-culture with BMSCs, since formation of these TNTs were observed in a direct co-culture
(supplementary S6) for both cells (SHEP-2 and HS-5). When growing the SH-SY5Y cells, low seeding
densities resulted in a very limited proliferation and growth of the cells. When proliferating, cells form
these TNTs to form very distinct networks, as observed with microscopy. It can be speculated that
with low seeding densities, the cells are too far apart to reach each other through the formation of the
TNTs, resulting in poor proliferation, indicating their importance. Upon removal of the VCR drug, the
first thing observed for the SH-SY5Y cells is the re-appearance of the TNTs, without an increase in
proliferation. This may indicate the importance of the TNT communication network for the SH-SY5Y
cell survival and proliferation. If indeed the VCR drug affects the formation of these TNT structures,
this may indicate why the SH-SY5Y cells show an equally large sensitivity to VCR upon the second
incubation with the drug. However, the functionality of TNTs has been observed to mainly be disrupted
by drugs that target actin polymerization, rather than tubulin [159], meaning that further investigation
of the TNT structure and dynamics upon VCR exposure is needed.

In the co-culture study, the effect of long-distance communication is studied. For both neuroblastoma
celllines, no statistically significant differences were observed between the monoculture and the co-
culture when exposed to VCR. Importantly, however, it is observed that in hypoxia the HS-5 cells are
significantly more tolerant to VCR (when exposed to 0.09 uM VCR). According to a previous study by
Zhang et al. [17], BMSCs cells were activated in hypoxia to excrete extracellular vesicles containing
specific micro-RNAs that cause drug resistance in multiple myeloma. BMSCs were also observed to
mediate chemoresistance in tumor cells. In acute lymphoblastic leukemia (ALL), BMSCs have shown
to mediate vincristine resistance through the CXCR4/CXCL12 axis [16]. In hypoxia, hypoxia-induced
macrophage migration inhibitory factor (MIF) expression occurs in BMSCs that can function as a
noncognate ligand for the CXCR4 receptor. Again, also HIF-1 and HIF-2a are involved in BMSCs
response to hypoxia. Interestingly, bone marrow tolerance to VCR decreases when in co-culture with
the neuroblastoma cells. It could be speculated that in hypoxia, the HS-5 cells are activated to
increase their tolerance to VCR, with which they mediate the drug resistance behavior of the
neuroblastoma tumor cells, leading to a reduction of their own drug resistance. However, no
significant changes in the drug resistance of the neuroblastoma cells in co-culture were observed in
this study and further research is necessary.
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Overall, the experimental results highlight the importance of hypoxia and communication with HS-5
bone marrow cells in the tumor cell behavior of the SHEP-2 and SH-SY5Y neuroblastoma cell lines.
These findings emphasize that these elements in the tumor microenvironment are highly relevant and
should not be ignored when performing studies to evaluate drug resistance behavior and predict
patient outcomes. The study contributes to currently available research by complementing on the
knowledge on the proliferative behavior of neuroblastoma cells in chronic physiologically relevant
hypoxia and showing the changes in tolerances to vincristine in hypoxia as well as the changes in the
VCR sensitivity in consecutive rounds of exposure. In the contiguous weeks following my master
thesis defense, | will study the PGP and MRP1 expression in the neuroblastoma cell lines in normoxia
and hypoxia, and in mono- and in co-culture to see if there are correlations between the expression of
these ABC-transporters and the culture condition. This follow-up experimentis aimed to investigate if
the ABC-transporter expression is dependent on a hypoxic microenvironment and if the ABC-transport
expression is influenced by or dependent on the presence of HS-5 bone marrow cells.

6. Future recommendations

The possible limitations of the use of the modular hypoxic chamber have been discussed above. For
future research upon the role of hypoxia in the neuroblastoma development and malignant
characteristics, it could be considered to use a glovebox. Having a constant, stable oxygen tension for
every handling procedure of the cells, opens the doors for great elaboration of the work, including for
example the addition of multiple timepoints, the evaluation of the drug resistance upon treatment in
consecutive cycles of VCRin hypoxia, or a longer co-culture incubation timespan prior to the addition
of VCR in hypoxia, without the need for removal of the medium. A second recommendation for a
follow-up study would be to investigate if the co-culture orientation influences the experimental
results of the co-culture studies. It could be valuable to check if culturing the neuroblastoma cells on
the insert results in an observable difference in the drug-response. In addition, the current co-culture
studies were performed in a static environment. The addition of flow, for instance by implementing a
tilting plate, mightimprove the diffusion of excreted molecules and vesicles. Moreover, this may more
accurately resemble human physiology of flow in the human body and tissue [161]. Thirdly, it was
reported previously that MYCN amplification affects the malignant behavior of neuroblastoma tumor
cells in terms of proliferation and drug resistance in the context of hypoxia [69,70]. The SHEP-2 and
SH-SY5Y cell lines are MYCN non-amplified. As MYCN amplification is regarded as one of the biggest
prognostic factors in high-risk neuroblastoma, it would be valuable to assess the response of MYCN
amplified cell lines to these culture conditions. Finally, it could be attempted to develop a way to apply
a direct co-culture to allow for direct cell-cell contact that still allows for the intended analysis.
Alternatively, a co-culture on bottom and top of the transwell membrane could be studied to minimize
the distance between cell types. Direct cell contact, for instance through TNTs or gap junctions [147-
149], may influence the observed results, especially in the context of the drug resistance and
proliferation. In addition, the approximate one-millimeter gap between the insert and the bottom well
is too large for the TNTs to connect the two cell lines. It is expected that these connections are crucial
for BMSC to mediate drug resistance behavior in hypoxia. These TNTs may provide means to relay
electrical potentials, affecting tumor cell proliferation, as well as membrane proteins possibly aiding
in drug resistance behavior. Finally, it would be impactful to study the microtubule polymer
concentrations and tubulin protein expression levels in non-treated and VCR incubated cells to
investigate if these responses are a possible mechanism of resistance to VCR in the SHEP-2 cells.

In my perspective, interesting remaining question beyond the scope of this study include: 1) what
causes the increase in proliferation observed in hypoxia/co-culture? What signaling pathways may be
involved? What could be the role of electrical cell-cell signaling and membrane potential in
monoculture and co-culture in hypoxia? 2) How do extracellular vesicles come into play in the
observed effects of co-culture? What changes in the EV composition are observed in hypoxia (HS-5
and neuroblastoma)? 3) Is there a role of an ADRN-to-MES switch that was previously reported in
literature? Can it be observed in hypoxia? Could it be an explanation for the observed results, such as
the increase in drug resistance? These questions, among others, and the above-described future
recommendations and gaps in research may form a basis for compelling future research.
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8. Supplementary S1: Additional background on the cell lines

HS-5 cellline has been previously implemented to study leukemia-stroma interaction in normoxic and
hypoxic conditions [116]. Hypoxic culture conditions did not affect HS-5 cell viability, proliferation rate
or cell cycle. Follow-up experiments have shown the stromal protection from chemo-induced cell
death of leukemia cells, proving its relevance as an in vitro model to study stroma-tumor cell
interaction.

Granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage-CSF (GM-CSF),
macrophage-CSF (M-CSF), Kit-ligand (KL), macrophage-inhibitory protein-1 alpha, interleukin-6 (IL-6),
IL-8, and IL-11 are significantly secreted by HS-5 cells [115]. Moreover, HS-5 cells support the
proliferation of hematopoietic progenitor cells. Both primary BM-MSCs and HS-5 cell lines are positive
for CD73, CD90, CD105, and HLA-ABC, while lacking expression of CD14, CD31, CD34, CD45, and
HLA-DR surface molecules. However, for HS-5 statistically significant higher expression of CD73 and
HLA-ABC was found, as well as lower expression of CD90 when compared to BM-MSCs. Nonetheless,
HS-5 demonstrates a general expression pattern similar to primary BM-MSCs, in contrast to for
instance the HS-27A cell line. Moreover, HS-5 cells have been suggested to be a suitable model to
reproduce the typical MSC expression pattern responsible for pro-tumor cellular interactions and
immunosuppressive activity. Primary MSCs and HS-5 cell line show high similarity in immunological
activity. It has therefore been concluded that HS-5 stromal cell line can be used to reproduce the
capacity of MSCs to influence tumor biology and to evaluate the molecular mechanisms that underly
tumor immune escape.

A study by Thirant et al. (2023) [162] has shown PHOX2B and CD44 as specific makers for the
adrenergic and mesenchymal population, respectively. CD44 expression at transcription level
correlates with mesenchymal tumor cell identity. While CD44 is a cell surface marker, it can be used
to sort the two populations, using FACS. CD44"¢ cells exhibit transcriptomic profiles close to the
adrenergic SH-SY5Y cell line, while CD44r°s sorted cells have profiles close to mesenchymal SHEP-2
cells. The mesenchymal/CD44r°s cell population show higher chemotherapy resistance compared to
the adrenergic/CD44"¢ cells. The CD44 surface marker is an alternative to the previously used CD133
cell surface protein used to discriminate between adrenergic and mesenchymal cells. The CD133 cell
surface maker is found to be downregulated in response to in vitro culture with serum-containing
medium.

Cells demonstrate an adrenergic to mesenchymal plasticity potential [121]. The spontaneous
plasticity depends on epigenetic reprogramming. This reprogramming potential is maintained through
multiple generations in the SK-N-SH cell line. The ADRN-to-MES switch has been associated with
cisplatin and etoposide drug resistance [163]and has been correlated with hypoxia [39,48].
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9. Supplementary S2: Detailed scheme of the rapid COJEC regimen for
neuroblastoma treatment

The rapid COJEC regimen consists of three different courses (A, B and C) that are given to the patient
in specific time intervals and orders. Table 1 indicates the different courses and the included
chemotherapeutics as well as the administration protocol in pediatric cancer treatment. Course A
(vincristine, carboplatin, etoposide) is given on day 0 and day 40. Course B (vincristine, cisplatin)
starts ondays 10, 30, 50 and 70. Course C (vincristine, etoposide, cyclophosphamide) is given on days
20 and 60.

Table S1: Detailed overview of the rapid COJEC induction chemotherapy treatment in pediatric
treatment of neuroblastoma.
Course A (day 0 and day 40)

\ Time \ Dose Administration
Day 1
Vincristine HO 1.5 mg/m? Single IV bolus over 1 hour
Carboplatin H1 750 mg/m2 IV infused, 1 hour, in 5% dextrose
Etoposide H2 175 mg/m2 IV infused, 4 hours, 0.9% saline
Day 2
Etoposide HO 175 mg/m? IV infused, 4 hours, 0.9% saline

Course B (day 10, day 30, day 50, and day 70)

Day 1

Vincristine HO 1.5 mg/m? Single IV bolus over 1 hour

Pre-hydration H1 200 ml/m?/h Infused over 3 hours before
cisplatin

Mannitol 20% H1 40 ml/m? Short infusion IV

Mannitol 20% H3.5 40 ml/m? Short infusion IV

Hydration during | H4 125 ml/m?/h Infused over 24 hours in parallel

cisplatin with cisplatin

Cisplatin H4 80 mg/m?/24h Over 24 hours in 0.9% sodium
chloride alongside the hydration

Over day 2

Post-hydration H28-H52 | 125 mlU/m?/h Same as hydration during cisplatin

Mannitol 20% If needed | 40 ml/m? If diuresis falls below 400 ml/m?*/6
hours, short infusion IV

Course C (day 20 and day 60)

Day 1

Vincristine HO 1.5 mg/m? Single IV bolus over 1 hour

Etoposide H1 175 mg/m2 IV infused, 4 hours, in 5% dextrose

Mesna H5 200 mg/m? Short infusion IV

Cyclophosphamide H5 1050 mg/m? Over 1 hour

Hyperhydration + mesna | H5 125 mUm?h + 1.2 200 | Infused over 24 hours
g/m?/24h

Day 2

Etoposide HO 175 mg/m2 IV infused, 4 hours, 0.9% saline

Cyclophosphamide H4 1050 mg/m? Over 1 hour

Hyperhydration + mesna | H4 40 ml/m? Infused over 24 hours

In addition, G-CSF (5ug/kg/day subcutaneously) is administered 24-48 hours after the end of the
chemotherapy and is ended 48 hours before the next chemotherapy. The minimum interval between
the last G-CSF injection and the start of the next chemotherapy course is at least 24 hours. This means
G-CSF is administered from day 3 to 8, day 12 to 18, day 23 to 28, day 32 to 38, day 43 to 48, day 52 to
58, day 63 to 68, and day 72 to 76.
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Additional TVD cycles

If the rapid COJEC treatment protocol does not yield metastatic complete response (disappearance
of all signs of metastatic cancer), the COJEC regimen is followed by two so-called TVD cycles, that
include treatment with topotecan, vincristine and doxorubicin:

= Topotecan: IV administered in the morning, as a 30-minute infusion in saline 100 ml/m2 at
dose of 1.5 mg/m2/day for 5 consecutive days (days 1 to 5).

= Vincristine: 48-hour continuous infusion administration at a dose of 1 mg/m2/day in 50
ml/m?/day 0.9% saline (maximum dose 1mg/day), starting one hour after the final topotecan
infusion (days 5 and 6).

=  Doxorubicin: 48-hour continuous infusion administered simultaneously with vincristine ata
dose of 22.5 mg/m2/day in 50 ml/m2/day of 0.9% saline solution (days 5 and 6).

A second cycle is administered at the same dose 21-28 days from the start of the first cycle. In
addition, the patient should be off G-CSF for at least 48 hours.

10. Supplementary S3: Detailed elaboration on the COJEC chemotherapeutics

Cisplatin

Originally in 1978 cis-diamminedichloroplatinum(ll) (known as cisplatin, or CDDP), a platinum-based
chemotherapeutic, was used to treat several malignancies including testicular, bladder, ovarian,
colorectal, lung, and head and neck cancers [164-167]. It kills tumor cells by creating irreparable DNA
lesions, causing cellular senescence, or activating apoptotic pathways [168]. Due to the relatively low
concentration of chloride ions in the cell, the inert cisplatin is activated intracellularly by a series of
aquation reactions, resulting in aquated cisplatin which is highly reactive [169,170]. This activated
cisplatin can bind a variety of nucleophilic species, including cysteine and methionine residues on
proteins and DNA bases. This leads to inter- and intra-strand adducts in the nucleus, that are
recognized by DNA damage-sensing machinery. If the DNA damage is too extensive, DNA damage
response (DDR) is activated, involving ATR kinase, CHEK1 and CHEK2, as well as the tumor
suppressor protein p53. Activation of p53 results in transactivation of several pathways, facilitating
mitochondrial outer membrane permeabilization, triggering intrinsic apoptosis. In addition, p53
activation results in transactivation of genes involved in extrinsic apoptotic pathway. The
mitochondrial outer membrane permeabilization triggers the caspase cascade and several caspase-
independent mechanisms. Multiple other signaling pathways are involved in cisplatin induced cell
death following DNA damage. The interaction between cisplatin and GSH, metallothionein and/or
mitochondrial proteins, elicits generation of reactive oxygen species (ROS). These can result in
mitochondrial outer membrane permeabilization or cause an increase in cisplatin-induced DNA
damage, leading to cytotoxicity.

However, little or no response in tumor cells is observed for many cancer patients, leading to therapy
failure and cancer relapse [171]. Based on recent investigations this cisplatin resistance is assigned
to the hypoxic microenvironment [172]. Many different mechanisms are believed to precede cisplatin
resistance. These include decreased p53 expression, increased cancer stemness, regulation of non-
coding RNAs, generation of reactive oxygen species, increased exosome secretion, loss of mismatch
repair, cyclophilin overexpression, and surviving overexpression [169,173].

In hypoxic conditions, the cisplatin resistance is hypothesized to be related to the HIF-1a correlated
response to hypoxia. Silencing of HIF-1a in hypoxic cells reverse cisplatin drug resistance in human
non-small cell lung carcinoma cells [174]. p53 plays a significant role in this HIF-1 mediated cisplatin
resistance [175]. Cisplatin kills tumor cells by upregulation of p53, which induces cell cycle arrest and
triggers apoptosis in tumor cells. HIF-1 suppresses p53 expression in the hypoxic tumor
microenvironment, thus creating a more cisplatin resistant cellular phenotype. In addition, IL-6
mediated HIF-1a synthesis promotes the stemness of cancer stem cells, inducing insensitivity to
cisplatin therapy [176]. Moreover, the hypoxic microenvironment up-regulates the expression of stem
cell marker CD133, which enhances their stem cell properties and increases cisplatin resistance,
however knock-down of CD133 siRNA reduces cisplatin resistance via a HIF independent manner
[177]. Interestingly, cisplatin resistance is accompanied by ADRN-to-MES-transition [163].
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Carboplatin

To reduce the side effects of cisplatin, the less nephron- and neurotoxic carboplatin (cis-
diamine(cyclobutene-1,1-dicarboxylate-0,0") platinum(ll)) was developed as a second-generation
platinum drug. The active form of carboplatin is the same as that of cisplatin. The mechanism of action
of carboplatin is therefore similar to that of cisplatin. Carboplatin has prominent side effects
concerning the bone marrow. The dose-limiting toxicity of carboplatin is myelosuppression.
Carboplatin is known to inhibit bone marrow cell viability [178]. In comparison to cisplatin, carboplatin
presents with a bigger risk of bone marrow suppression [179].

Intracellular mechanisms causing carboplatin drug resistance include [180]: increased drug
detoxification by the thiol groups in metallothionein and glutathione, increased DNA repair, and
improved tolerance to nuclear damage, resulting in reduced apoptosis and decreased accumulation
of intracellular carboplatin. Comparable to cisplatin, metal transporters are involved in the
mechanism of resistance to carboplatin, including copper transporters CTR1, ATP7A and ATP7B [180].
Under hypoxic conditions, hypoxia induced carboplatin resistance is mitigated by PRMT5 in lung
cancer cells [181]. PRMT5 is an arginine methyltransferase, involved in regulation of gene expression,
chromatin remodeling and signal transduction. It was observed that hypoxia resulted in PRMT5
upregulation and PRMT5 overexpression promoted carboplatin resistance. The underlying
mechanism for PRMT5 mediated carboplatin resistance is correlated with ULK1 methylation. PRMT5
overexpression results in ULK1 hypermethylation, leading to upregulation of autophagy improving the
survival of cancer cells in hypoxic conditions. In addition, several other hypoxia-linked pathways are
involved in platinum resistance. These include [182]:

1. hypoxia induced apoptosis suppression: for instance, hypoxia inhibits sirtuin 1 (SIRT1),
leading to low 5' adenosine monophosphate (AMP)-activated protein kinase and inhibiting
apoptosis;

2. hypoxiainduced increase in mediators of the survival signaling pathway such as nucleotide
excision repair pathways and nuclear factor kB (NF-kB);

3. hypoxiainduced adaptation through two key proteins, hypoxia-inducible factor-1 (HIF-1) and
HIF-2, where HIF controls tumor growth, cell metabolism, differentiation, and angiogenesis
and HIF potentiating the development and progress of cancer.

Etoposide

Etoposide is atopoisomerase type || (TOP2) inhibitor [183]. TOP2 plays a crucial role in DNA replication
and regulates under- and over-winding of DNA by creating double stranded breaks and resealing the
double stranded DNA. Etoposide inhibits TOP2 by stabilization of the transient TOP2-DNA cleaved
complex. Without repair of this complex, nuclease, or tyrosyl-DNA-phosphodiesterase-2 (TDP2) will
remove TOP2 from the complex, resulting in irreversible double-strand DNA breaks.

Etoposide is relatively well-tolerated. Most common toxic side effects of etoposide include alopecia
and gastrointestinal toxicity. This includes nausea, vomiting, and stomatitis. However, in comparison
to other chemotherapeutic medication, the gastrointestinal toxicity is relatively mild.
Myelosuppression is the dose-limiting side effect of etoposide [184,185]

Mechanisms of resistance to etoposide may include altered TOP2 expression, DNA damage response
proteins, and multidrug resistance by MDR1 and MRP [186,187]. The literature on hypoxia-induced
drug resistance to etoposide is somewhat contradictory. It is suggested that etoposide-induced DNA
damage is not influenced by hypoxia [188]. However, in many studies, hypoxia is observed to cause
etoposide resistance [61,189-191]. This effect is also observed in neuroblastoma CHP126 cells [61].

Cyclophosphamide

Cyclophosphamide is a nitrogen mustard drug, affecting cells through alkylation of DNA [192].
Cyclophosphamide has to be metabolically processed by enzymes in the liver to form its active
metabolites. First hydroxy-cyclophosphamide is formed, followed by aldo-phosphamide and finally
the active agent phosphoramide mustard and acrolein. Phosphoramide mustard causes cross-
linkage between DNA strands, leading to apoptosis.

Cyclophosphamide drug resistance is hypothesized to be caused by glutathione detoxification, repair
of the DNA lesions trough nucleotide excision repair, and the repair enzyme O6-alkylguanine-DNA-
alkyltransferase [193].
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Mechanism of action cisplatin/carboplatin Mechanism of action etoposid
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Fgure S1: Simple overview of the mechanism of action of cisplatin and carboplatin (left) and etoposide
(right). Cisplatin and carboplatin perform cytotoxic effects by forming DNA adducts that suppresses DNA
replication and transcription. Subsequent p53 activation results in transactivation of several pathways,
facilitating mitochondrial outer membrane permeabilization (MOMP). Also, the interaction between
cisplatin and GSH cause generation of ROS resulting in MOMP. Altogether, apoptosis is induced. Etoposide
functions by impairing topoisomerase-Il function, resulting in double stranded DNA breaks. Created with
biorender (13-06-24), based on [183,206,207].

11. Supplementary S4: HS-5 proliferation in monoculture with and without presence of
a transwell insert
To assess if introducing the transwell insert affects the proliferation in a monoculture situation, HS-5
cells were cultured in an empty, standard 12-well plate and in a 12-well plate with the insertion of a
transwell insert. Proliferation was normalized to the standard monoculture in normoxia.
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Figure S2: The addition of a transwell insert into the culture plate does not affect the proliferation of HS-5

cells. Hypoxia does not affect the proliferation of HS-5 cell proliferation. Normoxia, - insert = Normoxia

without a transwell insert; Normoxia, + insert = Normoxia with a transwell insert; Hypoxia, - insert = Hypoxia

without a transwell insert; Hypoxia, + insert = Hypoxia with a transwell insert. Statistical significance
*P<0.05, **P<0.01, n.s. not significant, n=3.

No significant difference in proliferation was found in presence of the transwell insert compared to
the absence of transwell insert. This indicates that, despite culture medium proteins and components

may adhere to the plastic of the transwell insert, this does not further affect the proliferation of the
cells.
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12. Supplementary S5: HS-5 proliferation and response to chemotherapy in
monoculture and in co-culture with the neuroblastoma cell lines
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Figure S3: HS-5 proliferation in mono-culture and co-culture. 1) Mono: the culture of HS-5 in a standard 12-well plate
(VWR, 734-2324) in comparison to the culture in a standard 12-well plate by Corning (3513) showing the manufacturer
of the 12-well plate does not affect the proliferation. 2) Mono insert: the proliferation of HS-5 cells is significantly (P=
0.04572) reduced when cultured on the polycarbonate transwell insert. 3) SHEP and SH-SY5Y indicate the co-culture
conditions. In co-culture with SH-SY5Y, the proliferation of the HS-5 is significantly increased in hypoxia in comparison
to normoxia (P=0.0011). The same is observed for the co-culture of HS-5 and SHEP-2 cells (P=0.0227). Statistical
significance *P<0.05, **P<0.01, n.s. not significant, n=3.
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Figure S4: Relative percentage viability of HS-5 in monoculture and co-culture in normoxia (left) and hypoxia
(right). High VCR = 0.09 uM in monoculture, Low VCR = 0.0054 uM in monoculture, SH-SY5Y= co-culture
with SH-SY5Y and 0.09 uM VCR, SHEP-2= co-culture with SHEP-2 and 0.0054 uM VCR. The differences
between the monoculture and co-culture conditions in normoxia were not found to be statistically
significant for either SHEP-2 or SH-SY5Y. In hypoxia, there was a statistically significant difference between
the monoculture and co-culture with SH-SY5Y cells (P=0.0169). In general, the co-culture condition
appears to cause a decrease in the tolerance of the HS-5 cells for VCR, despite the lack of statistical
significance. Statistical significance *P<0.05, **P<0.01, n.s. not significant, n=3.
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13. Supplementary S6: Direct co-culture of HS-5 and SHEP-2 show
direct cellular connections

When SHEP-2 and HS-5 cells are in direct co-culture, HS-5 cells form direct connections with SHEP-
2 cells through long, fine processes (figure S4). In addition, the cells appear to connect to each other
through larger parts of the cell membrane or thicker, short processes (figure S5).

Figure S4: Co-culture of SHEP-2 (p46) and HS-5 (p+9) cells in T25 culture flask. HS-5 cells (indicated with
yellow arrows) form long, fine processes to connect with SHEP-2 cells (red arrows).

Figure S5: Co culture of SHEP-2 (p46) and HS-5 (p+9) cells on a 24-well coverslip. HS-5 cells (indicated with
yellow arrows) appear to connect with SHEP-2 cells (red arrows) through larger parts of the cell membrane
and with thicker, short processes.
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