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Abstract

A great challenge when conducting ex vivo studies of leukaemia is the construction of
an appropriate experimental platform that would recapitulate the Bone Marrow (BM)
environment. Such a 3D scaffold system has been previously developed in our group
[1]. Additionally to the BM architectural characteristics parameters, such as oxygen
and glucose concentration are crucial as their value could differ between patients as
well as within the same patient at different stages of treatment, consequently affecting
the resistance of leukaemia to chemotherapy.

The effect of oxidative and glucose stress —at levels close to human physiologic ones-
on the proliferation and metabolic evolution of an AML model system (K-562 cell
line) in conventional 2D cultures as well as in 3D scaffolds were studied.

We observed that the K-562 cell line can proliferate and remain alive for 2 weeks in
medium with glucose close to physiological levels both in 20% and 5% O». We report
interesting differences on the cellular response to the environmental, i.e., oxidative
and/or nutritional, stress stimuli in 2D and 3D. Higher adaptation to oxidative stress
under non-starving conditions is observed in the 3D system. The glucose level in the
medium has more impact on the cellular proliferation in the 3D compared to the 2D
system.

These differences can be of significant importance both when applying chemotherapy
in vitro and secondly when constructing mathematical tools for optimisation of

disease treatment.

Keywords
Acute Myeloid Leukaemia, starvation stress, oxidative stress, 3D scaffolds, K-562

cell line.
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Introduction

Acute Myeloid Leukaemia (AML) is the most aggressive type of leukaemia. According
to Cancer Research UK, approximately 8000 cases of AML occur annually in the UK.
AML is a type of leukaemia which is characterized by an increased proliferation of
immature blasts in the myeloid lineage and, as a consequence, insufficient normal
blood cell production. These blasts have low proliferation capability. However, a
small population of cells with higher proliferation capacity and self renewal potential,
i.e., the Leukaemic Stem Cells (LSC)s, are the key component for the maintenance of
the disease [2]. AML is usually the result of somatic mutations in either a pluripotent
hematopoietic stem cell or a slightly differentiated progenitor cell and leads to a
deregulation and/or inhibition of normal haematopoiesis due to space restrictions as
well as inhibitory and clonal factors specific to the disease [3-6].

The most common treatment for AML is intensive chemotherapy, which aims at
eradicating the leukemic cell population. Current chemotherapy treatment protocols are
designed based on pre-clinical animal experiments and on empirical clinical trials as well
as the acquired experience of subspecialist physicians. The criteria- parameters for these
protocols consist of the patient bone marrow aspirate examination (blasts percentage,
immunophenotype, cytogenetics and molecular analysis) and physiological patient
characteristics (height, weight) for the normalization of the dose according to the body
surface area (BSA). It is well known that therapy based on the above can result in
several life-threatening complications as only few patient-specific factors are taken
into consideration in current protocols and the choice of treatment often depends on
the physician’s experience. Furthermore, inter-patient and intra-leukaemia

heterogeneity significantly increase the complexity in determining optimum treatment



80

81

82

&3

84

&5

86

87

38

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

protocols. As a consequence, no widely accepted ‘optimal’ chemotherapy treatment
protocol exists, as the evolution of the cancer as well as the chemotherapy (drug)
metabolism is highly dependent on patient characteristics such as age, weight, height,
medical and family history as well as on a variety of unknown factors/parameters.

A first step towards understanding and further optimising chemotherapy for AML
treatment is to conduct in vitro studies to investigate these unknown parameters in an
appropriate experimental platform that could efficiently reproduce ex vivo the in vivo
environment [7]. Therefore, parameters derived from the in vitro platform could serve
as an input for the construction of appropriate in silico tools for the optimisation of
chemotherapy [8].

A variety of research in ex vivo studies of both normal and abnormal haematopoiesis
is conducted in two dimensions (2D), i.e., laboratory T-flasks or micro-plates (see as
examples [9-11]). Despite the fact that 2D cultures enable the understanding of
growth and differentiation of normal and abnormal Haematopoietic Stem Cells
(HSC), they require high amount of exogenous growth factors that differ from those
in vivo, therefore, creating an artefact in the culture and, consequently in the cell
kinetics. Moreover, they are unable to recapitulate the structure of the in vivo BM
microenvironment, especially the 3D niches that are protective for leukaemic cells as
well as micro-environmental aspects that may affect the cancer evolution and
chemotherapy resistance ([6], [12 -19]). Overall, efficient in vitro cultivation of
normal and abnormal HSC should reproduce as closely as possible the in vivo
conditions ([6], [17], [20], [21]).

Lately, several researchers have focused on the development and further studying of
normal and leukaemic haematopoiesis in three dimensional (3D) culture systems. In

particular, these cultures recapitulate the architectural characteristics of the BM
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micro-environment by using a variety of polymer-based biomaterials and/or the BM
extracellular matrix by using specific proteins and/or the BM stromal support by co-
culturing HSC with appropriate cellular systems [22].

For example, Tun et al. (2002) [23] observed an increased expansion and
proliferation of murine BM cells in a 3D polyvinyl formal (PVF) porous scaffolding
system compared to suspension cultures. da Silva et al. (2005) [24] observed
expansion and maintenance of HSC from adult BM as well as umbilical cord blood
(UC) in serum free medium in presence of human stromal layers. Mortera Blanco et
al. (2010) [1] showed that AML cell lines can be efficiently expanded for up to 6
weeks in 3D polyurethane collagen coated scaffolds. Leisten et al. (2012) [25]
proposed a three-dimensional collagen based gel system as an efficient in vitro bone
marrow niche model in which Haematopoietic Progenitor Cells (HPC) proliferate and
expand highly when co-cultured with mesenchymal stem cells. Alijtawi et al. (2014)
[26] observed an increased resistance of the HL-60 and Kasumi leukaemic cell lines
to drug induced apoptosis (cytarabine) when co-cultured with human bone marrow
mesenchymal cells in 3D PGA/PLLA copolymer disks, compared to cells co-cultured
in 2D.

Additionally to the actual 3D structural characteristics a variety of other
environmental factors should be taken into consideration when studying the evolution
of AML in vitro. For example alterations of parameters such as oxygen and glucose
concentration on the one hand in the different body compartments, e.g., in the BM and
the peripheral blood or the liver, and, on the other hand, between patients, i.e.,
individual cases of hypoglycemia, hyperglycemia, may lead to a different stress

adaptation of the leukaemic population. The latter may consequently affect the cancer
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growth and inactivation kinetics as well as the response to a chemotherapeutic drug in
Vivo.

A variety of research has revealed the strong relation between resistance, i.e., longer
survival and increased proliferation of haematopoietic or leukaemic cells and
resistance to chemotherapy, and (1) oxygen or (2) starvation stress in vitro and/or in
Vivo.

For example, Fecteau et al., (2013) [27] observed an increased in vitro survival of
cells from BM aspirates of patients with Chronic Lymphocytic Leukaemia (CLL) in
5% O3 compared to 20% O,. Wilkinson et al. (2012) [28], state that chronic oxidative
stress may contribute to increased resistance of lymphoma patients to chemotherapy,
due to alterations in the mitochondria. Zhou et al. (2010) [29], pointed the possible
relation between the relapse of AML and increased oxidative stress in vivo. Lodi et al.
(2011) [30] observed that hypoxia is a key factor that affects the metabolic activity,
i.e., adaptation of phoshpolytic and glycolytic metabolism, and evolution of KG1la and
K562 leukaemic cell lines. Herst et al. (2011) [31] has pointed a possible relation
between the level of glycolytic metabolism of AML blasts and resistance to
chemotherapy: analysis of 26 BM aspirates showed that AML cells with higher
glucose consumption were more tolerant to in vitro apoptosis caused by
chemotherapy.

In general, from all the above studies it is clear that a systematic monitoring of
environmental factors such as oxygen and glucose concentration are essential, on the
one hand for a better understanding of the (normal and abnormal) haematopoietic
cellular proliferation and metabolic activity and on the other hand for more efficient in
vitro mimicry of in vivo systems in which fluctuations of environmental factors

naturally occur. However, there is very limited available literature on the impact of
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such stress factors on the leukaemic evolution in 3D cultures and at stress levels close
to physiological.

The aim of the current research is to study and compare the proliferation and
metabolic evolution of an AML model system in 3D and 2D cultures for different
oxygen and glucose conditions close to physiological (in vivo) levels. More
specifically, the K-562 leukaemic cell line was cultivated in 3D polyurethane porous
scaffolds (that mimic the 3D architecture of the BM and have been developed and
optimised within our group) coated with collagen type I (to mimic the extracellular
matrix present in the BM), as described in [1], as well as in 2D suspension cultures in
5% (hypoxia) as well as 20%, (normoxia) oxygen and three different glucose levels,
i.e., 4.3 g/L (optimal level generally applied in laboratory growth media), 1.3 g/L
(highest human physiological level in vivo) and 0.6 g/L (lowest human physiological
level in vivo) for 2 weeks. This time span was selected as the total chemotherapy
cycle for AML treatment lasts approximately 10 days (NHS-Trust, UK).
Consequently, understanding the effect of environmental factors on a leukaemic
population within that time frame would be appropriate for comparison and/or future
combination with in vitro chemotherapy experiments. The cellular proliferation and
metabolic evolution was monitored in order to enable the understanding of the cellular

response and possible adaptation to the environmental stress stimuli.

Materials and Methods

Fabrication, coating and sterilization of 3 dimensional scaffolds
3D scaffolds were fabricated and coated as previously described by our group in [1].
For the scaffold fabrication 3 g of polyurethane (PU) (Noveon, Belgium) were added

in 60 mL of Dioxan (99,8% pure, Sigma-Aldrish, UK). The foams were fabricated by
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Thermally Induced Phase Separation (TIPS) of polymer solution followed by solvent
sublimation as described in [32]. The PU solution was frozen at

-186°C and maintained there for 2h. Removal of the solvent took place by freeze-
drying in an ethylene glycol bath at -15°C for approximately 3 days. Prior to coating
scaffolds were cut into 5x5x5 mm?® cubes. Scaffold porosity was approximately 90-
95% and average pore size 100-250 pm.

After cutting, the scaffolds were coated with collagen type I from calf skin (Sigma
Aldrich UK). The cubes were first dipped in ethanol (70% v/v) for 1 min and then
transferred in phosphate buffered saline (PBS, Gibco, UK) for 10 min and then
centrifuged at 2500 rpm for 10 min. Hereafter, the scaffolds were transferred in
62.5ng/mL of collagen type I solution —soluble in 0.1 M acetic acid and dissolved in
deionised water- of pH 7 (re-adjusted with addition of 0.1 M NaOH) and centrifuged
at 2000 rpm for 20 min. At the end scaffolds were washed once more with PBS at
1500 rpm for 10 min.

Prior to cell seeding sterilisation of the scaffolds took place by combinatory exposure
to ethanol (70% v/v) and UV (230v, 50Hz, 0.14A, Kedro Laboratory Products UK).
More specifically, the scaffolds were immersed in ethanol for 2 h and then washed
twice with PBS —in which they were kept for 15 min for each washing step- before
exposure for 8§ min under UV. After sterilisation the scaffolds were added to the
growth medium (see section 2.3) in a humidified incubator for 3 days at 37°C and 5 %

COsz in order to be examined for possible contaminations.

Inoculum preparation
The human leukaemic cell line K-562 (human erythromyelo-blastoid leukaemic cell

line, ATCC®UK, CCL-243) which was originally derived from a patient with a blast
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crisis of chronic myeloid leukaemia, i.e., therefore resembling acute myeloid
leukaemia, was chosen as an AML model system. It has been previously reported by
our group that this cell line can successfully expand in three dimensional polyurethane
(PU) collagen coated scaffolds [1]. After thawing, as recommended by the cell line
supplier, the cells were expanded by cultivation on standard polystyrene non-
pyrogenic tissue culture flasks (Fisher Scientific) and in a humidified incubator at 37°
C in an atmosphere of 5% CO,. The cultivation medium was IMDM medium
(Invitrogen Ltd, UK), supplemented with 10% foetal bovine serum (FBS, heat
inactivated, Invitrogen Ltd), and 1% Penicillin/Streptomycin (Invitrogen Ltd).
Feeding and appropriate re-suspension/sub-culturing of the cells in fresh medium took
place every 48 hours, as indicated by the supplier, until a cell number, sufficient for

the experimental purposes was reached.

Cell culturing conditions

During the experiments cells were cultured in DMEM, no glucose medium
(Invitrogen Ltd, UK) supplemented with 10% foetal bovine serum (FBS, heat
inactivated, Invitrogen Ltd), and 1% Penicillin/Streptomycin (Invitrogen Ltd) and
either 4.3 g/L (optimal glucose concentration as suggested by the cell line supplier
and, therefore, considered as control, [CTR]), 1.3 g/L (highest concentration in the
human blood, resembling hyperglycemia, [HIGH]) or 0.6 g/L (lowest concentration in
the human blood, resembling hypoglycemia [LOW]) of glucose.

For culturing the cells in suspension, i.e., 2D, 100 pL of cell suspension (5 x 10°
cells/well) were added in a high throughput micro-tetri plate system (24 well micro-
plate), that contained 1.5 mL of medium exhausted at 37°C and 5% CO: and in either

normoxia (20% Oz) or hypoxia (5% O O») with appropriate glucose concentration,
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i.e., [LOW] or [HIGH] or [CTR]. The plates were placed in either a hypoxic or a
normoxic incubator. Medium was changed approximately every 2-3 days and the
volume was re-adjusted when needed —depending on the cell counts- in order to
maintain the cell density suggested by the supplier, i.e., between 2*¥103-2*10° cells per
mL for a time period of 2 weeks.

For culturing the cells in the scaffolds, i.e., 3D, 100 uL of cell suspension (6 x 107
cells/well in order to have approximately the same initial inoculum level as the 2D
system (5 x 10%), since we have observed that the seeding efficiency of the K-562 cell
lines was approximately 70-80% -see also [1]) were seeded onto the sterilized
collagen scaffolds, placed in 24-well tissue culture plates and incubated for 15 min at
37°C, 5% CO and either 5 or 20% O» (depending on the oxygen condition of the
experiment) in order to allow the cells to settle into the scaffolds. Hereafter, 1.5 mL of
appropriate medium —as described above for the 2D cultures- was added in each well.
The plates were placed in either a hypoxic or a normoxic incubator and medium was

changed approximately every 2-3 days for 2 weeks.

Determination of growth in two dimensions

Determination of growth took place almost approximately on a daily basis for all the
conditions under study. For growth determination in the 2D system the whole medium
of 3 different wells was removed (triplicate) and a cell count was performed by using

the haemocytometer.

Determination of growth in three dimensions

Quantitative assessment of the cell proliferation in the 3D scaffolds took place by

means of changes in the number of metabolically active cells using the tetrazolium

10
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compound (3-(4,5-dimetylthiazol-2-yl)-5-(3-carboxylmethox-yphenyl)-2-
(4sulfophenyl)-2H-tetrazolium; MTS, Promega, CellTiter96® AQueous Solution Cell
Proliferation Assay)[33]. MTS together with fresh medium was added and incubated
with the scaffolds seeded with cells over 3h at 37°C, 5% CO; and either 5 or 20% O;
(depending on the oxygen condition of the experiment). Absorbance was measured at
490 nm. In order to correlate absorbance with actual cell numbers a calibration curve
was previously constructed correlating the cell number in known (enumerated with
the haemocytometer) 2D suspension with the absorbance at 490 nm after applying the
MTS assay (see Figure A.1). This calibration curve was used for the calculation of

cell numbers, enabling the comparison with the 2D system.

Analysis of metabolites

Analysis of nutrients and metabolites took place with use of the Nova Bioprofiler 400
(Nova Biomedical, UK). 1.5 ml of (waste) medium was pipetted and transferred in an
eppendorf tube. Centrifugation took place at 2000 rpm for 5 min for removal of cells
that could be present in the medium. Supernatants were stored at -20°C prior to
analysis. Samples for nutrient and metabolite analysis were collected approximately
on a daily basis for all the conditions under study, and from two different
wells/condition in order to account for possible variability between different wells.
Concentration of nutrients in the growth medium (free of cells) can be found on Table
A.1, for all the conditions under study. The Nova Bioprofiler can detect glucose at
level down to 0.1mM. For glucose levels lower then that, a glucose assay kit
(ab65333, abcam, UK) was used, which is able to determine glucose levels lower than

1 mM.
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Scanning Electron Microscopy (SEM) of the 3D scaffolds

3D scaffolds for all conditions under study were examined by SEM (JEOL JSM-
840A, JEOL Ltd., Welwyn Garden City, U.K) in order to observe possible space
limitations within the 3D matrix. Scaffolds were collected for examination at different
time periods, i.e., days 1-7-14. After collection, incubation of the scaffolds took place
in 5 ug/mL of fibronectin for 2 h -to ensure the maximum attachment and
maintenance of cells on the scaffold since a series of washing steps is introduced next-
, followed by fixation in 3% gluteraldehyde in Sorenson’s buffer for 1 h and washing
with Sorenson’s Buffer for 5 min. Post-fixation with 1% Osmium Tetraoxide in
Sorenson’s buffer took place for 1 h. Afterwards a first serial dehydration process of
the scaffolds took place with washing in EtOH/Sorenson’s buffer solutions as follows:
50% EtOH/50% Sorenson’s Buffer, 70% EtOH / 30% Sorenson’s Buffer, 90%
EtOH/10% Sorenson’s Buffer, 95% EtOH/5% Sorenson’s Buffer. The scaffolds
remained in each combination of solutions for 15 minutes. Thereafter, the scaffolds
were immersed in 100% EtOH for 15 minutes for two successive washings. A second
serial dehydration process of the scaffolds took place with washing in EEOH/HMDS
solutions as follows: 0% HMDS/50% EtOH, 90% HMDS/10% EtOH. The scaffolds
remained in each combination of solutions for 15 minutes. Hereafter, the scaffolds
were immersed in 100% HMDS for 15 minutes for two successive washings. After
the two serial dehydration procedures, the scaffolds were left to air dry overnight in an
aseptic environment. The specimens were sectioned and then sputter-coated with gold

in argon atmosphere for 2 min prior examination by SEM at an acceleration voltage of

20 kV.

Statistical analysis

12
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The experiments were conducted in duplicate (N=2) and cell proliferation was
determined in triplicate (n=3) and bioprofiler in duplicate (n=2) for each experiment.
Analysis of variance was performed with a level of significance of p<0.05 in order to

evaluate whether there was a statistical difference between different conditions.

Results and Discussion

Cellular Proliferation

In general, the cellular proliferation was higher in normoxia (20% O2) compared to
hypoxia (5% O.) for both the 3D and 2D system (Figure 1) apart from the [CTR], i.e.,
4.3 g/L glucose, in the 3D system at which no significant (p<0.05) difference in the
cell proliferation was observed for the two different oxygen conditions (Figure lc,
1d). The latter highlights that —under non starving conditions, i.e., 4.3 g/L. glucose
which is normally used in most laboratory media- probably there is a higher oxidative
stress response and further stress adaptation of the culture in the 3D system, leading to
an increased resistance to hypoxia and consequent cell proliferation which is similar
to the one in normoxia. The fact that the same trend in proliferation is not observed
under conditions of nutrient limitation, i.e., 1.3 g/L and 0.6 g/L, (Figure lc, 1d)
further indicates that the observed trend for optimal nutritional conditions in hypoxia
is not due to features of the 3D culture system (for example increased cell to cell
interaction due to space limitations) but it is actually most probably resulting as a
cellular response to the environmental stress stimuli. In contrast, in the 2D system
oxidative stress seems to act as an inhibitor to cell growth leading to slower

proliferation compared to normoxia (Figure la, 1b).
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In normoxia, i.e., 20 % O, for both the 2D and the 3D system no effect (p>0.05) of
the glucose concentration on the cellular proliferation is observed until day 9 (Figure
la, Ic) after which significant differences (p<0.05) can be seen for different glucose
feeding levels. More specifically, in the 2D culture system significantly lower
(p<0.05) cell numbers are observed for the [LOW] level of glucose, i.e., 0.6 g/L,
compared to [HIGH], i.e., 1.3 g/L, and [CTR], i.e., 4.3 g/L, from day 9 up to day 12.
For this time period no significant differences were observed in the cell numbers
between [CTR] and [HIGH] and only at the end of the culturing period, i.e., day 14,
[CTR] level leads to significantly higher (p<0.05) cell numbers compared to the lower
glucose levels (Figure 1a). A similar trend can be observed for the 3D system, i.e.,
from day 9 on [LOW] level of glucose results in significantly lower cell proliferation
compared to [CTR] and [HIGH]. Moreover, no significant difference on the
proliferation between the two latter conditions is observed (Figure 1c).

In contrast, in hypoxia, i.e., 5% O, for both the 2D and 3D systems, there is a higher
impact of the glucose level on the cell proliferation (Figure 1b, 1d). More specifically,
for the 2D culture, the effect of glucose on the K-562 growth becomes significant
(p<0.05) from day 9 on. From that time point, lower glucose, i.e., [LOW] leads to
lower proliferation and the highest proliferation is observed for the [CTR] (Figure 1b).
The difference in the cell number for [CTR], [HIGH] and [LOW] is more evident
compared to normoxia (Figure 1a, 1b). In the scaffolds the impact of the level of
glucose on K-562 expansion, becomes significant (p<0.05) between the [CTR] and
the two lower glucose concentrations ([HIGH], [LOW]) on day 2 and among all three
glucose levels from day 4 on. Especially the lowest glucose level, i.e., [LOW], seems

to be limiting for growth in the 3D scaffolds in 5 % O as the cell expansion
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throughout 2 weeks is very low (Figure 1d). As an overall, under oxidative stress the
impact of the glucose level on the cellular proliferation is higher in the 3D system.

To our knowledge, there is very limited literature available especially in 3D scaffold
systems studying the proliferation of (normal or abnormal) haematopoietic cells under
oxygen and glucose concentrations close to physiological levels. However, the trends
of several of our findings are in agreement with the limited literature. For example,
lower growth of K-562 for lower glucose levels and in hypoxic compared to normoxic
conditions was also observed by Guintoli et al. (2011) [34] in a 2D culture system.
More specifically, K-562 cells proliferated lower in hypoxia (0.1% Oz) compared to
normoxia (20% O;) and low glucose level in the growth medium (1.1 g/L) lead to
lower proliferation for both oxygen conditions compared to higher glucose (4.3 g/L).
A reversed effect of the impact of oxygen on cell survival and proliferation, compared
to our findings, was observed by Fecteau et al. (2013) [27] as well as dos Santos et al.
(2010) [35] but for mesenchymal stem cells derived from the BM of patients with
Chronic Lymphocytic Leukaemia (CLL) and normal human BM mesenchymal cells,
respectively, in 2D culture: higher proliferation was observed in hypoxic in
comparison to normoxic conditions.

Metabolic evolution

Next to the cell growth, the metabolic activity of the cells for all the conditions under
study was monitored and compared for all different environmental conditions
([LOW], [HIGH], [CTR] glucose and 5 & 20% O-) and systems (2D vs 3D), as,
potential differences in the metabolism among different conditions or culturing
systems could affect the AML progression and secondarily the cancer drug-response

(Herst et al., 2011).
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The metabolic production of individual cells (Figures 2 & 3) as well as the yields of
metabolites such as Lactate (Lac) and Gluatamate (Glu) over their basic nutrients, i.e.,
Glucose (Gluc) and Glutamine (Gln) respectively, were calculated for all
environmental conditions and culturing systems, for each feeding cycle (Tables 1 &
2).

The yield of lactate over glucose is, almost for all conditions under study, relatively
higher than 2, indicating that the anaerobic metabolic pathway is followed (Tables 1
& 2). The fact that in some cases this yield is much higher that 2, indicated that lactate
is produced not only by glycolysis, but also from animo acids present in the FBS or
the medium. With respect to lactate synthesis per cell, apart from the [CTR] level of
glucose in normoxia at which, the lactate production was the same for 2D and 3D
(Figure 2a) for all other conditions significantly higher (p<0.05) lactate was produced
in 2D compared to 3D, as cellular proliferation is much higher in 2D (Figure 2b, 2c,
2d, 2e, 2f). For all glucose concentrations under study, as expected, higher lactate and,
consequently, relatively higher yield of lactate over glucose was gained in hypoxia,
confirming that the cells follow anaerobic cell metabolism (Figure 2). Nevertheless,
significant amounts of lactate were also produced in normoxia as well, possibly as a
result of the Warburg effect. The latter is suggested to be a characteristic of highly
proliferative and/or cancerous cells that -due to alterations or damage at the
mitochondria- independently of the presence of oxygen, do not enter the TCA cycle,
therefore, following the anaerobic pathway ([35], [36-38]). The K-562 cell line is
cancerous, highly proliferative, and therefore, most likely following partly the
anaerobic pathway under normoxic conditions both in the 2D and the 3D system
(Figure 2). Additional to the Warburg effect another possible phenomenon that might

occur as a result of the very high proliferation rate is the inability of the cells to
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efficiently produce at all times all the enzymes that are essential for the TCA cycle,
therefore, the cells shift their metabolism towards the anaerobic pathway.

The yield of glutamine production over glutamate is significantly indifferent (p<0.05)
for all conditions under study (Tables 1 & 2). However, it is rather difficult to draw
conclusions relying on this yield as, during one feeding cycle, glutamate may be re-
consumed, reacting with ammonia in order to release cellular energy, i.e., ATP [39].
With respect to the glutamate (Glu) production per individual cell, for [CTR] glucose
for almost all days no significant (p<0.05) difference between 2D and 3D cultures can
be seen in neither hypoxia nor normoxia (Figure 3a, 3b). This was most likely due to
the fact that glucose was present in excess and the cells did not prioritise the
glutamine (-glutamate) pathway as a glucose supplement in cellular metabolism [40].
In contrast, under glucose limitations, i.e., [LOW] & [HIGH] glucose, significantly
higher (p<0.05) glutamate production per cell took place in the 2D compared to the
3D system for most days (Figure 3c, 3d, 3e, 3f), most likely, due to glucose
limitations in the growth medium: Glutamine acts supplementary to glucose
metabolism for macromolecule production and cellular energy demands ([40], [41]).
Therefore, due to the higher proliferation in 2D, higher glutamate production took
place in order to meet the cellular demands for energy. In general, higher glutamate
synthesis took place in hypoxia, compared to normoxia both for the 2D and the 3D
system (Figure 3), not surprisingly, as several studies have shown that under hypoxia
a switch from oxidative metabolism (alteration of acetyl-CoA to citrate ratio) to
reductive glutamine metabolism (increase in a-ketoglutarate to citrate) takes place
[42]. This switch leads consequently to an enhanced glutamate production.

Note that, especially on days 7-8 the metabolic production per cell —both for

glutamate and lactate- increased extremely in the 2D system (Figures 2 & 3) due to
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the fact that the cells were transferred on day 7 from a 24 to a 6-well tissue culture
plate (from approx. 1.5 mL to approx.10 mL of medium). This transfer took place as
significantly higher volume of medium (not appropriate for the 24-well plates) was
requested in the 2D culture during feeding in order to maintain the cell concentration
levels at an acceptable range, according to the supplier’s instructions (see also
Materials & Methods). The cells were exposed at a higher volume of metabolites and
on that day and for approximately 1 feeding cycle, fewer cells/well were present, i.e.,
cells were given more space. We observed (by running experiments both in 24 and 6
well plates and for different medium volume combinations) that the increased
metabolic activity on that day was not singly due to the space or the increase on the
medium volume but due to combination of the two (data not shown).

At this point it has to be mentioned that the possibility of having nutrient and/or
oxygen mass diffusion limitations within the scaffolds was examined
computationally. A partial differential equation (PDE) model based on Fickian
diffusion was constructed and simulated in gPROMS ModelBuilder®. The model
considers the diffusion of oxygen & nutrients over time in three dimensions within the
highly porous scaffold, including oxygen consumption by the cells 20-50% higher
than the maximum consumption reported by Ma et al. (2012) [43] for leukocytes. The
latter has been chosen as a representative average oxygen consumption rate for the K-
562 leukaemic blasts as according to Ma et al. (2012) [43], the proliferation rate of
leukaemic cells is approximately 20-50% higher than that of leukocytes, therefore, we
assumed oxygen consumption 20-50% higher than the maximum reported for
leukocytes. According to simulation results, even at the end of the culturing period (in
which approximately 4 million cells (i.e. maximum cell level observed) were present

in the scaffold (Figure 1c, 1d) steady state both for oxygen and glucose was reached at
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the centre as well as at the bottom of the scaffold within a few seconds (computational
data not shown). Moreover, SEM images indicate that no space limitations were
observed in the highly porous 3D scaffolds, not even for the condition at which
maximal cell density was reached, i.e., on day 14 for 4.3g/L glucose in the medium
(Figure 4).

Therefore, it is fairly assumed that the kinetic and/or metabolic differences —both
between different stress conditions in the 3D as well as between 2D and 3D- are not
due to (1) diffusional limitations of nutrients in the scaffolds that could lead to areas
of no oxygen and/or no glucose, neither due to (2) space limitations in the 3D matrix,
but are due to the fact that cells experience differently, from a biological point of

view, the environmental stress in the two different culturing systems.

Conclusion

From our findings it can be concluded that the K-562 cell line can proliferate and be
maintained for 2 weeks in medium with glucose close to in vivo physiological levels
(much lower than generally applied in laboratory systems) both in normoxia (20% O)
and hypoxia (5% Oz). Generally, the cells proliferate more and are metabolically more
active in suspension, i.e., 2D, compared to the PU collagen coated 3D scaffolds.
Higher glutamate production was observed in hypoxia for all glucose conditions under
study. Lactate is also produced in normoxia, pointing that the anaerobic metabolic
pathway is followed, possibly as a result of the Warburg effect. It is remarkable that
in, widely used, conventional 2D culture systems glucose fluctuations do not
significantly affect the leukaemia evolution. In contrast, in the 3D BM mimicry
glucose has a much higher impact on the cell proliferation, especially under low

oxygen level (which recapitulates more realistically the in vivo bone marrow
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environment in which the conditions are hypoxic). Additionally, under optimal
glucose levels the cells evolve almost identically in 3D for normoxia and hypoxia but
evolve completely differently in 2D for different oxygen levels. We, therefore,
speculate that in the 3D system the cells most probably perceive differently the low
oxygen level as their proliferation is not altered in comparison to the one in normoxia.
This hypothesis seems to be supported by the observation that in the 2D system the
proliferation is significantly lower in hypoxia compared to normoxia. Moreover, the
fact that in our highly porous 3D scaffolding system no diffusion limitations occur,
points out that the different behaviour in the 3D system is purely biological. It is
evident that the 2D system is an artificial system that boosts proliferation in an
unrealistic way, therefore, failing to capture the actual cell stress responses to realistic
environmental stress factors.

The differences that we report on the K-562 proliferation under different oxygen and
glucose levels as well as between the 2D and 3D cultures can be of significant
importance when applying chemotherapy in vitro. Most chemotherapy agents
generally applied for the treatment of patients with AML are targeting highly
proliferative cells, i.e., anthracyclines such as DNR which are targeting cells of the G1
phase of the cell cycle (Cancer Research UK). Therefore, under oxidative or glucose
stress especially in a 3D microenvironment, cells proliferating slower may be less
susceptible to chemotherapeutics. Future work should focus on unravelling the
mechanisms of interaction of the cells with the 3D microenvironment in order to shed
more light on the observed differences in proliferation. Moreover, studying the
combined effect of environmental stresses of level close to that observed in vivo in
tandem with chemotherapy in the 3D system would be of high importance for

deriving realistic cell kinetics and for moving towards chemotherapy optimisation.
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700  Table 1: Yields of metabolites in the 2D cultures, i.e., Lac, Glu, over their nutrients
701  consumption, i.e., Gluc, Gln, respectively (and their standard deviations) for the days

702 at which medium exchange took place.
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713 Table 2: Yields of metabolites in the 3D cultures, i.e., Lac, Glu, over their nutrients
714 consumption, i.e., Gluc, Gln, respectively (and their standard deviations) for the days

715 at which medium exchange took place.
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Figure Legends

Figure 1: K-562 growth in the 2D (a), (b) and the 3D (c), (d) system, at different
oxygen levels: (a), (c) 20% Oz and (b), (d) 5% O». Different colours represent
different glucose levels: (closed squares) [CTR], (closed diamonds) [HIGH], (closed

circles) [LOW].

Figure 2: Evolution of Lactate, [Lac] for all the environmental conditions under study.
Different colours represent the two different culturing systems: (closed bright-yellow
squares) 2D cultures, (closed dark-purple squares) 3D scaffolds. Left column is

normoxia and right column hypoxia.

Figure 3: Evolution of Glutamate, [Glu] for all the environmental conditions under

study. Different colours represent the two different culturing systems: (closed bright-

yellow squares) 2D cultures, (closed dark-purple squares) 3D scaffolds. Left column

is normoxia and right column hypoxia.

Figure 4: SEM images for [CTR] glucose in normoxia (the condition at which the

highest growth rate is observed) on day 14 for (a) x430 and (b) x950 magnification.

Figure A.1: MTS standard curve of the K-562 cell line for 2D culture.
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Appendix A

This Appendix consists of Table A.1 & Figure A.1

A.1 Concentrations of nutrients in different growth media as detected by the

NOVA bioprofiler

Table A.1: DMEM synthesis

Components [CTR] [HIGH] [LOW]
(mM)

Glutamine 2.89 £ 0.01 2.89 £ 0.01 2.89 £0.01
Glucose 23.80 + 0.12 7.20 £ 0.03 3.30 £ 0.02
Glutamate 0 0 0

Lactate 0 0 0

A.2 Calibration curve of MTS vs live K-562 cells (2D system)

Figure A.1: MTS standard curve of the K-562 cell line for 2D culture.
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