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Abstract
Hypoxia-activated prodrugs (HAPs) selectively target hypoxic cells associated with resistance
of

tumours

to

radiotherapy/chemotherapy.

Although

HAPs

potentiate

radiotherapy/chemotherapy in preclinical models and have shown promise in some clinical
trials, no HAP is approved for clinical use. Therefore new models are needed to explore the
pharmacology of these prodrugs. The aim of this thesis is to extend understanding of HAPs
and radiotherapy/chemotherapy combinations, using SN30000, a benzotriazine di-N-oxide, as
a prototypical HAP by experimental and mathematical techniques using tumour spheroids that
model important features of the tumour microenvironment.

Testing combinations of SN30000 and chemotherapy drugs on HCT116 and SiHa spheroids
demonstrated hypoxia- and schedule-dependent potentiation by SN30000 of spheroid growth
inhibition by doxorubicin and gemcitabine. The schedule dependent SN30000/gemcitabine
combination also provided a therapeutic gain in HCT116 xenografts, due to elimination of
hypoxic cells that otherwise reoxygenated and repopulated the tumours after gemcitabine
treatment alone. The study demonstrates the potential for HAPs to overcome this important
mechanism of resistance to chemotherapy, and highlights the value of spheroid growth delay
endpoints for investigating HAP/drug interactions.

An initial mathematical agent-based model (ABM) with potential to improve the interpretation
of drug and radiation interactions in spheroids by simulating individual cell fates, was
parameterised by measuring glucose and SN30000 transport and oxygen metabolism in the
HCT116 cell line. The ABM predicted growth and histological features of HCT116 spheroids,
and cell killing after SN30000 and radiation, and indicated surprisingly limited SN30000
penetration. In this ABM where cells sit on a fixed lattice, the empirical relationships between
cell fate and nutrients/drugs limited predictions of their combined effects and insight into
drug/radiation interactions. A more mechanistic, novel ABM also predicted spheroid
properties, in which cells are free to interact spatially and cell fate is mechanistically
determined by production of ATP (survival) and anabolic intermediates (growth) by hypoxiamodulated metabolism of glucose and lactate. In addition the effect of radiation was
mechanistically linked to the DNA damage response to simulate cell cycle delay, cell killing
i

and cell growth inhibition. Although further development is needed, the ABM provides a
flexible tool for dissecting interactions of HAPs with radiation and other cytotoxic drugs.

ii
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Chapter 1. Literature review

1.1

Introduction

This thesis investigates aspects of the pharmacology of SN30000, a novel hypoxia-targeted
anti-cancer compound developed at the Auckland Cancer Society Research Centre (ACSRC),
in particular its potential to complement the action of radiation or chemotherapy drugs by
eliminating hypoxic cells in tumours. This literature review introduces the hypoxia
microenvironment of tumours and the obstacle and opportunity it presents to cancer therapy. It
then outlines the classes of bio-reductive drugs designed to target hypoxic tumour cells, to put
SN30000 in context. The determinants of metabolism and extravascular transport of drugs in
tumours are discussed in detail due to their key role on the activity of anti-cancer drugs. Then
the current understanding of three dimensional (3D) multicellular models, including
multicellular spheroids and multicellular layers (MCLs) for the development of hypoxiaactivated prodrugs (HAPs) is reviewed. SN30000 was developed using a computational
spatially resolved pharmacokinetic/pharmacodynamic (SR-PK/PD) model. This and other
models which are potentially useful in HAP discovery and development are briefly outlined.
Recent advances of the pharmacology of SN30000 are then listed. Finally, the objectives of
this thesis are outlined.

1.2

Tumour microenvironment

Solid tumours are 3D heterogeneous structures composed of various cell types and complicated
extracellular components (Hanahan and Weinberg, 2011). In tumours, cancer cells and varied
stromal cells are embedded in an extracellular matrix (ECM) and nourished by a vascular
network (Joyce, 2005).
Beginning with a series of genetic and epigenetic changes, a small subpopulation of cells with
uncontrolled proliferation are initiated and grown initially using nutrient and oxygen supply
form existing blood vessel. However, as the expanding mass grows, this supply becomes
limiting (Folkman, 2003;Gatenby and Gillies, 2004). This stressed condition induces tumour
cells to adjust the microenvironment through angiogenesis (sprouting and proliferation of
endothelial cells from existing vessels) (Hanahan and Folkman, 1996;Folkman, 1971) and
vasculogenesis (recruiting endothelial precursor cells and stem cells) (Lyden et al., 2001).
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Interestingly, this view that development of new blood vessels is essential has recently been
challenged by accumulating evidence of non-angiogenic tumours from many tissues in which
the only blood vessels present were originated from normal tissue (Donnem et al., 2018).
1.2.1 Vasculature and blood flow in solid tumours
In normal tissues, blood vessels are uniformly distributed to enable sufficient delivery of
oxygen and nutrients (Carmeliet, 2000). Both pro- and anti-angiogenic signals are involved in
the development of new blood vessels, and are highly regulated (Hanahan and Folkman, 1996).
Tumour cells secrete multiple pro-angiogenic signals under hypoxia and nutrient deprivation
to promote vasculogenesis and angiogenesis (Lyden et al., 2001;Folkman, 1971). However,
the imbalance of pro- and anti-angiogenic signals commonly results in structural and functional
abnormality of the vessels in tumours (Figure 1). They are typically irregular and tortuous in
shape, with abnormal branching patterns and blind ends (Dewhirst et al., 1989;Shah-Yukich
and Nelson, 1988). In addition, incomplete basement membranes and the lack of perivascular
smooth muscle integration in new vessel walls increases the permeability of blood vessels
(Hashizume et al., 2000) which, accompanied by poorly developed lymphatic drainage (Jain
and Fenton, 2002), contributes to high interstitial fluid pressure in tumours (Heldin et al.,
2004).
Many factors result in insufficient oxygen delivery in tumours, such as rapid metabolism by
cancer cells, low density and poor function of vasculature, and high interstitial fluid pressure
(as it compresses vessels and reduces blood flow) (Weidner, 1995;Dewhirst et al., 1999;Sorg
et al., 2008).
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Figure 1. The vascular network of normal tissue and tumour tissue.
(a) Blood vessels in normal tissues are well organized to sufficiently supply nutrients and oxygen. (b) Vessels in
tumours are chaotic, tortuous or blind. As a result, chronic (or diffusion-limited) hypoxia and necrosis develop
distant from blood vessels. Acute (or perfusion-limited) hypoxia develops in tumours as a result of the temporary
closure or reduced flow in certain vessels. Reprinted with permission from Brown and Wilson, 2004.

1.2.2 Tumour hypoxia
The hypothesis that human tumours include hypoxic cells was first proposed by Thomlinson
and Gray based on their observation of necrotic regions with respect to the location of blood
vessels. They calculated a decreasing oxygen concentration with increasing distance from
blood vessels (Thomlinson and Gray, 1955) and estimated that hypoxia would develop 100150 µm from blood vessels in tumours.
Many factors contribute to chronic or diffusion-limited hypoxia in tumours, for example, large
intervascular distances, poorly developed microvascular networks and high interstitial fluid
pressure (Dewhirst et al., 1999;Jain and Fenton, 2002). The different oxygen metabolic
demands of tumour cells also contribute to heterogeneous distribution of oxygen in tumours
(Secomb et al., 1995;Vaupel et al., 1989).
Acute hypoxia, also called perfusion-limited or cycling hypoxia, results from temporal
fluctuations in blood flow, with cycle times ranging from 20-30 min to several days
(Minchinton et al., 1990;Chaplin et al., 1987;Trotter et al., 1989). For example, fast cycle times
of hypoxia can be a result of temporal fluctuations in red blood cell flux, while vascular
3

remodelling may contribute to cycling hypoxia over periods of days (Dewhirst et al.,
1996;Kimura et al., 1996).
Physiological oxygen level in normal tissues is around 20-30 mmHg (Vanderkooi et al., 1991),
although hypoxia (which is a normal tissue context typically means <10 mmHg) could be found
in some normal tissues, such as bone marrow (Arteel et al., 1995;Parmar et al., 2007), liver
(Arteel et al., 1995;Parmar et al., 2007) and retina (Lee and Wilson, 2000;Arteel et al.,
1995;Parmar et al., 2007).

1.3

The significance of hypoxia in cancer therapy

1.3.1 Hypoxia and malignant progression
Mammalian cells have developed several adaptations in response to low oxygen environment
which are not usually active but will occur at times of hypoxic stress (Semenza, 1999). For
example, hypoxia induced factor-1 (HIF-1) is a key regulator of cells under hypoxia. HIF-1 is
a heterodimeric transcription factor that comprises an oxygen-regulated HIF-1α subunit and a
constitutively expressed oxygen-insensitive HIF-1β subunit (Chi et al., 2006;Kallio et al.,
1997;Wang et al., 1995). The HIF-1α subunit is hydroxylated at specific proline residues by
prolyl hydroxylases (PHD) in the presence of oxygen (Schofield and Ratcliffe, 2004), and
subsequently binds to the von Hippel-Lindau tumour suppressor protein (VHL) to initiate its
ubiquitin-mediated proteosomal degradation (Kamura et al., 2000;Maxwell et al., 1999).
However, this process is blocked in absence of oxygen because the PHD enzymes require
oxygen as a substrate, and thus the HIF-1α subunit is stabilized and dimerized with HIF-1β to
form HIF-1, which subsequently binds to hypoxia response elements and triggers gene
expression (Figure 2). The hypoxia dependence of HIF-1 is enhanced by inhibition of its
transcriptional activity by Factor Inhibiting HIF (FIH), an oxygen-dependent asparagine
hydroxylase, in oxic cells. The HIF hydroxylating enzymes (PHDs and FIH) are dependent on
ascorbate as well as their α-ketoglutarate (2-oxyglutarate) and O2 co-substrates (Kuiper and
Vissers, 2014). There are hundreds of genes activated by HIF-1, including genes with roles in
angiogenesis, erythrocyte formation (Varma and Cohen, 1997;Wang et al., 1995), and
glycolysis (Semenza, 2007;Semenza, 1999).
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Figure 2. Mechanisms of hypoxia-inducible factor 1α (HIF-1α) stabilisation.
(a) HIF-1α domain structure. Sites of proline (P) hydroxylation are indicated in the O2-dependant degradation
domain of the human protein. Asparagine (N) hydroxylation in the carboxy-terminal transactivation domain by
factor inhibiting HIF (FIH) regulates HIF-1 transcription but not stability. (b) The classical O2 sensing pathway
is through O2-dependent enzymatic hydroxylation at P402 and/or P564 on HIF-1α. The modification is due to one
of the three prolyl hydroxylase (PHD) enzymes, which mediate recognition of the VHL–elongins complex and
ubiquitination of HIF-1α and subsequently targeting for proteasomal degradation. Tricarboxylic acid cycle
intermediates (e.g., succinate and fumarate, and reactive oxygen species (ROS)), inhibit the activity of PHDs,
promoting HIF-1 accumulation. The stabilised HIF-1α binds to HIF-1β to from HIF-1 which translocate to the
nucleus to promote gene expression via binding to cognate hypoxia-response elements (HRE) in target genes.
Reprinted from Denko, 2008.

Activation of HIF-1 pathway induced by hypoxia contributes to malignant progression via
multiple mechanisms. Tumour cells commonly undergo metabolic reprogramming to promote
their survival and growth in the tumour microenvironment. For example, hypoxia increases
glycolysis and inhibits oxidative phosphorylation via the HIF-1 signalling pathway. The
characteristics of metabolism of tumour cells are further discussed in Chapter 4. In addition,
hypoxia also promotes angiogenesis (e.g. vascular endothelial growth factor) (Pugh and
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Ratcliffe, 2003) and vasculogenesis (Kioi et al., 2010) in the tumour. Of note, the high
expression of vascular endothelial growth factor driven by hypoxia also increases
microvascular permeability and contributes to the leakiness of tumour blood vessels (Maeda et
al., 2003). Hypoxia also increases genomic instability of hypoxic cells by increasing production
of DNA-damaging reactive oxygen species (Bindra and Glazer, 2005) and downregulating
homologous recombination repair (Glazer et al., 2013). In addition, hypoxia selects for tumour
cells with defects in apoptosis (e.g., p53 mutation or downregulation of Bcl-2 family), reducing
the sensitivity of tumour cells to apoptosis-inducing drugs (Graeber et al., 1996;Erler et al.,
2004).
The unfolded protein response is a HIF-independent pathway in response to hypoxia (Fels and
Koumenis, 2006). Due to the lack of oxygen as final electron acceptor in disulphide bond
formation during protein folding, unfolded protein response reduces endoplasmic reticulum
stress via inhibiting protein synthesis (Wouters and Koritzinsky, 2008).
1.3.2 Hypoxia and radiotherapy
Radiotherapy is one of the most common therapies for human tumour management. Ionizing
radiation produces free radicals, primarily the hydroxyl radical from the radiolysis of water,
which interact with DNA to cause DNA radicals. These DNA radicals are oxidized by oxygen,
leading to DNA damage which can only be repaired enzymatically (Figure 3). In contrast, in
the absence of oxygen, DNA radicals are rapidly reduced by non-protein thiols glutathione or
cysteine (Biaglow et al., 1983;Horan and Koch, 2001). Therefore, cells under hypoxia are
approximately 3-fold more resistant to x- and -radiation than those in a well oxygenated
environment (Gray et al., 1953), although the resistance can be variable in cell lines having
different free thiol levels (Koch, 1998).
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Figure 3. Radiation resistance of hypoxic cells.
(a) DNA damage, particularly DNA double strand breaks, is responsible for cytotoxicity of ionizing radiation.
Ionization produces a radical on the DNA (DNA⋅) which then enters into a competition for oxidation to make the
damage permanent (primarily by oxygen), or reduction to restore to bona fide DNA (primarily by –SH-containing
compounds), accounting for the severe DNA damage in the presence of oxygen. (b) The sensitivity of cells to
radiation with and without oxygen is illustrated in the cell-survival curve. Reprinted from Brown and Wilson,
2004.

Several strategies have been attempted to suppress hypoxia in tumours. One straightforward
strategy is to breathe 100% O2 at high pressure (hyperbaric oxygen, HBO) to enhance oxygen
levels in plasma (Dische et al., 1983;Watson et al., 1978). HBO radiotherapy has been
demonstrated to provide clinical benefits for patients with head and neck cancer and cervix
cancer, but has little improvement in local tumour control and survival for patients with cancers
at other sites (Bennett et al., 2012) and was too technically challenging for widespread use. To
overcome perfusion-limited hypoxia, the ARCON protocol (Accelerated Radiotherapy,
Carbogen, and Nicotinamide) has been designed, in which nicotinamide, a vitamin B3
analogue, was used to decrease perfusion-limited hypoxia by decreasing transient fluctuation
in blood flow (Janssens et al., 2012;Rojas et al., 1992). In this protocol, breathing carbogen
(oxygen containing 2% to 5% CO2) was adopted to reduce diffusion-limited hypoxia,
accompanied with accelerated radiotherapy to minimize repopulation during treatment. Other
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strategies, such as blood transfusions and administration of erythropoietin have also been tried
to increase oxygen delivery, the effects of which vary depending on tumour type.
Developing radiosensitisers with high electron affinity to mimic oxygen by oxidizing radiationinduced DNA radicals is an alternative method to overcome the radioresistance of hypoxic
tumour cells. 2-Nitroimidazole compounds, such as misonidazole, are capable of sensitizing
hypoxic tumour cells to radiation through this mechanism in vitro and in vivo. But clinical trials
of misonidazole gave disappointing results possibly due to its insufficient dose limited by
peripheral neuropathy (Dische et al., 1977;Urtasun et al., 1976). Nimorazole, a 5nitroimidazole with less toxicity showed improved local control in human head and neck cancer,
however it was beneficial to only one-third of patients with severely hypoxic tumours
(Overgaard et al., 1998;Overgaard et al., 2005;Toustrup et al., 2012).
1.3.3 Hypoxia and chemotherapy
Hypoxia also confers resistance of chemotherapy via multiple mechanisms (Figure 4). Anticancer drugs have to penetrate long distances to reach hypoxic cells. As a result, metabolism
and binding of drugs during their extravascular transport can compromise drug concentrations
achievable in hypoxic regions (Kyle et al., 2007;Minchinton and Tannock, 2006), which will
be discussed in detail later. Glycolysis in many tumour cells occurs even when there is enough
O2 for oxidative phosphorylation, producing lactate, a phenomenon termed aerobic glycolysis
(Warburg, 1956). Tumour cells under hypoxia may increase glycolysis (Section 4.1), thus
accumulating further lactate that contributes to acidic microenvironments. The acidic
microenvironment compromises activity of basic anti-cancer drugs, such as doxorubicin and
vinca alkaloids (Denny and Wilson, 1986;Gerweck et al., 2006;Griffiths, 1991), although it
may benefit some weakly acidic drugs (e.g., chlorambucil) (Brophy and Sladek, 1983). In
addition, low proliferation of hypoxic cells also confers resistance to chemotherapy, especially
for antimetabolites and topoisomerase-II or microtubule poisons that preferentially target
rapidly proliferating cells (Green and Giaccia, 1998;Tannock, 1978). Furthermore, low
proliferation also allows tumour cells more time to repair the damaged DNA. As mentioned
above, hypoxia also increases genomic instability and contributes to heterogeneity of tumour
cells, which, at times, may increase the possibility of selecting cells resistant to anti-cancer
agents. Acute hypoxia directly increases the expression of genes associated with drug
resistance (Comerford et al., 2002;Sakata et al., 1991;Rice et al., 1986;Ejendal and Hrycyna,
2002). Finally, cancer stem cells are hypothesised as a small subpopulation of cells in tumours
that possess self-renewal and multiple differentiation potential, and are responsible for the
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initiation, regrowth and metastasis of tumours (Lou and Dean, 2007;Singh and Settleman,
2010). These cancer stem cells, preferentially living at hypoxic sites in some types of tumours
(Li and Rich, 2010;Cannito et al., 2008;Singh and Settleman, 2010), have low proliferative rate
(Moore and Lyle, 2011), increased DNA repair capability (Bao et al., 2006) and enhanced gene
expression of ABC drug transporters, accounting for their resistance to chemotherapy (Singh
and Settleman, 2010).

Figure 4. Chemotherapeutic resistance of hypoxic tumour cells.
Cords of cells surrounding a blood vessel in a xenograft of a cervix cancer (a) and a colon cancer (b). Proliferating
(bromodeoxyuridine-labelled black) cells are close to the blood vessel. Green staining indicates hypoxic regions
identified by fluorescent labelling of pimonidazole adducts. Endothelial cells are blue. (c) A diagrammatic
representation illustrates the gradient distributions of oxygen, nutrients and drugs as a function of the distance to
blood vessels. Reprinted from Minchinton and Tannock, 2006.

1.4

Drug distribution in solid tumours

The distribution of drugs in tumour tissue on the microscale (i.e. penetration through the
extravascular space) is critical, and often overlooked when investigating anticancer drug
therapy or the complementarity of multiple drug therapies. When drugs are dosed, they have
to be delivered by blood flow to the local tumour sites (Figure 5). This process is mainly
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dependent on the dose and PK of drugs (Hawighorst et al., 1997;Hawighorst et al., 1998). Then
the drugs must penetrate through the vessel wall (transvascular transport), which is mainly
determined by the permeability of microvessels, and transcellular diffusion (Gerlowski and
Jain, 1986). After that, drugs are delivered within tumour compartments via extravascular
transport, which for low molecular weight compounds is largely governed by diffusion as
determined by multiple factors, such as intrinsic chemical and physical characteristics of drugs,
and the extracellular matrix (Jain, 1987;Minchinton and Tannock, 2006). As a result, drug
exposure of individual cells in tumours is heterogeneous and much lower than expected from
plasma PK. In summary, extravascular transport of drugs in tumours is of great importance for
the activity of anticancer agents (Jain, 1987;Minchinton and Tannock, 2006;Di Paolo and
Bocci, 2007;Dewhirst and Secomb, 2017).

Figure 5. Drug distribution in tissue.
Drug penetration through tissue is determined by the balance of delivery (supply and flux) and consumption. (a)
Supply. The supply of a drug to the tissue is dependent on its dose and plasma PK. (b) Flux. Flux through tissue
occurs via extracellular (paracellular) and/or transcellular pathways, depending on solubility of compounds in
water and lipids, molecular weight and charge of the drug. (c) Consumption. Metabolism reduces drug penetration
within the tissue, and binding and sequestration increases net tissue level of a drug but limits its rate of penetration.
Reprinted from Minchinton and Tannock, 2006.
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1.4.1

In vitro/in vivo approaches for measuring drug extravascular transport

To explore drug transport in conditions that approximate tumour microenvironments, various
in vitro 3D models have been developed, such as, multicellular spheroids (Durand, 1986),
multicellular layers (MCLs) (Hicks et al., 2006;Tannock et al., 2002;Tunggal et al., 1999), and
organotypic explant culture (Durand, 1980). A direct way to evaluate extravascular transport
of drugs is to monitor drug concentrations within, or penetration through, multicellular models.
Wilson, Hicks and colleagues developed a method to quantitate drug penetration through
MCLs that are aggregated on a collagen-coated permeable support membrane to comprise
around 10-20 cell layers to form tissue discs with 100-200 µm thickness (Cowan et al.,
1996;Hicks et al., 1997a). MCLs hold many features of tumour compartments, for example,
cell-cell adhesion, extracellular matrix (ECM), the hypoxic and necrotic regions (Tannock et
al., 2002;Cowan et al., 1996;Minchinton et al., 1997;Hicks and Wilson, 1998). Through
measuring the concentration of compounds in the samples from donor and receiver
compartments (a diagram of MCL apparatus is illustrated in Section 3.5.2) in a time-dependent
manner, the diffusion coefficient of compounds could be estimated. The diffusion of
compounds through collagen-coated permeable support membrane alone (without cells on it)
is usually set as control to estimate diffusion of compounds through support membrane and
unstirred boundary layers. 3H-Mannitol (a paracellular marker) and
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C-urea (transported by

both paracellular and transcellular diffusion) have been utilized in MCL experiments to
monitor the integrity of MCLs during drug exposure, and to estimate the thickness of MCLs
(Hicks et al., 1997a;Pruijn et al., 2005).
Rather than directly measuring the distribution of drugs and the metabolites using fluorescent
or radioactive compounds (West et al., 1980;Sutherland et al., 1979;Kerr et al., 1988), PD
endpoints are more commonly applied as an alternative way to indirectly investigate drug
penetration and efficacy in MCLs, spheroids and tumour xenografts. For instance, Ki67, cyclin
D1 and bromodeoxyuridine incorporation into DNA could be utilized as markers of
proliferation to reflect the activity of anti-proliferative drugs. Biomarkers of cell apoptosis,
such as caspase-3 or -6, and the DNA double strand break biomarker (γH2aX) are also used to
evaluate the effects of pro-apoptotic (Olive et al., 2004) or DNA-damaging drugs (Huxham et
al., 2004;Saggar et al., 2013;Olive et al., 2004). Based on the poor penetration of DNA dye
Hoechst 33342, fluorescence-based cell sorting was also utilized to isolate cells from different
regions of spheroids or tumours and to evaluate clonogenic cell killing or PD biomarker
responses by flow cytometry (Chaplin et al., 1985;Durand and Vanderbyl, 1989).
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1.4.2 Determinants of extravascular transport of drugs
Due to the low convection in tumours with high interstitial fluid pressure (Jain and Fenton,
2002;Heldin et al., 2004;Stohrer et al., 2000), extravascular transport of small molecular drugs
mainly depends on the balance of drug diffusion and consumption within the extravascular
compartment (Hicks et al., 2006;Hicks, 2012). Depending on whether drug penetration occurs
through cells, extravascular transport can be divided to paracellular transport and transcellular
transport; the latter can be influenced by passive diffusion, active and facilitated transport and
binding within cells (Kerr and Kaye, 1987;Minchinton and Tannock, 2006).
1.4.2.1 Drug consumption
Drug consumption includes drug metabolism, binding and sequestration, as illustrated in
Figure 5C. Drug metabolism is an irreversible process, while binding and sequestration can be
either reversible or irreversible. Binding and sequestration resulting from cellular uptake and
intracellular retention can reduce the maximum free drug concentration in tumours and can
thereby limit drug penetration at early times. Compared to irreversible consumption, these two
reversible processes do not reduce the overall drug exposure at infinite time as measured by
the area under the concentration-time curve (AUC).
MCLs have been successfully used for the investigation of the drug consumption by
metabolism, sequestration and binding. For example, Hicks and colleagues have modelled the
impact on MCL transport of intracellular trapping of the basic acridine DNA intercalator,
DAPA, due to DNA-binding and endosomal sequestration (Hicks et al., 1997b). They also
demonstrated that reduced intracellular sequestration and improved diffusion can partially
overcome this effect, exemplified by DACA, with lower DNA affinity and less intracellular
sequestration (Hicks et al., 2001) which was assessed in phase II clinical trials.
Explicitly modelling the role of diffusion coefficient and various consumption processes
(reversible versus irreversible) is of great utility to comprehensively understand the
consequences of impediments to extravascular transport. Figure 6 shows the concentrationtime profile of free drug in a tumour micro-region 150 µm from blood vessels with or without
considering metabolism or reversible binding (Wilson and Hicks, 1999). Metabolism of drugs
significantly reduce the drug exposure to cells distant from vessels, while reversible binding
slows down the kinetics of drug transport, but does not influence the total free drug exposure
integrated over a long time. Missing from these simple simulations is the case of a non-reactive
drug with low diffusion coefficient, such as a high molecular weight drug. In that case, the time
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dependent PK at 150 µm would resemble that for reversible binding, with an extended time
course to reach maximum concentration.

Figure 6. The concentration-time profile of free drug in a tumour micro-region 150 µm from blood vessels.
Simulated concentration-time curves of free drug in a tumour micro-region 150 µm from blood vessels (——) for
a drug that is cleared from plasma with first-order kinetics (with initial concentration 100 μM, half-life 30 min; –
– –). Reprinted from Hay et al., 2017.

1.4.2.2 Tissue diffusion coefficients
The drug diffusion coefficient is a key parameter, quantifying the diffusion of free drug through
tissue. Accordingly, it is jointly determined by the tissue characteristics and the biophysical
and biochemical properties of drugs. While much work has been done on understanding the
effect of tissue structure on diffusion of large molecules, little attention is paid to the
determinants of the diffusion coefficient for small molecular weight drugs. Pruijn and
colleagues (Pruijn et al., 2008) investigated drug diffusion coefficients through MCL (DMCL)
using the prodrug tirapazamine (TPZ) and its analogues with various structures to cover a broad
range of physicochemical properties - lipophilicity, H-bond donors (HD) and acceptors (HA),
and the log of the octanol/water partition coefficient pH 7.4 (logP7.4) (Figure 7). They
demonstrated that there was a sigmoidal dependence of logDMCL on logP7.4. The drugs with
low logP7.4 values had restricted diffusion due to being limited to paracellular transport. The
DMCL increased with increasing logP7.4 which was attributed to increasing availability of the
transcellular transport route. The effect of molecular weight was explored by comparing the
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increased DMCL of drugs with molecular weight 500 or 200 at the same logP7.4. This could be
explained by the diffusion coefficient of spherical particles of a defined radius described by the
Stokes-Einstein equation (Pruijn et al., 2008). The number of HD and HA also had impact on
DMCL. The effects of MCL architecture on DMCL was also investigated by studying transport of
compounds through MCLs grown from four different cell lines. The DMCL values at low logP7.4
reflected intercellular contacts, with loose packing density of MCLs grown from HCT8-Ra
which do not express tight junctions, showing much higher DMCL for hydrophilic compounds
than the other 3 cells lines with dense cell packing. Although DMCL all increased with increasing
logP7.4 in these four cell lines, the magnitude of the increment was dependent on the cell line,
suggesting the different contributions of transcellular vs paracellular transport. For instance,
transport in MCLs grown from HCT8-Ea which has high cell packing density due to high
expression of tight junctions, was much more dependent on logP7.4 than that of HCT8-Ra,
where the difference was the loose packing density due to low cell-cell contact. Tannock and
the colleagues also demonstrated that the cellular adhesion and packing density of tumour cells
have pivotal effects on penetration of anticancer drugs (Grantab et al., 2006).
Compared to paracellular transport which is primarily dependent on the composition and
structure of the ECM and cell packing density, transcellular transport is affected by gap
junctions and plasma membrane transporters (Leithe et al., 2006;Vermeulen et al., 1999) as
well as lipophilicity as discussed above. While ATP-dependent efflux pumps can export
multiple drugs out of cells that could compromise their cytotoxicity, it facilitates drug
penetration via promoting transcellular transport (Gottesman et al., 2002). For example, MCLs
comprising cells with overexpression of P-glycoprotein increased the penetration of
doxorubicin (Tunggal et al., 2000;Patel and Tannock, 2009).
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Figure 7. Influence of drug physicochemical properties and cell type on the MCL diffusion coefficient
(DMCL, A-C). D shows MCLs grown form each cell type. Reproduced from Pruijn et al 2008.
The dependence of DMCL on logP7.4 is shown for hypothetical compounds. Lines are predictions from a transport
model in which DMCL is a function of MW, logP7.4, HA and HD, parameterised using MCL data from a large set
of TPZ analogues. (A) Effect of different molecular weights in HT29 MCLs. (B) Effect of addition of 1 HA or
1HD to a compound with MW = 200, HD =2 and HA = 4 in HT29 MCLs. (C) The dependence of DMCL on
structure with MCLs developed from cell lines shown in (D) Haematoxylin and eosin stained frozen sections of
MCLs. The vertical bar represents 100 μm. Reprinted from Pruijn et al., 2008.

1.5

Targeting hypoxia with hypoxia-activated prodrugs

Hypoxia-activated prodrugs (HAPs) are designed to be selectively activated under hypoxia. In
the absence of oxygen, HAPs are reduced to radical intermediates following reduction by oneelectron reductases ubiquitously expressed in cells (Figure 8A). The radical intermediates can
spontaneously fragment or be further reduced to cytotoxins (Wilson and Hay, 2011). However,
oxygen re-oxidizes the radical intermediates back to the prodrugs, producing superoxide anion
that can be detoxified by catalase and superoxide dismutase (Biaglow et al., 1982;Wardman,
2001). Alternatively, some bio-reductive compounds can be reduced by two-electron
reductases (Workman, 1994). The activity of HAPs depends on their one-electron reduction
15

potentials (which affect their sensitivity to metabolic reduction), the oxygen tension required
to inhibit their metabolic reduction, expression of reducing enzymes and the intrinsic sensitivity
of cells to the resulting active metabolites (Hunter et al., 2016;Wilson and Hay,
2011;Wardman, 2001). Figure 8B illustrates several typical HAPs with different electronic
switches, such as aromatic N-oxide for TPZ, aliphatic N-oxide for AQ4N, and nitroreduction
for PR-104A and TH-302.
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Figure 8. Mechanisms of metabolic activation of hypoxia activated prodrugs (HAPs).
The cytotoxic metabolites are shown in blue. (A) Generalized scheme showing competing one-electron and twoelectron reductions of prodrugs. One-electron reduction generates a prodrug radical that can be re-oxidized by
oxygen, but generates active drug (blue boxes) in hypoxic cells, either by fragmentation of the prodrug radical or
by its further reduction. Some prodrugs are also reduced by a concerted two-electron reduction which is typically
insensitive to oxygen, thus bypassing the oxygen-sensitive prodrug radical. (B) Examples of well-studied prodrugs
that exploit bioreduction in different ways to elicit selective killing of hypoxic cells. (Ba) Reduction of an aromatic
N-oxide to generate a DNA-reactive free radical; (Bb) reduction of an aliphatic N-oxide to unmask a DNA
intercalator; (Bc) nitroreduction as an electronic switch to activate a reactive centre, thus generating an activated
nitrogen mustard; and (Bd) nitroreduction to initiate fragmentation to a non-radical cytotoxin, such as a nitrogen
mustard. Reprinted from Wilson and Hay, 2011. The details of this scheme have recently been confirmed by
(Anderson et al., 2014).
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1.5.1 Two strategies for targeting hypoxia with HAPs
Although hypoxic tumour cells account for poor prognosis, they only represent a small fraction
in tumours. Therefore, HAPs are generally designed to combine with chemotherapeutic agents
or radiation to increase their therapeutic activity. Radiation has been demonstrated to kill
tumour cells with maximal efficiency at O2 ≥ 25µM, and progressively compromises its
cytotoxicity with decreasing oxygen concentration, and its cytotoxicity is at a minimum level
when O2 ≤ 0.67µM (Wouters and Brown, 1997). However, these authors demonstrated that in
fractionated radiotherapy regimes, cells at intermediate O2 concentrations (0.67-25 µM) have
the most significant effect on tumour radioresistance. The progressive effect of O2 on radiation
sensitivity is usually quantitated by Kms (the O2 concentration at which radiation sensitivity is
½ maximal). Similarly, for HAPs, the oxygen effect is quantified as KO2, the oxygen
concentration required to halve the activation of the prodrug. Based on the KO2, two strategies
have been applied to design HAPs (Foehrenbacher et al., 2013a).
1.5.1.1

Low- KO2 HAPs

One of the apparent advantages of low KO2 HAPs is that the HAPs can only be activated at
severe hypoxia which is much more frequently in tumours than in normal tissues, thus
minimizing adverse effects resulting from activation under mild hypoxia in normal tissues.
However, the low KO2 HAPs also encounter some problems. For example, HAPs are required
to penetrate long distance from capillary to severely hypoxic regions before activation. In
addition, such HAPs target highly hypoxic tumour cells that only account for a small fraction
of tumour cells, sparing cells at intermediate oxygen concentration responsible for the
resistance to fractionated radiotherapy and chemotherapy. Denny and Wilson were first to
propose exploiting bystander effects, resulting from diffusion of active metabolites generated
by bio-reduction of HAPs, to overcome this limitation (Denny and Wilson, 1993). Aromatic
and aliphatic mustards were selected as suitable candidate cytotoxins for several reasons
(Palmer et al., 1990), such as diffusion ability of metabolites, similar potency of metabolites
against tumour cells and high cytotoxicity due to induced interstrand cross-links being difficult
for cells to repair (Palmer et al., 1990;McHugh et al., 2001;Tannock, 1978;Wilman and
Connors, 1983). Dinitrobenzamide mustards (DNBM) can exploit this approach, in which
reduction of an electron-withdrawing nitro group by endogenous one-electron reductases to an
electron-donating hydroxylamine or amine group activates a latent mustard moiety and the
other nitro group and the benzamide group are designed to raise the one-electron reduction
potential of the prodrugs (Siim et al., 1997;Helsby et al., 2003). PR-104A is a representative
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DNBM prodrug with low KO2 (0.13µM) (Hicks et al., 2007). TH-302, an aliphatic mustard
with KO2 ≤ 1µM, is reduced and fragments to release cytotoxic bromoisophosphoramide
mustard (Br-IPM) (Duan et al., 2008). Using multicellular layer cultures and tumour xenograft
models, Wilson et al. firstly quantitated bystander killing of a dibromo DNBM prodrug
(SN24927) activated by the oxygen-insensitive E. coli nfsB nitroreductase through comparing
the clonogenic survival of target cells cultured alone with that co-cultured with prodrugactivating nfsB-expressing cells (Wilson et al., 2002). It was subsequently shown that hypoxic
activation of early DNBMs also generate bystander effects in multicellular layers (Wilson et
al., 2007) containing co-cultures of human cytochrome P450 oxidoreductase (POR) A549
activator cells and targets consisting of a subclone with ca. 200 fold lower POR activity. Later
studies used experimental and mathematical modelling to investigate PR-104A bystander
effect in microvascular networks, providing evidence that bystander effects contribute to the
antitumour activity of PR-104 in HCT116 and SiHa xenografts (Foehrenbacher et al., 2013b).
Our group recently utilized mathematical agent-based models, parameterized using monolayer
and 3D culture models, to demonstrate hypoxia mediated the bystander effects of PR-104A in
HCT116 spheroids

and to

identify the

metabolites responsible

(Hong et

al.,

2018b;Foehrenbacher et al., 2013b).
1.5.1.2 High- KO2 HAPs
The class of HAPs with the highest known KO2 values is the benzotriazine di-N-oxide (BTOs),
exemplified by TPZ and its analogues (Koch, 1993;Zeman et al., 1986;Hicks et al., 2004;Hicks
et al., 2007). The high KO2 of TPZ (approximately 1.3–3 µM) analogues potentially achieves
better complementarity with radiotherapy relative to low KO2 HAPs in the absence of bystander
effects. Nevertheless, oxygen concentrations low enough to activate BTOs may also be found
in some normal tissues, leading to potential side effects such as toxicity in the mouse retina
(Lee and Wilson, 2000) and clinical myelosuppression found during the treatment of TPZ in
combination with cisplatin for human cancers (Lee and Wilson, 2000;Rischin et al., 2005).
Under hypoxia TPZ is reduced primarily by one-electron reductases to generate a TPZ radical
that spontaneously fragments to hydroxyl radical or benzotriazinyl radical responsible for DNA
damage (Figure 8B) (Anderson et al., 2003;Daniels and Gates, 1996;Zagorevskii et al., 2003).
These radical anions have a short half-life thus are not expected to diffuse outside the cells. As
a result, TPZ did not show bystander effect in anoxic MCL co-cultures grown from P450
oxidoreductase (POR)-overexpressing activator cells and target cells with low POR expression
(Wilson et al., 2007). The two-electron reduction products of TPZ are much less cytotoxic and

19

are not responsible for hypoxic cytotoxicity of TPZ (Baker et al., 1988;Siim et al., 2004a).
Notably TPZ activation is almost completely suppressed by high oxygen concentrations
indicating little 2-electon reduction in cancer cell lines (Koch, 1993;Zeman et al., 1986;Hicks
et al., 2004).
1.5.2 The importance of extravascular transport of HAPs for anti-cancer therapy
Balance between metabolism and consumption is critical for the activity of anti-cancer drugs
such as HAPs or other prodrugs which require substantial metabolism for their activity.
Although high diffusion coefficients with low consumption (metabolism, uptake or binding)
allows drugs to efficiently penetrate into extravascular compartments, it may compromise the
therapeutic effect due to the low concentration of active drugs metabolised in target regions.
Low diffusion coefficients and high metabolic consumption of drugs also reduce drug-induced
cell kill in tumours. This balance is particularly important for TPZ and its analogues and has
been well studied (Hicks et al., 2006).
Drug exposure in vivo is commonly based on plasma PK, and the assumption is often made
that all target tissues were exposed to the same drug concentration as plasma. This will not be
valid for cancer drugs which undergo limited penetration due to low diffusion coefficient or
rapid metabolism in tumours as described in Figure 5. This is particularly the case for HAPs
which are dependent on diffusion into hypoxic regions in tumours relatively far from blood
vessels where they can be metabolized sufficiently. Therefore, plasma PK often over-estimates
the exposure to HAPs in the hypoxic compartment of tumours.
To better estimate cell killing potential of anti-cancer drugs, extracellular transport needs to be
incorporated in PK/PD models. However, there are limited experimental techniques for the
investigation of extravascular transport on the microscale as discussed above. While imaging
techniques on 3D cultures or tissues may provide good spatial resolution they generally have
poor temporal resolution. MCL studies of drug transport in diffusion chambers have good
temporal resolution but do not usually provide spatial data. Hence, mathematical modelling
becomes a promising method to investigate extravascular transport by incorporating it into the
PK/PD model of the tumour tissue and can provide excellent spatial and temporal resolution.
One of its advantages is that it can predict the cell killing by anti-cancer drugs based on
extravascular transport parameters and plasma PK. Hicks et al. used this approach to model
transport and cell killing by TPZ analogues by developing an in vitro SR-PK/PD model in a
mapped 3D microvascular network, using steady-state Green’s function models (Hicks et al.,
2006). To achieve this, diffusion coefficients of these analogues through HT29 MCLs, oxygen-

20

Figure 9. Simulation of oxygen and TPZ distribution in the 3D SR-PK/PD model in the digitised, mapped
rat R3230Ac microvascular network.
The development of a SR-PK/PD model for TPZ is illustrated. The top part of the image illustrate the
experimental measurements incorporated in the model in the digitised, mapped rat R3230Ac microvascular
network (the middle part of the image) (Secomb et al., 1998). The bottom part of the image shows the simulated
outputs: oxygen and TPZ concentrations (red indicates high concentrations) in the microvascular network with an
input of 50 µM oxygen and TPZ in the inflowing blood vessels. The tissue concentrations are at one plane in the
100 µm into the vertical (z) plane with all blooded vessels superimposed. Reprinted from Hay et al., 2017.
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dependent drug metabolism and cytotoxicity in HT29 single cell suspensions experiment were
quantified. In this 3D microvascular network, vessel geometry, blood flows and oxygen
transport were incorporated based on the observation from a mapped rat R3230Ac tumour
grown in a dorsal window chamber in which blood flows have been measured in each vessel,
as shown in Figure 9 (Secomb et al., 1998;Secomb et al., 2004).This SR-PK/PD model
demonstrated that TPZ is depleted dramatically as a function of distance due to its rapid
metabolism during extracellular transport, and the estimated TPZ exposure (quantified by
AUC) in this micro-region was only 30%-60% of that in plasma (Hicks et al., 2006). That
resulted in the predicted cell killing against HT29 cells nearly 3 logs lower relative to that
predicted if the cells had been exposed to the plasma AUC. The in vivo activity of TPZ and 15
other analogues was then measured in mouse HT29 xenografts and compared to the predicted
activity of these compounds in this model. The predicted cell killing of TPZ and its analogues
correlated well with hypoxic cell killing in xenograft model when extravascular transport was
taken into consideration (R2=0.87), while it showed poor correlation when neglecting
extravascular transport (R2=0.32). These results emphasized the important role of extravascular
transport in the development of anti-cancer drugs which need to penetrate relatively long
distances to kill cells furthest away from vasculature. Furthermore, this model was used to
screen analogues and select SN30000 as the second generation of TPZ analogue through
optimizing the metabolism rate and tissue diffusion coefficient of compounds (Hicks et al.,
2010;Hay et al., 2007b), as discussed in detail below.

1.5.3 SN30000: a second generation TPZ analogue
Although TPZ failed in clinical trials (DiSilvestro et al., 2014;Rischin et al., 2008), BTOs are
recognized as a promising chemical structure activated under intermediate hypoxia to
complement radiation. It is a reasonable hypothesis that further developing TPZ analogues with
superior diffusion potential may improve anti-cancer activity. Our lab has used MCLs and SRPK/PD model to develop the benzotriazine-1, 4-di-N-oxide (BTO) HAP, SN30000 as the
second generation TPZ analogue with improved diffusion coefficient and hypoxic cell killing
(Figure 10) (Hicks et al., 2010;Hay et al., 2017;Hicks, 2012). Similar to TPZ, SN30000 is
reduced by one-electron reductases to form a cell-entrapped radical anion that will be further
fragmented to form a cytotoxic free radical and 1-oxide (SN30672) and nor-oxide (SN33093)
products which have greatly reduced cytotoxicity. Numerous 1- and 2-electron oxidoreductases have been identified that may potentially active HAPs (Phillips, 2016).
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NADPH:cytochrome P450 oxidoreductase (POR)

and related diflavin reductases (5-

Methyltetrahydrofolate-Homocysteine Methyltransferase Reductase, MTRR; Nitric oxide
synthase 2, NOS2A; NADPH Dependent Diflavin Oxidoreductase 1 NDOR1) are one-electron
reductases that are primarily responsible for catalysing TPZ and SN30000 activation (Wang
et al., 2011;Hunter et al., 2015;Wang et al., 2014). The two-electron reductase
NAD(P)H:Quinone

oxidoreductase

1

(NQO1, DT-diaphorase) is important in the

detoxification of HAPs in some cells lines, reducing their HCR, and in the activation of the
HAP EO9 (azazipiquone) (Phillips 2016). However large HCRs have been found for SN30000
in all cell lines to data (Hay et al, 2017).

Figure 10. Mechanisms of metabolic activation of SN30000.
SN30000, a TPZ analogue, is reduced by one-electron reductases to form a cell-entrapped radical anion that will
be further fragmented to form cytotoxic benzodiazinyl radical and 1-oxide (SN30672) and nor-oxide (SN33093)
products which have greatly reduced cytotoxicity.

The improvement of diffusion coefficient of SN30000 relative to TPZ is mainly attributed to
its higher lipophilicity, achieved by fusing a lipophilic saturated ring to the 3-aminobenzotriazine di-N-oxide core and removal of the H-bond donating 3-amino group of TPZ (Hay
et al., 2017). In addition, the high one-electron reduction potential of SN30000 results in faster
bio-reductive metabolism, presumably contributing to the superior hypoxic cytotoxicity.
Higher systemic plasma PK of SN30000 (Hicks et al., 2010) may also improve its efficacy
relative to TPZ. The reductive metabolites of SN30000 are the corresponding 1-oxide and noroxide which are much less cytotoxic than the intracellular free radicals, minimizing any toxicity
from two-electron reduction by oxygen-insensitive reductases.
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1.5.4 Antitumour activity of SN30000
The hypoxic cytotoxicity ratios of SN30000 in a panel of 8 human tumour cell lines, quantified
by IC50 (anti-proliferative) assay, are all higher than TPZ (Hicks et al., 2010). In addition, TPZ
and SN30000 showed high correlation of anoxic potency across the cell lines, and the KO2 of
SN30000 and TPZ are both approximately 1.3µM, consistent with their common reduction
mechanism (Hicks et al., 2010). Hicks and colleagues have used SR-PK/PD modelling of
tumour microregions defined by mapped microvascular networks to compare the abilities of
SN30000 and TPZ to complement radiation (Hicks et al., 2010). They predicted log cell kill
additional to radiation and hypoxic cytotoxic differential of SN30000 would both be higher
than that of TPZ in mice and rats; these predictions were validated in SiHa and HT29 xenografts
in mice using endpoints of log cell kill additional to radiation and tumour growth delay (Hicks
et al., 2010).

1.6

Multicellular spheroids

1.6.1 Multicellular spheroids as models for the extravascular compartment in tumours
Conventional monolayer cell culture is a mainstay for in vitro investigation and development
of anticancer agents. However, many compounds showing promising anti-cancer activity in
monolayers have limited activity in vivo. Many reasons may account for the low success in
translation from in vitro to in vivo, among which misrepresentation of the tumour
microenvironment and lack of 3D spatial structure in monolayer cell culture appears to be
critical. For example, monolayer cell culture provides uniform drug exposure for individual
cells which is not realistic in vivo where extravascular transport of drugs have to be taken into
consideration. Cellular responses in the 3D tumour microenvironment are also critical. Cell
cycle distribution in monolayer cells is not representative of that in tumours (Olive and Durand,
1994). Monolayers have limited value for investigating repopulation between fractionated
treatments given that the cytokinetics of recovering populations are influenced by changes in
nutrient supply in tumours. 3D models are potentially more useful for investigating regrowth
from cell subpopulations such as hypoxic cells. Therefore, applying reliable and robust
platforms for screening compounds in 3D in vitro models is of great significance.
To achieve this, many multicellular models have been developed, such as organotypic explant
culture, polarized epithelial cell culture, artificial skin, microcarrier culture, MCLs and
spheroids (Weiswald et al., 2015;Pampaloni et al., 2007). Multicellular spheroids are one of
the most widely used in vitro models with many advantages for modelling of metastatic tumour
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nodules and inter-capillary tumour regions (Friedrich et al., 2009). They capture many
characteristics of tumour, including 3D structure, cell-cell and cell-extracellular matrix
adhesion and some aspects of the tumour microenvironment (hypoxia and necrosis, gradients
of nutrient concentrations and pH) (Figure 11) (Friedrich et al., 2009;Hirschhaeuser et al.,
2010). In addition, studies have confirmed that the gene profiles of cells in spheroids are more
similar to the in vivo situation than monolayer cell culture (Poland et al., 2002).
Multicellular spheroids have been utilized with various aims. One is their use as an alternative
method for drug screening (Labarbera et al., 2012;Friedrich et al., 2009;Vinci et al., 2012). In
addition, multicellular spheroids have been used extensively to investigate drug resistance due
to multiple causes including inefficient extravascular transport (Durand and Olive,
2001;Mueller-Klieser, 1997). When cancer cells are co-cultured with other types of cells to
form spheroids, such as fibroblast cells, mesenchymal stromal cells or immune cells, such coculture spheroids are a useful platform for investigating interactions between two cell types.
In addition, bystander effects of anti-cancer prodrugs can be evaluated using mixed spheroids
comprising cells with high and low expression of prodrug-activating enzymes (Hong et al.,
2018a). For drug screening, spheroids provide many endpoints at the cellular level (cell cycle
phase, apoptosis, clonogenic survival ability) and at the tissue level including spheroid
regrowth after treatment and histological features such as hypoxia and necrosis (Friedrich et
al., 2009).
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Figure 11. Characteristics of tumour spheroid microenvironment.
Cell proliferation, viability (apoptosis/necrosis), oxygen, glucose, lactate and ATP are distributed in gradients in
large spheroids, and reflect similar gradients in tumours. Reprinted from Hirschhaeuser, et al., 2010.

1.6.2 Use of multicellular spheroids for HAP discovery and optimisation
As discussed above, combination of radiation and HAPs is a promising strategy to ameliorate
radiation activity by targeting the radioresistant hypoxic subpopulation of cells which may
potentially repopulate the tumour. However, investigating the combination of radiation and
HAPs in vitro is a complex undertaking since it requires a model containing both oxygenated
and hypoxic cells. In in vivo situations, the activity of HAPs is also dependent on the balance
between their metabolism and diffusion into hypoxic tumour regions which is not simulated by
monolayer cell cultures. Although tumour spheroids have a long history for the investigation
of anticancer drugs, only a few papers have investigated specific mechanistic aspects of HAPs.
One such example is that Durand et al who used Chinese hamster V79 multicellular spheroids
to evaluate therapeutic potential of various bioreductive agents, such as RSU-1069, TPZ,
misonidazole, porfiromycin and mitomycin C (Durand and Olive, 1992). Spheroids were
cultured to reach at diameter of 550-570 µm and exposed to drugs under 5% O2 to mimic the
in vivo situation. After drug exposure, Hoechst 33342 was used to stain cells at different
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locations within spheroids based on its gradient of penetration into spheroids at short exposure
times. Fluorescence-activated cell sorting was conducted to separate cells into 10
subpopulations based on their fluorescence intensity. Differential survival of cells from
different depths of spheroids treated with the bioreductive drugs were demonstrated, although
such differences was much less than expected based on their selectivity for hypoxic versus oxic
monolayers. The poor cytotoxicity of HAPs was considered to be due to insufficient hypoxia
in spheroids, or rapid metabolism of HAPs during extravascular transport.
Although multicellular spheroids represent a reliable in vitro model for investigation of anticancer compounds, they have some limitations. Spheroid models are not suitable for all cell
lines, some of which do not form well-defined spheroids, although in some cases spheroid
formation can be enhanced by mixing cells with extracellular matrix (Friedrich et al., 2009).
In addition, it is technically tedious or difficult to quantitatively describe the subpopulations of
cells within intact spheroids by microscopy given limited light penetration of these large
structures (Pampaloni et al., 2013), and interrogation by histological methods or flow
cytometry after dissociation to single cells does not permit continuous monitoring. Tumours
have heterogeneous structure, ECM, cytokine secretion and cell types, which are poorly
represented by spheroids aggregated from one type of cells. Although co-culturing of cells in
spheroids can overcome the above limitations to some extent, multiple cell types add additional
constraints for experimental design, as well as making data difficult to interpret. In effect, the
only parameter available for continuous monitoring, in most cases, is the growth of spheroids
after treatment. These limitations restrict the application of spheroids and our interpretation of
data from spheroid experiments.

1.7

Development of mathematical models of tumour spheroids for HAP and radiation
combination studies

Development of a mathematical model of tumour spheroids is a strategy to address the
shortfalls discussed above (Michor and Beal, 2015;Loessner et al., 2013). Such models, if
based on the response of individual cells in the spheroids, can assist interpretation of the
mechanisms contributing to PD endpoints such as overall growth inhibition and clonogenic
cell survival. Mathematical models have been extensively utilized for radiation research (e.g.
(McMahon et al., 2016)), especially for the investigation of resistance, drug combinations, cell
cycle phase redistribution, re-oxygenation and regrowth of spheroids. For example, Kempf, et
al. developed an agent-based model (ABM) for tumour spheroids to study the spatio-temporal
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dynamics of hypoxia in tumours during radiotherapy (Kempf et al., 2015). ABM are
computational models for simulating the properties of complex systems (in this case, spheroids)
based on the action and interactions of their constituent units (in this case, single cells) which
act as autonomous agents. They compared the dynamic change of hypoxic fractions of
spheroids after radiation treatment with different assumptions about the oxygen enhancement
ratio, emphasizing the importance of taking dynamic changes of hypoxic fraction into
consideration in radiotherapy. Accordingly, they also suggested the time for fractioned
radiation to be performed to maximally employ the re-oxygenation of spheroids after
radiotherapy. Kempf, et al. also analysed cell cycle synchronization effects in radiotherapy of
tumour spheroids. In the model, tumour cells in different cell cycle phases have different
radiosensitivities (Kempf et al., 2013). The cell cycle of tumour cells in spheroids was thus
partially synchronized after radiation treatment. Time and dose schedules of radiotherapy were
then optimized to employ this partial synchronization of surviving tumour cells in spheroids.
However, these predictions need to be validated experimentally. In addition, McMahon et al.
developed a mechanistic modelling of DNA damage repair and cellular survival to study
radiation-induced DNA damage (McMahon et al., 2016). The model incorporated
comprehensive DNA damage repair parameters, such as a range of key radiation response
pathways, the spatial distribution of double strand breaks and the resulting probability and
severity of misrepair. The model has be proposed to potentially develop a personalized
treatment schedule based on individualized prediction of DNA repair dependent
radiosensitivity, but has not been extended to evaluate responses of tumours (or spheroids) with
gradients of radiosensitivity resulting from heterogenous O2 concentrations and cell cycle
parameters. The use of agent-based mathematical models of spheroids to study spheroid growth
and response radiotherapy will be discussed further in Chapter 3.
On the other hand, there are few mathematical spheroid models developed for investigation of
HAP. Lindsay et al. applied mathematical tumour spheroid model to investigate combinations
of HAP evofosfamide and tyrosine kinase inhibitor erlotinib in the specific context of EGFRdriven non-small cell lung cancer (Lindsay et al., 2016). They used a continuum modelling
approach where cells exist in a series of compartments at different O2 concentrations, and
applied a stochastic birth and death process to model cell populations in each compartment.
They demonstrated tumour spheroid growth control benefits from evofosfamide and erlotinib
combination, and the importance of timing and dosing to maximally employ their activity. The
only agent-based model which has been used to investigate HAPs is a 2D cellular automation
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approach where TPZ was shown to suppress avascular tumour growth only at suprapharmacological exposures, and is discussed further in Section 3.4.

1.8

Aims of this thesis

The main objective of this thesis is to enhance understanding of the interaction of hypoxiaactivated prodrugs (HAPs) with cytotoxic therapy (radiotherapy and cytotoxic drugs). In
support of this overall objective, this investigation develops experimental and computational
tools to explore mechanisms underlying therapeutic interactions between these agents. The
study focuses on SN30000 as a representative HAP, in part because it is the most promising
compound of the BTO class, and the lack of bystander effects of these HAPs simplifies
development of agent-based computational models.
This objective is addressed through the following specific aims:
1. To explore the combination of SN30000 with chemotherapy drugs with various
cytotoxic mechanisms (DNA-crosslinker, topoisomerase poison, antimetabolite,
microtubule poison) in spheroids. The most promising combinations will be tested in
vivo using xenograft models and the mechanisms responsible for therapeutic
enhancement will be explored. This part of the work is described in Chapter 2.
2. To develop an ABM for simulating tumour spheroid growth and response to cytotoxic
agents radiation and SN30000. Spheroid growth is controlled by oxygen and glucose
metabolism, incorporating effects of hypoxia on cell proliferation and cell death. The
parameters of oxygen and glucose metabolism will be estimated directly from
measurements in the HCT116 cell line and the model will be tested using HCT116
spheroids. In a similar way, parameters for an in vitro PK/PD model of SN30000 and
linear-quadratic model of radiation induced cell death will be incorporated to simulate
spheroid cell killing and growth delay by SN30000 and radiation combinations. This
work appears in Chapter 3.
3. To experimentally parameterize a biochemically-based model of HIF-dependent
cellular oxygen and glucose metabolism where cell fate (proliferation and death) is
controlled by cellular production of anabolic intermediates and cellular energetics (ATP)
respectively. In addition a cell cycle model will be added and parametrized to provide
a more biologically based simulation of proliferation and quiescence in monolayers and
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spheroids and provide a foundation for cell cycle arrest in response to DNA damage.
This work is described in Chapter 4.
4. To introduce and parameterize a DNA damage response model to the ABM to
mechanistically simulate cell death probability and cell cycle arrest of cell induced by
radiation. The DNA damage response model will be calibrated using HCT116
monolayers. This is described in Chapter 5.
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Chapter 2. Schedule-dependent potentiation of
chemotherapy drugs by the hypoxia-activated prodrug
SN30000

2.1 Preamble
There is increasing evidence that hypoxic tumour cells are resistant to not only radiotherapy
but also many chemotherapy drugs via multiple mechanisms, as discussed in detail in Section
1.3.2 and Section 1.3.3. Combination of HAPs and chemotherapy drugs is a potential strategy
to overcome such resistance. The advances of HAP and chemotherapy combinations are
summarized in Section 1.4.5. SN30000 is a lead BTO compound that has shown good
complementarity with radiation (Hicks et al., 2010). We hypothesized that SN30000 may also
have additive antitumour effects in combination with chemotherapy. The objective of the
present study was to identify chemotherapy drugs that could be potentiated by SN30000, and
to explore the relevant mechanisms.
To achieve this aim tumour spheroids were used to identify promising combinations and drug
sequences, which were then tested in vivo to determine effect and host toxicity. Tumour
spheroids, which include both oxic and hypoxic subpopulations and other features discussed in
Section 1.6, are shown here to have great advantages over monolayer cultures in identifying
combinations with SN30000. Therefore spheroids enable identification of interactions that
arise from spatial complementarity of SN30000 and drugs to which hypoxic cells are resistant.
Here we report that combination of SN30000 with gemcitabine, using sequences with optimal
activity in multicellular spheroids, provides a therapeutic gain in HCT116 xenografts as a result
of the elimination of hypoxic cells that are spared by gemcitabine and which otherwise
repopulate the tumours. The study demonstrates the potential for HAPs to overcome an
important mechanism of resistance of hypoxic cells to chemotherapy, and highlights the value
of spheroids for investigating anticancer drug interactions.
This part of work titled ‘Schedule-Dependent Potentiation of Chemotherapy Drugs by the
Hypoxia-Activated Prodrug SN30000’ has been accepted for publication in Cancer Biology
and Therapy. The manuscript sections are followed by the presentation of additional supporting
data. Then Section 2.10 (Future directions) present a discussion of the strengths and issues
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arising from this study, including discussion of the applicability and limitations of these
methods to development of HAPs and investigation of other combination therapies.

2.2 Abstract
Hypoxia-activated prodrugs (HAPs) are hypothesised to improve the efficacy of chemotherapy
drugs that are ineffective against tumour cells in hypoxic microenvironments. SN30000 is a
benzotriazine di-N-oxide HAP that potentiates radiotherapy in preclinical models, but its
combination with chemotherapy has not been explored. Here we apply multiple models
(monolayers, multicellular spheroids and tumour xenografts) to identify promising
SN30000/chemotherapy combinations and sequences (with chemotherapy drugs before, during
or after SN30000 exposure). SN30000, unlike doxorubicin, cisplatin, gemcitabine or paclitaxel,
was more active against cells in spheroids than monolayers by clonogenic assay. Combinations
of SN30000 and chemotherapy drugs on HCT116/GFP and SiHa spheroids demonstrated
hypoxia- and sequence-dependent potentiation of gemcitabine or doxorubicin in growth
inhibition and clonogenic assays. Co-administration with SN30000 suppressed clearance of
gemcitabine in NIH-III mice, likely due to SN30000-induced hypothermia which also
modulated extravascular transport of gemcitabine in tumour tissue as assessed from its
diffusion through HCT116 multicellular layer cultures. Despite these systemic effects, the same
schedules that gave therapeutic synergy in spheroids (SN30000 3 hr before or during
gemcitabine, but not gemcitabine 3 hr before SN30000) enhanced growth delay of HCT116
xenografts without increasing host toxicity. Identification of hypoxic and S-phase cells by
immunohistochemistry and flow cytometry established that hypoxic cells initially spared by
gemcitabine subsequently reoxygenate and re-enter the cell cycle, and that this repopulation is
prevented by SN30000 only when administered with or before gemcitabine. This illustrates the
value of spheroids in modelling tumour microenvironment-dependent drug interactions, and
the potential of HAPs for overcoming hypoxia-mediated drug resistance.

2.3 Introduction
Hypoxia is a prevalent characteristic of tumours (Vaupel and Mayer, 2007) due to structurally
and functionally inefficient microvasculature (Jain, 1991;Dewhirst and Secomb, 2017).
Hypoxic tumour cells are resistant to many chemotherapy drugs via multiple mechanisms
(Wilson and Hay, 2011), including limited extravascular transport into hypoxic zones (Jain,
1994), decreased proliferative rates because of oxygen and nutrient deprivation (Tannock,
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1978), and changes in gene expression driven by clonal selection or adaptation to hypoxia
(Graeber et al., 1996;Rouschop et al., 2010). Although severely hypoxic cells in tumours have
limited survival times (Durand and Sham, 1998;Saggar and Tannock, 2015), hypoxic cells that
survive chemotherapy can be ‘rescued’ by improved nutrient and oxygen supply following loss
of more chemosensitive cells closer to blood vessels, thus enabling previously hypoxic cells to
repopulate tumours (Saggar and Tannock, 2015;Fung et al., 2012;Huxham et al., 2004).
Hypoxia-activated prodrugs (HAPs) are activated selectively under hypoxia (Brown and
Wilson, 2004;Wilson and Hay, 2011;Phillips, 2016) and therefore have potential for
eliminating hypoxic tumour cells spared by chemotherapy. Such interactions are expected to
be tumour-selective given that hypoxia is more prevalent and severe in tumours than in normal
tissues (Dewhirst and Secomb, 2017;Vaupel and Mayer, 2007). There is evidence for
therapeutic synergy between HAPs and chemotherapy in preclinical models (Saggar and
Tannock, 2014;Saggar and Tannock, 2015;McKeage et al., 2012) and in clinical trials
(Konopleva et al., 2015;Borad et al., 2015;Chawla et al., 2014), although the latter activity has
not been sufficient for HAPs to be approved for clinical use. Thus there is a need to identify
optimal HAP/chemotherapy combinations, which is difficult to do efficiently because of the
limitations of tissue culture models in representing the complexity of drug pharmacokinetics
and pharmacodynamics in the tumour microenvironment.
Tumour spheroids capture important characteristics of tumour microenvironments, such as
gradients of oxygen, nutrients, cell proliferation and necrosis (Pampaloni et al., 2007;Friedrich
et al., 2009;Sutherland, 1988). Hence, spheroids are seen as a tractable in vitro model for
exploration of drug combinations, filling the gap between conventional monolayer cell culture
and in vivo models; however few studies have used this approach to examine combinations
with HAPs. In the present study we explore the use of multicellular spheroids as a key step in
expediting identification of HAP/chemotherapy combinations warranting critical evaluation
against tumours.
The benzotriazine di-N-oxide SN30000 is an analogue of the well-studied HAP tirapazamine,
with superior extravascular diffusion properties and activity against hypoxic cells in xenograft
models (Hicks et al., 2010;Hay et al., 2017). Free radical metabolites of SN30000 are
responsible for its cytotoxicity in hypoxic cells (Hay et al., 2008), but these are too reactive to
diffuse out of hypoxic zones (Hong et al., 2018a). This localisation of killing to the cells that
metabolically activate SN30000 (i.e. lack of a bystander effect) simplifies investigation of its
pharmacokinetics/pharmacodynamics, making it a good representative to investigate
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HAP/chemotherapy drug interactions. The spatial complementarity of SN30000 and radiation,
which have almost mirror-image oxygen dependencies (Hicks et al., 2010), has been
demonstrated (Hicks et al., 2010;Chitneni et al., 2013) but not progressed clinically. However
combination of SN30000 with chemotherapeutic drugs has not been investigated.
Here, we explore schedule- and hypoxia-dependent responses of HCT116 and SiHa spheroids
and monolayers to SN30000 in combination with widely used representatives of the main
classes of chemotherapy drugs, using both growth delay and clonogenic survival endpoints.
The most promising combination (SN30000 + gemcitabine) was further tested using HCT116
xenografts, including evaluation of changes in the subpopulation of hypoxic cells and
repopulation in response to the treatments.

2.4 Materials and methods
2.4.1 Drugs and reagents
SN30000 was synthesized as reported (Hay et al., 2008) and stored at -20℃. Stock solutions
of SN30000, cisplatin (Sigma-Aldrich) and paclitaxel (Sigma-Aldrich) were dissolved in saline
and stored at -80℃. Doxorubicin hydrochloride (Actavis, Auckland, New Zealand) and
gemcitabine (Sandoz, Sydney, Australia) solutions were stored in the dark at 4℃ and room
temperature

respectively.

Pimonidazole

(PIMO,

Hypoxyprobe,

Burlington,

MA),

pentafluoroetanidazole (EF5, a gift from the National Cancer Institute, U.S.A.) and 5-ethynyl2-deoxyuridine (EdU, Abcam, Melbourne, Australia) solutions were freshly dissolved in
saline. FITC-conjugated anti-PIMO antibody (Hypoxyprobe, Burlington, MA), CY5conjugated Elk 3.52 anti-EF5 antibody (Dr. C.Koch, University of Pennsylvania, PA) and EdU
click chemistry azides (Alexa fluor 488 azide, Alexa fluor 647 azide, tetramethyrhodamine
azide, all from Thermo Fisher Scientific, Roskilde, Denmark) were stored at -20℃. 16%
paraformaldehyde (Thermo Scientific, Rockford, IL) was diluted in phosphate-buffered saline
to 4% for fixing cells.
2.4.2 Cell lines and drug treatments
Human colorectal adenocarcinoma HCT116 and human cervical SiHa cell lines were from
American Type Culture Collection (Manassas, VA) and were authenticated by short tandem
repeat profiling. A puromycin-resistant HCT116 cell line constitutively expressing copGFP
(HCT116/GFP) was generated by electroporation (NeonTM Transfection System, Invitrogen,
MA) with an empty piggyBac-CMV-MCS-EF1α-GreenPuro expression vector (PB513B-1,
System Biosciences, Palo Alto, CA), with selection of a clone retaining high expression after
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withdrawal of 2 µM puromycin. Cells were passaged as monolayers in alpha minimum
essential media (αMEM) (Gibco, Life technologies, Grand Island, NY) with 5% heatinactivated foetal calf serum (FCS, Morgate Biotech, Hamilton, New Zealand), and 2 µM
puromycin for HCT116/GFP. Cultures were exposed to drugs under either 20% O2/5% CO2
(Forma Series II Water Jacketed CO2 Incubator, Thermo Electron Corporation, ‘standard
incubator’) or 5% O2/5% CO2 (Whitley H45 HEPA HypOxystation, Don Whitley Scientific
Limited, Frederick, MD).
2.4.3 Spheroid culture and measurement of spheroid area and fluorescence intensity
103 HCT116, HCT116/GFP or SiHa cells in 20 µL αMEM with 10% FCS, 103 Units/mL
penicillin and 103 µg/mL streptomycin were seeded in Corning 7007 low-attachment roundbottom 96-well plates (Sigma-Aldrich, Kennebunk, ME) to form spheroids in a standard
incubator. After 24 hr, each well was supplemented with 180 µL of the same medium and
cultured for another 3 days before drug treatment. Spheroids were cultured with replacement
of 100 µL of medium every second day from day 4.
The fluorescence intensity of HCT116/GFP spheroids was measured on an Enspire multimode
plate reader (PerkinElmer, Waltham, MA) with excitation and emission wavelengths of 482
nm and 502 nm, respectively. An ImageJ plugin(Mao et al., 2018) was used to estimate the
area from the 2D projected bright field spheroid images captured by a JuLITM stage Real-Time
Cell History Recorder (NanoEnTek Inc., Seoul, Korea) using a 4× objective. The area,
converted to a single diameter, was used to calculate the volume of an equivalent sphere.
2.4.4 Clonogenic survival assays
Clonogenic survival assays were performed as previously described (Hicks et al., 2006).
Briefly, single cell suspensions prepared from monolayers, spheroids (by dissociation with
0.05% trypsin/EDTA) or tumours (as described below) were serially diluted, plated in 60 mm
dishes with 4.5 mL αMEM with 5% FCS and penicillin/streptomycin and colonies of >50 cells
were counted after 10 days to calculate plating efficiency (PE, number of colonies/cells plated).
Surviving fraction (SF) was calculated as PE (treated)/PE (control).
2.4.5 HCT116 xenograft model and drug treatment
All animal experiments were approved by The University of Auckland Animal Ethics
Committee. Tumour xenografts were grown subcutaneously in the dorsal flank of female NIHIII nude mice (NIH-Lystbg-J Foxn1nu Btkxid) by inoculating 5×106 HCT116 cells. When tumours
reached a mean diameter of 9 mm, mice were randomised for intraperitoneal (i.p.) dosing with
saline, SN30000 alone (130 mg/kg), gemcitabine alone (100 mg/kg), SN30000 3hr before (SN35

3hr-Gem) or after (Gem-3hr-SN) gemcitabine, or gemcitabine 5 min before SN30000 (Gem5min-SN), with a second dose one week later. Tumour length (L) and width (W), measured
with callipers, and body weights were determined 3 times weekly until tumours reached a mean
π

diameter of 18 mm. Tumour volume was calculated as V = 6 ∗ 𝐿2 ∗ 𝑊.
2.4.6 Flow cytometry
Tumours from mice treated with PIMO (60 mg/kg), drugs, EF5 (60 mg/kg) and EdU (60
mg/kg) were excised and bisected. One half was dissociated using pronase (2.5 mg/mL),
collagenase (1 mg/mL) and DNAase I (0.2 mg/mL, all from Sigma-Aldrich), in αMEM
containing 10% FCS and penicillin/streptomycin. Up to 105 cells/P60 dish were assayed for
clonogenic survivors. The remaining cells were fixed in 4% paraformaldehyde at 4oC. For flow
cytometry, cells were centrifuged and incubated in blocking solution (PBS with 0.3% Tween
20, 0.04 g/mL thimerosal and 0.125 g/mL sodium azide (PBStt) plus 20% fat-free milk and
1.5% lipid-free ablumin) for 20 min. To dual stain for PIMO and EF5 binding, cells were
incubated in PBStt containing 150 µg/mL FITC-conjugated anti-PIMO antibody at 4oC
overnight, followed with 6 hr incubation at 4℃ in PBStt with 50 µg/mL CY5-conjugated Elk
3.52 anti-EF5 antibody. To dual stain EdU and PIMO or EF5, cells were incubated in PBStt
containing either 150 µg/mL FITC-conjugated anti-PIMO antibody or 50 µg/mL CY5conjugated Elk 3.52 anti-EF5 antibody at 4℃ overnight. Subsequently, EdU was stained with
10 µM Alexa fluor 647 azide for PIMO-labelled samples or 10 µM Alexa fluor 488 azide for
EF5-labelled samples using click chemistry according to the manufacturer’s instructions. An
Accuri-6 flow cytometer (B.D. Biosciences, San Jose, CA) was used to quantify FITC or Alexa
fluor 488 in single cells with excitation and emission wavelengths of 488 nm and 525 nm, and
to measure CY5 or Alexa fluor 647 azide using excitation and emission wavelengths of 640
nm and 665 nm. Control tumours, from mice not treated with probes or drugs, were used for
thresholding.
2.4.7 Immunohistochemical staining
The other half of each tumour was fixed in 10% neutral buffered formalin and embedded in
paraffin for sectioning. Sections were deparaffinised and rehydrated before heating in 10 mM
citrate buffer (pH 6.5) in a 2100 retriever pressure cooker (Aptum Biologics Ltd., Southampton,
UK) for 2 hr for antigen retrieval, followed by blocking in TBS-T (H2O with 24.2 mg/mL
Trizma base, 80 mg/mL sodium chloride and 0.1% Tween-20, pH=7.6) containing 10% goat
serum at 4℃ for 1 hr. The sections were then immersed in 100 µL TBS-T containing 5% goat
serum and 75 µg/mL CY5 conjugated Elk 3.52 anti-EF5 antibody at 4℃ overnight, followed
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by 50 µg/mL FITC-conjugated anti-PIMO antibody at 4℃ for 6 hr. The sections were then
exposed to click reaction cocktails with 10 µM tetramethylrhodamine azide at room
temperature for 30 min before being counterstained with 100 µL 8 µM Hoechst 33342 (SigmaAldrich) for 10 min and mounted with Prolong Diamond Antifade Mountant (Invitrogen,
Eugene, OR). The images were captured on a Zeiss Axio Imager Z2 fully motorised
microscope.
2.4.8 Measurement of body temperature in mice
Rectal temperature was measured at intervals following drug treatment of tumour-bearing NIHIII mice using a BAT-12 digital microprobe thermometer (Physitemp Instruments, Clifton, NJ).
2.4.9 Plasma pharmacokinetics of SN30000 and gemcitabine in mice
After i.p. dosing, mice underwent cervical dislocation and blood was collected by cardiac
puncture, chilled on ice in EDTA tubes (Falcon, Franklin lakes, NJ) and centrifuged (3000 g,
5 min). Plasma was stored at -80℃ for quantitation of SN30000 and gemcitabine by HighPerformance Liquid Chromatography (HPLC) described in Section 2.4.11.
2.4.10 Multicellular layer transport assay
HCT116 multicellular layers were cultured as described previously (Foehrenbacher et al.,
2013b). Three day old MCLs were transferred to diffusion chambers (Hicks et al., 2001) in a
water bath at 37℃ or 32℃ and equilibrated with 95% O2/5% CO2 for 1 hr in αMEM without
FCS. Gemcitabine (final concentration 300 μM), together with 14C-urea (2.11 GBq/mmol) and
3

H-mannitol (740 GBq/mmol, both from American Radiolabeled chemicals Inc., St. Louis,

MO) as internal standards, were added to the donor compartment. The donor and receiver
compartments were sampled (100 μL) at intervals. Radioactivity was measured in 25 μL
samples with a liquid scintillation analyser (Tri-Carb 2910TR, Perkin Elmer Inc., Waltham,
MA) to determine 3H-Mannitol and

14

C-urea to confirm MCL integrity, as previously

(Foehrenbacher et al., 2013b). The remaining samples were frozen at -80℃ for determination
of gemcitabine by high performance liquid chromatography (HPLC).
2.4.11 High Performance Liquid Chromatography
Samples (50 µL) were mixed with 100 µL acetonitrile, centrifuged (16000 g, 3 min, 4℃).
Supernatants were mixed 1:1 with 0.1% formic acid, and analysed by HPLC as previously
described for SN30000 and its 1-oxide metabolite(Mao et al., 2018). Gemcitabine (retention
time 6.9 min) was analysed using a Hypercarb column (2.1 × 150 mm, 5 µm particle size) by
photodiode array detection at 274 nm with a mobile phase of 0.1% formic acid in a linear
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gradient of acetonitrile/water over 10 min. Calibration curves for SN30000, 1-oxide metabolite
and gemcitabine were determined in each analysis under the same sample-handling conditions.

2.5 Results
2.5.1 Sensitivity of monolayers and spheroids to SN30000 and chemotherapy drugs
Multicellular spheroids model important features of the tumour microenvironment that
influence

drug

sensitivity,

including

hypoxia.

However,

when

grown

under

(supraphysiological) 20% O2 as in the present study 4 day old HCT116 spheroids contain very
few cells that are hypoxic enough to bind the hypoxia probe EF5, while transfer to 5% O2 3 hr
before EF5 exposure markedly increases the hypoxic fraction(Mao et al., 2018). We showed
that sensitivity to SN30000, assessed by clonogenic assay, increased progressively for 3 hr
after the transfer to 5% O2, with no further change by 5 hr (Supplementary Figure 18). Thus
a 3 hr equilibration time was used in all subsequent experiments. Under these conditions,
SN30000 was more active against cells in spheroids than monolayers, while three
chemotherapy drugs showed either lower (doxorubicin, gemcitabine) or unchanged (cisplatin)
activity in spheroids (Figure 12A). The resistance of spheroids to doxorubicin at high
concentrations is consistent with its limited ability to penetrate spheroids (Primeau et al.,
2005;Durand and Olive, 2001;Lankelma et al., 1999;Durand, 1990;Durand, 1989), while
resistance to gemcitabine may reflect the low S-phase fraction in 4-day old HCT116 spheroids.
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Figure 12. Clonogenic survival of HCT116 monolayers and spheroids exposed to SN30000 or clinical
chemotherapeutic drugs.
HCT116 monolayers (5×104 cells/well) and spheroids (one spheroid/well) grown under 20% O 2 in 96-well plates
were exposed to a range concentrations of SN30000 (A) for 2 hr under 5% O2 or cisplatin (B), doxorubicin (C),
or gemcitabine (D) for 2 hr under 20% O2. Immediately after drug exposure, 2 wells of monolayers or 8 spheroids
were pooled for each group and dissociated to single cell suspensions for clonogenic survival assay. Values are
mean ± SEM for 2-4 replicate determinations of plating efficiency from each pool for spheroids, and from 4 pools
for monolayers. The curves are fitted to the clonogenic cell kill data using monoexponential without minimum
(A, B), bi-exponential (C, representing sensitive and resistant subpopulations, without minimum) and
monoexponential (D, with minimum representing a completely resistant subpopulation).

2.5.2 SN30000 potentiates activity of some chemotherapy drugs in spheroids
To interrogate SN30000/drug interactions we then assessed clonogenic survival of
HCT116/GFP and SiHa spheroids immediately after the end of drug treatment under 5% or
20% O2 (Figure 13). Three different treatment sequences were compared: SN30000 before
(SN-Drug) or after (Drug-SN) the chemotherapy drug with 1 hr incubation in drug-free medium
between the 2 hr treatments, or addition of both drugs at the same time (SN+Drug). To provide
similar (ca. 90%) clonogenic cell kill by SN30000, spheroids were exposed to 25 μM SN30000
under 5% O2 or 100 μM SN30000 under 20% O2. A marked supra-additive response was
observed with simultaneous exposure to cisplatin and SN30000. In addition, despite only
marginal activity of doxorubicin or gemcitabine alone, combination with SN30000 gave
greater than additive responses in both HCT116 and SiHa spheroids. These interactions were
greatest in more hypoxic spheroids (5% versus 20% O2) and under 5% O2 the interaction was
greater with drug treatment before or during SN30000 exposure.
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Figure 13. Clonogenic survival of cells in spheroids in response to SN30000 and/or chemotherapeutic drugs.
HCT116/GFP (A) and SiHa (B) spheroids were exposed to SN30000 (25 µM under 5% O2, or 100 µM under 20%
O2), chemotherapy drug (25 µM cisplatin, 5 µM doxorubicin, 10 µM gemcitabine), combinations of SN30000
before (SN-Drug) or after (Drug-SN) chemotherapy drugs with 1 hr interval between, or combination of SN30000
and chemotherapy drugs at the same time (SN+Drug) under 5% and 20% O 2. Each drug exposure was for 2 hr.
Immediately after the final drug treatment, 8 spheroids were pooled for each group and dissociated to single cell
suspensions for clonogenic survival assay. The bold horizontal lines represent the predicted combined effect from
adding the log cell kill for the individual drugs under 5%, (solid lines) or 20% O2 (dashed lines). Values are mean
± SEM for 2-4 replicate determinations of plating efficiency from each pool.

Overall spheroid (or tumour) growth inhibition is influenced by inhibition of cell proliferation
as well as loss of clonogenicity, so we also measured growth of spheroids after treatment using
the same drugs and sequences as in the clonogenic survival assays. Firstly, we confirmed the
stability of GFP expression in HCT116/GFP cells by comparing the GFP fluorescence intensity
of cells cultured with or without puromycin selection for 2 weeks (Supplementary Figure
19A). We then tested whether growth of HCT116/GFP spheroids, grown in the absence of
puromycin, could be monitored with a fluorescence plate reader; this showed a linear
relationship with volume up to at least 0.25 mm3 (Supplementary Figure 19B). HCT116/GFP
spheroid growth was therefore monitored using total fluorescence of spheroids. Exposure to 25
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μM SN30000 alone under 5% O2 induced a small growth delay (Figure 14A) while, as for the
clonogenic assays, a higher concentration (100 μM) was required for similar activity in
spheroids with a smaller hypoxic fraction under 20% O2 (Figure 14B). Under 5% O2 (Figure
14A) the potentiation of cisplatin by SN30000 was only observed when cells were exposed to
both agents simultaneously, consistent with the spheroid clonogenic survival data. We also
evaluated paclitaxel, which significantly inhibited growth of the spheroids (despite lack of
clonogenic cell killing at this concentration, data not shown) with enhancement of activity by
pre-treatment with SN30000. Spheroid growth inhibition by either doxorubicin or gemcitabine
was strongly enhanced by co-treatment with SN30000 or by pre-treatment with SN30000.
Results for spheroids exposed under 20% O2 (Figure 14B) were qualitatively similar but
enhancement of doxorubicin, gemcitabine and paclitaxel activity by SN30000 was generally
less than under 5% O2, despite the use of a 4-fold higher SN30000 concentration, which was
again in agreement with the clonogenic survival data. This is consistent with more effective
killing by SN30000 of cells in the centre of spheroids that are resistant to these drugs (but not
to cisplatin) when the hypoxic zone is increased.
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Figure 14. HCT116/GFP spheroid growth delay induced by SN30000 and chemotherapeutic drugs.
HCT116/GFP spheroids were exposed to SN30000 (25 µM under 5% O2, or 100 µM under 20% O2, for 2 hr) and
chemotherapy drugs (25 µM cisplatin for 2 hr, 5 µM doxorubicin for 2 hr, 10 µM gemcitabine for 2 hr, 0.1 µM
paclitaxel for 4 hr) under 5% O2 (A) and 20% O2 (B), using the same schedules as in Figure 13. Immediately after
the final drug exposure, spheroids were cultured in a standard incubator (20% O 2) and growth was then monitored
every second day by measuring fluorescence intensity of HCT116/GFP spheroids. Values are mean ± SEM, n=16
spheroids. (C) Representative bright-field images of spheroids after treatment on day 4 with SN30000 and/or
gemcitabine under 5% O2 are illustrated.
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Bright field images of spheroids confirmed the results from GFP fluorescence as illustrated for
SN30000/gemcitabine. Figure 14C which shows that SN30000 alone had little effect,
gemcitabine alone arrested spheroid growth until day 16 but SN30000 dosed before or at the
same time as gemcitabine completely destroyed the spheroids with accumulation of cell debris
at the bottom of the wells. Again, SN30000 after gemcitabine moderately delayed spheroid
growth compared with gemcitabine alone but was less effective than the other two schedules.
The lesser activity of SN30000 after gemcitabine suggested that gemcitabine may suppress
hypoxia (due to a possible reduction in oxidative metabolism in cell cycle arrested cells) in
HCT116/GFP spheroids. We therefore labelled hypoxic cells with PIMO before gemcitabine
treatment and with EF5 3 hr after gemcitabine treatment, which demonstrated increased
PIMO+/EF5- cells after gemcitabine (controls 9.0 ± 0.8% vs treated 12.9 ± 1.6%, p<0.05;
Supplementary Figure 20) suggesting that reoxygenation after gemcitabine may contribute
to the observed schedule dependence.
Schedule-dependent spheroid growth delay of each combination was also tested in SiHa
spheroids under 5% and 20% O2 (Supplementary Figure 21), providing results very similar
to HCT116/GFP spheroids including marked hypoxia-dependent inhibition by SN30000 before
or during gemcitabine treatment, although doxorubicin at the same concentration as used with
HCT116/GFP spheroids (5 μM) was off-scale suggesting that its penetration into these
relatively loosely packed spheroids(Pruijn et al., 2008) may be less of a limitation than in
HCT116 spheroids. At a lower doxorubicin concentration, providing measurable growth
inhibition, activity was slightly enhanced by SN30000 at 5% O2 but not at 20% O2
(Supplementary Figure 22).
2.5.3 In vivo translation: Implications of SN30000-induced hypothermia in mice
Although spheroids capture multiple characteristics of real tumours, they of course cannot
represent all in vivo features. One potential confounding factor is the previously-reported,
unexplained, dose dependent hypothermia induced in mice by SN30000 (Gu et al., 2017) which
has the potential to modify pharmacokinetics and pharmacodynamics in vivo. Therefore we
investigated the effect of SN30000 on the systemic (plasma) pharmacokinetics of gemcitabine.
We confirmed that mouse body temperature rapidly decreased after i.p. dosing of SN30000 at
130 mg/kg, with a nadir of 31℃ at 30 min followed by gradual recovery over 3 hr (Figure
15A). Gemcitabine (100 mg/kg) did not induce hypothermia or influence the hypothermic
effect of SN30000 when dosed before or with SN30000 (Figure 15A).
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Figure 15. Implications of SN30000-induced hypothermia in mice.
(A) Mouse body temperature response to the drug treatments. Mice were injected i.p. with saline, SN30000 (130
mg/kg), gemcitabine (100 mg/kg), SN30000 3 hr before (SN-3hr-Gem) or after (Gem-3hr-SN) gemcitabine, or
gemcitabine 5 min before SN30000 (Gem-5min-SN). Values are mean ± SEM for 3 mice. Plasma
pharmacokinetics of gemcitabine (B), SN30000 and its 1-oxide metabolite (C) after dosing as in (A). Values are
mean ± SEM, n≥3 mice. (D) Diffusion of gemcitabine, (300 µM), urea and mannitol through HCT116
multicellular layers under 32℃ or 37℃. Values are mean ± SEM, n=4 replicates. Mannitol curves are rightjustified for clarity. Flux of gemcitabine was significantly greater at 32℃ (p=0.005) than at 37℃, while flux of
urea was not significantly different at the 2 temperatures (p=0.072).

These data suggest that when gemcitabine and SN30000 are dosed simultaneously,
hypothermia could impact gemcitabine activity. We therefore investigated potential
pharmacokinetic interactions in mice. Co-administration substantially prolonged the plasma
half-life of gemcitabine, presumably as a consequence of hypothermia (Figure 15B), while
gemcitabine had little effect on the pharmacokinetics of SN30000 or reductive metabolism to
44

its 1-oxide metabolite (Figure 15C). Plasma pharmacokinetic parameters for gemcitabine in
the mice (Supplementary Table 1), showed that exposure of xenografts to gemcitabine when
administered 3 hr before or after SN30000 (plasma AUC=28 µM×hr) was similar to that in the
spheroid experiments (AUC=20 µM×hr), but the AUC was substantially increased when
SN30000 and gemcitabine were co-administered (AUC=66 µM×hr).
To explore potential intratumoural effects of hypothermia, the diffusion of gemcitabine through
HCT116 multicellular layer cultures was compared at 32℃ and 37℃ (Figure 15D). This
showed that penetration of gemcitabine is dramatically lower than for mannitol or urea. In
addition, gemcitabine transport was substantially faster at 32℃ than at 37℃. The results
suggest that the penetration distance of gemcitabine in 3D cell models is markedly constrained
by its cellular uptake and metabolic trapping, and that this entrapment is also suppressed at the
lower temperature. The hypothermic effect of SN30000 thus impacts both systemic and
intratumoural pharmacokinetics of gemcitabine when they are co-administered.
2.5.4 SN30000 potentiates activity of gemcitabine in HCT116 tumour xenografts in a
schedule-dependent manner
The two most promising combinations (SN30000 with gemcitabine or doxorubicin) in the
spheroid models were investigated against HCT116 xenografts. The most favourable in vitro
sequence for SN30000 and doxorubicin (co-administration) resulted in increased mouse
toxicity relative to the individual drugs (Supplementary Figure 23) so was not investigated
further. A pilot experiment to investigate the most active gemcitabine sequence in spheroids
(SN30000 3 hr before gemcitabine), administered on day 0 and day 7, showed a promising
tumour growth delay and survival benefit relative to gemcitabine alone (Supplementary
Figure 24). We then tested all the three schedules, again administered on days 0 and 7, in a
separate experiment which demonstrated that both co-administration and SN30000 before
gemcitabine enhanced tumour growth delay relative to gemcitabine alone while SN30000 3 hr
after gemcitabine did not (Figure 16A). The preferred schedules also gave significantly longer
survival times (Figure 16B). These combinations of SN30000 and gemcitabine did not show
additional host toxicity, as assessed by body weight loss, compared to each drug alone (Figure
16C).
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Figure 16. HCT116 tumour growth delay induced by SN30000 and gemcitabine.
Mice bearing HCT116 xenografts were randomised when tumours reached 9 mm diameter and treated as described
in the legend of Figure 15 except that dosing was repeated 7 days later (arrows in A). (A) Tumour volume and
(B) percentages of mice with tumour volume less than 3-times the pre-treatment volume. P values for statistically
significant differences between gemcitabine only and the combination groups were determined with the LogRank
test. (C) Days for tumour to reach 3-times pre-treatment volume versus body weight loss at nadir. Values represent
mean ± SEM for 6-8 mice. Weight loss in drug treated groups was not statistically significant (one-way ANOVA).

2.5.5 Hypoxic cells spared by gemcitabine re-oxygenate and repopulate tumours, and
are eliminated by SN30000 in a schedule-dependent manner
To explore the mechanism of schedule-dependent activity of SN30000 and gemcitabine,
hypoxic and S-phase cells in HCT116 tumours were compared before and after the treatments
by immunohistochemistry (Figure 17A; single colour fluorescence images for these tumours
are shown in Supplementary Figure 25 and for replicate tumours in Supplementary Figure
26). Mice were dosed with PIMO 2 hr before the commencement of drug treatments, then 45
hr later with EF5 plus EdU to label S-phase cells. Three hr after dosing with EF5 and EdU, in
control tumours (Figure 17A1) there were limited numbers of previously hypoxic (PIMO+)
cells still evident at the edge of some necrotic regions (arrowhead) and many newly hypoxic
(EF5+) cells, indicating that most of the originally hypoxic cells in untreated tumours were
eliminated by necrosis within two days. A decreasing gradient in the frequency of S-phase
(EdU+) cells was found from oxygenated (EF5-) regions to hypoxic (EF5+) regions in
untreated tumours (Figure 17A1). After treatment with SN30000 the distribution of hypoxic
and S-phase cells was similar to controls (Figure 17A2). Importantly, two days after
gemcitabine treatment the population of originally hypoxic cells was increased (Figure 17A3).
Furthermore, S-phase cells were present in the originally hypoxic regions but not in welloxygenated regions, with many cells showing co-localisation of PIMO and EdU (Figure
17A3), indicating re-population by cells that were hypoxic at the time of gemcitabine treatment.
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Administration of SN30000 before gemcitabine (Figure 17A4) and co-administration (Figure
17A5), but not SN30000 after gemcitabine (Figure 17A6), eliminated these originally hypoxic
cells that would otherwise have been rescued by gemcitabine, and also broadly inhibited the
proliferation of both oxygenated and hypoxic cells.
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Figure 17. S-phase and hypoxic fractions of tumours in response to SN30000 and gemcitabine.
Mice bearing HCT116 tumours (mean diameter 9 mm) were dosed i.p. with PIMO (60 mg/kg, to label initially
hypoxic cells) 2 hr before the drug treatments as described in the legend of Figure 15. 45 hr after PIMO injection,
mice were dosed i.p. with a second hypoxia marker, EF5 (60 mg/kg, to label newly hypoxic cells) and EdU (50
mg/kg, to label S-phase cells) 3 hr before tumour excision. Half of each tumour sample was used for
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immunohistochemistry (A). The remainder was dissociated to single cell suspensions for ex-vivo clonogenic
survival assay (B) and flow cytometry (C-G). (A) Merged false-colour images for PIMO (green), EF5 (gold),
EdU (red) with H33342 nuclear counterstain (blue). (B) Clonogens per gram of tumour. (C) % newly hypoxic
cells (EF5+) at 45-48 hr; (D) % originally hypoxic cells (PIMO+) still present at 48 hr; (E) % S-phase in welloxygenated cells (EdU+, EF5-); (F) originally hypoxic cells that have survived and re-oxygenated by 48 hr
(PIMO+, EF5-) as a percentage of total cells; (G) originally hypoxic cells that are in S-phase at 48 hr (PIMO+,
EdU+) as a percentage of total PIMO+ cells; Values are mean ± SEM for 6-8 mice. * P<0.05, ** P<0.01.

Quantitation of hypoxic and S-phase cells by flow cytometry (Figure 17B-G) confirmed the
above interpretation of the immunohistochemistry images. We first compared total cells and
clonogens recovered when tumours were dissociated after treatment, which showed no
significant differences between groups either for total cells (data not shown) or clonogen
numbers (Figure 17B) although there was a trend to lower clonogen numbers in all
gemcitabine-treated groups. In addition, there was no statistically significant difference
between the recently hypoxic fraction (EF5+) of control (27.7% ± 3.8%) and treated tumours
at the time of termination, although with a trend to lower values in the treatment groups (Figure
17C). Consistent with the immunohistochemistry observations, the population of originally
hypoxic cells (PIMO+) in control tumours was very low (Figure 17D), as in SN30000 treated
tumours presumably because most of the SN30000-targeted cells (cells that were hypoxic at
the time of treatment) are destined to die by necrosis when the oxic population is not
suppressed. However, the PIMO+ fraction was substantially increased two days after
gemcitabine treatment (Figure 17D), although gemcitabine suppressed the proliferation of
oxygenated (EdU+, EF5-) cells (Figure 17E). Furthermore, these surviving hypoxic cells had
re-oxygenated (PIMO+, EF5-, Figure 17F) and the proportion of these PIMO+ cells that were
in S-phase (PIMO+, EdU+) was also increased (Figure 17G). Co-administration and SN30000
before (but not after) gemcitabine decreased the number of these originally hypoxic cells
(Figure 17D), and prevented their reoxygenation (Figure 17F) and repopulation (Figure 17G).
Of note, SN30000 before gemcitabine further potentiated inhibition of the proliferation of
oxygenated cells by gemcitabine (Figure 17E, P<0.05), suggesting that there may be an
additive interaction of SN30000 and gemcitabine even against relatively well oxygenated cells.
To test this hypothesis, we evaluated effects of both drugs on proliferation of HCT116 and
SiHa cells in monolayer cultures under 5% O2, which demonstrated that SN30000 before
gemcitabine substantially inhibited monolayer growth compared with gemcitabine alone or the
other schedules (Supplementary Figure 27).
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We hypothesized that the lack of hypoxic cell elimination by SN30000 when it was dosed 3 hr
after gemcitabine may be because of rapid, short-term reoxygenation of tumours after
gemcitabine treatment as demonstrated above in spheroids (Supplementary Figure 20). We
therefore tested reoxygenation of xenografts with or without gemcitabine treatment. There was
a large variation of hypoxic fraction in both control and gemcitabine treated tumours, with no
significant difference in reoxygenation (PIMO+, EF5-) or change of hypoxic fraction
(EF5+/PIMO+) 3 hr after gemcitabine (Supplementary Figure 28).

2.6 Discussion
In this study we demonstrate that gemcitabine, at a dose that suppresses proliferation in oxic
regions of HCT116 tumours, paradoxically rescues hypoxic cells that are otherwise fated to
undergo necrosis (Figure 17). We further demonstrate that the HAP SN30000 prevents this
process and, presumably through this mechanism, increases the antitumour activity of
gemcitabine without enhancing host toxicity (Figure 16).
These findings extend a previous report that the cells that resume cycling after gemcitabine
treatment of HCT116 tumours are located in regions distant from functional blood vessels
(Huxham et al., 2004). The latter study suggested that this apparent gemcitabine resistance may
result from limited penetration of the drug as well as slow proliferation in hypoxic regions.
Poor penetration of gemcitabine has also been inferred from the limited penetration of 3Hgemcitabine through MGH-U1 and EMT6 multilayers based on measurement of total
radioactivity (Tannock et al., 2002). Here we report direct evaluation of multilayer penetration
of gemcitabine, based on a compound-specific analytical method for the first time, confirming
severely limited diffusion through HCT116 multicellular layers in vitro (Figure 15D). The
finding that penetration of gemcitabine, but not urea or mannitol, was faster at 32oC than 37oC
strongly suggests that metabolic trapping is the major impediment. These data suggest that the
maximum penetration distance of gemcitabine at 37oC is in the order of 150 μm when the
concentration in the donor compartment (representing blood plasma) is 300 μM, and that
penetration limitations as well as a low S-phase fraction underlie the resistance of hypoxic cells
to gemcitabine in spheroids and tumours.
While these factors likely contribute to the sparing of hypoxic cells, the mechanism(s) enabling
repopulation from these cells are not entirely clear. We observed a decrease in hypoxia after
treatment of spheroids with gemcitabine (Supplementary Figure 20), consistent with previous
observations of suppressed EF5 binding in gemcitabine-treated HCT116 spheroids (Grimes et
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al., 2016). However, after gemcitabine treatment of tumour-bearing mice we did not detect
significant reoxygenation of hypoxic cells after 3 hr (Supplementary Figure 28) or 48 hr
(Figure 17C), in agreement with an earlier study using PIMO staining (Huxham et al., 2004).
Despite this, tumour growth inhibition along with suppression of the S-phase fraction in oxic
regions, must enhance nutrient and/or oxygen delivery sufficiently to support reoxygenation
and recruitment of hypoxic cells.
Our focus on gemcitabine/SN30000 interactions in xenografts resulted from a spheroid screen
with representatives of the major chemotherapeutic classes (DNA crosslinkers, antimetabolites
gemcitabine, topoisomerase and microtubule poisons). Detecting useful chemotherapy/HAP
interactions in vitro is challenging because cooperation between killing of oxic and hypoxic
cells requires that both populations are present simultaneously, which is an important feature
of spheroid models. The SN30000 interactions with gemcitabine and doxorubicin were
particularly evident using spheroid growth inhibition rather than clonogenic assay endpoints,
suggesting that reversible cell growth effects contribute substantially to growth delay and/or
that slow washout of the drugs (Durand and Olive, 2001) when spheroids are not dissociated
after drug exposure alters apparent activity.
A notable feature of the gemcitabine/SN30000 interaction in spheroids was its marked schedule
dependence, with loss of activity when gemcitabine was administered 3 hr before SN30000
(Figure 14) which likely reflects the above gemcitabine-induced reoxygenation. Even though
suppression of EF5 binding was modest, given the low O2 concentration required for 50%
inhibition of metabolism of nitroaromatic compounds (KO2 ~ 0.1 µM), a small change of
hypoxic fraction measured by these hypoxia probes may reflect a larger change in regions of
intermediate hypoxia where SN30000 (KO2, 1-3 µM) is activated (Hicks et al., 2010).
Perhaps surprisingly, this same dependence on sequential administration was seen in vivo,
despite the complications of the hypothermic effect of SN30000 (which is also induced by
tirapazamine (Gu et al., 2017)) which is the probable cause of the decrease in gemcitabine
clearance when the drugs are co-administered (Figure 15B). This drop of temperature likely
also modifies intratumoural pharmacokinetics, with an increase in penetration distance of
gemcitabine because of slower metabolic entrapment in cells (Figure 15D). While these
pharmacokinetic changes will enhance gemcitabine exposure, increased oxygen penetration at
the lower temperature (potentially compromising SN30000 activity) and decreased metabolic
activation of the prodrugs (phosphorylation of gemcitabine by deoxycytidine kinase and
bioreduction of SN30000) may compensate for these changes.
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Although our study has not determined all aspects of these complex interactions, effects of
SN30000 on cell-intrinsic sensitivity to gemcitabine are also likely, as illustrated by enhanced
antiproliferative activity of uniformly oxygenated monolayers with simultaneous exposure to
both drugs (Supplementary Figure 27). Other studies have also demonstrated time-dependent
interactions between HAPs and cytotoxic drugs, including a synergistic interaction between
tirapazamine and cisplatin ascribed to inhibition of repair of cisplatin-DNA interstrand crosslinks (Kovacs et al., 1999). In the present study, simultaneous treatment with SN30000 and
cisplatin also enhanced activity in monolayers and spheroids, but was not investigated further
as this interaction was not enhanced by increased hypoxia in the spheroid model (Figure 14).
The most widely investigated HAP in clinical studies, evofosfamide (TH-302), has been shown
in preclinical studies to block repopulation MCF7 and PC3 tumours by hypoxic cells after
treatment with doxorubicin or paclitaxel (Saggar and Tannock, 2015). TH-302 is generally
more active when dosed before cytotoxic drugs in xenograft models, although in the
combination with gemcitabine there was no significant time dependence of activity against
H460 tumours but enhanced host toxicity with co-administration (Liu et al., 2012). In a
randomized Phase II trial of gemcitabine plus TH-302 against advanced pancreatic cancer, i.v.
gemcitabine was commenced 2 hr after the HAP (Borad et al., 2015), although it is not clear
whether this scheduling is optimal. Timing of drug sequencing in combination settings is often
poorly controlled in the clinic, and is an aspect that requires further study.
In conclusion, the schedule-dependent activity of SN30000 in combination with gemcitabine
in HCT116 xenografts reflects their activity in spheroid models. This study emphasizes the
complexity of drug interactions in the tumour microenvironment, and the value of multicellular
spheroids in dissecting aspects of these interactions – particularly with HAPs that offer
potential spatial complementarity with cytotoxic drugs. In addition, the ability of SN30000
(and TH-302) to prevent reoxygenation and repopulation from hypoxic tumour cells spared by
chemotherapy suggest the potential application of HAPs in overcoming this important
mechanism of drug resistance.
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2.7 Supplementary table
Supplementary Table 1. Plasma pharmacokinetic parameters for gemcitabine in NIH-III mice after i.p.
dosing at 100 mg/kg.
Treatment

T1/2 (hr)a

Cmax(µM)b

AUCINF(µM×hr)c

Gemcitabine

0.122

90.2 ± 1.2

28.3

Gem-5min-SN

0.427

114.0 ± 6.3

66.2

SN30000-3hr-Gem

0.171

84.7 ± 3.8

28.5

a

terminal half-life of drug in plasma estimated by regression (Phoenix Winnolin v8.1 Princeton, NJ);

b

maximal concentration of drug in plasma (at 15 minutes). Values are means and SEM;

c

area under the drug concentration curve calculated by the trapezoidal method (Phoenix Winnolin).

2.8 Supplementary figures

Supplementary Figure 18. Equilibration time dependence of SN30000 cytotoxicity to HCT116 spheroids
under 5% O2.
HCT116 spheroids grown under 20% O2 were pre-incubated under 5% O2 for the indicated times before exposing
to 50 µM SN30000 for 2 hr (also under 5% O 2). Immediately after drug exposure, 8 spheroids were pooled and
dissociated to single cell suspensions for clonogenic survival assay. Values are mean ± SEM for 8-10 replicate
determinations of plating efficiency from 3 independent experiments.
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Supplementary Figure 19. Stability of expression of copGFP in HCT116/GFP cells and correlation of
fluorescence intensity and the volume of spheroids.
(A) Expression of GFP in HCT116/GFP monolayers grown with or without 2 μM puromycin for two weeks.
Fluorescence was determined with an LSR II flow cytometer (BD Biosciences, CA) at 488/533 nm
(excitation/emission). (B) HCT116/GFP spheroids were grown in a standard incubator with medium changes
every second day. Green fluorescence intensity of spheroids was measured on an Enspire plate reader until
spheroid diameters reached 800 µm with concurrent spheroid images acquired using a JuLI stage video
microscope. Spheroid areas were used to calculate spheroid volumes.

Supplementary Figure 20. Hypoxic fraction of spheroids before and 3 hr after gemcitabine treatment.
4-day old HCT116 spheroids were pre-incubated under 5% O2 for 3 hr before exposure to 100 µM PIMO for 2 hr
to label hypoxic cells. Spheroids were then treated with or without 10 µM gemcitabine for 2 hr. Subsequently,
spheroids were washed and maintained under 5% O2 for 1 hr before exposure to 100 µM EF5 for 2 hr to label
hypoxic cells after treatment. 32-48 spheroids in each group were then pooled and dissociated to single cell
suspension and fixed for analysis by flow cytometry. Each dot represents a replicate, and values are mean ± SEM
for 7 replicates from 3 independent experiments.
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Supplementary Figure 21. SiHa spheroid growth delay induced by SN30000 and chemotherapy drugs.
SiHa spheroids were exposed to SN30000 and chemotherapy drugs, using the same concentrations and schedules
as in Figure 13, with drug exposures under 5% O2 (A) or 20% O2 (B). Immediately after the final drug exposure,
spheroids were cultured in a standard incubator (20% O2) and growth was then monitored every second day by
estimating the spheroid volume from areas measured with a JuLI stage video microscope. Values are mean ±
SEM, n=16 spheroids/group.

Supplementary Figure 22. Growth delay of SiHa spheroids in response to SN30000 and doxorubicin.
SiHa spheroids were exposed to SN30000 and doxorubicin treatments as described in the legend of Figure 13,
except 1.25 µM doxorubicin was used here. Values are mean ± SEM, n=16 spheroids/group.
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Supplementary Figure 23. Body weight loss of mice in response to SN30000 and doxorubicin.
Mice bearing HCT116 xenografts (average diameter 9 mm) were injected i.p. with single doses of saline, SN30000
(130 mg/kg), doxorubicin (9 mg/kg), or doxorubicin 5 min before SN30000. Mouse body weight was measured
3 times weekly. Values are mean ± SEM for 6 mice/group.
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Supplementary Figure 24. HCT116 tumour growth delay induced by SN30000 and gemcitabine.
Mice bearing HCT116 xenografts (average diameter 9 mm) were injected i.p. with saline, SN30000 (130 mg/kg),
gemcitabine (100 mg/kg), or SN30000 3 hr before gemcitabine. Mice were dosed twice with a week interval
(arrows in A). (A) Tumour volumes and (B) percentages of mice with tumour volume less than 3-times the volume
at start of treatment were plotted as a function of time. Statistical differences between gemcitabine and control
groups were determined using the LogRank test. (C) Body weight loss was monitored three times weekly. Data
represent mean ± SEM for 6-8 mice/group.
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Supplementary Figure 25. Illustration of images of tumours from individual fluorescence channels in
response to SN30000 and gemcitabine from Figure 17A.

58

Supplementary Figure 26. Merged false colour immunohistochemistry images from two additional tumours
per group from the same experiment as in Figure 17A.

Supplementary Figure 27. Monolayer growth delay in response to SN30000 and gemcitabine.
HCT116/GFP and SiHa monolayers were seeded in 96-well plates at 2×103 cells/well and cultured under 5% O2
for 24 hr before treatment with SN30000 (25 µM, 2 hr), gemcitabine (0.2 µM for 2 hr), and combinations of
SN30000 and gemcitabine as described in the legend of Figure 13. % confluence of HCT116/GFP (A) and SiHa
(B) monolayers were determined by imaging with a JuLI stage video microscope. Values are mean ± SEM from
24 wells for each group.
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Supplementary Figure 28. Hypoxic fraction of tumours before and 3 hr after gemcitabine treatment.
Mice bearing HCT116 tumours (average diameter 9 mm) were injected i.p. with PIMO (60 mg/kg, to label
originally hypoxic cells) 2 hr before i.p. gemcitabine (100 mg/kg). 3 hr later, mice were injected i.p. with EF5 (60
mg/kg, to label newly hypoxic cells) and tumours were excised 2 hr later. Half of each tumour was dissociated
for flow cytometry while the remaining tumour sample was sectioned for immunohistochemistry. Reoxygenation
of tumour cells was evaluated as the ratio of (PIMO+, EF5-)/PIMO+ cells (A) and the ratio of EF5+/PIMO+ cells
(B). Neither showed a significant change after gemcitabine treatment (P>0.05). Representative dual-staining
(PIMO, EF5) images of sections of tumours without (C) and with (D) gemcitabine treatment also demonstrated
no difference in tumour hypoxic fraction.

2.9 Additional data
Prior to the detailed evaluations of SN30000 and drug combinations as described above, initial
screening experiments were conducted to test combination of SN30000 and 6
chemotherapeutic drugs against HCT116/GFP spheroids (cisplatin in Supplementary Figure
29, doxorubicin in Supplementary Figure 30, gemcitabine in Supplementary Figure 31,
paclitaxel in Supplementary Figure 32, 5-Fluorouracil in Supplementary Figure 33,
docetaxel in Supplementary Figure 34). The aims of this screening were (1) to choose a
suitable concentration for each drug that delays spheroid growth for approximately 4 days,
since lower activity may make it difficult to observe effects when SN30000 was added, while
high activity may result in combined activity beyond the dynamic range of the assay; (2) to
identify chemotherapy drugs showing interactions with SN30000 that warrant further
investigation. Spheroids under 20% O2 were speculated to contain only a small hypoxic
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fraction (which was confirmed later in Chapter 3) requiring suprapharmacological
concentrations of SN30000 for a suitable response. Hence drug treatments were performed
under 5% O2 via pre-incubating HCT116 spheroids in 5% O2 for 1 hr, although it was later
shown in Supplementary Figure 28 that this is not long enough to maximize hypoxic fraction
(see comments below) so these initial experiments may have underestimated activity of
SN30000. The drug combination sequences were applied as in the legend of Figure 13.
Exposure time for SN30000, cisplatin, doxorubicin and gemcitabine was 2 hr, while cells were
exposed to paclitaxel, 5-Fluorouracil and docetaxel for 4 hr. The schedule of simultaneously
exposing to SN30000 and drug was not performed for these three drugs with 4 hr exposure.
The data showed that simultaneous exposure to SN30000 and cisplatin substantially inhibited
spheroid growth, in good agreement with later validation as shown in Figure 14 &
Supplementary Figure 21. Simultaneous exposure to SN30000 and doxorubicin also showed
complete inhibition of spheroid regrowth (and even spheroid disintegration), indicating
superior activity of this sequence, also in good agreement with later experiments in Figure 14
& Supplementary Figure 21. Gemcitabine alone showed, essentially, dose-independent
spheroid growth delay, implying that over this concentration range gemcitabine efficiently
blocked cell cycle progression of S-phase cells in spheroids. Exposure to SN30000 before or
simultaneously with gemcitabine markedly suppressed HCT116/GFP spheroid growth,
showing good agreement with data in Figure 14 & Supplementary Figure 21. Paclitaxel and
SN30000 also showed additive effects, but it was difficult to compare the schedule effects due
to inconsistent spheroid growth delay of paclitaxel alone. Both 5-fluorouracil and docetaxel
showed only small effects when combined with SN30000. Based on this experiment, a specific
concentration of each drug (50 µM SN30000, 25 µM cisplatin, 5 µM doxorubicin, 10 µM
gemcitabine, 0.1 µM paclitaxel) was selected for further testing. Combinations with 5fluorouracil and docetaxel were not investigated further due to a lack of a clear dose response
alone and relatively low activity in of their combinations with SN30000.
Of note, in the above experiments, in the figure of schedules of drugs after SN30000, SN30000
alone showed longer growth delay of spheroids than that in schedules of SN30000 before drugs.
The only difference in these two cases was the different pre-incubation times of spheroids at
5% O2 before SN30000 exposure (1 hr vs 4 hr). This suggested that 1 hr pre-incubation time
in this setting may not be sufficient to equilibrate oxygen in the media and spheroids to the new
steady state. This observation led to investigation of the effects of pre-incubation time on
SN30000 activity (Supplementary Figure 28) resulting in a change in experimental design (3
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hr pre-incubation) in subsequent studies under 5% O2. In addition, the concentration of
SN30000 was adjusted to 25 µM to achieve approximate 1 log cell kill.
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Supplementary Figure 29. Investigation of SN30000 and cisplatin combinations on HCT116/GFP
spheroids.
HCT116/GFP spheroids pre-incubated under 5% O2 for 1 hr were then exposed to a range of concentrations of
SN30000 for 2hr, cisplatin for 2 hr, or three schedules of SN30000 and cisplatin as described in the legend of
Figure 13. Spheroid growth quantified by GFP fluorescence intensity was then monitored every second day.
Values are mean ± SEM, n =2 spheroids.
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Supplementary Figure 30. Investigation of SN30000 and doxorubicin combination on HCT116/GFP
spheroids.
HCT116/GFP spheroids pre-incubated under 5% O2 for 1 hr were then exposed to a range of concentrations of
SN30000 for 2hr, doxorubicin for 2 hr, or three schedules of SN30000 and doxorubicin as described in the legend
of Figure 13. Spheroid growth quantified by GFP fluorescence intensity was then monitored every second day.
Values are mean ± SEM, n =2 spheroids.
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Supplementary Figure 31. Investigation of SN30000 and gemcitabine combination on HCT116/GFP
spheroids.
HCT116/GFP spheroids, seeded with1000 seeding cells, were pre-incubated on day 4 under 5% O2 for 1 hr were
then exposed to a range of concentrations of SN30000 for 2hr, gemcitabine for 2 hr, or three schedules of
SN30000 and gemcitabine as described in the legend of Figure 13. Spheroid growth quantified by GFP
fluorescence intensity was then monitored every second day. Values are mean ± SEM, n =2 spheroids.
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Supplementary Figure 32. Investigation of SN30000 and paclitaxel combination on HCT116/GFP
spheroids.
HCT116/GFP spheroids pre-incubated under 5% O2 for 1 hr were then exposed to a range of concentrations of
SN30000 for 2hr, paclitaxel for 4 hr, or combination of SN30000 before (A) or after (B) paclitaxel with 1 hr
interval between. Spheroid growth quantified by GFP fluorescence intensity was then monitored every second
day. Values are mean ± SEM, n =2 spheroids.
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Supplementary Figure 33. Investigation of SN30000 and 5-Fluorouracil at the on HCT116/GFP spheroids.
HCT116/GFP spheroids (1000 seeding cells, 4-day old) pre-incubated under 5% O2 for 1 hr were then exposed to
a range of concentrations of SN30000 for 2hr, 5-Fluorouracilfor 4 hr, or combination of SN30000 before (A) or
after (B) 5-Fluorouracil with 1 hr interval between. Spheroid growth quantified by GFP fluorescence intensity
was then monitored every second day. Values are mean ± SEM, n =2 spheroids.
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Supplementary Figure 34. Investigation of SN30000 and docetaxel combination on HCT116/GFP
spheroids.
HCT116/GFP spheroids pre-incubated under 5% O2 for 1 hr were then exposed to a range of concentrations of
SN30000 for 2hr, docetaxel for 4 hr, or combination of SN30000 before (A) or after (B) docetaxel with 1 hr
interval between. Spheroid growth quantified by GFP fluorescence intensity was then monitored every second
day. Values are mean ± SEM, n =2 spheroids.
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Spheroid growth inhibition studies in Figure 14 monitored 16 spheroids per group, with the
data summarized as the mean and SEM. In order to illustrate the variability of spheroid growth
within groups, in Supplementary Figure 35 individual spheroid growth curves are shown for
the gemcitabine/SN30000 interaction in HCT116/GFP spheroids from Figure 14. This shows
good uniformity in growth curves of untreated spheroids, with increasing variance after
effective treatments (especially with the gemcitabine/SN30000 combinations). This is
consistent with stochastic effects influencing regrowth from very small numbers of surviving
cells.
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Supplementary Figure 35. Spheroid growth delay induced by SN30000 and gemcitabine.
Growth curves of individual spheroids in response to the schedules of SN30000 and gemcitabine (A) under 5%
O2 (from Figure 14A) and (B) under 20% O2 (from Figure 14B). Each line represents a single spheroid.
Percentage of remaining spheroids (with volume less than 3-fold initial volume) with the treatment under (C) 5%
O2 and under (D) 20% O2 were plotted as a function of time. Numbers in figure show the numbers of the remaining
spheroids.

The growth delay data was also analysed to investigate individual spheroid, as illustrated in
Supplementary Figure 35C & D. The figures show oxygen dependence and the substantial
delayed regrowth of spheroids after the treatment of SN30000 before and at the same time with
gemcitabine. Of note, at the end of the experiment, we used trypan blue staining to quantify
cell viability within spheroid debris. There were no detectable viable cells since they were all
stained with trypan blue (data not shown).

2.10

Future directions

This study extends observations that HAPs including TPZ (Rischin et al., 2005), PR104A
(McKeage et al., 2012), and TH-302 (Saggar and Tannock, 2015) have potential to enhance
the actions of chemotherapy drugs via eliminating hypoxic tumour cells resistant to
chemotherapy,and also demonstrates the pivotal role of tumour spheroids in study of drug
interactions with HAPs, especially when focusing on spatial complementarity.
The study has also pointed to a number of issues in using spheroids for investigation of drugdrug complementarity. Firstly, dissecting the mechanism of drug interactions using spheroids
is critical but could be challenging due to complex PK/PD of drugs within spheroids and limited
endpoints observable from spheroids. Secondly, we confirmed that sufficient pre-incubation
time to equilibrate oxygen in the culture system is necessary for SN30000 cytotoxicity. Thirdly,
in addition the O2 equilibration issue, rapid consumption of oxygen by tumour cells at the
bottom of the well may form gradients of oxygen distribution if the diffusion of oxygen from
the air/medium interface to the base of the well is restricted. Given the high sensitivity of HAPs
to oxygen, the depth of culture medium in the well may also influence the oxygen diffusion
and subsequently impact of metabolism of HAPs. Therefore, taking the culture system into
consideration is highly important in investigation of HAP activity, especially under low oxygen
levels.
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A number of solutions could be proposed to overcome these issues (2 and 3), such as stirring
in spinner flasks or agitating the 96 well plates. However these methods would reduce
throughput and also would not be feasible for all drugs requiring long exposure times or
irradiating at a range of doses. To further explore the mechanism of HAPs in combination with
cytotoxic agents a mathematical model for spheroid growth and cell fate has been developed
to improve understanding and interpretation. To experimentally validate this modelling
approach we focus on SN30000 as a model HAP because of its high tissue diffusion coefficient
and hypoxic selectivity (Hicks et al., 2010) allowing complementarity with other agents to be
investigated efficiently. More importantly, its cytotoxic metabolites (free radicals) have very
short half-lives and therefore do not diffuse from cells in which they are produced and hence
do not cause bystander effects, which greatly simplifies the PK/PD modelling and
interpretation of spatial complementarity compared to HAPs with bystander effects such as
PR104A. However, chemotherapy drugs also have complex PK/PD relationships, making it
challenging to develop PK/PD model of dual treatment with SN30000 and cytotoxic drugs. In
contrast, ionizing radiation is another key type of cytotoxic treatment for tumours and the
mechanisms by which it kills cells are well understood. In addition, efficient tissue penetration
by low linear energy transfer photon irradiation avoids the PK complications of cytotoxic
drugs. Also, the free radicals responsible for cytotoxicity of ionizing radiation are very shortlived and are not capable of diffusing over spatial scales relevant to the PK/PD modelling.
(This does not necessarily exclude the possibility of bystander effects through other
mechanisms, which is an ongoing area of research in radiation biology (Yahyapour et al.,
2018;Twyman-Saint et al., 2015;Vanpouille-Box et al., 2018)). SN30000 has been
demonstrated to have complementary effects when combined with radiation in preclinical
models (Hicks et al., 2010), therefore we chose SN30000/ radiation combinations as a test case
for investigating spatial complementarity using mathematical spheroid models, which is the
focus of the following chapters. Notably, instead of simulating the spheroids only, we aimed
to capture the whole culture system by simulating culture conditions in 96-well plates,
including oxygen/glucose diffusion in the medium. Further discussion of the experimental
issues raised here and in Chapter 3, is outlined in Chapter 6.
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Chapter 3. An agent-based model for drug-radiation
interactions in the tumour microenvironment: hypoxiaactivated prodrug SN30000 in multicellular tumour
spheroids

3.1 Preamble
SN30000 as a lead compound of BTOs has been demonstrated to increase the effect of radiation
(Hay et al., 2007a; Hicks et al 2010). Further investigation of SN30000 and radiation from
perspectives of schedule optimisation and mechanism exploration will promote the
understanding of BTOs. Three-dimensional (3D) tumour spheroids capturing various
characteristics of real tumours are a promising model compared to monolayers for exploring
combination of SN30000 and radiation in the tumour microenvironment. Developing a
corresponding mathematical model will substantially increase our interpretation of data. Here
an on-lattice agent-based model for tumour spheroid (SABM) is parameterised and validated
against HCT116 spheroids and then used to dissect the interactions of SN30000 and radiation.
This work highlights the application of mathematical modelling for understanding complex
phenomena of drug and radiation combinations, providing an alternative method to explore
HAP activity. Part of this chapter comprises a manuscript “An agent-based model for drugradiation interactions in the tumour microenvironment: hypoxia-activated prodrug SN30000 in
multicellular tumour spheroids” published in PLoS Computational Biology, November 2018,
and an additional data in section 3.10, followed by a brief discussion of future direction.
Limitations of the on-lattice SABM and its experimental validation include asymmetry
observed in spheroid shape and staining, the lack of interactions between oxygen and nutrient
metabolism (glucose here), cell fate controlled by oxygen and glucose availability
independently, the non-mechanistic cell growth delay model after radiation and
underestimation of growth delay of spheroids by SN30000 and radiation combination. To
overcome these problems, in Chapter 4, a biochemical model, which includes aerobic
glycolysis (Warburg effect, a feature of many tumour cells described in Section 4.1.3ff) is
experimentally parameterised and tested. There oxygen and glucose closely interact through
HIF-1 and cell fate is determined by a cellular energetic model. In addition, this metabolism
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model is included in an off-lattice SABM which is validated against experiments, described in
Chapter 4. In Chapter 5, a DNA damage response model has been developed to mechanistically
simulate cell death probability and cell cycle arrest after radiation exposure. The overall aim is
that the final model (including off-lattice SABM, glucose metabolism module, and DNA
damage repair module) captures spheroid growth delay induced by radiation and spheroid size
shrinkage induced by SN30000 and radiation in combination.

3.2 Abstract
Multicellular

tumour

spheroids

capture

many

characteristics

of

human

tumour

microenvironments, including hypoxia, and represent an experimentally tractable in vitro
model for studying interactions between radiotherapy and anticancer drugs. However,
interpreting spheroid data is challenging because of limited ability to observe cell fate within
spheroids dynamically. To overcome this limitation, we have developed a hybrid
continuum/agent-based model (ABM) for HCT116 tumour spheroids, parameterised using
experimental models (monolayers and multilayers) in which reaction and diffusion can be
measured directly. In the ABM, cell fate is simulated as a function of local oxygen, glucose
and drug concentrations, determined by solving diffusion equations and intracellular reactions.
The model is lattice-based, with cells occupying discrete locations on a 3D grid embedded
within a coarser grid that encompasses the culture medium; separate solvers are employed for
each grid. The generated concentration fields account for depletion in the medium and specify
concentration-time profiles within the spheroid. Cell growth and survival are determined by
intracellular oxygen and glucose concentrations, the latter based on direct measurement of
glucose diffusion/reaction (in multilayers) for the first time. The ABM reproduces known
features of spheroids including overall growth rate, its oxygen and glucose dependence,
peripheral cell proliferation, central hypoxia and necrosis. We extended the ABM to describe
in detail the hypoxia-dependent interaction between ionising radiation and a hypoxia-activated
prodrug (SN30000), again using experimentally determined parameters; the model accurately
simulated clonogenic cell killing in spheroids, while inclusion of reversible cell cycle delay
was required to account for the marked spheroid growth delay after combined radiation and
SN30000. This ABM of spheroid growth and response exemplifies the utility of integrating
computational and experimental tools for investigating radiation/drug interactions, and
highlights the critical importance of understanding oxygen, glucose and drug concentration
gradients in interpreting activity of therapeutic agents in spheroid models.
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3.3 Author Summary
Studies in 3D cultures, notably multicellular tumour spheroids that mimic many features of
solid tumours, have great potential for speeding up anticancer drug discovery and development.
However the increased complexity of 3D cultures makes interpretation of experiments more
difficult. We have developed a hybrid continuum/agent-based mathematical model, validated
by experiments, to aid interpretation of spheroid experiments in developing drugs designed to
eliminate radiation-resistant hypoxic cells. This model includes key features of the tumour
microenvironment including oxygen and glucose transport and regions of hypoxia where the
cells are resistant to radiation, but sensitive to hypoxia-activated prodrugs such as SN30000.
This enables us to predict the growth and cell response in untreated spheroids and compare the
results to spheroids treated with radiation and SN30000. We demonstrate good prediction of
cellular responses in spheroids treated with radiation and SN30000 and good agreement with
spheroid regrowth after treatment when additional effects of cellular growth delay are added.
This demonstrates that the modelling approach has potential to improve interpretation of
experimental investigations of drug and radiation combinations.

3.4 Introduction
Mathematical modelling is gaining increasing attention in the field of cancer research because
of advantages such as spatial and dynamic monitoring, visualisation and high-throughput
testing (Michor and Beal, 2015;Loessner et al., 2013). In particular, development of 3D
multiscale agent-based models that capture key features of the tumour microenvironment have
the potential to significantly improve the interpretation of responses to therapeutic agents and
to speed up drug development, regimen optimisation and understanding of therapeutic
interactions. Several agent-based models that include aspects of the tumour microenvironment
have been developed, but few have been applied to drug development, drug/radiation
interactions or targeting features of the tumour microenvironment such as hypoxia.
In vitro three-dimensional (3D) cell cultures, including multicellular tumour spheroids and
multicellular layers (MCLs), capture many features of real tumours, and have advantages over
monolayer cell culture for developing drugs. In particular they experimentally model key
aspects of the tumour microenvironment that influence therapeutic response including oxygen,
nutrient, pH and prodrug/drug diffusion gradients and the resulting microregional variations in
gene expression, cell cycle kinetics and cell death (Pampaloni et al., 2007;Hirschhaeuser et al.,
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2010). MCLs are ideal models for quantifying diffusion and its coupling with reaction in the
tumour microenvironment (e.g. prodrug metabolism). Spheroids are desirable for monitoring
growth of the whole population of cells over time. Nevertheless, although advances in spheroid
culture techniques enable high-throughput production of uniform spheroids, it has proved
technically challenging to use spheroids to test complex schedules and sequences of drug or
radiation combinations and to interpret the data, due to the lack of available non-destructive
quantitative endpoints (Friedrich et al., 2009;Vinci et al., 2012).
Early mathematical models of avascular tumour or spheroid growth adopted the continuum
approximation, giving rise to partial differential equation (PDE) formulations. This approach
had the virtues of using well-understood mathematics, and high computational efficiency, but
places severe restrictions on the ability to represent important biological features of tumours,
in particular their spatial heterogeneity and the diversity of cell fates. An approach that
simulates the tumour at the level of individual cells may be better suited to the task of
simulating growth, and investigating therapeutic responses (Deisboeck et al., 2011;Deisboeck
et al., 2011). Individual cell fates can be tracked, allowing both short-term cytotoxic and longterm growth delay endpoints to be simulated. Such an approach is variously referred to as
agent-based, individual-based, entity-based or cell-based. Agent-based models (ABM) for the
growth of tumour spheroids can be roughly classified as on-lattice (this includes the cellular
Potts model and approaches often called “cellular automata”) or lattice-free, according to how
space is treated. In the on-lattice method, cells are restricted to discrete positions on a regular
grid of locations (usually rectangular) (Duchting and Vogelsaenger, 1985;Duchting and
Vogelsaenger, 1984), while the lattice-free method allows continuous cell motion (Drasdo et
al., 1995;Drasdo and Hohme, 2003;Drasdo and Hohme, 2005;Galle et al., 2006). Tumour
models are sometimes referred to as “hybrid”, because PDE methods are used to simulate the
diffusive transport of constituents (oxygen and nutrients) within the tumour, and “multiscale”
because both intracellular processes and the behaviour of the cell population are simulated. In
a multiscale model different scales are explicitly hybridised together through feedback
methods, thus generating a more complete picture of the biological system than is possible
using a method based on one or the other scale alone.
There are several excellent reviews of tumour modelling, discussing the wide range of methods
and assumptions adopted:(Moreira and Deutsch, 2002;Byrne et al., 2006;Sanga et al.,
2006;Materi and Wishart, 2007;Byrne, 2010;Rejniak and McCawley, 2010;Wang et al.,
2015b;Wang et al., 2015a;Wang and Maini, 2017;Cristini et al., 2017;Moreira and Deutsch,
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2002;Byrne et al., 2006;Materi and Wishart, 2007;Sanga et al., 2006;Byrne, 2010;Rejniak and
McCawley, 2010). Models of in vivo tumours will not be discussed here, except to note that a
major factor influencing tumour growth, and complicating the modelling of in vivo tumours, is
the presence of blood vessels. Growing tumour spheroids in vitro enables a level of
experimental control of oxygen and nutrients that is impossible with in vivo tumours, and
correspondingly facilitates the development of a useful model, one with predictive power. Our
ultimate goal is a model that can be used to investigate radiation/drug complementarity in anticancer therapy. For this reason we limit discussion here to agent-based spheroid models that
address killing by radiation or drugs.
Employing a 3D off-lattice model, Kempf et al. investigated spatio-temporal dynamics of
spheroid responses to radiation (Kempf et al., 2015;Kempf et al., 2013) using literature values
for cell growth rate and oxygen and glucose diffusion parameters. By simulating a cell cycle
phase-dependent version of the linear-quadratic (LQ) model for killing by radiation, they
showed that cell cycle synchronisation in response to radiation can potentially be exploited
through careful timing of dose fractionation. They also investigated reoxygenation after
radiation treatment in their model and explored the implications for optimal dose scheduling.
Their model predicted rapid partial re-oxygenation followed by recurrence of hypoxia during
fractionated radiotherapy regimes. They concluded that full tumour reoxygenation could only
be achieved with addition of an efficient hypoxic cell radiosensitiser. They assumed the
sensitisation was the same as that for oxygen and did not include drug effects such as diffusion
limitations or the drug concentration dependence of sensitisation. In a sequence of papers,
Powathil et al. used two ABMs to explore several modes of tumour therapy, with a focus on
heterogeneity of hypoxia and cell cycle distribution. With these lattice-based 2D models they
investigated how cell-cycle phase heterogeneity leads to differential killing by
chemotherapeutic drugs demonstrating that oxygen transport limitations cause heterogeneity
in HIF-1 α and cell-cycle status, and that these effects, combined with limited drug transport
result in impaired therapeutic efficacy for cell cycle specific drugs (Powathil et al., 2012).
Applying these models they demonstrated that appropriate scheduling can overcome cell cycle
phase mediated drug resistance in tumours (Powathil et al., 2014;Powathil et al., 2015).
Notably they demonstrated that appropriate combinations of cell-cycle specific drugs may be
used to reduce hypoxia and cell cycle induced resistance during radiation therapy (Powathil et
al., 2013;Powathil et al., 2015). They have also recently extended the model to demonstrate
significant radiation-induced bystander effects (Powathil et al., 2016). Bacevic et al. (Bacevic
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et al., 2017) simulated the effectiveness of adaptive therapy using cyclin-dependent kinase
inhibitor drugs exploring the difference in effectiveness observed in monolayers and spheroids.
The latter ABM employed to investigate spheroid behaviour is lattice-based and 2D.
When modelling radiation treatment hypoxia is of critical importance as the above studies
indicate (Kempf et al., 2015;Powathil et al., 2015;Powathil et al., 2016). Hypoxia is a common
characteristic of many human tumours, attributed to rapid consumption of oxygen and poor
oxygen delivery by the disorganised tumour microvasculature (Harris, 2002), and is a wellunderstood cause of resistance to ionising radiation (radiotherapy) (Vaupel and Mayer, 2007).
Since hypoxia is more prevalent and severe in tumours than in normal tissues, targeting hypoxia
is a promising strategy to improve effect of radiation. Hypoxia-activated prodrugs (HAPs) are
designed to be minimally toxic until they are activated in regions of very low oxygen
concentration. After systemic administration these prodrugs undergo enzymatic reduction to
active cytotoxic compounds in hypoxic cells in tumours, via intermediates that are re-oxidised
by oxygen back to parent prodrugs, hence selectively targeting hypoxic cells (Brown and
Wilson, 2004;Wilson and Hay, 2011) (For further description of the mechanism of action see
Supplementary Figure 44). Therefore, radiation and HAP combination therapy is
hypothesised as useful to provide spatial complementarity in the elimination of hypoxic tumour
cells that may otherwise reoxygenate and repopulate the tumour after radiation alone.
The activity of HAPs depends on the optimisation of rates of metabolism, to balance loss of
the prodrug with generation of the active metabolite (Hicks et al., 2006). This dependence on
metabolism rates makes HAP development a complex undertaking, and calls for experimental
and mathematical models that can be used to dissect the pharmacokinetics (PK) and
pharmacodynamics (PD) of the prodrugs over spatial scales corresponding to diffusion
distances in the tumour microenvironment. SN30000 (Hicks et al., 2010) represents an ideal
test compound for development of such tools given that the active cytotoxin is a highly reactive
free radical (Anderson et al., 2014) that does not diffuse from the cell in which it is generated
(Hong et al., 2017). This lack of bystander effects from metabolite diffusion simplifies the
ABM, facilitating exploration of radiation and SN30000 combinations in terms of spatial
complementarity.
Very few ABM studies have simulated the action of HAPs or their combination with radiation.
Kazmi at al. (Kazmi et al., 2012b;Kazmi et al., 2012a) developed a 2D on-lattice model based
on an artificial neural network representation of cell behaviour (Gerlee and Anderson,
2007b;Gerlee and Anderson, 2007a) to investigate the response of hypoxic cells to
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tirapazamine (TPZ). This study used literature values of oxygen, glucose and TPZ diffusion
and metabolism parameters. With a simple categorical model of the cytotoxicity of TPZ it was
concluded that inner cells would be resistant at exposures well above that achievable in vivo,
due to limited penetration of TPZ.
To explore radiation/HAP combinations, here we develop an on-lattice 3D ABM for the tumour
spheroid (spheroid ABM; SABM). Several factors make the agent-based approach essential for
this study. While continuum-based methods, typically assuming spherical symmetry, are
capable of simulating untreated spheroid growth with a homogeneous cell population, our
particular concern is simulation of drug and radiation treatments, both separately and in
combination. The probabilistic nature of killing by these treatments inevitably creates an
asymmetric spheroid with an irregular pattern of cell death (in contrast to death by hypoxia or
starvation.) The presence of voids within the spheroid leads to asymmetry in oxygen and
glucose penetration, and in the resulting cell growth rates. Cells destined to die as a result of
treatment survive and consume oxygen and glucose until they attempt to divide. In addition we
are sometimes interested in simulating a mixed cell population, e.g. with drug-responsive and
drug-unresponsive cells. Addressing these issues by any method other than ABM would be
extremely challenging. The flexibility of ABMs makes them very suitable for this kind of
modelling, and the current study represents a foundation for models that capture additional
aspects of tumour biology.
We investigate the ability of the model to predict tumour spheroid growth and responses to
radiation and SN30000, both alone and in combination. Cell fate (growth rate, division, death),
which is mutually determined by spatially-varying concentrations of oxygen, glucose and
therapeutic agents, is tracked as a function of time. Importantly, most of the pivotal parameters
of the model were measured using the same human tumour cell line (colorectal adenocarcinoma
HCT116), including diffusion and consumption of glucose. The model was first calibrated for
growth of HCT116 spheroids, based on measurements of diameter, cell number, viable cell
fraction, hypoxic fraction and S-phase fraction of cells, employing flow cytometry and
histology. Following that, a pharmacokinetic/pharmacodynamic (PK/PD) sub-model for
SN30000 was developed and incorporated into the SABM. The extravascular transport
parameters of SN30000 were determined in HCT116 MCL experiments, and the cytotoxicity
and metabolism of SN30000 were quantitated in HCT116 stirred cell suspensions. A LQ model
of radiation killing was incorporated based on clonogenic cell killing by radiation in HCT116
monolayers under anoxic and oxic conditions, and implemented in the SABM. As an aid to
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interpretation and parameter fitting of monolayer experiments a monolayer ABM (MABM)
was also developed. We report the comparison of simulated and experimental results for
clonogenic cell killing and growth delay of spheroids by SN30000 or radiation alone and in
combination, under different ambient oxygen levels and point to extensions in progress such
as introducing cellular heterogeneity, bystander effects and cell cycle and growth models that
are mechanistically linked to oxygen and glucose metabolism.

3.5 Results
3.5.1 Description of SABM
The model is “hybrid”, in that it combines continuum and agent-based methods. Cells are
treated as separate entities, each with its own internal state. Transfers of constituents occur
across the cell membrane at a rate determined by the relative intra- and extra-cellular
concentrations. Inside the cell rates of change in constituent concentrations of nutrients and
drugs are determined by the balance of the trans-membrane transport rates and reaction rates
described by ordinary differential equations (ODEs). Oxygen and glucose consumption
determines the cell growth rate. A cell divides when its volume reaches a specified threshold,
giving rise two cells each with half the volume.
In the extracellular domain, which encompasses the whole volume of medium (as used in the
experiment being simulated) together with the extracellular component of the spheroid,
concentration fields are determined by solving PDEs for diffusion, with cells acting as sinks
for nutrients and sinks for drugs and sources of drug metabolites. Oxygen concentration is
specified at the upper boundary of the domain by the gas phase oxygen level.
Cells are constrained to exist at locations on a regular rectangular 3D grid or lattice, which is
located in a small cubic region at the bottom of the simulated cell culture well. The only cell
motion is that resulting from cell division, when cells are displaced to make space for the new
cell.
Cell death can occur as a consequence of oxygen or glucose starvation. Cells are tagged to die
after exposure to oxygen or glucose concentrations below a critical concentration for a critical
time – these cells die after a time lag. Killing of cells by either drug or radiation is also
simulated. The probability of cell death is a function of the radiation dose or intracellular drug
concentration. In these cases, tagged cells are non-clonogenic but continue to metabolise
nutrients and drugs until they undergo cytolysis when they attempt to divide. Simulation of
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spheroid growth is illustrated schematically in Figure 36 and the model is described fully in
the Supplement and Supplementary Figure 44-48.

Figure 36. The SABM
(A) Cells grow as a spheroid in a specified volume of medium (0.1-0.2 mL). Cells consume O2 and glucose. O2 is
supplied from the upper boundary and glucose is depleted from the medium unless replenished. Model parameters
for diffusion and uptake of constituents, rate of cell growth and death, are acquired from experiments with
monolayers and MCLs. Parameters were fitted using the monolayer ABM and Matlab MCL program as described
in methods. Time-varying concentration fields of the constituents are solved for in the medium and within the
spheroid on a course grid and fine grid respectively (see Supplementary Figure 46), the cells acting as sinks. (B)
Simulation illustrating cell states as a function of local O 2 and glucose concentrations. Once cells double in size
they undergo mitosis (pink cells). As the spheroid grows, O 2 and glucose levels decrease in medium near the
spheroid (indicated by a cyan colour gradient), and decrease in the spheroid core to very low levels with cells
becoming hypoxic (< 0.15 µM O2, dark green cells). Cells starved of O2 or glucose eventually are tagged to die
(blue cells) and then, after a delay, undergo cytolysis, creating a necrotic core (black). (C) Bright field image of a
growing, 4-day HCT116 spheroid seeded at 1000 cells per well.

3.5.2 Estimation of oxygen and glucose transport parameters
To simulate spheroid growth we first estimated the transport parameters of O2 and glucose for
HCT116 cells (Figure 37). Oxygen and glucose concentration-distance profiles during
spheroid growth from the SABM based on the final parameters in Table 2 are also shown in
Figure 38. Oxygen penetration has been well studied, and is known to be limited by its
metabolic consumption (Secomb et al., 1993). We determined the oxygen consumption rate in
log-phase HCT116 monolayers, using a Seahorse flux analyser, as (6.35 ± 0.42) × 10-17 mol
cell-1 s-1, which was similar to that previously measured in our lab (Richter et al., 2013) and
reported in the literature (Gomes et al., 2016). Based on accepted estimates of the diffusion
coefficient of 2 x 10-5 cm2 s-1 (Grimes et al., 2014) and Km of 1.33 µM (Secomb et al., 1998) in
respiring tissue (this is the Michaelis-Menten parameter for cellular oxygen consumption rate
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as a function of oxygen concentration), the ABM simulates a penetration distance of ca 125
µm to reach the critical level of 0.15 µM O2 for long term survival of cells (see below) in
HCT116 day 4 spheroids of 460 µm diameter under standard growth conditions (20% O2 in the
gas phase, Figure 37A).
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Figure 37. Estimation of oxygen and glucose metabolism and glucose diffusivity.
(A) Simulated oxygen concentrations as a function of distance from the centre of the spheroid during growth
under standard growth conditions of replacing 50% (100 µL) of the culture medium every 2 nd day based on
experimentally derived oxygen consumption rate and literature medium and tissue diffusion coefficients (see
Table 2 and supplementary material). (B) Glucose consumption by HCT116 monolayers (105 cells in 0.2 mL/well)
in glucose-free medium with no FCS and a range of D-glucose concentrations were measured by serially sampling
5 µL medium at each time point. Values are means ± SD for 4 replicates. D-glucose metabolism rate parameters
(Vmax and Km) in HCT116 cells were then calculated using the MABM (lines) using parameters that minimize the
sum of squared errors between observed and simulated glucose concentrations for the full data set simultaneously.
(C) Correlation between observed and MABM predicted glucose concentration data in B (R 2 = 0.977) using the
optimized glucose metabolism parameters. (D) Schematic figure of apparatus for the measurement of glucose and
drug diffusion and metabolism through MCLs grown on a porous support membrane. After drug is added to the
donor compartment, samples were collected from the donor and receiver compartments at intervals for
measurement of concentrations of glucose or drug and its metabolite(s). (E) Representative diffusion data showing
transport of 3H-L-glucose or D-glucose through HCT116 MCL (grown for 3 days, ca 100 µm thickness).
Concentrations are normalised to the initial concentration measured in the donor compartment. Lines are model
fits (minimization of the sum of squared errors between observed and calculated concentrations) with fitted
parameters Vmax for D-glucose, after fixing the glucose coefficient at its mean value determined for L-glucose
curves. (F) Simulated D-glucose concentration as a function of distance from the centre of the spheroid during
growth under standard growth conditions of replacing 50% (100 µL) of the culture medium every 2 nd day.
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Table 2. Key parameters in the ABM.
The parameters used in the ABM are summarized here, including parameter name (units), value and source (either from literature, assumption, or measurement
from experiment).
Parameter

Unit

Value

Source

Meaning & comments

hr

19

Measureda,

Median monolayer cell division time

Cell division
Td monolayers

Supplementary
Figure 49

Td spheroids

hr

22

Measureda,

Median spheroid cell division time

Figure 40A
φ

0.5

Ref

Cell volume fraction

(Foehrenbach
er

et

al.,

2013b)
VHCT116

pL

1.2

Measured

Median volume of HCT116 cell

Divide size

pL

1.6

Assumed

Volume of dividing HCT116 cell

Divide variation

pL

±0.3

Assumed

Uniformly distributed variation of volume of dividing HCT116 cell

Oxygen

86

DO2

cm2 s-1

2×10-5

Ref (Grimes Spheroid oxygen diffusion coefficient
et al., 2014)

Dmedium-O2

cm2 s-1

5×10-5

Assumed

Medium oxygen diffusion coefficient

Vmax-O2

mol cell-1 s-1

(6.35 ± 0.423) ×10-17

Measureda

Max oxygen consumption rate (OCR)

Km-O2

µM

1.33

Assumed

Michaelis-Menten Km of oxygen

Tag-concoxygen

µM

0.15

Assumed

Tag threshold oxygen concentration for hypoxia

Tag-timeoxygen

hr

24

Measureda,

Tag time limit of hypoxia – cell tagged after this time below threshold

Supplementary
Figure 50

Death-delayoxygen

hr

24

Measureda,

Death delay time for hypoxia– cell dies following this delay after tagging

Supplementary
Figure 50

Glucose
Dglucose

Dmedium-glucose

cm2 s-1

cm2 s-1

(2.08 ± 0.12) ×10-7

(8.74 ± 0.19) ×10-6

Measureda,

Spheroid glucose diffusion coefficient estimated from L-glucose diffusion

Figure 37E

in MCL

Measureda

Medium diffusion coefficient of glucose estimated from D-glucose
diffusion in microporous support membranes

87

Vmax-glucose

Km-glucose

mol cell-1 s-1

µM

(7.12 ± 0.82) ×10-17

92

Measureda,

Max consumption rate of glucose estimated from D-glucose transport in

Figure 37B

MCL

Measureda,

Michaelis-Menten Km for glucose estimated from monolayer glucose

Figure 37B

metabolism experiments.

Tag-concglucose

µM

0.15

Assumed

Tag threshold glucose concentration for starvation

Tag-timeglucose

hrs

48

Measureda

Tag time limit of glucose starvation

Death-delayglucose

hrs

24

Measureda

Death delay time for glucose starvation

cm2 s-1

(1.17 ± 0.52) ×10-6

Measureda,

Spheroid diffusion coefficient estimated from SN30000 transport

Figure 41C

experiments under 95% O2 to suppress bioreductive metabolism

Measureda

Medium diffusion coefficient of SN30000 estimated from diffusion in

SN30000
DSN

Dmedium - SN

cm2 s-1

(7.52 ± 0.13) ×10-6

collagen coated support membrane membranes
Kin

min-1

10

Assumed

Cell influx rate of SN30000

Kout

min-1

10

Assumed

Cell efflux rate of SN30000

Kmet0 (cells)

min-1

1.88

Measureda,

Intracellular rate constant for metabolism in monolayer

Figure 41A

88

Kd

mM-2

85

Measureda,

kill probability constant of SN30000

Figure 41B

Kmet0 (MCL)

min-1

1.61 ± 0.18

Measureda,

intracellular rate constant for metabolism in MCL

Figure 41C

KO2

µM

1.14

Ref (Hicks et the oxygen concentration at which SN30000 metabolism is half-maximal
al., 2010)

F2

1

Ref (Hicks et The fraction of SN30000 cellular metabolism that is oxygen dependent
al., 2010)

Radiation
αH

Gy-1

0.189 ± 0.003

Measureda,

α radiosensitivity parameter under hypoxia in LQ model

Figure 42A

βH

Gy-2

0.0061 ± 0.0007

Measureda,

β radiosensitivity parameter under hypoxia in LQ model

Figure 42A

OERα, OERβ

Kms

2.64 ± 0.23

µM

4.28

Measureda,

Oxygen enhancement ratio (α) in LQ model (OERαand OERβwere fixed at

Figure 42A

the same value in parameter fitting)

Ref (Wouters Km for radiosensitivity, the oxygen concentration at which radiosensitivity
and

Brown, is half-maximal

1997)

89

PD,

Death

1 (no delay), 0.6 (with Assumed

probability

delay)

GD, growth delay hr Gy-1

0 (no delay), 3 (with Assumed

factor

delay)

NGD, GD cycles

0 (no delay), 4 (with Assumed

Cell death probability of cells tagged by radiation in each cell cycle

Cell growth delay induced by radiation

Number of cell cycles for which cell growth rate is delayed by radiation

delay)
a

Measured in the present study
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In contrast, penetration of D-glucose (which we take to be the sole nutrient in the SABM)
through metabolically active tissue is less well understood. Glucose consumption by HCT116
monolayers under 20% O2 (Figure 37) was well fitted using a single Michaelis-Menten term
in the monolayer model (MABM), providing estimates of Vmax-glucose = 9.0 × 10-17 mol cell-1 s-1
and Km = 92 µM. The fitting was carried out on the results of 8 monolayer cell culture
experiments in which the initial medium glucose concentration was: 0.10, 0.27, 0.50, 0.72,
0.90, 1.32, 1.51, 1.77 mM. In each case oxygen (at atmospheric level) was not limiting, and
the initial cell number was 95000/well. Medium glucose levels were measured at 1, 2 and 4 h,
giving a total of 24 observations. The objective function was the sum of squares of errors,
where error = (observation – simulated value). Experiments were conducted to measure the
diffusion coefficient of glucose in HCT116 MCL (Figure 37D). Transport of 3H-L-glucose,
which is neither transported into nor metabolised by cells, was used to estimate the extracellular
diffusion coefficient of glucose (Dglucose) through MCLs (Figure 37E), assuming that Dglucose
of both optical isomers of glucose (L-glucose and D-glucose) are the same. L-glucose transport
was more rapid than that of D-glucose through MCLs of similar thickness, consistent with rapid
cellular consumption of the latter (Figure 37E). In these studies, the thickness of each MCL
was determined by diffusion of co-administered 14C-urea, and the glucose diffusion coefficient
in the microporous Teflon support membrane (Dsup-glucose) was fixed at the mean value
determined for D-glucose in separate experiments using bare support membranes without a
MCL present. Fitting the L-glucose concentration-time data using our Matlab program
(Foehrenbacher et al., 2013b) to solve the glucose diffusion equations (supplementary material)
without reaction gave Dglucose = (2.08 ± 0.12) × 10-7 cm2 s-1. This allowed Vmax-glucose to be
estimated from the D-glucose transport data (Figure 3-2E), assuming the same Km as for single
cell (92 µM, Figure 37B), and a cell volume fraction of 0.5 in MCLs as previously determined
(Foehrenbacher et al., 2013b). The resulting value of Vmax-glucose = (7.12 ± 0.82) × 10-17 mol
cell-1 s-1 was similar to that estimated in monolayers and was used in subsequent SABM
simulations. The estimated penetration distance for D-glucose to decrease to 0.15 µM was 120
µm, similar to that of oxygen (Figure 37F). Due to the surprisingly low glucose diffusion
coefficient, glucose concentration profiles were steep, but with the current parameters glucose
had little effect on simulated spheroid growth or cell death under these well-fed conditions (see
Discussion).
The glucose consumption model was then tested by growing monolayers without medium
changes and measuring cell number (Supplementary Figure 49A) and glucose concentrations
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(Supplementary Figure 49B) over 10 days. In these experiments the estimated doubling time
(19 hr) in glucose-replete medium was well-fitted by the MABM without further parameter
adjustment, with growth rates falling when glucose concentrations fell below 2 mM.
3.5.3 Comparison of SABM with histological characteristics of spheroids
As described in the Supplement, cells in the SABM grow at a rate proportional to the oxygen
consumption and glucose consumption rates, with maximum growth rate determined by input
of the maximum doubling time of cells in spheroids (Td spheroids adjusted to 22 hr). Predictions
of the SABM, for well-fed spheroids (partial medium replacement every two days) grown
under 20% O2, were compared to histological spheroid sections. S-phase cells (identified by
incorporation of the thymidine analogue 5–ethynyl–2′–deoxyuridine, EdU), hypoxic cells
(identified by covalent binding of the hypoxia probe EF5), necrotic and viable rim diameters
are illustrated by representative images of spheroid sections in Figure 38. S-phase cells were
evenly distributed within spheroids on day 3 (top panel of Figure 38A), with no central hypoxia
(top panel of Figure 38B). By day 4, a gradient of EdU positive cells was observed from the
periphery to the centre of spheroids, consistent with limitation of nutrient and oxygen supply.
Hypoxia but not necrosis (bottom panel of Figure 38A and B) was found on day 4, indicating
that the central cells at this stage were hypoxic but still viable. Necrosis was observed in the
core of spheroids on day 5 and increased as a function of time, while the thickness of the viable
rim of spheroids increased before day 4, followed by a gradual decrease from day 5. To
represent the sharp delineation between the viable hypoxic cells and necrosis, time dependent
cell death due to severe hypoxia (evaluated experimentally in Supplementary Figure 50) was
represented in the SABM by tagging cells as fated to die if they experience < 0.15 µM O 2 for
24 hr with a further delay of 24 hr before cellular necrosis. Using the finalised parameters of
the SABM (Table 2), the model recapitulated the histological features with hypoxia occurring
as a rim between the central necrotic region and proliferative cells in the periphery (Figure
38C). Quantitatively, the model simulated the relationship between the thicknesses of spheroid,
necrosis and viable rim well (Figure 39).
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Figure 38. Histological characteristics of spheroids visualised in central sections and comparison with
outputs of the SABM.
S-phase cells in spheroids collected after the indicated days of growth were stained after incubation with EdU
(panel A). Hypoxic cells in spheroids were visualised by immunostaining for EF5 binding (panel B). The same
spheroid sections were stained with H&E to quantify the necrotic and viable rim size (lower panels of A, B). n=48
spheroids for A and B, respectively. Panel C shows SABM simulations based on oxygen and glucose parameters
fitted to monolayer ad MCL experimental data (See table 1). 2D snapshots of a central plane through spheroids
are shown in which pink cells represent dividing cells, light green cells are highly proliferative cells under well
oxygenated microenvironment (>1 µM O2), dark green cells are slowly proliferative cells under hypoxia (<1 µM
O2), blue cells have been hypoxic for > 24 hr and have been tagged for subsequent necrosis, and the black region
in the centre represents the necrotic zone. Scale bars = 100 µm and a color-coded legend for oxygen concentration
in the medium is shown.
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Figure 39. Quantitation of histological characteristics of spheroids and comparison with outputs of the
SABM.
The overall diameter (circles), diameter of the necrotic region (triangle), and thickness of viable rim (plotted here
as twice the viable rim thickness, rectangles) of HCT116 spheroids were quantitated using H&E stained
histological sections illustrated in Figure 38. Values are means ± SD (n = 4 spheroids, 5 on day 7). The lines are
the corresponding outputs of SABM simulations using oxygen and glucose parameters fitted to monolayer and
MCL experimental data (See table 1).

3.5.4 Comparison of SABM with flow cytometry profiles of spheroid cells
In a separate experiment total cell numbers and subpopulations of viable (propidium iodide
(PI)-negative), S-phase (EdU-positive) and hypoxic (EF5-positive) cells were quantified by
flow cytometry (FCM) after enzymatic dissociation of HCT116 spheroids. Gate strategy in this
experiment was illustrated in Supplementary Figure 51. Overall diameters of spheroids were
again well-predicted by the SABM (Figure 40A). The SABM also predicted total cell number
in spheroids as exponentially increasing until day 4, then a gradually decreasing relative rate
reaching about 9 × 105 cells per spheroid on day 11 (Figure 40B). Representative FCM
distributions are illustrated in Supplementary Figure 3-8. Cell viability (simulated by the
number of cells not tagged for death by hypoxia) was well predicted over this period (Figure
40C) when compared to cell viability by PI staining. The hypoxic fraction increased after day
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4 (Figure 40D) while the proportion of S-phase cells decreased (Figure 40E), as observed in
the above histology study. These time trends were again well predicted by the SABM,
assuming that the initial S-phase fraction in small spheroids was 38%. Overall, the simulated
growth kinetics and cellular characteristics of spheroids agreed well with experiments when
tag-concentrations for oxygen and glucose were both set at 0.15 µM with the lag between
tagging and necrosis as reported in Table 2.

Figure 40. Comparison of growth and cellular characteristics of HCT116 spheroids with outputs of the
SABM.
On the indicated days, diameters of spheroids (A) were measured. Values are means ± SD (n ≥48 spheroids). After
exposing spheroids to EdU or EF5, spheroids (n=48 spheroids) were pooled and dissociated and the number of
cells in cell suspension were counted to estimate total cell number per spheroid (B), followed by exposing cells
in 1 µg/mL PI for 2 min to measure cell viability by flow cytometry (% PI negative, C). Hypoxic fraction (% EF5positive cells, D) and S-phase fraction (% EdU-positive cells, E) were measured by flow cytometry. The
predictions of the SABM (lines), using fitted parameters from monolayer and MCL experiments, plotted with
experimental data (points) are: spheroid diameter (A) total cell number (B), fractions of cells not tagged for death
(C), fraction of cells below 0.5µM O2 (D) and estimated S-phase fraction based on the assumption that 37% of
cells were initially in S-phase (E).
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3.5.5 Oxygen and glucose dependence of spheroid growth
In the SABM, cell growth rate is proportional to cell metabolic rate, which is proportional to
the product of the rates of metabolism of glucose and oxygen (Eqn S10, Supplement). Good
agreement was found between simulated and experimental results in terms of oxygen
dependence of spheroid growth, with progressive decreases in growth rate when ambient O2
was lowered from 20% to 5% and 1% (Supplementary Figure 52A). With the D-glucose
metabolism and diffusion parameters determined above, the model gave good predictions for
spheroid growth in medium without D-glucose supplementation (Supplementary Figure
52B), and for D-glucose consumption in medium (Supplementary Figure 52C). Spheroids
cultured in medium without supplementation (Supplementary Figure 52B) showed only
slightly slower growth rates than well-fed spheroids (Figure 40A) until day 10 when D-glucose
in the medium was almost exhausted (Supplementary Figure 52C).
3.5.6 Development of PK/PD model of SN30000
Experiments were performed with HCT116 stirred cell suspensions to assess the parameters in
the PK/PD model that relate clonogenic cell killing to exposure to SN30000 and its metabolic
activation, as illustrated for one of three experiments in Figure 41A and B. As previously for
other cell lines (Hicks et al., 2010), SN30000 was rapidly metabolised in HCT116 cell
suspensions under anoxia (Figure 41A), with formation of its 1-oxide metabolite
(Supplementary Figure 53, Supplementary Figure 54A) confirming that loss of SN30000
is due to bioreductive metabolism. The MABM was used to simultaneously estimate the
intracellular rate constant for bioreductive metabolism under anoxia (Kmet0 = 1.88 min-1 Eqn
S14) by fitting SN30000 concentrations (Figure 41A) and the kill probability constant (Kd =
85) using kill model 2 (Eqn S19) by fitting to the time dependent clonogenic data (Figure 41B).
This simultaneous fitting compensates for loss of SN30000 from the medium by cell
metabolism during the experiments. Cell kill model 2 relates loss of clonogenicity to SN30000
concentration and metabolism as previously observed (Hicks et al., 2010), consistent with its
proposed mechanism of action (Supplementary Figure 53). Membrane transport parameters
were fixed at arbitrary high values, assuming this is not rate limiting and the fitting criterion
was minimisation of the overall sum of squared errors.
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Figure 41. Development of a spatially resolved PK/PD model for SN30000 and testing by SABM simulation
of spheroid response to SN30000 exposure.
Cellular bioreductive metabolism of SN30000 (A) and clonogenic cell killing (B) was measured by serial
sampling of stirred HCT116 cell suspensions (2 × 106 cells/mL) under anoxia (0% oxygen gas mixture). The rate
constants for SN30000 metabolism (kmet0) and cell killing (Kc) were estimated by fitting the data in panel A and
panel B simultaneously using the MABM assuming the medium was fully stirred. Lines represent MABM
predictions based on the parameters which minimize the overall error sum of squares (Table 1). (C) Diffusion
parameters for SN30000 were estimated from HCT116 MCL transport studies illustrated for a single experiment.
SN30000 concentration is presented as a fraction of its initial concentration in the donor compartment (C 0).
Symbols are separate MCLs and lines are model fits using the reaction-diffusion program described in methods
with fitted parameters for each MCL: D SN30000 estimated from MCL transport under hyperoxia (95% O2, filled
symbols in panel C) assuming no metabolic consumption (confirmed by no production of SN30000-1-oxide); kmet0
estimated from SN30000 diffusion under anoxia (open symbols in panel C, 3 replicates) by fixing DSN30000 at its
mean value (Table 1) determined in hyperoxic experiments. (D) To quantitate cytotoxicity, spheroids seeded with
1000 cells were exposed on day 4 to a range of SN30000 concentrations for 2 hr under 20% or 5% O 2 and
clonogenic cell survival was measured (points in Panel D) and compared to predictions of SABM incorporating
the optimized reaction-diffusion and cell kill parameters estimated from monolayer and MCL experiments from
Table 1 (lines in Panel D). (E) To measure spheroid growth delay induced by SN30000, spheroids were exposed
to 25 µM SN30000 under 5% O2 or to 100 µM SN30000 under 20% O2 for 2 hr and spheroid diameters were
monitored (points in Panel E) and compared to the SABM predictions (lines in Panel E) using parameters from
Table 1. Values are mean ± SD (n=16 spheroids).
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SN30000 transport through HCT116 MCLs under hyperoxic (95% O2) conditions (Figure
41C) was rapid (about 2-fold that of co-administered

14

C-urea) with an estimated diffusion

coefficient of SN30000 (DSN) = (1.17 ± 0.52) × 10-6 cm2 s-1, similar to that previously estimated
for HT29 MCLs (Hicks et al., 2010). Transport of SN30000 under anoxic conditions was
reduced, consistent with its bioreductive metabolism (Figure 41A), from which the rate
constant of SN30000 metabolism (Kmet0(MCL)) was estimated as 1.79 ± 0.18 min-1 fixing the
intracellular volume fraction in HCT116 MCLs at 0.5 as previously (Foehrenbacher et al.,
2013b). The latter is in good agreement with the rate constant determined above using the
MABM for anoxic single cell suspensions (Figure 41A).
The cellular PK/PD model for SN30000 (Eqns S14 and S19) was incorporated into the SABM.
When a SN30000 dose is simulated, cells are randomly tagged for SN30000-induced
clonogenic cell death as a function of concentration, time and O2 concentration, and cells
undergo cytolysis at the next attempted cell division if they reoxygenate sufficiently for cell
growth to proceed. The oxygen dependence parameters for SN30000 cell metabolism were
assumed from previous measurements that determined the oxygen concentration at which
metabolism is half-maximal in HT29 cells (KO2 = 1.14 µM) and demonstrated that there is no
significant oxygen-independent metabolism (F2 = 1 in Eqn S14) (Hicks et al., 2010). However,
this previous model for SN30000 over-estimated cell killing in stirred suspensions of HCT116
cells under 20% O2; consequently the Hill coefficient, N, for oxygen dependence of cell killing
was estimated as 1.7 from cell kill data for HCT116 cells exposed to SN30000 under 20% O2
(Supplementary Figure 55).
Given that the cytotoxicity of SN30000 and radiation is highly dependent on O2 concentration,
we note that the hypoxic fraction of spheroids under 5% O2 (Supplementary Figure 56A)
predicted by the SABM was significantly higher than that under 20% O2 (Figure 38C). In
agreement, the hypoxic fraction of 4 day spheroids, assessed by EF5 flow cytometry, was
substantially higher after transfer of spheroids to 5% O2 (Supplementary Figure 56B) than that
under 20% O2 (Figure 40D). This was also confirmed by histological images of spheroid
sections stained by EF5 (Supplementary Figure 56C versus Figure 38B). Using the above
SN30000 transport and cytotoxicity parameters, PD responses of spheroids exposed to
SN30000 under 5% or 20% O2 were simulated and compared to clonogenic cell survival
(Figure 41D) and growth delay (Figure 41E) of HCT116 spheroids. As expected, SN30000
showed limited cytotoxicity in spheroids exposed under 20% O2, while its cytotoxicity under
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5% O2 was significantly higher, demonstrating hypoxia selectivity (Figure 41D). The
corresponding simulations predicted the experimental data (Figure 41D). Supplementary
Figure 57 demonstrates the predicted O2, glucose and SN30000 concentration profiles under
5% O2 together with SN30000 profiles under 95%, 20% and 0% when spheroids are exposed
to 25 µM SN30000, showing a marked oxygen-dependent decrease in SN30000 concentration
at the spheroid centre. The model also successfully predicted that there is only a small spheroid
growth delay due to SN30000 under 20% or 5% O2 (Figure 41E) as a result of limited killing
of the well-oxygenated proliferating cells in the spheroid rim.
3.5.7 Parameterisation of a SABM LQ radiation model
We further tested the predictive ability of the SABM by evaluating pharmacodynamic
responses (cell killing and growth delay) of radiation-treated spheroids. To parameterise a
model for radiation sensitivity, HCT116 monolayers were exposed to a range of radiation doses
under oxic and anoxic conditions and clonogenic cell survival was measured (Figure 42A). A
LQ equation (Eqn S12) was fitted to estimate coefficients αH (0.186 ± 0.003 Gy-1) and βH
(0.0061 ± 0.0007 Gy-2) under anoxia, together with a single maximum oxygen enhancement
ratio (OERαmax = OERβmax = 2.63 ± 0.23, Eqn S13) to account for increased radiosensitivity of
HCT116 monolayers under oxic conditions (Figure 42A). The SABM incorporated this LQ
model at a range of oxygen concentrations using the previously published Km for
radiosensitivity (Kms, oxygen concentration at which radiosensitivity is half-maximal) of 4.28
µM O2 (Wouters and Brown, 1997). When radiation is simulated, cells are randomly tagged
for radiation-induced clonogenic cell death as a function of dose and O2 concentration, and
undergo cytolysis at the next attempted cell division (post-mitotic cell death). The model
successfully predicted the clonogenic cell killing by radiation of cells in spheroids under 20%
O2 (Figure 42A), based on the parameters derived from HCT116 monolayers described above
and spheroid growth and nutrient parameters in Table 2.
To investigate spheroid growth delay induced by radiation, spheroids were treated with or
without 4 Gy radiation under 5% or 20% O2 on day 4 and spheroid diameters were measured
as a function of time. Radiation-induced spheroid growth delay was lower for spheroids
exposed to radiation under 5% O2 (Figure 42B) than under 20% O2 (Figure 42C). Based on
clonogenic cell killing alone, the SABM poorly predicted radiation-induced spheroid growth
delay, predicting rapid regrowth after rapid cytolysis and reoxygenation. This occurred despite
good prediction of clonogenic cell killing by radiation in spheroids (see also Figure 43), To
address this issue, delays in cell proliferation and cytolysis induced by radiation, similar to
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those in (Materi and Wishart, 2007), were introduced: death probability (probability of
cytolysis at each cell division), growth delay factor (delay in cell growth modelled as an
increase in doubling time in hours per Gray administered) and the number of cell divisions
cycles for which the growth delay factor operates. These modifications made model predictions
of growth delay by radiation more consistent with experimental data (Figure 42) and provide
useful estimates of the magnitude of cell growth inhibition for parameterizing a more
mechanistic formulation of radiation damage/repair, integrated into a cell cycle model, planned
for future model versions.

Figure 42. Radiation model and simulation of spheroid response to radiation using the SABM.
(A) A LQ radiation model was parameterised by measuring clonogenic cell survival of HCT116 monolayer (10 5
cells/mL) in response to a range of radiation doses under anoxic (unfilled rectangles in A, 3 separate experiments)
or oxic (unfilled triangles in A, 2 separate experiments) conditions. Values are means ± SEM. Lines represent LQ
model fits (Eqn S12) to all monolayer data simultaneously (fitted parameters in Table 1) by minimization of the
sum of squared errors between simulated and observed ln (SF). These parameters were used in the SABM to
simulate clonogenic cell survival of cells in 4-day spheroids exposed to radiation under 20% O2 (solid line in A)
and compared to measured clonogenic cell killing in HCT116 spheroids (filled circles in A). Values are means ±
SD (n=16 spheroids). To compare the measured spheroid growth delay induced by radiation to that predicted by
the SABM, HCT116 spheroids were exposed to 4 Gy radiation under 5% (Panel B) or 20% O2 (Panel C) and
spheroid growth was monitored as a function of time. Values are means ± SD (n=16 spheroids) and lines are
simulations by the SABM based on clonogenic cell killing alone (…), or with addition of parameters for cell growth
inhibition and survival probability at each mitosis following radiation (---) as described in Table 1.
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3.5.8 Comparison of simulated and measured PD responses of spheroids to SN30000
and radiation in combination
Given that pharmacologically relevant concentrations of SN30000 (0-150 µM) (Hicks et al.,
2010;Gu et al., 2017) resulted in little cell killing in spheroids under 20% O2 with few hypoxic
cells, spheroids under 5% O2 containing similar numbers of both hypoxic and oxygenated cells
were used for exploration of SN30000 and radiation combinations. Clonogenic cell survival
assays demonstrated that 25 µM SN30000 or 12 Gy radiation alone each killed ca 90% of cells
in spheroids under 5% O2, while SN30000 in combination with radiation led to almost 99.9%
cell kill, showing more than a multiplicative effect. This clonogenic survival data was well
predicted by SABM (Figure 43A) using the final parameters from monolayer experiments for
the radiation LQ model and reaction-diffusion and cell survival parameters for SN30000 as
described above (see Table 2). Model predictions for radiation-induced spheroid growth delay,
again incorporating the parameters for cell death probability and cell growth delay (Table 2)
by radiation were in good agreement with the experimental results (Figure 43B), although the
model under-estimated the growth delay and decrease in size of spheroids in response to the
combination.
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Figure 43. Comparison of simulated and measured spheroid responses to SN30000 and radiation in
combination.
The predicted and measured clonogenic cell killing (A) and growth (B) of spheroids seeded with 1000 cells and
treated on day 4 under 5% ambient O2 with 25 µM SN30000 for 2 hr alone, 12 Gy radiation alone or both (25 µM
SN30000 for 2 hr, followed by 12 Gy radiation 1 hr after SN30000 removal). Values are means ± SEM (n=8
spheroids for A and n=16 spheroids for B). SABM predictions are based on the optimized parameters in Table 1.
2D snapshots from the SABM (C) illustrate cell fate and spheroid regrowth after the treatments, with the D4
output immediately following irradiation. Yellow cells are tagged for treatment-induced death, pink cells represent
dividing (mitotic) cells, light green cells were highly proliferative well-oxygenated cells, dark green cells were
low proliferative hypoxic cells, blue cells are cells tagged for hypoxia-induced cell death, and central dark region
represents necrosis. Cell motility and fluid flow, to simulated spheroid shrinkage, is not implement yet (see text).
The scale bar = 100 µm and a color-coded legend for oxygen concentration in medium is shown.
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Using the SABM to visualise the plane through the simulated spheroid centre gives insight into
the interaction between SN30000 and radiation treatment (Figure 43C). After exposure to
SN30000, most hypoxic cells in the inner zone are tagged to die (cells in yellow) while most
well-oxygenated cells survive on day 4. These surviving cells are predicted to continue dividing
(pink mitotic cells) and to repopulate the spheroid rapidly. The hypoxic cells are predicted to
undergo necrosis because of expanding hypoxia as the spheroid grows, even if they are not
tagged for death by SN30000, and they make a very limited contribution to spheroid growth
because they proliferate slowly. All these factors explain why SN30000 alone results in
minimal spheroid growth delay. In contrast, as expected, the SABM predicted that radiation
alone preferentially targeted the well-oxygenated, highly-proliferative cells at the periphery of
spheroid, sparing some hypoxic cells. The rapid reoxygenation of cells predicted by the SABM
results in the rescue of surviving hypoxic cells that would otherwise have died from chronic
hypoxia exposure. SN30000 suppresses the hypoxic subpopulation that would otherwise be
rescued by this reoxygenation. Overall, the combination of SN30000 and radiation resulted in
spatial complementarity by targeting both oxygenated and hypoxic cells in spheroids, therefore
substantially delaying spheroid growth. However, the unexpected finding of reduced exposure
of SN30000 in the central viable cells (Supplementary Figure 57) points to a potential
limitation of this HAP.

3.6 Discussion
The increasing accessibility of high performance computing is opening up important
opportunities for agent-based modelling of large tumour cell populations, with explicit
representation of microregional concentration gradients within the tumour microenvironment.
At the present time, multiscale modelling of whole tumours with meaningful parameterisation
of physiological and pharmacological processes is difficult, but multicellular spheroids provide
an experimental model of intermediate complexity that is tractable for such approaches (Kempf
et al., 2013;Kempf et al., 2015;Hoehme and Drasdo, 2010;Powathil et al., 2015). Here, we
report an agent-based model that simulates the growth and response to treatment of tumour
spheroids, in which cell fate is determined by local concentrations of oxygen, D-glucose, and
exposure to therapeutic agents (SN30000 and radiation). Instead of estimating parameters
empirically by fitting spheroids growth data or from the literature, many pivotal parameters
were directly measured by experiments in HCT116 cells in a range of different contexts
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amenable to quantifying transport, metabolism and cytotoxicity (single cell suspensions,
monolayers, multicellular layer cultures). This was facilitated by the co-development of a
monolayer model, in which all cells have an identical local environment, to estimate the
relevant parameters.
The SABM has several invaluable advantages. Firstly, it can temporally and spatially simulate
specific cell populations within spheroids. In addition multiple outputs from cellular to
histological levels are available from the model, most of which can be directly compared with
experimental data. The on-lattice model allowed diffusion to change locally depending on
whether a cell is present, and the simple oxygen and glucose metabolism and cell growth
models allowed calibration by minimising the number of parameters. Use of predicted radiation
and SN30000 response in spheroids allowed detailed exploration and interpretation of radiation
and SN30000 combinations. Finally, modelling the total system including the culture medium
surrounding the spheroid proved informative. For example, additional validation was possible
through simulation of glucose concentrations in the medium, and the predicted decreasing
concentration of oxygen in the medium and at the spheroid boundary allowed prediction of the
decrease in viable rim thickness (Figure 39) in addition to the geometric change in moving
from spherical to planar geometry, resulting in shorter penetration distances in large spheroids
caused by spheroid growth and onset of necrosis (Grimes et al., 2014).
Some features and advantages of the SABM are in common with the approach adopted by
Powathil et al. (Powathil et al., 2012;Powathil et al., 2015;Powathil et al., 2014;Powathil et al.,
2016), but there are some significant differences. While the Powathil models (PMs) simulate a
2D slice of a real tumour, our model simulates a complete 3D tumour spheroid growing in a
tissue culture plate, and as a consequence the boundary conditions are very different. The PMs
assume that oxygen is the only constraint on growth in vivo, but to simulate spheroid growth
in vitro it is necessary to account also for glucose depletion in the medium. In the PMs cells
are effectively either growing at the unconstrained rate or, when oxygen is low, resting. In
contrast, the SABM simulates growth rates that depend on oxygen (and glucose) in a
continuous way. Instead of assuming, like the PMs, that cell division can occur only if a
neighbouring lattice site is vacant, in the SABM space is made for cell division by moving cells
and causing the spheroid to grow. Needing to simulate cell cycle to account for phasedependent effects, the PMs employ a system of six ODEs, but in the SABM there is no model
for cell cycle, time to divide depending simply on growth rate, a function of oxygen and glucose
concentrations. In the PMs, drugs are not metabolised and the probability of cell kill in a time
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step is a fixed value when the drug concentration exceeds a threshold, while our models
implement both drug metabolism in cells and kill probability as a continuous function of
intracellular drug and oxygen concentrations. This also contrasts with a previous 2D off-lattice
model of (Kazmi et al., 2012b;Kazmi et al., 2012a) where O2 and TPZ are simulated by a
continuous 2D distribution whereas the PD effect is based on dividing the tumour into 5
discrete hypoxic regions.
Good agreement was found between simulated and measured spheroid growth with the present
SABM. This was achieved by adjusting three parameters: a critical oxygen level for cell
survival; the time below this critical concentration after which cells are tagged for death; the
interval following tagging when cells are still present before undergoing cytolysis. Simulated
spheroid diameters, cell number, necrosis and viable rim thickness were compared with
measured values and generally agreed well. However, there were some discrepancies between
simulation and measurement especially beyond 800 µm diameter. One possible reason is the
assumption of symmetry in calculating spheroid diameters for comparison to the simulated
spheroids which are very symmetrical compared with the experimental spheroids (Figure 38).
In addition, the central necrotic region clearly expanded with spheroid size, and we have
observed that HCT116 spheroids can burst randomly at diameters over 1000 µm, distributing
central necrotic material throughout the culture. All these factors make cell fate and
microenvironments in large spheroids complicated and difficult to predict.
Glucose metabolism plays an important role in cancer development and progression (Cairns et
al., 2011) and therefore was included in the model. To simplify the models, we assumed that
D-glucose was the sole energy and mass resource and that glucose metabolism rate is oxygen
independent, although both glycolysis and oxidative phosphorylation are known to be
modulated by hypoxia in some cancer cells (Parks et al., 2017), including a small increase in
glucose consumption by HCT116 under chronic hypoxia (Frezza et al., 2011). Here, we used
HCT116 MCL experiments to estimate the diffusion coefficient and metabolism rate of
glucose. To our knowledge, this is the first time diffusion of glucose has been directly measured
in 3D cell cultures. The estimated diffusion coefficient of 3H-L-glucose in HCT116 MCLs was
very similar to that of mannitol ((1.81 ± 0.01) ×10-7 cm2 s-1, n=6), a cell-excluded
monosaccharide of similar MW, as expected given that L-glucose is not a substrate for glucose
transporters. Assuming that this describes D-glucose diffusion in the extracellular space, a
tissue Vmax was then fitted to the D-glucose transport data, which was in good agreement with
the Vmax fitted (using MABM) to the single cell D-glucose consumption data assuming a tissue105

like cell volume fraction of 0.5. Using these parameters, the SABM well predicted D-glucose
consumption by spheroids in medium, and spheroid growth in unfed spheroids
(Supplementary Figure 52). The low diffusion coefficient and high rate of glucose
consumption results in a steep fall of glucose concentration within the spheroid (Figure 37F),
which may also affect viable rim thickness. For the other experiments reported here, spheroids
were all fed by partial replacement of the medium every second day to ensure sufficient nutrient
supplementation. This maintains glucose concentrations more than an order of magnitude
higher than O2 and hence it is predicted to be less readily depleted from the medium near the
spheroid boundary and under these conditions glucose was found to have little effect of cell
growth or cell death with parameters set as in Table 1. However, O2 and glucose have similar
penetration distance (ca 120 µm) indicating that the hypoxic cells are also glucose deficient,
raising the question of control of viability and necrosis. We are currently investigating cell
cycling and death under these conditions and developing a model in which glucose metabolism
is affected by hypoxia and cell death is related to energy production to address this issue as has
previously been done in continuum models (Bertuzzi et al., 2010).
Importantly for our current purposes, the SABM predicted oxygen dependence of clonogenic
survival of cells in spheroids by radiation and SN30000, both alone and in combination,
without further adjustment of parameters, supporting the conclusion that the oxygen and
SN30000 reaction-diffusion parameters and the SN30000 and radiation cell killing parameters
accurately describe the distribution of cell killing in spheroids. However, an important
objective of this study was to investigate the relationship between clonogenic cell kill and
spheroid growth delay, which is a commonly used endpoint in therapeutic testing studies. The
SABM under-estimated spheroid growth delay by the combination of SN30000 and radiation.
Compared with the clonogenic survival assay (the gold standard endpoint for the determination
of radiation-induced cell death), spheroid growth delay induced by radiation is a more
complicated PD endpoint that is sensitive to reversible cell cycle arrest, kinetics of cell death
and changes in the microenvironment such as reoxygenation after treatment. Metabolic
reduction of SN30000 also induces DNA double strand breaks (Hunter et al., 2012;Wang et
al., 2011) and therefore is also expected to cause cell cycle delay. We have developed an
empirical model for radiation where cells are assigned a probability of death at each attempted
divisions, similar to that of (Kempf et al., 2015), or that their growth may be slowed for a
variable number of cycles. We are investigating a more rigorous formulation treating cell cycle
perturbation by radiation and SN30000 explicitly to incorporate into the models. In this
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approach cell response is dependent on cell-cycle-stage specific radiation- and drug-induced
lesion density and repair, which in turn is dependent on dose, and oxygen, rather than the purely
probabilistic approach currently implemented.
In the SABM, cell division is the only factor determining cell motion. This is not an issue for
untreated spheroids since all lattice sites within the spheroid are occupied by cells except in the
central necrotic region. However, it is challenging to quantitate spheroid diameter after
treatment. Specifically, after a dose of drug or radiation, surviving cells remain where they
were before the dose, leaving many empty lattice sites. This explains why the SABM is unable
to predict the spheroid shrinkage in response to radiation and SN30000 that is observed
experimentally. To overcome such problems, and generally improve the model’s realism, we
are currently developing an off-lattice model in which cell-cell interactions will cause
shrinkage of the spheroid when cells undergo cytolysis (see Chapter 4 for details).

3.7 Methods and materials
3.7.1 Development of the on-lattice SABM
Because this model comprises many interacting components, requiring extended explanation,
most of the details, including mathematical equations, are presented in the Supplementary
document.
The geometry of the model is lattice-based. This means that cells occupy positions, called
lattice sites, on a regular 3D grid. A site is the centre of a cube of side Δx, and the grid spacing
Δx is set such that in a region of the lattice that is fully occupied by cells (no voids) the fraction
of the volume that is taken up by cells agrees with that typically measured for a spheroid
constituted of these cells. If the measured average of number of cells per mm3 is Na, then this
is the number of lattice sites per mm3, giving Δx = 1/Na1/3 mm.
Autonomous cell motility and cell-cell forces are not simulated. Cell motion occurs only as a
result of cell proliferation, but according to rules by which space is made for the newly-created
cells, not through solving for a balance of forces. (The method is described in detail in the
Supplement.)
The cells that make up the tumour spheroid grow in a specified volume of medium, containing
glucose and dissolved oxygen. The oxygen concentration at the medium-air boundary is
determined by the gas environment above the medium, and in the present context is constant,
but as the spheroid grows and the total oxygen consumption increases, the field of oxygen
concentration in the medium constantly changes, and the concentration at the spheroid
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boundary falls. The concentration of glucose also falls as consumption by growing cells
depletes the medium. Concentration fields of the medium constituents are computed by solving
the unsteady diffusion equation on a grid using a finite difference method, with the spheroid
modelled as a sink of oxygen and glucose. Oxygen and glucose are transported by diffusion
into the interior of the spheroid, where they are taken up by cells. At a lattice site (i.e. in a cube
of volume Δx3) that is occupied by a cell there are two compartments, intra- and extracellular.
Diffusive transport is modelled as occurring between the extracellular compartments, while
exchanges take place between each intracellular compartment and the extracellular volume that
surrounds a cell. The combination of diffusion and intracellular metabolism results in a system
of reaction-diffusion equations, expressed using the Method of Lines as a system of ordinary
differential equations (ODEs). A parallelised Runge-Kutta algorithm is employed to solve
these equations, updating intra- and extracellular concentrations of the constituents at each time
step.
The model employs two grids (Supplementary Figure 46): a coarse grid that is used to
represent the medium, and a fine grid that defines the lattice sites that determine the domain
within which cells can exist. Different methods of solution are used for the two grids. Medium
concentrations on the coarse grid are updated in response to cellular fluxes, which are
aggregated at nodes of the coarse grid. Interpolation on the coarse grid then provides the
concentrations at the boundary of the growing spheroid, thereby providing boundary conditions
for the solution – for intra- and extra-cellular concentrations – within the spheroid.
Cell growth is determined by the local glucose and oxygen concentrations. When neither
nutrient is limiting the cells grow at a maximum rate calculated from their unconstrained
doubling time as in input parameter. Cell growth rate declines with falling oxygen and glucose
concentrations with a Km (concentration for half maximal growth rate) the same as their
respective metabolism Km. The mean cell volume is an input parameter and a cell divides into
2 daughter cells when its volume reaches that required for division (as explained in the
Supplementary document.)
When growth is simulated in the absence of perturbation by therapeutic agents there are only
two constituents, oxygen and glucose, but one of the main purposes of the model is to simulate
what happens when drugs are added to the medium. In the most general case there will be six
more constituents – two drugs each with up to two metabolites. For both the hypoxia-activated
drugs that we are interested in and radiotherapy, treatment effectiveness is greatly influenced
by oxygen – in opposite ways. In each case the probability of cell killing is a function of
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intracellular oxygen concentration. Details of the sub-model for drug metabolism and action,
and of the LQ radiation treatment sub-model, are provided in the Supplementary document.
3.7.2 Monolayer agent-based model
We also developed a monolayer model (MABM) that includes some features of the spheroid
model. In the MABM a relatively large number of cells (of the order of 10 5) grow, divide and
die in a monolayer at the bottom the well. The geometry allows the medium to be treated as
one-dimensional, with all cells experiencing the same ambient concentrations of oxygen,
glucose and drugs. Since the simple metabolism model does not have cell-cycle stage
dependence, although at any instant cells are at different points in the cell cycle, they are all
consuming oxygen and glucose and metabolising drugs at the same rate. This enables the
simplification of solving the intracellular reactions for a single representative cell, then
multiplying by the current number of cells to obtain the total constituent fluxes. More detail of
the MABM is provided in the Supplement. The great advantage of this model is its speed of
execution.
To facilitate estimation of parameters for the monolayer model, a simple fitting procedure has
been developed, using a ‘grid-search’ method outlined in the Supplement. Cellular parameters
(such as glucose and SN30000 consumption and SN30000 and radiation survival fractions)
were fitted to the experimental data using the monolayer program by minimising the sum of
squares of the errors and then used as fixed parameters in the monolayer growth and spheroid
ABM simulations for comparison to experiments, as indicated in results.
Experimental
3.7.3 Drugs and reagents
SN30000 was synthesised as reported (Hay et al., 2008). SN30000 powder was stored at - 20
℃ and stock solution were dissolved in dimethyl sulfoxide (DMSO) and stored at - 80 ℃. Final
DMSO concentrations in cultures were ≤1%.
3.7.4 Cell culture
The human colorectal adenocarcinoma cell line HCT116 from American Type Culture
Collection (Manassas, VA) was cultured as monolayers in alpha minimum essential media
(αMEM) (Gibco, Thermo Fisher Scientific, U.S.) with 5% heat-inactivated foetal calf serum
(FCS) (Moregate Biotech, Hamilton, New Zealand). The cell line was authenticated by short
tandem repeat profiling. Cells were used within 12 passages from frozen stocks in liquid
nitrogen. To dissociate cells, log-phase monolayers were exposed to 0.025% trypsin/EDTA
(Gibco, Thermo Fisher Scientific, U.S.) for 2 min in an incubator at 37℃, humidified with
109

atmosphere containing 20% O2/5% CO2 (standard incubator), or spheroids were treated with
0.05% trypsin/EDTA for 10 min in standard incubator. For stirred single cell suspension
experiments, cells were collected from enzymatically dissociated multicellular spheroids
grown in spinner flasks using 0.05% trypsin/EDTA, with magnetic stirring at 37 ℃ for 10 min.
Cells were centrifuged at 216 × g for 5 min and pellets were re-suspended in αMEM without
FCS.
3.7.5 Oxygen consumption by HCT116 cells
Oxygen consumption rates were determined using a Seahorse XFe96 Analyser (Agilent, U.S.).
Cells were dissociated from log phase cultures (αMEM plus 5% FCS) and seeded at 2×104
cells/well in Seahorse 96 well plates and allowed to attach overnight (ca 18 hr). Medium was
then changed to Seahorse medium containing 5 mM glucose (150 µL/well). Plates were
equilibrated in CO2-free 21% O2 for 1 hr followed by 3-5 measurements of the oxygen
consumption rate at 6 min intervals.
3.7.6 Measurement of D-glucose
D-glucose concentrations in the samples were measured with an Amplex® Red
Glucose/Glucose Oxidase Assay Kit (Invitrogen, CA) according to the manufacturer’s
recommendation. Briefly, samples were diluted into reaction buffer to produce D-glucose
concentrations of 0 to 50 µM and diluted samples (50 µL) were mixed in a 96-well plate with
50 µL of the working solution containing 100 µM Amplex® Red reagent (10-acetyl-3, 7dihydroxyphenoxazine), 0.2 U/mL horseradish peroxidise and 0.2 U/mL glucose oxidase,
followed by incubation at room temperature for 30 min before measuring the fluorescence after
mixing using an Enspire Multimode Plate Reader (Perkin Elmer Inc., U.S.) with excitation
wavelength of 571 nm and emission wavelength at 585 nm. D-glucose concentrations were
determined using a calibration curve (0-100 µM D-glucose) on the same plate.
3.7.7 Spheroid culture and growth
103 HCT116 cells in 20 µL αMEM with 10% FCS, 1% P/S were seeded in wells of Corning
7007 low attachment round bottom 96-well plates (Sigma-Aldrich, U.S.) to form spheroids in
a standard incubator. After 24 hr, each well was supplemented with 180 µL αMEM with 10%
FCS, 1% P/S in a standard incubator for a further 3 days. Spheroids were cultured with
replacement of 100 µL αMEM with 10% FCS, 1% P/S and diameters were measured with an
ocular micrometer under a microscope (Micro Instruments NZ Ltd, New Zealand) every second
day from day 4. In all spheroid experiments, the seeding density (103 HCT116 cells) and
spheroid feeding method were the same unless stated specifically. In glucose dependence of
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spheroid growth experiments, 2 × 103 HCT116 cells were seeded and cultured in glucose-free
Dulbecco’s Modified Eagle Medium (glucose-free DMEM) (Gibco, Life Technologies Inc.,
U.S.) supplemented with 10% FCS, 1% P/S and 5mM D-glucose.
3.7.8 Flow cytometry
HCT116 spheroids in 100 µL αMEM with 10% FCS, 1% P/S were exposed for 2 hr to either
100 µM EdU (Abcam, U.S.) to label S-phase cells or 100 µM EF5 (a gift from the National
Cancer Institute, U.S.) to label hypoxic cells. 48 spheroids were pooled, trypsinised and cells
were collected. For viability assays, cells were incubated in 500 µL PBS supplemented with 1
µg/mL PI for 2 min before counting viable (PI negative) and non-viable (PI positive) cells with
an Accuri C6 flow cytometer (B.D. Biosciences, U.S.) using excitation wavelength 488 nm
and emission wavelength 585/40 nm. For measurement of hypoxic and S-phase cells, cells
were fixed in 1 mL 4% paraformaldehyde (PFA) at 4 ℃ overnight, samples were then diluted
to 1% PFA using PBS and stored at 4 ℃ until analysis. For quantitating S-phase cells, EdU in
DNA was conjugated with 10 µM Alexa fluor 488 azide (Thermo Fisher Scientific, U.S.) for
30 min using click chemistry according to the manufacturer’s instructions. For measuring
hypoxic cells, the cell suspensions were re-suspended in PBStt (PBS with 0.3% v/v tween 20,
0.04g/mL thiomersal and 0.125 g/mL sodium azide) with 75 µg/mL FITC-conjugated Elk 3.52
anti-EF5 antibody (Dr. C. Koch, University of Pennsylvania, Philadelphia, PA) and incubated
at 4oC overnight as previously reported (Koch, 2008). EF5-positive and EdU-positive
populations were counted with an Accuri C6 flow cytometer using excitation wavelength 488
nm and emission wavelength 525 nm.
3.7.9 Histological staining of spheroid sections
Following exposure to EdU or EF5 as described above, spheroids were washed with PBS three
times, pooled in 1 mL micro-centrifuge tubes, and then fixed with 4% PFA at 4℃ overnight
before being dehydrated in 70% v/v histological ethanol. The spheroids were then embedded
in paraffin for sectioning. The sections were deparaffinised and dehydrated by sequential
washes in xylol, ethanol and distilled water. For EdU staining, sections were permeabilised
with PBStt for 30 min at room temperature, followed by exposure to click reaction cocktails
with 10 µM Alexa fluor 647 azide (Thermo Fisher Scientific, U.S.) at room temperature for 30
min. For EF5 staining, antigen retrieval was performed using 10 mM citrate buffer (pH = 6.5)
in a 2100 Retriever (Electron Microscopy Sciences, U.S.), followed by blocking in Tris
buffered saline/0.1% Tween-20 (TBS-T) containing 10% goat serum at 4℃ for 1 hr. The
sections were then submerged under 100 µL antibody mixture containing 75 µg/mL CY5
111

conjugated Elk 3.52 anti-EF5 antibody at 4℃ overnight. Slides were then counterstained with
100 µL of 8 µM Hoechst 33342 (Thermo Fisher Scientific, U.S.) for 10 min before mounting
with ProLong Diamond Antifade Mountant (Invitrogen, U.S.). For H&E staining, coverslips
were removed after imaging EdU/EF5, and the slides were stained with haematoxylin and eosin
and then mounted with DPX Mountant (Sigma-Aldrich, U.S.). The images were taken on a
Zeiss LSM 710 inverted confocal microscope.
3.7.10 Diffusion and metabolism of SN30000 and glucose in HCT116 MCLs
HCT116 MCLs were cultured as described previously (Foehrenbacher et al., 2013b). Briefly,
1 x 106 cells were seeded onto collagen-coated Millicell-CM culture inserts (Merck Millipore
Ltd., Ireland), allowed to attach for 6 hr then submerged in stirred reservoirs of culture medium
at 370C. After 3 days MCLs were loaded into custom-designed diffusion chambers in a 370C
waterbath and equilibrated with 95% O2/5% CO2 for 1 hr in αMEM without FCS before adding
the test compounds. SN30000 (10-50 μM), D-glucose (5-10 mM), or L-glucose (1 mM) plus 5
μL 3H-L-glucose (Glucose, L-[1-3H(N)], 740 GBq/mmol, Amersham, Australia) (National
Center for Biotechnology Information.PubChem Compound Database., 2018) was added to the
donor compartment, along with 1 μL
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C-urea (2.11 GBq/mmol, Amersham, Australia) as

internal standard. 100 μL of medium was sampled from both donor and receiver compartments
at intervals. Radioactivity was measured in 25 μL samples by liquid scintillation counting (TriCarb 2910 TR, Perkin Elmer Inc., U.S.) to determine 3H-L-glucose and 14C-urea, the latter to
estimate MCL thickness by using the known diffusion coefficient of urea in HCT116 MCLs as
previously (Foehrenbacher et al., 2013b). The remaining samples were frozen at -80 0C for
determination of SN30000 or D-glucose. Diffusion coefficients of the analytes in the MCL
were estimated by fitting data to concentrations calculated using a Matlab program to solve the
transport model based on Fick’s second law as described previously (Foehrenbacher et al.,
2013b). Identical experiments were performed under 0% O2 in the gas phase for determination
of the rate constant for bioreductive metabolism of SN30000 in the MCLs under anoxia,
together with measurement of the bioreductive metabolite SN30000-1-oxide. Analogous
experiments were performed with collagen-coated support membranes without cells to
determine the diffusion coefficient of D-glucose, SN30000 and SN30000-1-oxide in bare
supports (Dsup). Medium diffusion coefficients were calculated from Dsup by dividing by the
previously estimated bare support porosity of 11% (Hicks et al., 2001).
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3.7.11 Irradiation of monolayers and spheroids
96-well plates with log-phase monolayers (105 cells/well, seeded 3 hr previously) or 4 day old
spheroids were sealed in a metal chamber and submerged in a 37°C water bath for 30 min to
equilibrate temperature before being exposed to gamma radiation from an Eldorado 78 Cobalt60 teletherapy machine. A range of dose rates (0.2-1 Gy/min) was achieved by setting a lead
wedge on the top of the metal chamber (Cross et al., 1994;Bonnet et al., 2014). For radiation
exposure experiments under 5% O2, HCT116 spheroids in 100 µL αMEM with 10% FCS, 1%
P/S were pre-incubated in a Whitley H45 HEPA HypOxystation (Don Whitley Scientific
Limited, U.S.) with 5% O2/90% N2/5% CO2 for 3 hours to equilibrate oxygen before being
exposed to radiation.
3.7.12 Clonogenic cell survival assay
To measure clonogenic survival of HCT116 cells treated by SN30000 or radiation, single cell
suspensions from trypsinised monolayers or spheroids were counted (Beckman Coulter Z2,
U.S.), serially diluted and plated into 60-mm cell culture dishes (Falcon, U.S.) containing 4.5
mL αMEM with 5% FCS and 1% P/S. Cells were cultured in a standard incubator for 10 days
before being stained with methylene blue, and colonies of >50 cells were counted to calculate
plating efficiency (PE, number of colonies/cells plated). Surviving fraction (SF) was calculated
as PE (treated)/PE (control). For monolayers, surviving fractions were fitted as a function of
dose and O2, to the LQ radiation model (Eqn S12) to estimate αH, βH and the oxygen
enhancement ratio (assuming OERα = OERβ).
3.7.13 High-Performance Liquid Chromatography (HPLC)
SN30000 and its metabolites were quantitated by HPLC with photodiode array detection using
a Zorbax Eclipse XDB-C18 column (2.1 x 150 mm, 5 µm particle size, Agilent, U.S.) on an
Agilent 1100 HPLC system. Samples of culture medium (without FCS) were thawed,
centrifuged and 40 µL samples were injected for analysis. The mobile phase (pH 3.5)
comprised 45 mM sodium formate buffer with 0.2% formic acid and the organic phase was
60% acetonitrile, 20% methanol, 20% water. The gradient was 10% organic phase for 2 min
with linear increase to 40% (2-16 min) and to 95% at 19 min. Absorbance detection was at 252
nm with a reference of 550 nm. For each experiment, calibration curves for SN30000 and its
1-oxide metabolite were determined under the same sample-handling conditions.
3.7.14 Spheroid area measurement
An ImageJ plugin was developed (based on a macro provided by (Ivanov et al., 2014)) to
estimate the area and roundness metric from the 2D projected bright field spheroid images
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captured by a JuLiTM stage Real-Time Cell History Recorder (NanoEnTek Inc., Korea) using
a 4× objective. After scaling has been set, the analysis employed the following sequence of
ImageJ filter steps: "Auto-thresholding" step using the inter-modes algorithm, a single "Erode"
step, "Analyse particles" step to detect objects with area greater than a specified number of
pixels, default value 1000. This selects the spheroid, filtering out any surrounding debris, and
estimates its area and a roundness metric (in the range 0 - 1) automatically for a full set of
spheroid images.
3.7.15 Viable rim and necrotic core measurement
For histology analysis, another plugin was applied manually image-by-image, using ImageJ’s
“Magic Wand” to find the ROI of the whole spheroid, then the “Free-hand” tool to delineate
the ROI of the necrotic core. In each case the associated area is computed.
𝑎𝑟𝑒𝑎

From each area the radius of the equivalent circle is determined as√

𝜋

, giving the viable rim

thickness as the difference between the two radii.
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3.9 Supporting information
3.9.1 Description of SABM
The overall structure of the model is shown in Supplementary Figure 44. In the following the
main model components are described.

114

Supplementary Figure 44. Flow of program execution, showing the main modules.
The loop is executed every time step (typically 600 sec.)

Reaction-diffusion system
Because the spheroid grows in a small volume of growth medium, it has a significant influence
on constituent concentrations in the medium and at the spheroid boundary, causing levels to
change constantly, and making it necessary to include the medium in the simulation. The
medium is assumed to be unmixed, although since there is always some mixing by convection,
the effective diffusion coefficients accounting for such unpreventable mixing need to be
estimated. A two-stage solution procedure is used:
Stage 1. The concentration fields throughout the whole volume are updated each time step by
solving the time-dependent diffusion equation on a regular rectangular grid. The timedevelopment of these fields is driven by fluxes created by cells in the spheroid. All boundaries
are closed except for oxygen, for which the boundary value of concentration at the mediumgas phase interface is an input value corresponding to the experiment being simulated. In the
cases of oxygen and glucose, each cell is a sink, while for drugs and their metabolites a cell
can be either a sink or a source. Since the coarse grid solver requires flux values at its grid
points, a method is needed to transfer fluxes occurring at intermediate points (cell locations) to
coarse grid points. At each time step, for each constituent the current cell uptake rates are
allocated to the eight surrounding grid points using precomputed weighting factors that are
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inversely proportional to the distance from the grid point. From the resulting solution the
concentration in the medium close to the boundary of the spheroid is estimated by averaging
concentrations at 100 randomly chosen points on the surface of a sphere representing the
current size and location of the spheroid. Concentrations at these points are determined by
trilinear interpolation. (This module is shown as UpdateMedium in the flowchart.)
Stage 2. The medium boundary concentrations determined from Stage 1 are applied to lattice
sites at the boundary of the spheroid. (A boundary site in this context is a lattice site outside
the spheroid that has at least one neighbour site that is occupied by a cell.) The lattice solver
updates the intra- and extracellular concentrations within the lattice, treating the boundary
concentrations as fixed. Cellular constituent fluxes are then computed from the intra- and
extracellular concentrations, and used to generate grid point fluxes for the Stage 1 solution in
the next time step. (This module is shown as Solver in the flowchart.)
The time step is user-settable in the GUI, and typically the value of 600 seconds is used (this
is subdivided on a medium-change event, as discussed below.)
Solving the diffusion equation in the medium (Stage 1)
The medium and spheroid are simulated as occupying an approximately cuboid region with
volume – an input value – matching that used experimentally in the 96-well plates. Medium
volume is much greater than the maximum volume attained by the spheroid. There is no attempt
to reproduce the geometry of a well, which is cylindrical with a slightly concave bottom, but
the volume is preserved and the cross-sectional area is approximately preserved, ensuring that
the medium depth is close to the experimental value – this is important for oxygen levels. The
cube is spanned by a “coarse” regular finite difference grid NXB*NYB*NZB, with NYB = NXB,
and with grid spacing ΔxB that is determined by the volume. For example, when the volume of
medium is 0.2 mL, NXB=NYB=35, NZB=40, and ΔxB = 164 μm.
Because drugs may decay in the medium, it is necessary to consider a general reaction-diffusion
equation of this form:
C
= F (C ) + D  2 C
t

(S1)

where C is constituent concentration, D is the diffusion coefficient and F represents the reaction
kinetics – in the present case simple first order decay. The solution method adopted is a
linearized multi-step implicit-explicit (IMEX) scheme, specifically the 2nd-order semi-implicit
BDF formulation described in (Ruuth, 1995):





1
3C n+1 − 4C n + C n−1 = 2 F (C n ) − F (C n−1 ) + D h C n+1
2t

(S2)
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(Here the index n refers to the time point nΔt.)
The resulting algebraic system is solved using the sparse solver ITSOL, employing FGMRES
with ILUK preconditioning (Saad and Schultz, 1986;Saad, 2006). OpenMP parallelisation
enables solving for all constituents in parallel.
Solving the reaction-diffusion equations on the lattice (Stage 2)
Within the coarse grid a much finer grid is specified (Supplementary Figure 46, below). This
is the lattice within which cells are located, and it is sized to accommodate the largest spheroid
to be simulated – the default size is 120×120×120. The lattice grid spacing is determined by
the number of tumour cells per unit volume in a spheroid (as explained below). For HCT116
cells, the grid spacing Δx is 12.6 µm. At any time the spheroid occupies NS sites on the 3D
lattice. The number of live cells, NC, may be less than NS, because the spheroid may have voids
as a result of cell death. If there are MV constituents the total variable count in the spheroid is
MV (NS + NC). There are two domains, extracellular and intracellular, and the solver must
account for the possibility that a lattice site may be unoccupied by a cell, in which case the
whole site volume is extracellular. Supplementary Figure 45 shows the two cases, using a 2D
representation for clarity.
Extracellular equations: constituents are transported by diffusion through the extracellular
domain. In each site containing a cell, there is exchange across the cell membrane. The only
other possible reaction in the extracellular space is decay – all other reactions occur within
cells.
Intracellular equations: constituents are transported into and out of the cell through exchange
across the cell membrane. Oxygen and nutrients are consumed at rates determined by metabolic
functions. Drugs are metabolised, and constituents may be subject to decay.
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Supplementary Figure 45. 2D representation of lattice sites with and without an occupying cell.

Using the Method of Lines, the diffusion PDE is converted to an equivalent set of ODEs. In
the case of a vacant site there is simply one ODE for the extracellular concentration (for clarity,
dropping the ‘ex’ superscript) at site (i,j,k):

 D 
L1 =  2 (Ci −1 jk + Ci +1 jk + Cij−1k + Cij+1k + Cijk−1 + Cijk+1 − 6Cijk )
 x 
dCijk
dt

(S3)

= L1 − K decayC ijk

(S4)
If the site is occupied by a cell, there is one ODE for the extracellular compartment and one for
the intracellular:
 x D 
(Ci −1 jk + Ci +1 jk + Cij−1k + Cij+1k + Cijk−1 + Cijk+1 − 6Cijk )
L2 = 
 Vex 

dCijk
dt
in
dCijk

dt

= L2 − K decayCijk −
=

in
U (Cijk , Cijk
,Vin )

Vex

in
in
U (Cijk , Cijk
,Vin ) − M (Cijk
)

Vin

(S5)

(S6)
in
− K decayCijk

(S7)

Vin is the cell volume, and Vex is the extracellular volume = Δx3 – Vin, in units of cm3.
In the simplest formulation, the mass rate of uptake U  depends on the concentration difference
across the cell membrane and the cell surface area. In reality the rates of diffusion into and out
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of the cell can depend on the weighted concentration difference, therefore the model allows
specification of two membrane mass transfer coefficients to characterize the uptake rate: Kin
and Kout.
in
in
U (Cijk , Cijk
, Vin )  ( KinCijk − KoutCijk
) Vin2 / 3

(S8)

For each constituent there is an equation for the molar rate of metabolism M  . In the case of
drugs and their metabolites the rate of consumption (or production) depends in general on the
oxygen concentration and concentrations of related drug constituents - the drug reaction
equations are discussed below. (Note that for drug metabolites the molar rate of metabolism

M  is the difference between the consumption rate and the rate at which the metabolite is
produced.) The molar rates of consumption of oxygen and glucose are given by Hill functions:

M (C ) =

Cn
rmax
C n + C0n

(S9)

n and C0 are Hill and Michaelis-Menten parameters, rmax = maximum consumption rate per cell
in μmol.s-1. These parameters are specified in the input file. The rates of metabolism of
nutrients drive cell growth; this is treated explicitly, and cell growth is solved separately from
the reaction-diffusion system. Cell growth, division and death are discussed below.
Method of solution:
Because the number and distribution of cells in the spheroid are constantly changing, the
system of equations must be reassembled every time step. To reduce the run time, and thereby
enable simulations with a large number of cells, parallelisation with OpenMP is employed. In
each time step the equations for each constituent are solved for all intra- and extracellular
concentrations, holding the concentrations of the other constituents fixed. Glucose
concentrations are updated, then the drug concentrations (if drugs are present), then oxygen
concentrations. The variable time step Runga-Kutta-Chebychev solver (Sommeijer et al.,
1997;Sommeijer et al., 1998) that is used for all constituents except oxygen makes repeated
calls to a parallelised procedure that computes the rate of change of the concentration vector.
In the case of oxygen a different approach is adopted. Because oxygen equilibrates very
rapidly, it is appropriate to assume that the oxygen concentration field within the lattice is
always at steady state for the current spheroid boundary conditions. A successive under-overrelaxation method is used to find the equilibrium solution. An important assumption in this
method is that because intracellular processes involving oxygen are so fast, effectively the
intracellular oxygen concentration is always in equilibrium with the extracellular value. This
means that the oxygen consumption rate matches the rate of transport across the cell membrane,
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which makes it possible to calculate the intracellular concentration from the extracellular
concentration. If the Hill exponent is 1 a quadratic is solved, if it is 2 a cubic is solved. Eqtn.
(8) is then used to obtain the oxygen uptake rate.
The under-over-relaxation procedure (also parallelised with OpenMP):
The current vector of extracellular concentrations provides the initial guess y0
y1 = y0
under-relaxation loop start:
uptake rate vector U  determined from y0
over-relaxation loop start:
eqns (3)–(7) => C for all spheroid sites, with dC/dt=0, U  fixed
y1 = (1-wover).y1 + woverC
exit loop on convergence
over-relaxation loop end
y0 = (1-wunder).y0 + wundery1
exit loop on convergence
under-relaxation loop end
y0 is the updated solution

The convergence criterion in each case is that the fractional change in all concentrations is less
than the supplied tolerance (1.0e-6). The relaxation factors used are: wover = 1.6, wunder = 0.05.
When the vector of extracellular concentrations has been updated, intracellular concentrations
are deduced from y0.

120

Supplementary Figure 46. Plan view (XZ) showing the lattice grid (red) and part of the coarse grid (blue).
For a medium volume of 0.2mL, the coarse grid is 35×35×40, with grid spacing = 164 µm. The lattice grid is
120×120×120, with grid spacing = 12.6 µm.

3.9.2 Cell growth, division and death
Growth
Currently the model does not simulate cell cycle stages explicitly. Instead cell volume is used
as the index of growth. The rate of volume increase is proportional to the metabolic rate, which
in turn is proportional to the product of the rates of metabolism of oxygen and glucose, each of
which is represented by a Hill function, as mentioned above.
C gn 2
C n1
dV
= n1 O 2 n1
rmax
dt CO 2 + C0 _ O 2 C gn 2 + C0n_2 g

(S10)

where CO2 is the intracellular oxygen concentration, Cg is the intracellular glucose
concentration, and n1, n2, C0_O2 and C0_g are the respective Michaelis-Menten parameters for
oxygen and glucose. The change in cell volume V in the time step is dV t .
dt

A cell grows until its volume reaches a predetermined threshold for division, Vdiv. An input
parameter fdiv (default value 1.6) sets the volume at division through Vdiv = fdivVn, where Vn is
the nominal cell volume. The nominal cell volume Vn and the lattice grid spacing Δx are
determined together from fdiv and two supplied parameters:
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N = # of cells/mm3 = # of lattice sites/mm3 (since there is one cell per lattice site)
ff = fraction of spheroid that is fluid.
If Δx is in units of μm, NΔx3 = 109, Δx = 1000N-1/3. For HCT116 cells, N = 500,000 cells/mm3,
which gives Δx = 12.6 μm. The volume of a cubic lattice site is Vsite = Δx3 μm3 = 2 pL. A cell
divides when volume = fdivVn, to yield two cells with volume fdivVn/2. Therefore in a welloxygenated growing spheroid the average cell volume is Vave = 0.75fdivVn (assuming that cell
size is approximately uniformly distributed.) If ff = fraction of spheroid that is fluid, 1-ff =
fraction that is cells. Therefore 1-ff = Vave/Vsite, or 0.75fdivVn = (1-ff)Vsite , yielding Vn = (1ff)Vsite/(0.75fdiv) . For HCT116 cells ff = 0.5, therefore fdiv = 1.6 gives Vn = 0.8333 pL, Vave =
1.0 pL.
Since post-division each progeny cell has volume = Vdiv/2, the change in volume over the cell
cycle is Vdiv/2. For a well-nourished cell (with no nutrient constraints) the duration of the cell
cycle is therefore Vdiv/(2rmax). The cycle time for a given cell line, Tdiv, is an input parameter,
and rmax = Vdiv/(2Tdiv). (To prevent all well-nourished cells having exactly the same divide time,
variability in cycle time is introduced by randomising Vdiv by adding an increment dV uniformly
distributed in a small range about zero, typically -0.15 – 0.15.)
When the cell growth is computed, and cell volume increases by ΔV, an adjustment is necessary
to ensure mass conservation of the various constituents. This necessity arises because in the
lattice formulation the intra- and extracellular volumes sum to the fixed site volume Vsite,
therefore an increase in cell volume of ΔV implies a decrease in extracellular volume of ΔV,
but these equal volumes have different concentrations. Without some adjustment, the total
constituent masses would change. Clearly many adjustment procedures are possible. The
method adopted is to assume that a transfer of ΔV at extracellular concentrations takes place,
automatically ensuring mass conservation. In other words, the extracellular concentrations are
unchanged, but the intracellular concentrations are modified. If the cell volume and
intracellular concentration vector before growth are Vin and Cin, and the extracellular volume
and concentration vector are Vex=Vsite – Vin and Cex, then the adjusted intracellular concentration
of a constituent is:

C=

VinCin + V Cex
Vin + V

(S11)

Death by oxygen or glucose deprivation
Cells that suffer prolonged deprivation of either oxygen or nutrients (represented here by
glucose) eventually die. This is modelled as a two-stage process. Focussing on oxygen (the
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same procedure applies with glucose), when the intracellular level falls below the specified
threshold (Tag-concoxygen, Table 2) for anoxia a timer is started. If the level stays below the
threshold for a specified duration (Tag-timeoxygen, estimated value 24 hr, Table 2) the cell is
tagged to die of anoxia. If the oxygen level rises above the anoxia threshold before the cell is
tagged it survives and continues to grow as usual. A tagged cell does not die immediately,
instead there is a specified delay (Death-delayoxygen, estimated value 24 hr, Table 2) before
death occurs and lattice site occupied by the cell is set to unoccupied, and the cell is removed
from the simulated list.
Division
A cell enters division when its volume reaches the predetermined threshold for division. At this
point if the cell has been tagged to die from radiation or drug exposure (see the section on
Treatment below), it dies instead of dividing thus simulating post-mitotic cell death.
When a cell divides each progeny cell has an initial volume exactly half that of the parent, and
concentrations of all intracellular constituents are unchanged. One of the progeny cells remains
on the site of the parent cell (S0), and a suitable site must be chosen for the other cell. If there
is a vacant site that is inside the spheroid and adjacent to S0 then this is used (i.e. it is S01 in
Step 4 below; no need for Steps 1-3). In the event that there is more than one vacant site, the
site with the highest oxygen concentration is chosen. If there are no vacant sites, it becomes
necessary to create a vacancy adjacent to S0 by moving cells. The multi-step procedure by
which this is achieved is now described.
Step 1. One of the neighbour sites of S0 is chosen randomly – call this S01. If S01 is outside the
spheroid no movement of cells is needed. Otherwise a boundary site SB is selected to be the
end of the path through the lattice along which cells will be moved to create space at S 01. A
boundary site is inside the spheroid and has at least one Neumann neighbour that is outside the
spheroid. Dual criteria are used to select SB. The site should be near S01, for obvious reasons,
but since the cell currently at SB will be moved to a site that is currently outside the spheroid,
the selection has implications for the way the shape of the spheroid changes. In fact it is the
algorithm used to select SB that ensures that the spheroid maintains a roughly spheroidal shape.
Rather than choose the closest boundary site, the approach used is to search within a nearby
region of the spheroid surface for the boundary site that departs most from the desired spherical
shape, in a specific sense. If the spheroid centre is at SC, the search region is defined by
boundary sites S such that the angle between vectors S–SC and S01–SC is less than a threshold
value αmax= f (r), a function of the fractional distance from S01 to the spheroid centre: r = |S01123

SC|/RS, where RS is the current spheroid radius. The idea is that the closer S01 is to the spheroid
surface, the more the search is focused on sites near S01. The way αmax depends on r is
determined by three parameters: rm = 0.8, α1 = π/2, α2 = π /6 as follows:
If r < rm then αmax = (1 – r/rm) α1 + (r/rm) α2, else αmax = α2.
In the search region SB is chosen as the site closest to SC, in other words a location where the
departure from the desired sphere is likely to be an indentation to be filled.
Step 2. The most direct path through the lattice from S01 to SB is found. The path is determined
as a sequence of jumps from a site to one of its 26 neighbour sites, starting at S01. The optimal
jump from a site minimizes the distance to SB. Because cell death creates voids in the spheroid,
it is possible that a neighbour site may be vacant. When this occurs the path is terminated before
it reaches the spheroid boundary.
Step 3. Starting at the end of the path (either the boundary site SB or the site before the interior
vacant site) cells at sites along the path are moved in sequence, culminating in the move that
frees up site S01.
Step 4. The second progeny cell is placed in S01.
3.9.3 Treatment
The treatment protocol is read from the input file when the run starts, and stored as a sequence
of timed events. The treatment events are of three kinds: radiation dose, drug dose, and medium
replenishment. Medium replenishment simulates the normal experimental procedure for
resupplying glucose. In a drug dose event the medium is changed twice: when the drug is
administered, and when the medium is replaced at the end of the dosing period. The dose event
is described by five values: the volume of medium (containing drug) exchanged, the
concentration of drug in the added medium, the exposure time, i.e. the time interval before the
medium is again replenished, the oxygen concentration while the drug is present, and the
oxygen concentration in the added medium. The concentration of all constituents in the
medium immediately after replenishment are determined by assuming full mixing. In the case
of a routine medium replenishment, which simulates the normal experimental procedure for
maintaining an adequate level of glucose, a specified volume of medium is exchanged with
fresh, with normal glucose level and the specified oxygen level. Note that in an event where
the oxygen level is specified, this is both the level in the added medium and the continuing
level at the air-medium interface. At the start of every time step the current time is checked
against the protocol event times.

124

After a medium-change event (i.e. a drug dose or medium replenishment) the next time step is
subdivided into 12 sub-time steps, in order to improve solver accuracy in a situation where
concentrations are changing rapidly.
Radiation
The model is formulated for low linear energy transfer (gamma) radiation providing uniform
dose rates throughout the spheroid. If there is a radiation dose in a time step, for each cell that
is not already tagged for radiation death the probability of a fatal dose is computed as follows.
According to the LQ model for radiation killing, the survival fraction fS from a radiation dose
of Dr Gy-1 can be calculated from:

− log e ( f S ) =  H OER Dr +  H (OER Dr ) 2

(S12)

where the oxygen enhancement ratios (OER) are given as functions of CO2, the oxygen
concentration in the cell, by:

OER (CO 2 ) =
OER (CO 2 ) =

OER max CO 2 + K ms
CO 2 + K ms
OER max CO 2 + K ms

(S13)

CO 2 + K ms

Input values are: the maximal OER parameters (OERαmax, OERβmax) determined from radiation
survival curves for cells exposed to radiation under anoxic and saturating O2 conditions, the
oxygen concentration at which radiosensitivity is half maximal (Kms), and the LQ parameters
determined under anoxia, αH and βH. The probability of killing is 1-fS, therefore for each cell a
uniform (0, 1) random variate R is generated and the cell is tagged to die (i.e.is non-clonogenic)
from radiation if R < 1– fS. Tagged cells continue to metabolise and grow. In the default case
tagged cells die when they attempt the first cell division. However, tagged cells may proceed
through cell division with a probability of death (cytolysis), PD and also have a cellular growth
delay imposed at a user defined rate of GD hr/Gy for NGD divisions.
Drug kinetics
While a drug and its metabolites are present in the medium, they are added to the list of
constituents for which the reaction-diffusion system of equations given by (S1) – (S8) is solved,
with net molar rate functions M i as shown in (S15), (S16) and (S17) below. When the
concentrations of all the drug compounds fall below a specified threshold they are dropped
from the computation.
The model is set up to handle dosing by up to two different drugs, sequentially or concurrently.
Each drug is defined by a set of parameters, loaded from a drug data file, including cellular
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exchange rate constants, Kin, Kout. Hypoxia-activated drugs typically undergo a sequence of
reactions in a cell, and the model allows for two metabolites:
Parent drug ➔ Metabolite 1 ➔ Metabolite 2 ➔ untracked products
The equations that control these three reactions are determined by a set of parameters Kmet0, F2,
KO2, n, Vmax and Km that are specified separately for the parent and up to two metabolites. The
rate constant for the maximum rate of metabolism, which for hypoxia-activated prodrugs such
as SN30000 occurs when oxygen concentration CO2 is zero, is given by

K met0 +

Vmax
,
Km + C

where C is the intracellular drug concentration. The actual reaction rate is the product of this
rate constant, C, and a sigmoid function of oxygen concentration CO2, with parameters F2, KO2
and n:

F2 K On 2 
Vmax 
 K met 0 +

Ri = C 1 − F2 +
n
n
( K O 2 + CO 2 ) 
( K m + C ) 


(S14)

With appropriate selection of the parameters this is the rate of transformation of parent drug
(i=0) to metabolite 1, or of metabolite 1 to metabolite 2, or removal of metabolite 2. The net
molar rate functions inserted into (Eqn 7) become:

M 0 = R0

(S15)

M 1 = R1 − R0

(S16)

M 2 = R2 − R1

(S17)

Drug action
The cytotoxic effect can be created by any subset of the three simulated constituents, e.g. in
the case of SN30000 only the parent is cytotoxic as a function of its rate of bioreductive
metabolism, R0 , to form a short-lived DNA-damaging free radical (Anderson et al., 2014)
while PR104A (Foehrenbacher et al., 2012) has no killing effect but both released nitrogen
mustard metabolites are cytotoxic. There are five possible drug kill models, reflecting different
mechanisms of cytotoxicity, each determined by a killing rate parameter Kd that is estimated
from the results of drug killing experiments. For the five models the probability of killing in a
small time interval Δt, when the drug concentration is C, is as follows:
model 1: Pkill = K d Rit

(S18)

model 2: Pkill = K d C Rit

(S19)
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2
model 3: Pkill = K d ( Ri) t

(S20)

model 4: Pkill = K d C t

(S21)

2
model 5: Pkill = K d C t

(S22)

When more than one cytotoxic constituent is present, the resulting probability of kill in the
small time interval is determined by evaluating the survival probability as the product of the
separate survival probabilities. For two cytotoxic constituents with individual kill probabilities
of P1 and P2, the combined kill probability is calculated as:

Pkill = 1 − (1 − P1 )(1 − P2 )

(S23)

Note that “killing” refers to tagging a cell to die at the time of mitosis – tagged cells continue
to metabolise and grow until it is time to divide.
Note, for SN30000, we assume that Metabolite 1 is a cytotoxic, short-lived free radical
(Anderson et al., 2014) that does not diffuse from the cell, while its more stable downstream
1-oxide and nor-oxide metabolites are non-cytotoxic as demonstrated previously (Hicks et al.,
2010;Wang et al., 2014;Gu et al., 2017). The PD model for SN30000 (Eqn 19), which has
previously been validated in single cell suspensions (Hicks et al., 2006;Hicks et al., 2010),
describes the probability of clonogenic cell killing (Pkill) in a small time interval Δt, as the
product of prodrug concentration C and its rate of bioreductive metabolism R' where Kd is the
cell killing rate constant. This formulation (and that of Eqn 18 and 20) assumes the rate of
generation of the transient intracellular cytotoxic radical is proportional to R' , avoiding the
need to calculate explicitly the very low intracellular radical concentrations. This PD model
(Eqn 19) reflects the hypothesis that SN30000 and other benzotriazine dioxide HAPs can
potentiate the initial DNA damage done by the short lived radical (Anderson et al., 2014;Siim
et al., 2004b;Hunter et al., 2012) (Supplementary Figure 54).
3.9.4 Program implementation
The model can be run in two ways. For “hands-on” simulations a graphical user interface (GUI)
enables the user to give values to parameters of various kinds, to set the initial cell count and
the number of days of simulation, to select up to 16 real-time plots from a wide range of options.
Alternatively the program can be run from the command-line using a pre-generated input file.
The latter mode is also available for executing the program remotely on a high-performance
cluster – in this mode it is possible to perform a parameter “sweep”, in which runs are submitted
with specified combinations of parameter values to be executed in parallel on multiple nodes,
and results are retrieved for processing. In all cases the values of all significant variables are
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written to an output file at 1 hr intervals. Results can also be saved optionally at user-specified
intervals and time ranges. The GUI has been developed using Qt Creator (i.e. it is coded in
C++), while the engine, built as a DLL, is coded in Fortran 95. Shared memory parallelisation
with OpenMP is employed to take advantage of multiprocessor machines.
When the program is executed interactively the run parameters selected in the GUI are saved
to an input file, the name of which is passed to the simulation engine. The execution thread in
the GUI program then enters a loop in which a DLL procedure is called to advance the
simulation through a time step, and various procedures are called to retrieve results for display
in other threads. Asynchronous status and error messages are sent to the GUI for display via a
socket using IP. The graphical displays available to the user are of six kinds: (a) time-series
plots of all state variables of interest, (b) profile plots of intracellular (IC) and extracellular
(EC) constituent concentrations (value of a selected variable on a line through the centre of the
spheroid), (c) 2D plot of EC concentrations, within the fine grid, and the cells (value of a
selected variable on a specified plane), (d) zoomable, rotateable 3D rendition of the spheroid
cells (using VTK/OpenGL), (e) Flow cytometry plots of IC concentration, (f) probability
histogram plots of IC concentration. Supplementary Figure 47 illustrates the range of
displays. These plots are all updated as the program executes. Supplementary Figure 48
shows the plot screen, which can be scrolled to view up to 16 time-series or profile plots,
selected from a menu of 35 time-series options and 23 profile options. Optionally, the user can
choose to create videos of the flow cytometry plot, the histogram plot, and the 3D rendition. A
comprehensive set of result values is written to an output file after each time step, for postprocessing.
Alternatively, the simulation can be run without the GUI. In this case the input file must be
provided, and in the main program the executing loop simply calls the subroutines that advance
the simulation through a time step and write out the results. This is the mode of execution used
in production runs, typically on a ‘supercomputer’ cluster. To facilitate the queueing up of
multiple simulation runs in which parameters are varied (e.g. for calibration purposes) a
spreadsheet has been developed, in which the user can specify which input parameters are to
be varied, over what range and with what step, then submit the set of runs to the cluster. The
output files for each run are returned automatically on run completion into separate directories
on the user’s PC.
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Supplementary Figure 47. The range of real-time graphical displays of spheroid state available in the GUI.
(A) time-series plot of number of cells killed by hypoxia, (B) profile plot of EC oxygen concentration within the
spheroid, (C) 2D plot of oxygen concentration in the fine grid, light green cells are oxic, dark green cells are
hypoxic (< 1µM O2), blue cells are tagged to die, pink cells are in mitosis, black region is necrotic, (D) 3D
rendition of spheroid, (E) Flow cytometry plot of oxygen vs. CFSE (a dye that indicates cell generation), (F) logscale histogram of IC oxygen level.
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Supplementary Figure 48. The main GUI results screen, showing 8 of the 32 available plots.

3.9.5 Monolayer agent-based model
The MABM, to simulate experiments in monolayer cultures, is based on three simplifying (and
related) assumptions:
1. Concentrations of all medium constituents depend only on depth (on the z coordinate), i.e.
there is no dependence on the lateral position (x, y). This implies a 1D formulation for
concentrations.
2. Since all cells are at the same depth, they are all exposed to the same concentrations of
nutrients and drugs.
3. The current formulation of cellular metabolism for these cancer cells (in this model and in
the spheroid ABM) does not include dependence on cell cycle stage – rates of consumption of
oxygen and glucose depend only on the local concentrations of these constituents. Similarly,
intracellular drug reaction rates depend only on intracellular oxygen concentration, therefore
at any instant all cells have the same intracellular levels of drug and metabolites.
The combination of these assumptions makes it feasible to solve the intracellular reactions for
a single cell, using the same parameter values as the spheroid ABM, then use the concentrations
for all cells. This leads to a great increase in speed of execution of the model. From the start of
the simulation cells are at different points in the cell cycle (through randomisation of initial cell
size). As a consequence although all cells have the same rates of metabolism, and the same rate
of volume growth, cell division and death is not synchronized.
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Solving for concentrations
The solvers for oxygen, glucose and for drugs follow a similar pattern. The medium depth is
subdivided into a number of layers in the z-direction (e.g. NZD = 20), and the solvers determine
the concentrations in each layer, and the intracellular concentrations, in each time step. For
oxygen and glucose, the 1D PDE in the medium is converted into a set of ODEs (one for each
layer), which is supplemented by the ODE for the intracellular concentration. Mass flux at the
lower boundary of the medium grid is given by the rate of uptake of oxygen or glucose by an
individual cell multiplied by the number of live cells, and inter-layer mass flux is proportional,
through the diffusion coefficient, to the concentration difference. The set of ODEs is solved
using the variable time-step Runga-Kutta solver RKC.
In the case of a drug, in general the code allows for three constituents – the parent drug, and
two metabolites. The method of solution is the same as for oxygen or glucose, but depending
on the drug there can be up to three concentrations in each layer and in the representative cell.
Note that drug metabolism reactions occur only within a cell, while instability (first order
decay) can occur anywhere. Depending on the relative concentrations in the cell and in the
bottom medium layer, the flux of a drug and its metabolites can be either uptake or release.
The upper boundary is a wall (no flux) for glucose and drugs, while in the case of oxygen the
gas-phase concentration has the user-specified fixed value.
In each time step, the updating of the constituent concentrations is carried out sequentially,
except that in the case of a drug the intracellular reactions for the drug and metabolites are
handled together. By setting diffusion coefficients to very high values, the MABM can be used
to simulate stirred single-cell suspensions.
3.9.6 Parameter Estimation
A simple “grid-search” method was developed, using monolayer model simulations of
monolayer experiments to estimate selected model parameters. The procedure uses iterative
search optimisation to find the parameter values that provide the best fit to a set of experiments.
The user specifies the parameters to be varied, the range of variation and number of values of
each, and the experimental observables that will be used to determine goodness of fit. For a
given set of parameter values model runs are carried out to simulate each experiment, and the
objective function is evaluated as the weighted sum of squares of errors, where the error is the
difference between the simulated value and the experimentally measured value. All
combinations of the parameter values are simulated and the parameter combination that
minimises the objective function is identified. This process is carried out through a specified
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number of iterations, where at each iteration the range of variation of each parameter about its
current best value is reduced. Because the number of parameter combinations can become very
large, the fitting is usually carried out for only a small subset of the model parameters, the rest
being held fixed at their measured or assumed values during the experiment. The user interface
for the fitter is an Excel spreadsheet.

Supplementary Figure 49. HCT116 monolayer growth (A) and glucose consumption (B).
The MABM was used to estimate the doubling time, T d, based on observation of HCT116 monolayer growth.
HCT116 monolayers (5×103 cells/well) in 6-well plates with 4 mL of αMEM supplemented with 10% or 5% FCS
were cultured in 20% O2/5% CO2 humidified incubator without medium replenishment. Cell number and glucose
concentrations in specific wells were measured. Lines are model fits to the cell count and glucose concentration
data. Td monolayers was the fitted parameter with glucose metabolism parameters fixed at the estimated values in
Table 2.

132

Supplementary Figure 50. Survival of HCT116 cells under anoxia.
HCT116 monolayers (2×104 cells) in 6-well plates with 4 mL of αMEM+5% FCS were exposed to anoxia at 37℃
(anoxic chamber) for the indicated times before dissociation, counting and plating for clonogenic survival assay.
Points are mean ± SEM for 3 replicates.

Supplementary Figure 51. Quantitation of cellular characteristics of HCT116 spheroids by flow cytometry.
Representative scatter plots of cell viability (% PI negative), hypoxic fraction (% EF5-positive cells) and S-phase
fraction (% EdU-positive cells) for day 3 - day 9 spheroids. Summary data are shown in Figure 40.
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Supplementary Figure 52. Oxygen dependence and un-fed spheroid growth and comparison with the
SABM.
(A) HCT116 spheroids (seeded with 2×103 cells/well) were cultured under 20%, 5% or 1% O 2 and the diameters
of spheroids were monitored (points) during medium change every 2 nd day and simulated (lines) as a function of
time. Simulations are based on the model parameters in Table S1. Experimental values are means ± SD for 4
replicates. (B, C) HCT116 spheroids (seeded with 103 cells/well) were cultured in glucose-free DMEM with 10%
FCS supplemented with an initial concentration of 5 mM D-glucose without replacement of the medium. Spheroid
diameter (points in B) was measured on the indicated days, as was the concentration of D-glucose in medium
(points in C). Values are means ± SD for 4 replicates. The SABM simulations, based on model parameters in
Table S1 show good agreement with experimentally determined spheroid growth (lines in B) and consumption of
D-glucose in medium (lines in C).
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Supplementary Figure 53. SN30000 metabolism by 1-electron reductases and proposed mechanism of
cytotoxicity.
SN30000 is metabolised by 1-electron reductases (1) to an initial radical which is re-oxidised to SN30000 in the
presence of O2 (2) providing hypoxic selectivity. The initial radical may undergo further reduction to the 2 electron
of 4 electron reduction products (1-oxide and nor oxide, steps 3 & 4) or formation of an oxidising benzotriazinyl
radical capable of causing initial DNA damage. These radical anions are short lived and retained within the cell
of origin. It is proposed that SN30000, its 1-oxide or oxygen can oxidise the initial DNA radical (7) resulting in
strand breaks that then become complex DNA lesions. For more details see (Anderson et al., 2014;Siim et al.,
2004b;Hunter et al., 2012)
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Supplementary Figure 54. Development of a spatially resolved PK/PD model for SN30000.
Supplementary to the data in Fig 6, bioreductive metabolism of SN30000 under anoxia was confirmed by the
appearance of SN30000-1-oxide in medium (A) in anoxic stirred single cell suspensions, and in the donor (B,
filled symbols) and receiver (B, open symbols) compartments in MCL experiment for determining SN30000
diffusion with predictions assuming 75% conversion to SN30000-1-oxide. Each MCL in Figure 41 was of similar
thickness as estimated from diffusion of 14C-urea (C).

Supplementary Figure 55. Cell killing by SN30000 in stirred cell suspensions under 20% O 2 at 2 initial
SN30000 concentrations.
Lines are model fits using the MABM assuming the medium was fully stirred, that oxygen effects the rate of
metabolism according to Eqn (S14) and the same PD model as used under anoxia in Figure 41 (Model 2, Eqn
(S19)). The fitted parameter was the Hill coefficient for oxygen dependence of SN30000 metabolism in Eqn (S19).
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Supplementary Figure 56. Hypoxic fraction of spheroids under 5% O2.
The SABM predicted higher hypoxic fraction of spheroids (with diameter ca. 450 µm) pre-incubated under 5%
O2 for 3 hr (A) than that under 20% O2 (
Figure 38C). To confirm this experimentally, 4 day HCT116 spheroids pre-incubated under 5% O2 for 3 hr were
then exposed to hypoxia probe EF5 for 2 hr, followed by dissociating spheroids to single cell suspensions for flow
cytometry (B) or by fixing and sectioning spheroids for immunostaining (C).

Supplementary Figure 57
Upper Row: O2 (A), glucose (B) and SN30000 (C) concentration profiles under treatment conditions when
spheroids (ca. 460 µm) were exposed to SN30000 under 5% O 2. Lower Row (D-F): Predicted concentration
profiles for SN30000 exposure under the indicated oxygen conditions are shown for comparison.

3.10

Additional data

Representative images of S-phase and hypoxic cell distribution in HCT116 spheroid sections
have been shown in
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Figure 38. More replicates of spheroid sections stained with EdU (Supplementary Figure 58)
and hypoxic probe EF5 (Supplementary Figure 59) are illustrated here. It shows the
repeatability of staining and further supports the conclusion that large spheroids have gradient
in the distribution of S-phase cells from edge to the centre of spheroids, along with the
increment of hypoxic cells in the centre. In addition, a series of images of sections from the
same spheroid on day 5 stained with EF5 were also shown (Supplementary Figure 60) to
define the central section via selecting the spheroid section with largest diameter.

Supplementary Figure 58. Illustration of S-phase cells in histological sections of HCT116 spheroids
collected after the indicated days of growth and stained after incubation with EdU.
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Supplementary Figure 59. Illustration of hypoxic cells in histological sections of HCT116 spheroids
collected after the indicated days of growth and stained after incubation with EF5.

Supplementary Figure 60. Illustration of hypoxic cells in a series of histological sections of the same
HCT116 spheroids on 5 days stained with EF5.

In a pilot experiment, we found that HCT116 monolayers with different seeding densities in
96-well showed different radiation sensitivity (data not shown). It is an important factor for our
later monolayer experiments. To investigate this problem, HCT116 were seeded with various
seeding densities in 96-well plate and exposed to a range of radiation doses under 20% O2. As
a comparison, HCT116 monolayers were also exposed to radiation under anoxia. HCT116
monolayers seeded with 5×104 or 105 cells showed similar sensitivity to radiation and were
substantially more sensitive to radiation than monolayers with 3×105 cells which showed
similar radiation sensitivity of HCT116 monolayers under anoxia (Supplementary Figure 61).
The results imply that a cell density provided by 3×105 cells/well is too high and caused
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hypoxia-induced radio-resistance when the plates were contained in the metal chamber and
submerged in a 370C waterbath even at 20% O2. To avoid such problems, all monolayer
experiments in this project were seeded no more than 105 cells per 96-well.

Supplementary Figure 61. Clonogenic survival of HCT116 monolayers with different seeding densities in
response to radiation.
HCT116 monolayers with different seeding cells were exposed to a range of radiation doses under 0% or 20% O2.
Monolayers were then dissociated to single cell suspension for clonogenic survival assay. The lines are the
corresponding fitted curve for surviving fraction of cells. Values represent mean ± SEM, n=4 replicates.

From later experiments, we found that spheroids with 1 hr pre-incubation under 5% O2 had
lower sensitivity of SN30000 than that with 3 hr or 5 hr pre-incubation time, implying that 1
hr is not long enough to equilibrate oxygen level to 5% O2 in our setting. Given the similar
sensitivity of spheroids pre-incubated for 3 hr and 5 hr, we conducted spheroid growth delay
in response to SN30000 and radiation under 5% O2 with 3 hr pre-incubation time. Substantial
different clonogenic cell kill of SN30000 and radiation to spheroids pre-incubated with 1 hr
and 3 hr have been observed (Supplementary Figure 62). Therefore, in this thesis, all spheroid
experiments performed under 5% O2 were equilibrated under 5% O2 for 3 hr before treatments,
unless indicated specifically. On the other hand, marked growth delay of HCT116 spheroids in
response to SN30000 and radiation combination under 5% O2 has been found, especially when
radiation was delivered during SN30000 exposure, in good agreement with above experiment.
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Supplementary Figure 62. HCT116 spheroid response to SN30000 and radiation under 5% O 2.
HCT116/GFP spheroids (1000 seeding cells, 4-day old) pre-incubated at 5% O2 for 3 hr were exposed to SN30000
(25 µM for 2 hr), 12Gy radiation, SN30000 before or after radiation with 1 hr interval between, or SN30000 and
radiation at the same time (radiation were dosed 1hr after the adding of SN30000). (A) 8 spheroids were polled
and dissociated to single cell suspension for clongoenic survival assay, compared with that of spheroids preincubated for 1 hr from above experiment. Each dot represents a P-60 dish seeded with cells dissociated from 8
spheroids. (B) The other spheroids were then cultured in standard incubator with feeding every second day. On
indicative days, fluorescence intensity of spheroids was measured by Enspire plate reader. Values represent mean
± SEM, n=16 spheroids.

To further investigate oxygen status of monolayers, HCT116 cells were seeded at various
seeding densities in 96-well plate, followed by detection of intermediate hypoxia using LOX1, a phosphorescent probe. The images illustrated that LOX-1 signal was not be detected in
monolayers seeded less than 105 cells/well, but LOX-1 signal was increasingly detected with
seeding densities > 1.6×105 cells/well (Supplementary Figure 63). The data further
demonstrate that seeding density of monolayers in 96-well plates has a critical impact on
oxygen status in the well, especially when seeding density is higher than 105 cells/well.

141

Supplementary Figure 63. Investigation of intermediate hypoxia of monolayers with different seeding
densities.
HCT116 cells were seeded in a range of seeding densities and cultured in standard incubator for 24 hr. Monolayers
were then cultured with 2 µM hypoxia probe LOX-1 for 2 hr before taking images under JuLi stage microscope
using bright field and red fluorescence channel with excitation and emission wavelengths 525/50 and 580LP nm,
respectively. Typical images of bright field and LOX-1 were illustrated.

3.11

Future direction

We found several issues during the development of on-lattice SABM,
1. Unrealistic metabolism model. We discovered in measuring the diffusion and
metabolism of glucose that glucose penetration distance is very limited, similar to that
of O2. Consequently a more realistic model for the onset of quiescence and necrosis,
based on limited supply of anabolic intermediates and cellular energetics should be
developed. Furthermore, cell cycle phase should also be incorporated due to its critical
role on viability and growth delay of cells after radiation exposure. Introduction of this
metabolism module to the program also gave the opportunity to introduce a more
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general model for the flexibility of cellular metabolism of oxygen and glucose, and their
interaction mediated through HIF-1. (This module will be dealt with in chapter 4).
2. The use of an on-lattice model was shown to be problematic for estimation of spheroid
size after treatment (e.g. SN30000/radiation). It was considered that an off-lattice
model, where cell mobility would be governed by attraction of repulsion forces would
be more appropriate, allowing cells to fill space left after cytolysis in a more realistic
fashion. This was implemented with the new glucose metabolism module and required
validation against spheroid growth experiments (subject of chapter 4)
3. The inability to realistically simulate spheroid growth delay after radiation, required
introduction of a more radiobiologically relevant model of cell growth arrest and
probability of cytolysis than in the on-lattice SABM or previously published models
(Kempf et al., 2015;Kempf et al., 2013). To solve this problem, a more realistic model
based of cell cycle arrest and death probability, based on DNA damage and repair after
radiation was implemented as a separate module in MABM, as discussed in Chapter 5.
The overall aim is that the new off-lattice SABM with the two new mechanistic modules
(metabolism/cell cycle and DNA damage response) can model spheroid growth after radiation
and SN30000, substantially improving our insight and interpretation of SN30000 and radiation
combinations.
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Chapter 4. An off-lattice spheroid agent-based model in
which cell growth, proliferation and survival is linked to
glucose metabolism

4.1 Introduction
4.1.1 Limitations of on-lattice spheroid agent based model
The use of an on-lattice spheroid agent-based model (SABM) was shown to be problematic for
estimation of spheroid size after treatment (e.g. SN30000/radiation). The empirical simulation
of cell fate controlled by oxygen/glucose concentrations, intrinsic limitations of cell movement
in the on-lattice SABM and lack of a model of cell cycle delay by radiation may mutually
contribute to this problem.
In the on-lattice SABM, an empirical oxygen/glucose consumption module was incorporated
in which oxygen and glucose concentrations were designed to determine cell fate
independently. However, cell growth, proliferation and survival do not depend directly on the
concentrations of oxygen and glucose, but rather their effects on cellular energetics and the
synthesis of cellular constituents (anabolism). In addition, glucose metabolism is sensitive to
oxygen concentration, so it is not appropriate to model these as independent influences on cell
growth and survival. Metabolic reprograming is a well-known characteristic of tumour cells
(Vander Heiden et al., 2009), and plasticity of oxygen-dependent glucose metabolism is critical
for their growth and survival. We also found in glucose diffusion and metabolism experiments
that glucose penetration distance is very limited and similar to that of O2. As a consequence, a
mechanistic model for the onset of quiescence and necrosis, and for cell growth and
proliferation, based on supply of anabolic intermediates and ATP would be preferred.
Introduction of this metabolism module to the program gives the opportunity to introduce a
more general model for the cellular metabolism of oxygen and glucose, in which their
interaction is mediated through hypoxia-inducible factor-1 (HIF-1). A scheme for this
implementation is shown in Figure 65.
4.1.2 Oxidative phosphorylation and glycolysis pathways
Oxidative phosphorylation and glycolysis are the two major processes by which eukaryotes
generate ATP. Glucose enters the cell by facilitated transport via glucose transporters
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(primarily GLUT1) where it is further metabolized by hexokinases to glucose-6-phosphate
(Gatenby and Gillies, 2004). There are two important pathways that utilise glucose-6phosphate in cells, the pentose phosphate pathway and glycolysis pathway. In the pentose
phosphate pathway, glucose-6-phosphate is oxidized by nicotinamide adenine dinucleotide
phosphate (NADP+) to multiple products, including glycolytic intermediates (Hosios and
Vander Heiden, 2018;Kuehne et al., 2015). Although not producing ATP directly, the pentose
phosphate pathway produces multiple anabolic intermediates (e.g. for nucleic acid synthesis)
and provides NADPH to synthesize fatty acid and cholesterol as well as maintaining reductants
such as reduced glutathione for protection against reactive oxygen species (Kuehne et al., 2015).
In the glycolysis pathway, one molecule of glucose-6-phosphate is metabolized to two pyruvate
molecules, during which 2 ATP molecules are produced. Glycolysis occurs in the cytoplasm
and is a high-flux pathway for producing ATP, assuming that glucose is sufficient (Koppenol
et al., 2011). Pyruvate is directly metabolized via lactate dehydrogenase A and NADH in the
cytoplasm to lactate and NAD+, replenishing NAD+ for glucose fermentation (Gatenby and
Gillies, 2004). In some cases NADH can also be oxidized by the plasma membrane electron
transport system to maintain glycolysis (Herst and Berridge, 2006). Lactate is exported from
cells, primarily via monocarboxylate transporter 4 (MCT4) to maintain glycolytic flux
(Dimmer et al., 2000). Extracellular lactate can also be taken up via MCT1 in a cell type
dependent manner, and converted via lactate dehydrogenases back to pyruvate (Ullah et al.,
2006). Sonveaux et al proposed that lactate utilisation in tumours may save glucose for
glycolysis in hypoxic tumour cells and increase the consumption of oxygen and subsequently
increase the hypoxic fraction in tumours (Sonveaux et al., 2008).
As for oxidative phosphorylation, pyruvate is delivered into mitochondria and metabolized via
pyruvate dehydrogenase to acetyl-CoA. Acetyl-CoA is a critical component for biological
activities, not only due to its central, but indirect, role in oxidative phosphorylation, but also
because it is an indispensable building block for fatty acid/sterol synthesis and histone
acetylation (Vander Heiden and DeBerardinis, 2017). The complete metabolism of two
molecules of acetyl-CoA in the TCA cycle results in the consumption of six molecules of O2
and ideally produces 36 ATP. Therefore, oxidative phosphorylation is much more efficient
than glycolysis in terms of producing ATP, although the rate of ATP generation is lower and
requires availability of oxygen as terminal electron acceptor in the mitochondrial electron
transport chain.
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4.1.3 Metabolic reprogramming of tumour cells
In most mammalian cells, glycolysis is partially inhibited in the presence of oxygen, which
allows mitochondria to fully oxidize acetyl-CoA to CO2 and H2O, a phenomenon termed the
Pasteur effect (Racker, 1974). However, where cell proliferation is paramount, particularly
where oxygen is limiting, cells increase their glycolysis rate to generate sufficient ATP and
facilitate anabolic metabolism.. Such metabolic versatility of mammalian cells is essential for
maintenance of energy production throughout a range of oxygen concentrations. Otto Warburg
found that differentiated, non-dividing cells use glycolysis to generate approximately 10% of
cell’s ATP, with mitochondria accounting for 90%. In tumours, however, over 50% of ATP is
produced by glycolysis and the remainder comes from oxidative phosphorylation in
mitochondria (Warburg, 1956). Importantly, glycolysis in tumour cells occurs even when there
is enough O2 for oxidative phosphorylation, a phenomenon termed aerobic glycolysis
(Warburg, 1956), also called the ‘Warburg effect’. Warburg hypothesized that aerobic
glycolysis resulted from impaired mitochondria in cancer cells. However, it has been shown
that mitochondria in cancer cells are functional and essential for growth and survival of most
cancer cells (DeBerardinis and Chandel, 2016;Semenza et al., 2001;Tan et al., 2015a).
Although metabolic reprograming research has progressed dramatically, the mechanism and
advantages of Warburg effects are still not fully understood; however there is now a consensus
that the shift towards to glycolysis is mainly due to the need for high rate of production of
glycolytic intermediates to support anabolism and growth rather than consuming pyruvate to
produce excessive amounts of ATP. (Vander Heiden et al., 2009;Schulze and Harris, 2012).
4.1.4 HIF-1 pathway mediated metabolic reprogramming
The HIF-1 signalling pathway (described in Section 1.3.1) regulates cellular responses to
hypoxia, including shifting the central pathways of metabolism by increasing glycolysis and
suppressing oxidative phosphorylation (Figure 64). Specifically, HIF-1 increases glucose
uptake via enhancing expression of GLUT1 and facilitates the metabolism of glucose to
glucose-6-phophase via increasing expression of hexokinases. It also transcriptionally
upregulates many

other glycolytic enzymes (Chen et al., 2001). Furthermore, HIF-1

upregulates expression of pyruvate dehydrogenase kinase-1 (PDK1) to phosphorylate and
deactivate pyruvate dehydrogenase, therefore suppressing oxidative phosphorylation
(Papandreou et al., 2006;Kim et al., 2006). Interestingly, HIF-1 is stabilized under mild
hypoxia (2-3% O2), at least in the absence of ascorbate (Kuiper et al., 2014); these oxygen
concentrations are high enough to support oxidative phosphorylation, indicating that metabolic
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reprogramming is an active rather than passive adjustment of cells (Denko, 2008). In addition,
oxygen is not only essential for sterol synthesis and oxidative protein folding, but also acts as
an indispensable co-factor mediating activity of many enzymes (such as oxidases, hydroxylases
and 2-oxyglutarate-dependent dioxygenases including histone and 5-methylcytosine
demethylases). Such non-mitochondrial oxygen consumption, which includes plasma
membrane electron transport (Tan and Berridge, 2004), accounts for 10-30% of total cellular
oxygen consumption (Denko, 2008). Therefore, shutting down oxidative phosphorylation
decreases oxygen consumption in mitochondria, enabling greater oxygen penetration into
tumour tissue and saving oxygen for fundamental non-mitochondrial activities, thus providing
a rational protective mechanism for cell survival. The gap in ATP production due to loss of
oxidative phosphorylation can be replenished by glycolysis as long as glucose supply is
sufficient. Slow proliferation of tumour cells under hypoxia may also decrease the demand for
O2 and glucose. As a result, the decreased O2 consumption may increase the diffusion distance
of O2, leading a larger population of tumour cells surviving in a mildly hypoxic
microenvironment.
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Figure 64. HIF-1 dependent glucose metabolism.
HIF-1 is shown to regulate glucose metabolism in multiple ways. HIF-1 also transcriptionally increases glucose
transporter (GLUT) levels in the membrane, allowing for a greater influx of glucose to enhance glycolytic
pathways. HIF-1 activation is able to up-regulate levels of hexokinases (HK), facilitating the irreversible
conversion of glucose to glucose-6-phosphate, thereby committing the glucose molecule to the glycolytic
pathway. HIF-1 upregulates pyruvate dehydrogenase kinase (PDK) levels which phosphorylates pyruvate
dehydrogenase (PDH), thereby reducing its activity and subsequently decreasing formation of acetyl-CoA.
Acetyl-CoA is a substrate for citric acid cycle (TCA cycle) and electron transport chain (ETC) for production of
ATP. HIF-1 also transcriptionally increase expression of lactate dehydrogenase (LDH) and monocarboxylate
transporter 4 (MCT4) which play a role in facilitating metabolism of pyruvate to lactate and pumping lactate out
of cells, respectively. Modified from (Courtnay et al., 2015).
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4.1.5 Importance of cell cycle in the ABM
The cell division cycle is divided into 4 phases, G1, S, G2 and M phases according to their role
in cell cycle. The genome is replicated in S phase and subsequently segregated into two
daughter cells in M phase. Cell cycle progression is coordinately regulated by cyclin dependent
kinases (Malumbres et al., 2009) and E3 ubiquitin ligases (Komander et al., 2009). Of note,
cell cycle is dysregulated in many cancer cells due to genomic mutations, such as defective
control over the G1/S transition due to cyclin D1 mutation (Beroukhim et al., 2010) or p53
mutation (Zilfou and Lowe, 2009). Cells can leave the cell cycle through differentiation or in
response to stresses (e.g. lack of growth factors, nutrient deprivation or genomic damage).
There are multiple checkpoints at which cell cycle progression can be arrested, either reversibly
or irreversibly, including at the above G1/S transition (also known as the restriction point)
which is the major checkpoint used to regulate proliferation in most normal tissues. Checkpoint
activation by genomic damage including by radiation and cytotoxic drugs, allows cells more
time to repair the damage prior to events that are highly sensitive to DNA damage such as DNA
replication in S-phase or segregation of chromosomes in mitosis.
In the on-lattice SABM, cells grow uniformly for a defined division time. Therefore,
development of a cell cycle model including cell cycle checkpoints is expected to provide a
better comparison of cell cycle data and improved description of tumour cell response to
radiation. Here, we incorporate a cell cycle model that captures the variability in cell cycle
phase durations and is linked to glucose metabolism, while in the next chapter this is extended
to include a model for the DNA damage response to radiation including cell cycle phase
dependent changes in DNA double strand break repair and checkpoint arrest induced by
unrepaired DNA double strand breaks.
4.1.6 Development of off-lattice SABM
In the on-lattice model, cells only move if they divide or are moved outwards by another
dividing cell. When a cell divides and there is not an adjacent empty site for the new cell, a
space is created by moving cells outward along a line from the dividing cell to the boundary.
This assumption may lead to some problems. For example, while cells can grow into empty
lattice positions (Section 3.5.8), a big issue is that cells do not move to occupy positions left
vacant by cell death, in the absence of proliferation. An off-lattice model, where the cell exerts
attractive and repulsive forces on its neighbours during growth and mitosis, creates movement
of cells and makes room for the new cell. It is more appropriate to control cell movement within
spheroids, allowing cells to fill space left after cytolysis in a more realistic fashion. Of note,
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there is no autonomous cell motion in either model – proliferation drives all motion. In addition,
cell movement in the on-lattice model is restricted to be outward, but in the off-lattice model
that restriction is not imposed.
4.1.7 Aims of this chapter
The overall aim of this Chapter is to model spheroid growth based on a model of the generation
of ATP and anabolic intermediates via (measured) glucose metabolism rates, controlling cell
cycle rates and necrosis, and spheroid shape/volume (based on cell-cell force interactions). To
achieve this, an off-lattice SABM incorporating glucose metabolism and cell cycle modules is
used. The glucose metabolism model accounts for the determination of cell fate, dependent on
modelled rates of ATP and anabolic intermediate production which is mechanistically
meditated by glucose metabolism which is a function of HIF (and hence oxygen). The cell
cycle model represents a realistic simulation of cell cycle progression. An off-lattice model,
where cell mobility is governed by attractive and repulsive forces is more appropriate to control
cell movement within spheroids, allowing cells to fill space left after cytolysis in a more
realistic fashion. A monolayer ABM (MABM) with glucose metabolism and cell cycle model
is calibrated using HCT116 monolayers, in terms of oxygen-dependent glucose metabolism
and its relationship to cell growth and death. This is extended by measurement and simulation
with an off-lattice SABM of spheroid properties including overall growth (diameter and cell
number), viable and necrotic radius, viability, S-phase fraction and glucose dependence of
spheroid growth.

4.2 Methods
4.2.1 Development of the new model
4.2.1.1 Oxygen, Glucose and Lactate metabolism model

A biochemical model for oxygen, glucose and lactate metabolism and their interaction via HIF1(OGL model) was developed based on the scheme shown in Figure 65. The mathematical
model was developed by Drs Gib Bogle and Kevin Hicks based on a schema proposed by Prof.
Wilson, and was coded by Dr Bogle in C++. For the full model formulation and its
computational implementation see Appendix 1 (Appendices 1-3 were written by Drs Gib Bogle
and Kevin Hicks with suggestions from Prof. Wilson). As in the previous model in Chapter 3,
oxygen and nutrient (glucose and lactate) transport in the medium is included with exchange
across the cell membrane using the adaptive Runge-Kutta solver to numerically calculate
concentrations. Rates of production of other intracellular constituents (ATP, anabolic
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intermediates) are calculated assuming a rapid steady state and their concentrations are not
calculated explicitly. The HIF-1 effect is calculated based on an oxygen and time dependent
HIF factor which in turn regulates the rates of glycolysis, lactate formation and mitochondrial
oxidative metabolism of pyruvate. This formulation allows solution of the intracellular reaction
rates to be performed for a single cell, and then applied to all cells with stochastic components
for cell cycle and cell death, which substantially speeds up execution time.
4.2.1.2 Cell Cycle Model

A cell cycle module with cell cycle checkpoints has been developed and incorporated in the
OGL metabolism model to represent growth and proliferation of cells (Figure 66). The
duration of S-phase is estimated based on cell cycle analysis by EdU incorporation (see Results)
with other cycle times assumed. For purposes of experimental validation (for example in Sphase for EdU+ cells in experiments), an arrest threshold only applied in S-phase is set by the
user as a fraction of maximum growth rate (i.e. rate/(max rate)). Cells are assumed to be in
actively cycling in this cell cycle phase if they are above this threshold. The full model
formulation and its computational implementation is described in Appendix 1
4.2.1.3 Off-lattice SABM

In the off-lattice SABM, all intracellular reactions are simulated for every cell in the spheroid
separately, while each cell has its own cell cycle state determined as in the MABM. Cell
association and movement is determined by two types of forces, mitosis force and cell-cell
force, together with a small random component on the cell-cell force. Mitosis force controls
the separation of a cell into two daughter cells during mitosis. Cell-cell force represents the
force between two cells that are close together, and varies between attraction and repulsion
depending on distance, together with a small random component determined by a random
variable. The key parameters associated with cell-cell force function are summarised in Table
5.

For the full model formulation and its computational implementation see Appendix 2.

4.2.2 Cell culture
HCT116 monolayer and spheroid culture are described in Section 2.4.2 and Section 2.4.3,
respectively.
4.2.3 Measurement of D-glucose and lactate
Glucose/lactate concentrations in medium were determined as described in Section 3.6.7.
4.2.4 Dual staining of propidium iodide (PI) and 5-ethynyl-2’-deoxyuridine (EdU)
Log-phase monolayers exposed to EdU for 1 hr were dissociated by trypsin to single cell
suspensions which were then fixed in 70% ethanol and kept at 4℃ overnight. Cell suspensions
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were permeabilised in PBStt for 30 min, followed with clicking by 10 µM Alexa fluor 647
azide (Thermo Fisher Scientific, U.S.) using click chemistry according to the manufacturer’s
instructions. Cells were then exposed to PI solution (20 µg/mL PI, 100 µg/mL RNAse in
PBS+3%FCS) for 10 min before running samples with an Accuri C6 flow cytometer (B.D.
Biosciences, U.S.).
4.2.5 Viability assays
For viability assays, cell suspensions were incubated in 500 µL PBS+3% fetal calf serum (FCS)
supplemented with 1 µg/mL PI for 2 min before counting non-viable (PI positive) cells with
an Accuri C6 flow cytometer.
4.2.6 Flow cytometry
Cell suspensions stained with PI, EdU clicked Alexa fluor 647 or both were quantitated with
an Accuri C6 flow cytometer. PI was detected using excitation and emission wavelength of
488 nm and 585 nm respectively. While Alexa fluor 647 was detected using excitation and
emission wavelength of 640 nm and 675/25 nm respectively.
4.2.7 Quantitation of cell viability in situ in monolayers
Monolayers grown in 96-well plate were exposed to 1 µg/mL PI for 2 min before taking images
on a JuLI stage microscope with excitation and emission being 525/50 and 580 nm,
respectively. The ratio of PI positive cells is calculated as the area of PI positive cells divided
by the total area of cells in the well.
4.2.8 Quantitation of S-phase cells in situ in monolayers
After exposure to EdU (100 µM, 2 hr), monolayers in wells were fixed in 4% PFA and stored
at 40C. EdU in DNA was conjugated with 10 µM Alexa fluor 647 azide for 30 min using click
chemistry according to the manufacturer’s instructions, followed by counterstaining with 8 µM
Hoechst 33342. The images of monolayers were captured on an ImageXpress (Molecular
Devices, San Jose, USA) with excitation and emission wavelengths of Hoechst 33342 being
390/18 and 440/20 nm, and that of Alexa fluor 647 being 650/13 and 700/25 nm respectively.
The quantitation of EdU positive cells were performed using the program ‘Cell scoring’ in
MetaXpress software.

4.3 Results
4.3.1 Development of a biochemical model for oxygen dependent glucose metabolism
The OGL model (illustrated in Figure 65) which includes oxygen and glucose interactions in
cells mediated by HIF-1 was simulated and compared to experimental data. In the model,
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glucose enters the cell and initially undergoes glycolysis (rate rG, step 1), during which anabolic
intermediates (rate rGI, step 6) are produced from some of the glucose (fraction fG) and the
remainder is metabolised to 2 pyruvate molecules with the production of 2 ATP molecules (rate
rGP, step 8). Pyruvate (CP) is either reduced to lactate (rate constant kPL) or delivered to
mitochondria (rate rP, step 2) for oxidative phosphorylation via the TCA cycle. Lactate may
also be oxidised to pyruvate (rate constant kLP) in the reaction catalysed reversibly by lactate
dehydrogenase (LDH). ATP is generated by oxidative phosphorylation via the TCA cycle (step
9) at a rate proportional to the rate of pyruvate oxidation (a simplification), along with
production of anabolic intermediates (fraction fP, step 7). The overall rate of ATP synthesis, rA,
from glucose fermentation (step 8) and oxidative phosphorylation (step 9) controls survival
(step 11) and growth (step 12), while production of anabolic intermediates (rate 𝑟𝐼 , from step 6
and step 7) determine cell growth rate (step 10). Cells are assumed to survive (i.e. remain
metabolically active) if 𝑟𝐴 is above an ATP threshold for survival (𝑟𝐴𝑠 ). Cell growth (and hence
proliferation) rate is linearly proportional to 𝑟𝐼 (step 10), if (and only if) 𝑟𝐴 is above a second
growth threshold (𝑟𝐴𝑔 ) where 𝑟𝐴𝑔 > 𝑟𝐴𝑠 . As 𝑟𝐴 falls to 𝑟𝐴𝑔 , 𝑟𝐼 is assumed to gradually decline to
0, to maintain 𝑟𝐴 > 𝑟𝐴𝑔 , as described in above paragraph. If 𝑟𝐴 falls below 𝑟𝐴𝑔 then 𝑟𝐼 = 0 and
growth is arrested – the cell becomes quiescent – and if it drops further to 𝑟𝐴𝑠 the cell is classed
as non-viable meaning that it is tagged for subsequent cytolysis.
The overall logic of the model is (assuming glucose and lactate are the only nutrient sources)
to adjust glucose utilisation via suppressing production of anabolic intermediates (and hence
growth) so that the rate of production of ATP (𝑟𝐴 ) is maintained at its ‘normal’ level, i.e.,
survival takes priority over growth under limiting conditions. Specifically, when there are no
nutrient constraints, the default values 𝑓𝐺 = 𝑓𝐺𝑛𝑜𝑟𝑚 and 𝑓𝑃 = 𝑓𝑃𝑛𝑜𝑟𝑚 maintain 𝑟𝐴 above the
threshold for growth, 𝑟𝐴𝑔 . At some stressed conditions when 𝑟𝐴 < 𝑟𝐴𝑔 , 𝑓𝑃 is reduced to the level
at which 𝑟𝐴 = 𝑟𝐴𝑔 . If even with 𝑓𝑃 = 0 the 𝑟𝐴 is still insufficient to maintain growth, 𝑓𝐺 is
reduced to the level at which 𝑟𝐴 = 𝑟𝐴𝑔 . In the case of extreme nutrient deprivation, 𝑟𝐴 < 𝑟𝐴𝑔 –
the rate of ATP production is insufficient to support cell growth – and both 𝑓𝐺 and 𝑓𝑃 are set to
0, completely suppressing production of intermediates.
As discussed above, hypoxia has a pivotal role in the regulation of oxygen and glucose
metabolism. Therefore, in the model, we assume that hypoxia influences the HIF-1 signalling
pathway (step 3) and thereby promotes glucose metabolism (step 4a) and reduces activity of
the TCA cycle/mitochondrial electron transport chain (ETC) (fPDK, step 4b) by restricting
metabolism of pyruvate to acetyl-CoA (step 2), hence reducing the requirement for O2 as
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terminal electron acceptor. Hypoxia rapidly stabilises HIF-1 with nearly no time lag. However,
it may take hours to days for HIF-1 to induce relevant gene expression. To simplify the
formulation, in the model, the hypoxia-induced HIF-1 effect (step 3) is increased as an
exponential (rise to a maximum) function of time, to provide a time lag for HIF-1 regulation
of glucose (step 4a) and pyruvate (step 4b) metabolism. The oxygen dependence of HIF-1
activation is a power function. This parameter determines at what oxygen concentration HIF1 is activated and is usually set to achieve half maximal activation at 10-20 µM O2 (see
appendix 1). In addition, very low oxygen (severe hypoxia) has an immediate effect on the rate
on pyruvate oxidation in mitochondria with no time lag with the Km for O2 consumption set to
1 µM O2 (CO2, step 5). For simplicity all nutrient (glucose, lactate, O2) transport across the
plasma membrane is described by rapid reversible equilibria (as in Section 3.5.1) which are not
HIF-1 dependent (i.e., concentration dependence of uptake is modelled via the concentration
dependence of intracellular metabolism of each species).

Figure 65. A diagram of oxygen-glucose-lactate (OGL) model.
See the main text for description of the key steps in the model (circled numbers). ETC: electron transport chain.

4.3.2 Cell Cycle Model
Growth and proliferation of cells is represented by a cell cycle module with inputs from the
OGL metabolism model (Figure 66A). In the cell cycle module, the cell cycle is divided into
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4 phases (G1, S, G2, M) with median times indicated (e.g., 𝑇̂𝐺1 ). Cells are assigned a random
cell cycle time under unconstrained growth at division. Cells grow in volume at a rate
determined by 𝑟𝐼 when 𝑟𝐴 > 𝑟𝐴𝑔 , from Vdivide/2 at the end of M phase to Vdivide at the start of M
phase. Growth stops during mitosis. Based on the current rate of volume growth at phase entry,
durations of the phase (G1, S, or G2) are adjusted via multiplying by (max rate)/(current rate).
When 𝑟𝐴 < 𝑟𝐴𝑔 , cells cease to grow in their current phase, while metabolism continues at its
current rate based on nutrient availability. If 𝑟𝐴 falls below that required for survival (𝑟𝐴𝑠 ) the
cells become non-viable in their current cell cycle phase and metabolism ceases. Non-viable
cells are then eliminated at an assumed cytolysis rate (δd).
To estimate the fraction of cells in each cell cycle phase, dual staining of PI and EdU
experiment was performed (Figure 66B). Log phase cells were given a pulse (1 hr) of EdU and
cells incorporating with EdU were assumed in S-phase, while G1 and G2 phase were EdU
negative cells and were separated in DNA content. It showed that there are (29.8±0.65)% of
cells are in G1 phase, (52.0±0.52)% of cells are in S phase, and percentage of cells in G2 phase
is (14.8±0.54)%. The data provide the estimate of periods of cell cycle phases, as listed in
Table 4.
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Figure 66. Cell cycle model.
(A) Diagram of cell cycle model. See the main text for description. (B) Representative flow cytometry images for
estimation of fraction of cell cycle phase. 5×10 4 HCT116 cells per well were seeded in 6-well plate with 2 mL
αMEM+5%FCS+1%P/S for 2 days to allow exponential growth. Monolayers were then exposed to 50 µM EdU
for 1 hr before fixation for dual staining by PI and clicking EdU with Alexa fluor 647 azide. Cell cycle distribution
was analysed by running samples in flow cytometer. The left plot in panel B illustrates dual staining of EdU and
PI, in which R1, R2 and R3 are gated for G1, G2 and S phase, respectively. The right bar chart in panel B is the
cell cycle distribution. Values are mean ± SEM from 4 independent experiments each with 2-3 replicates.

4.3.3 Quantification of glucose/lactate concentrations in medium and FCS
Further studies of glucose and lactate metabolism were undertaken to parameterise the new
monolayer metabolism model. Firstly, to control the glucose/lactate availability in
experiments, the concentration of glucose and lactate in αMEM, glucose-free DMEM, FCS or
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media with FCS was measured (Figure 67). This shows that the batch of FCS used in this study
contained 5.3±0.19 mM glucose and 14.9±0.12 mM lactate, consistent with the manufacturer’s
specification (Moregate, Hamilton NZ) and with measurement of glucose (5.2 mM) and lactate
(17.6 mM) in FCS by another group (Friedlos and Knox, 1992). αMEM was found to contain
5.0±0.29 mM glucose with no detectable lactate, again consistent with the manufacturer’s
specification (5 mM glucose). As expected, no glucose or lactate was detected in glucose-free
DMEM. αMEM+5%FCS contained 6.3±0.54 mM glucose and 0.65±0.011 mM lactate, while
glucose-free DMEM+5%FCS had 0.27±0.013 mM glucose and 0.81±0.062 mM lactate. These
data provide background for control of glucose and lactate concentrations in the media used
for glucose/lactate experiment below.

Figure 67. Concentration of D-glucose and lactate in media and FCS.
Samples of αMEM, FCS, glucose-free DMEM and their mixtures were added to PBS to achieve different fold
dilutions with estimated D-glucose and lactate concentration in the diluted samples within the range of 5-50 µM,
the valid concentrations that can be measured by D-glucose/lactate kit. The D-glucose and lactate concentrations
were then measured for D-glucose and lactate in diluted samples and their concentrations in undiluted samples
were calculated. Values are mean ± SEM, n=6 replicates. N.D, not detected.

4.3.4 Quantification of lactate metabolism by HCT116 cells
It has not been reported in the literature whether HCT116 cells can utilize extracellular lactate.
Therefore to measure lactate consumption, HCT116 monolayers were exposed to glucose-free
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DMEM with 3 mM lactate (lactic acid adjusted to pH 7.4 with NaOH to control acidity of
medium). At indicated times, instead of serially collecting medium samples from the same
wells, all medium in the wells were collected for the measurement of lactate concentration.
This avoids the potential problem of concentration gradients of lactate in the medium at
different depths in steady-state culture conditions. Loss of lactate was detected (Figure 68)
although at 5-fold lower rate (Vmax-lactate = 2.2×10-17 mol/cell/s) than for glucose (see Section
4.3.5 below) suggesting that oxic HCT116 cells have only limited capacity to transport or
oxidise lactate. The MABM was used to estimate the lactate to pyruvate rate constant (KLP) by
simulating lactate consumption by HCT116 monolayers under these conditions (e.g. seeding
density, oxygen) (Figure 68). This value was then fixed and used in further modelling.

Figure 68. Lactate consumption by HCT116 monolayers.
6×104 HCT116 cells per well were seeded in 96-well plate with 200 µL αMEM+5%FCS+1%P/S for 24 hr. To
allow attachment in a standard incubator (20% O2). The medium was then changed to 50 µL of glucose-free
DMEM containing 3 mM lactate without FCS. At indicated times, media were collected for the measurement of
lactate (symbols) and the monolayers were dissociated for cell counting by Coulter counter. The cell numbers
counted were constant over time, with the average number being 6×10 4 cells/well. Values are mean ± SEM, n=6
replicates. Line is the simulation by the MABM of lactate consumption in the medium set to the same experimental
conditions using the final parameters for KLP in Table 3.

4.3.5 Measurement of glucose metabolism of HCT116 cells
To measure glucose consumption and lactate formation simultaneously, HCT116 monolayers
were exposed to the media with a range of glucose concentrations, with the measurement of
glucose and lactate concentrations in media as a function of time (Figure 69). The same
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sampling method was conducted as above to avoid problems with concentration gradients in
the wells. Glucose metabolism rate was estimated from the glucose loss from medium, giving
an estimate of Vmax-glucose of 1.12×10-16 mol/cell/s and Km-glucose in this experiment was 206 µM
using a customized implementation of the non-linear regression program PEST (see Appendix
1). The ABM with these glucose and lactate metabolism parameters successfully simulated
glucose consumption in media (Figure 69). The yield of lactate was less than 2 moles per mole
of glucose consumed, suggesting there is significant diversion of carbon from glucose to
anabolic intermediates and/or significant mitochondrial pyruvate oxidation. Lactate
concentrations in media were also well fitted by the model in the same regression, run with
parameters fixed to those in Table 3.

Figure 69. Metabolism of D-glucose/lactate by HCT116 monolayers.
6×104 were seeded in 96-well plates with 200 µL αMEM+5%FCS+1%P/S for 24 hr. The medium was then
replaced with 50 µL of glucose-free DMEM without FCS supplemented with a range of initial concentrations of
D-glucose. At indicated times, the media were collected by harvesting the entire well and frozen for the
quantitation of D-glucose (symbols in A) and lactate (symbols in B). Cells were then dissociated to single cell
suspension for cell counting with a Coulter counter. The measured cell number was consistent among groups
(with the average number being 6×104 cells/well). Values are mean ± SEM, n=3 replicates. Simulations of glucose
consumption (lines in A) and lactate accumulation (lines in B) in the media by the ABM with the estimated glucose
and lactate rates from this and above experiments were in good agreement with experimental measurements.

4.3.6 Glucose metabolism in hypoxia-adapted HCT116 cells
The effect of adaptation of cells under 0.2% O2 for 24 hr in comparison with cells grown under
20% O2 was investigated by monitoring glucose consumption and lactate accumulation in
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medium, along with the cell number in each well to calculate glucose/lactate metabolism rate.
In this experiment 5% FCS was continuously present to prevent the loss of viability and
detachment of cells under 0.2% O2. The glucose metabolism rate (determined by the
regression) by HCT116 monolayers under 20% O2 (Figure 70A) was Vmax-glucose = 5.6±1.2 ×1017

mol/cell/s which was lower than previous measurement (Section 4.3.5) which was made in

medium without FCS. This difference might be due to other nutrients in the FCS acting as
alternative fuel or growth factors in the FCS impacting cellular metabolism even over this short
timescale. Consistent with literature (Frezza et al., 2011), HCT116 monolayers under 0.2% O2
substantially increased their glucose consumption rate (by approximately 4-fold, Figure 70A)
and lactate accumulation (by approximately 2-fold, Figure 70B) indicating that adaptation to
hypoxia increased the rate of glycolysis. This was assumed to be the maximum increase in the
glucose metabolism rate (Vmax-glucose) under hypoxia relative to that at 20% oxygen and hence
the parameter K_HB (Table 3) was set to 3 in the model. The ABM incorporated with the
measured Vmax-glucose and K_HB generally increase the glucose metabolism and lactate
accumulation by monolayers under different oxygen levels (Figure 70).

Figure 70. Oxygen dependence of D-glucose consumption and lactate formation by HCT116 monolayers.
HCT116 monolayers (6×104 cells/well in 96-well plates) were seeded in 200 µL αMEM+5%FCS+1%P/S and
incubated under 0.2% or 20% O2 for 24 hr. The medium was then replaced with 50 µL of αMEM with 5%FCS
which had been pre-equilibrated at the required O2 concentration. At the indicated times, the media were collected
and frozen for the measurement of D-glucose (symbols in A) and lactate (symbols in B). Values are mean ± SEM,
n=6 replicates. Lines are the corresponding simulations by the ABM incorporated with the measured Vmax-glucose
and K_HB.

160

4.3.7 Oxygen dependence of HCT116 monolayer growth
We next compared HCT116 monolayer growth under 0.2% and 20% O2. To avoid the impact
of nutrient limitations over this longer timescale, the medium was replenished every day using
medium fully equilibrated at the appropriate O2 concentration. HCT116 monolayers had
similar growth rate under 0.2% and 20% O2 for at least 2 days; however, by day 3, cell number
was substantially lower under 0.2% O2 (Figure 71A). The MABM with glucose and lactate
metabolism parameters (in Table 3 and Table 4), estimated above, simulated lower monolayer
growth under 0.2% O2 than under 20% O2, with the simulated total cell numbers in both groups
in agreement with the measurements (Figure 71A). To explore the limiting factor for
monolayer growth under 0.2% O2, the simulated glucose consumption in medium, fluxes of
ATP and anabolic intermediates were inspected. As expected, simulated glucose consumption
by monolayers under 0.2% O2 was substantially faster than that under 20% O2, especially after
2 days when total cell number per well increased (Figure 71B). However, glucose seems not
to be the limiting factor for growth in this setting since its concentrations in both groups is high
except at a late simulation time (Figure 71B). Fluxes of ATP and anabolic intermediates were
then compared. The model-simulated cells under both oxygen conditions produced ATP at a
high enough rate for survival and growth (rA > rAg) during most of the time period (Figure
71C). The lower flux of anabolic intermediates accounts for the lower simulated growth rate
of monolayer under 0.2% O2 (Figure 71D). The initial reduction reflects the loss of ETC flux
and mitochondrial ATP generation under hypoxia, while the subsequent slow increase of fluxes
of ATP and anabolic intermediates in cells under 0.2% O2 reflects the time course of
upregulation of HIF-1 target genes. However, ATP and intermediates are maintained at
sufficient levels in hypoxia-adapted cells, correctly predicting that there is little reduction in
proliferation when glucose is not limiting.
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Figure 71. Oxygen dependence of HCT116 monolayer growth.
HCT116 cells (5×104 cells/well in 6-well plates) in 2 mL αMEM+5% FCS+1%P/S were seeded and cultured
under 20% O2 or 0.2% O2 for 24 hr. Monolayer medium was completely changed every day. At 24, 48, 72 hr,
monolayers were dissociated to single cell suspension for cell counting by Coulter counter (symbols in A). Values
are mean ± SEM, n=6 replicates from 3 independent experiments. The simulations of the MABM with
glucose/lactate metabolism parameters measured in above experiments were plotted, including cell number (lines
in A), glucose concentration in medium (B), and rates of ATP (C) and anabolic intermediate (D) production per
cell.

4.3.8 Comparison of measured and simulated HCT116 monolayer growth under
normal growth conditions
We then compared the simulated and measured HCT116 monolayer growth under 20% O2 with
daily medium replenishment as a function of time, along with viability and S-phase fraction.
Cells were seeded at two different densities (104 and 105/mL). Cell numbers exponentially
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increased until approximately 105/well (106/mL) at which time monolayers reached 100%
confluence (Figure Figure 72A). Few dead cells were detected in either group by PI staining,
when monolayers reached 100% confluence under these conditions (Figure 72B). The S-phase
cell fraction in the 103-cell seeding group fluctuated at around 50%, while that in 105/mL
seeding group S-phase fraction had declined by day 4 consistent with the decreasing growth
rate (Figure 72C). This phenomenon is in agreement with the simulations in Figure 71,
including rapid glucose depletion in medium in wells with high cell numbers (even with daily
feeding), reduced S-phase fraction (new functions of cellular energetics and anabolic
intermediate production in the OGL metabolism model) but high cell viability. The MABM
with parameters in tables (Table 3, Table 4 and Table 5) successfully simulated monolayer
growth, cell viability and S-phase fraction (Figure 72).

Figure 72. HCT116 monolayer growth with daily medium replenishment.
HCT116 monolayers (103 or 104 cells in 96-well plate) in 100 µL αMEM+5%FCS+1%P/S were cultured in
standard incubator with feeding every day. On indicated days, monolayers from a fraction of wells were
dissociated to single cell suspension for cell counting by Coulter counter (A). Other wells of monolayers were
exposed to PI (1 µM, 2 min) for quantifying cell viability under JuLi video microscopy (B). The other monolayers
were exposed to EdU (50 µM, 2 hr) before fixation for quantification of EdU positive cells by ImageXpress
microscopy (C). Values are mean ± SEM from 10 replicates. Lines are simulations using the MABM with
parameters from Table 4.
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Table 3. Parameters in the OGL metabolism model.

Parameter

Unit

Value

Source

Definition and comments

Dglucose

cm2 s-1

(2.08 ± 0.12)
×10-7

Measuredb

Spheroid glucose diffusion coefficient estimated
from L-glucose diffusion in MCL

Dmedium-glucose

cm2 s-1

(8.74 ± 0.19)
×10-6

Measuredb

Medium diffusion coefficient of glucose
estimated from D-glucose diffusion in
microporous support membranes

Dlactate

cm2 s-1

3 ×10-7

Assumed

Spheroid lactate glucose diffusion coefficient

Dmedium-lactate

cm2 s-1

6 ×10-6

Assumed

Constant for glucose diffusion into cell

Kin-glucose

min-1

100

Assumed

Constant for glucose diffusion out of cell

Kout-glucose

min-1

100

Assumed

Constant for lactate diffusion into cell

Kin-lactate

min-1

400

Assumed

Constant for lactate diffusion out of cell

Kout-lactate

min-1

400

Assumed

Medium diffusion coefficient of lactate

Vmax-glucose

mol cell-1
s-1

1.12 ×10-16

Measureda

Max consumption rate of glucose

Km-glucose

µM

206

Measureda

Michaelis-Menten Km for glucose consumption
estimated from monolayer glucose metabolism
experiments.

fGI

mol/mol

0.3

Fitted

Fraction of glucose consumed that is converted
to anabolic intermediates when glucose is not
limiting under 20% O2

fPI

mol/mol

0.6

Fitted

Fraction of pyruvate oxidized that gives rise to
anabolic intermediates by the TCA cycle when
glucose is not limiting under 20% O2

Moles of ATP
produced per
mole of glucose

mol

2

Assumed

Maximum number of moles of ATP produced by
the glycolysis of one mole of glucose to 2
pyruvate when nutrients are not constrained
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Moles of ATP
produced per
mole of
pyruvate
rGI

mol

18

Assumed

Maximum number of moles of ATP produced by
the oxidation of one mole of pyruvate via the
TCA cycle when there is no production of
intermediates
Maximum number of moles of anabolic
intermediates produced by the glycolysis of one
mole of glucose when glucose is not limiting
under 20% O2
Maximum number of moles of anabolic
intermediates produced by the oxidation of one
mole of pyruvate when glucose is not limiting
under 20% O2
Number of moles of oxygen consumed by the
oxidation of one mole of pyruvate

mol

1

Fitted

rPI

mol

3

Fitted

Moles of
Oxygen
consumed per
mole of
pyruvate
Exponent N_H
in Hss equation

mol/mol

3

Assumed

None

6

Fitted

N_H determines the oxygen dependence of HIF1 activation

K_H

s-1

5×10-5

Assumed

The coefficient determining the rate of change of
HIF-1 activity H with time

K_HB

None

3

Measureda

A scaling factor for Vmax-glucose when HIF-1 effect
is fully activated under hypoxia.

K_PDK

s-1

4.63×10-5

Fitted

Rate constant for HIF dependent rise of the PDK
factor from PDKmin to 1

PDKmin

None

0.3

Fitted

Minimum value of the PDK1 factor. PDK1
factor level is in the range (PDKmin,1)

Nominal normal
intracellular O2
concentration

mM

0.05

Assumed

Used to set normal metabolic rates for
unconstrained growth

Nominal normal
intracellular
glucose
concentration
Nominal normal
intracellular
lactate
concentration
rAs

mM

2.5

Assumed

Used to set normal metabolic rates for
unconstrained growth

mM

1

Assumed

Used to set normal metabolic rates for
unconstrained growth

None

0.15

Fitted

ATP production threshold for survival (fraction
of peak)

rAg

None

0.5

Fitted

ATP production threshold for growth (fraction of
peak)

KPL

None

0.05

Fitted

The forward rate constant KPL of the pyruvatelactate reaction
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a

KLP

None

0.001

Fitted

The reverse rate constant KLP of the pyruvatelactate reaction

Pyruvate Km

mM

20

Assumed

Michaelis-Menten constant for pyruvate
oxidation.

, measured in the present study
, from Table 2.

b

Table 4. Parameters for cell cycle

Parameter

Unit

Value

Source

Meaning & comments

Median division
time

hr

19

From
Table 2

The time taken for cell division has a lognormal
distribution, described by the median and shape
parameters.

Shape parameter

None

1.2

Assumed

Shape parameter for lognormal distribution of cell
division time

Duration of G1
phase

hr

7

Estimated,
Figure 66

Median time spent in G1 phase

Duration of S
phase

hr

9.5

Estimated,
Figure 66

Median time spent in S phase

Duration of G2
phase

hr

2

Estimated,
Figure 66

Median time spent in G1 phase

Duration of M
phase

hr

0.5

Assumed

Median time spent in M phase

G1 mean delay

hr

1.5

Assumed

Mean of the random component of time spent in G 1
checkpoint (exponentially distributed)

G2 mean delay

hr

1

Assumed

Mean of the random component of time spent in G 2
checkpoint (exponentially distributed)

Cytolysis rate

hr-1

0.02

Assumed

Rate of cells undergo cytolysis after becoming nonviable

Cell cycle arrest
threshold

None

0.2

fitted

A threshold above which the cells are assumed to be
equivalent to EdU+ cells in experiments
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Table 5. Cell-cell force parameters in off-lattice SABM.

Parameter

Unit

Value

Source

Meaning & comments

Separation
force factor

None

1

Assumed

Force separating cells at mitosis (which are
initially truncated spheres at initiation of
division)

Repulsion
force factor, a

None

1

Assumed

The cell-cell force is a function of distance
between cell centres. Parameter for repulsion in
the force function

Attraction
force factor, c
Left
asymptote, x0
Right
asymptote, x1

None

0.2

Assumed

Parameter for attraction in the force function

None

0.7

Assumed

None

1.7

Assumed

Parameter for specifying the distance
dependence of the force function
Parameter for specifying the distance
dependence of the force function

Drag factor

None

10

Assumed

Random force
factor

None

0.02

Assumed

Parameter determining rate of cell movement in
response to force function
Magnitude of random additive force to cause
random cell motion

4.3.9 Glucose dependence of proliferation and survival
To further validate the OGL MABM, HCT116 monolayers were cultured in media with
different concentrations of glucose without feeding. A series of endpoints (including cell
number per well, %S-phase, and concentrations of glucose and lactate in media) were measured
as a function of time. Monolayers cultured in medium with high glucose grew more rapidly to
higher plateau-phase cell densities than in low glucose media, generally captured by the OGL
MABM (Figure 73A). Furthermore, the growth was highly dependent on the availability of
glucose (Figure 73D) in medium but not lactate (Figure 73E), as evidenced by the decreased
S-phase cell ratio (Figure 73B) when glucose was depleted while lactate had accumulated. The
MABM well simulated glucose consumption and lactate accumulation in media using the
parameters in Table 3. Using an assumed cell cycle arrest threshold of 0.2 (Table 4), the
MABM generally simulated S-phase cell ratio (Figure 73B).Although cells stopped
proliferating at later times, they were still metabolically viable as evidenced by the lack of PI
positive cells, in agreement with the prediction of the MABM (Figure 73C). Interestingly,
when intracellular O2 was plotted to investigate the contribution of oxygen, it showed that the
intracellular O2 of monolayer in 104 cell group gradually decreased from day 2 to day 4.
Oxygen concentrations recovered after day 6, presumably because of reduced demand of
oxygen by oxidative phosphorylation due to glucose deprivation. In contrast, intracellular O2
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in the 103 cell group was constant. This finding indicates that high cell number in monolayers
can significantly lower intracellular oxygen concentration even under a gas phase of 20% O2.

Figure 73. Glucose dependence of HCT116 monolayer growth.
5×103 HCT116 cells per well were seeded in 6-well plates with 4 mL αMEM+5% FCS+1%P/S (containing 5mM
glucose), or glucose-free DMEM+10% FCS+1% P/S (final concentration 0.5mM glucose) and cultured under
20% O2. On the indicated days, monolayers were exposed to EdU (50 µM) for 2 hr by adding 10 µL EdU stock
(20 mM in saline) into each well to avoid the change of glucose/lactate in medium. Media were then collected for
the measurement of glucose and lactate. Cells were dissociated for cell counting by Coulter counter and cell
viability by flow cytometry. The rest of the cell suspensions were fixed for quantitating EdU positive cells by flow
cytometry. Values are mean ± SEM, n=3 replicates. The dashed and solid lines represent the simulations of 0.5mM
and 5mM glucose groups respectively by the MABM with parameters from Table 3.

4.3.10 Comparison of off-lattice SABM with histological and cellular characteristics of
spheroids
The OGL and cell cycle models with calibrated parameters were incorporated into the offlattice SABM. The extension to a 3D off-lattice model requires the diffusion coefficients in
spheroids from Table 3 (from Chapter 3) and the assumed cell-cell force parameters which
determine cell aggregation and division (listed in Table 5). A typical snapshot of spheroids
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from the off-lattice SABM is illustrated in Figure 74. It captures the key characteristics of
spheroids (e.g. necrotic and hypoxic regions), as well as the influence of the culture system
(via taking oxygen/glucose diffusion in medium into consideration).

Figure 74. Illustration of spheroid simulation using the off-lattice SABM.
A snapshot of section of a spheroid at 168 h following initiation with 10 3 HCT116 cells from the off-lattice SABM
is illustrated. The simulation illustrates cell states as a function of ATP and anabolic intermediates which is
mutually mediated by O2 and glucose. As the spheroid grows, O2 and glucose levels decrease in medium near the
spheroid (indicated for O2 by a cyan color gradient), and decrease in the spheroid core to very low levels with
cells becoming hypoxic (< 1.33 µM O2, red cells). Rapidly proliferating cells are indicated in dark green and nongrowing cells are in dark pink. Light green cells represent S-phase cells. Cells undergo mitosis at their specified
divide time, which is modified by growth rate in response to nutrients (pink cells). Cell movement is controlled
by cell division and cell-cell force as described. Cells with ATP below a threshold (rAs) are tagged to die (blue
cells) with an assumed cytolysis rate. The black region in the centre of the spheroid represents a necrotic core
resulting from cytolysis. Scale bar, 100 µm.
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The simulations of the off-lattice SABM were compared to histological and cellular
characteristics of spheroids using the experimental data from Chapter 3. Simulated spheroid
growth, as quantified by spheroid radius (Figure 75), was in good agreement with
measurements, especially for spheroids smaller than 700 µm diameter. The poor agreement
between simulated and measured growth of spheroids on day 9 could not be explained fully by
under-prediction of cell number and may result from more complex physical and biological
characteristics not yet included in the model for large spheroids. Although necrosis appears in
the model a little earlier than observed experimentally the viable rim thickness and necrotic
radius are generally in agreement indicating that the new model for cell viability based on an
ATP (cellular energy) threshold is able to predict this phenomenon.

Figure 75. Quantitation of histological characteristics of spheroids and comparison with outputs of the offlattice SABM.
The overall radius (circles), radius of the necrotic region (triangle), and thickness of viable rim (rectangles) of
HCT116 spheroids were quantitated using H&E stained histological sections (data are from Section 3.5.3). Values
are means ± SD (n = 4 spheroids, 5 on day 7). The lines are the corresponding simulations of the off-lattice OGLSABM.
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Simulated and measured growth and cellular features of spheroids were also compared,
including spheroid diameter, total cell number, cell viability, hypoxic fraction and S-phase cell
ratio. The off-lattice SABM well simulated spheroid growth before day 10 but again underestimated spheroid growth when diameters were > 800 µm (Figure 76A), despite close
agreement with total cell number (Figure 76B). Cell viability and S-phase cell fractions are all
well predicted by the off-lattice SABM. In the model cells become non-viable when their 𝑟𝐴 is
less 𝑟𝐴𝑠 , and these non-viable cells undergo cytolysis (apoptosis, necrosis or necroptosis) at a
user-defined rate. The fraction of remaining viable cells in the model is compared to the
measured fraction of cells excluding PI (Figure 76C). The simulated hypoxic fraction of
spheroids was well fitted to the experimental measurements of %EF5 positive cells by flow
cytometry before day 8 when spheroids were smaller than 800 µm diameter, but it
overestimated hypoxic fraction of spheroids at later days when spheroids were larger than 800
µm (Figure 76D). In the model the number of growing cells in S-phase is consistent with the
fraction of cells staining positive for EdU (Figure 76E).
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Figure 76. Comparison of growth and cellular characteristics of HCT116 spheroids with simulations of the
off-lattice SABM.
On the indicated days, diameters of spheroids (A) were measured. Values are means ± SD (n ≥48 spheroids). After
exposing spheroids to EdU or EF5, spheroids (n=48 spheroids) were pooled and dissociated and the number of
cells in cell suspension were counted to estimate total cell number per spheroid (B), followed by exposing cells
in 1 µg/mL PI for 2 min to measure cell viability by flow cytometry (% PI negative, C). Hypoxic fraction (% EF5positive cells, D) and S-phase fraction (% EdU-positive cells, E) were measured by flow cytometry. The
experimental data here are the same as used in Chapter 3. The predictions of the off-lattice SABM (lines) plotted
with experimental data (points) are: spheroid diameter (A), total cell number (viable and non-viable) (B), fraction
of viable cells, i.e. cells not tagged for death by r A falling below rAs (C), fraction of cells below 0.1 µM O2 (D)
and S-phase fraction predicted from the model as the fraction of proliferating S-phase cells relative to all
proliferating cells (rA > rAg) (E).

4.3.11 Evaluation of the off-lattice SABM in unfed spheroid culture
To calibrate glucose dependence of spheroid growth, HCT116 spheroids (2000 cells seeded)
were cultured in glucose-free DMEM+10%FCS+1%P/S supplemented with 4mM glucose
without medium replacement during growth, and spheroid diameters and glucose consumption
from media were monitored as a function of time (Figure 77A). HCT116 spheroids cultured
without feeding grew slower than that with feeding (Figure 76). In addition, glucose
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consumption increased with time due to the increasing cell population (Figure 77B). The offlattice OGL-SABM well simulated non-supplemented spheroid growth and generally predicted
glucose consumption in medium by spheroids (Figure 77B) without further parameter
adjustment.

Figure 77. Spheroid growth and glucose concentrations in unsupplemented cultures.
2000 HCT116 cells in 20 µL glucose-free DMEM+10%FCS+1%P/S supplemented with 4mM glucose were
seeded and 24 hr later, 180 µL of the same media were added to spheroid cultures. Without any further medium
replacement, on the indicated days, 5 µL media samples were collected for the measurement of glucose. Spheroid
diameter was measured under microscope. Data present mean ± SEM, n=4 spheroids. Lines in A and B represent
the simulation by off-lattice OGL-SABM for spheroid diameter and glucose concentration in medium based on
parameters in Table 3-5).

4.4 Discussion
4.4.1 Development and advantages of the off-lattice SABM
In this chapter, an OGL metabolism model was developed to account for oxygen and glucose
interactions in cells. The model represents the key steps of glucose metabolism and relates cell
growth to biomass (anabolic intermediates) production and cell survival to energy (ATP)
production, rather than relating these observables to oxygen and glucose concentration
empirically. Importantly, in the model, oxygen influences glucose metabolism via mediating
expression of HIF-1 which subsequently regulates the rate of glycolysis and the balance
between glycolysis and pyruvate oxidation. Hence, the OGL model provides a link between
oxygen and glucose at a molecular level (ATP, anabolic intermediates) to mechanistically
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simulate oxygen and glucose dependent cell fates. A cell cycle model was also developed, in
which cell cycle progression is related to availability of ATP and anabolic intermediates. The
MABM with OGL and cell cycle model with glucose/lactate metabolism parameters measured
from HCT116 monolayers, simulated glucose dependence of HCT116 monolayer growth,
along with other endpoints including glucose/lactate metabolism, cell viability and S-phase cell
ratio. To model cell movement in spheroid more realistically, an off-lattice SABM was
developed. The off-lattice SABM with OGL and cell cycle model simulated histological and
cellular characteristics of spheroids, spheroid growth under conditions where the medium is
replenished or not, as well as glucose dependence of spheroid growth and glucose
concentration remaining in medium.
The advantage of the off-lattice OGL SABM is that cell loss of viability and onset of necrosis
depends on the cellular energetic status rather than on empirical relationships with the
concentrations of oxygen and glucose as presented in our on-lattice SABM and by (Kempf et
al., 2013;Kempf et al., 2015). In addition incorporation of a cell cycle model allows simulation
of cell cycle distribution under different culture conditions, which will be further discussed in
Chapter 5 as its critical role for radiation activity. In the model the rate of progression through
the cell cycle rate is the same as the volume growth rate and is a continuous variable related to
anabolic intermediate production with cellular arrest occurring when cell energetics is rate
limiting (𝑟𝐴 < 𝑟𝐴𝑔 ). This contrasts with the model of Kempf et al. (Kempf et al., 2013;Kempf
et al., 2015) where cells enter quiescence when subjected to an arbitrary pressure intended to
model contact inhibition.
Mathematical models have been previously developed to investigate glucose metabolism (e.g.
the Warburg effect) in different ways (Schuster et al., 2015), such as game-theoretical approach
(Pfeiffer et al., 2001), kinetic model (Molenaar et al., 2009), and flux balance analysis
(Schuster et al., 2008;Teusink et al., 2009). For example, a minimal model was established to
explain the Warburg effect, in which there are only three reactions, including glycolysis,
oxidative phosphorylation and production and excretion of glycolysis products (Schuster et al.,
2011). Depending on the constraint factor (e.g., protein amount necessary for enzymes),
different glucose metabolism modes are optimal with the endpoint of ATP production.
Specifically, a low-rate, high yield mode is beneficial at low costs for, while at high costs, a
high-rate, low-yield mode is. In contrast to development of minimalist models which are
hypothesis-driven, another tendency in theoretical systems biology is to use large-scale models
which are motivated by the availability of –omics data. For example, Shlomi et al. (Shlomi et
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al., 2011) studied the Warburg effect based on a metabolism network described in (Duarte et
al., 2007). In the model, the optimisation factor is biomass production, and the constraints
include glucose uptake and enzyme solvent capacity which is also known as the
macromolecular crowding constraint. Using this model, the authors show that the Warburg
effect is a consequence of the metabolic adaptation of cancer cells to enhance biomass
production. All these models were developed to attempt to predict the optimal glucose
metabolism strategy, with endpoints of production rate and yield of ATP and biomass. In
addition, the modelling was performed without consideration of several critical factors, such
as multicellular structure, heterogeneous microenvironment and glucose metabolism by cells.
Compared with these models, we are not trying to apply our off-lattice SABM to optimise
performance of the network according to some criterion as ATP/biomass formation rate but
rather to understand that value under specific constraints. To achieve it, we work with the
enzyme profile in HCT116 cells as it is but includes oxygen mediated expression of HIF-1
which subsequently regulates glucose metabolism. The off-lattice model also considers
heterogeneous microenvironments defined by oxygen, glucose and lactate gradients, allowing
simulation of glucose metabolism of cells at the 3D context, with endpoints of production of
both ATP and biomass. ATP production has been related to development of necrosis in
previous models of tumour evolution (Smallbone et al., 2007;Gerlee and Anderson,
2008;Gerlee and Anderson, 2007a). Two spheroid models have simulated necrosis
development based on ATP production (Bertuzzi et al., 2010;Venkatasubramanian et al.,
2006). The latter model considers boundary layer effects but does not include HIF, but rather
an instantaneous effect of oxygen on glucose metabolism, and does not relate spheroid growth
to biomass production.

4.4.2 Limitations of the off-lattice spheroid agent based model
It should be accepted that our OGL metabolism model is a simplified model compared to the
complex in vitro situation. Firstly, metabolic programming of tumour cells is regulated not only
by HIF-1 pathways induced by hypoxia, but also by hypoxia independent HIF-1 activation (e.g.
mutations that upregulate HIF-1 (Semenza, 2007)) and changes in oncogenes such as myc and
p53 (Yeung et al., 2008). In addition, pyruvate in the model is assumed to be the sole source
of substrate for TCA cycle. Actually, other resources can also be used as substrates, especially
glutamine (Vander Heiden and DeBerardinis, 2017), but were neglected in the current model.
In the model, glucose and oxygen deprivation is presumed to perturb the cell cycle uniformly,
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which is not realistic (e.g. arrest of cells in S-phase under severe hypoxia because
ribonucleotide reductase is oxygen dependent). There are many parameters in the OGL
metabolism model to simulate oxygen-mediated glucose metabolism and production of
ATP/anabolic metabolites. Although glucose/lactate metabolism rates were directly measured
in HCT116 monolayers, there are still many parameters that are not identifiable and need to be
fitted. Although integration with PEST nonlinear regression program facilitated the parameter
fitting, it is still difficult to screen a parameter set that can fit all the experimental data. A set
of parameters were successfully found, and the model with these parameters well simulated
glucose dependent spheroid growth and other endpoints, but we cannot be certain that the
optimal parameter set has been identified.
There are also several assumptions or simplifications in the model. For example, a major
oversimplification is the assumption that glucose and lactate are the only fuels for metabolism.
In addition, glucose and lactate transport is via facilitated membrane transport with MichaelisMenten kinetics. However, simple diffusion parameters (as arbitrarily high) were applied in
the model to limit numbers of parameters, assuming passive diffusion at a non-limiting rate,
with concentration dependent effects incorporated into the intracellular metabolism model. In
addition, although HIF-1 mediated glucose metabolism was incorporated in the OGL model,
HIF-1 regulated LDH is currently not integrated. In the model, nonviable cells are presumed
to undergo cytolysis with a cytolysis rate assumed from data in Section 3.5.3, which may need
further validation. In fact what is needed is rate of transit to the non-viable compartment rather
than a rapid transit when the ATP rate falls below the critical value.
There are also some limitations when using experimental measurement to calibrate the model.
For example, to avoid effect of FCS, there is no FCS in the medium for glucose/lactate
metabolism experiment. However, to maintain cell growth and division, FCS has to be
supplemented in the medium for long term monolayer/spheroid growth experiment. Although
glucose in the FCS has been considered, other components (e.g. growth factors, other nutrients)
in the FCS may impact cell behaviour, such as capacity for glucose/lactate metabolism.
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Chapter 5. Towards a DNA damage response agent based
model for radiation

5.1 Introduction
The on-lattice spheroid agent based model (SABM) required introduction of an empirical
model of cell growth arrest and probability of cytolysis to simulate spheroid growth delay after
radiation. Radiation damage has been intensively studied for over 100 years and there is a
wealth of information about the mechanisms underlying radiation effects. Therefore, there is a
need to move from an empirical model to a more mechanistic model that incorporates
knowledge about DNA damage response.
There are several limitations to use of the linear-quadratic (LQ) model to represent cytotoxicity
of radiation, although the on-lattice SABM with the LQ model successfully estimated the
clonogenic survival of tumour cells in response to radiation. Firstly, although the LQ model
represents clonogenic survival of cells to radiation well, it lacks a sound mechanistic basis and
its formulation is only empirically related to the biological mechanisms underlying radiation
cytotoxicity and was interpreted as representing single or double strand DNA lesions (Kellerer
and Rossi, 1972;Hall et al., 1978) and later as interactions of single or clustered DNA lesions
(Chadwick and Leenhouts, 1973) or interactions in the DNA damage response. The LQ model
only estimates the number of clonogenic surviving cells, but it is not able to present any
information on growth kinetics of these cells. In addition, although LQ model broadly captures
the sensitivity of tumour cells at a population level which assumes that tumour cells have
homogeneous sensitivity to radiation, it neglects cell cycle phase independent heterogeneous
sensitivity of tumour cells to radiation (Webb and Nahum, 1993). Finally, the fate of
metabolically competent non-clonogenic cells impact tumour growth by influencing nutrient
availability in the tumour microenvironment, which is not represented in LQ model.
Free radical induced DNA damage, especially double strand breaks (DSB), accounts for the
main cytotoxicity of ionising radiation (Jeggo and Lavin, 2009). Therefore, the number of DSB
induced by radiation, as well as the ability of cells to repair DNA damage are significant factors
that determine cellular sensitivity to radiation. It has been estimated that approximately 105
ionizations per Gray of radiation occurs in a typical diploid cell, which can cause 1000 damaged
DNA bases, 500 to 100 single-strand and 25 to 50 DSB (Cadet et al., 2008). However, there
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are multiple DNA damage repair pathways to repair the lesions induced by radiation, including
base excision repair (Sancar et al., 2004), nucleotide excision repair (Piao et al., 2015), single
strand break repair (Sancar et al., 2004), and homologous recombination (Helleday et al., 2007)
or nonhomologous end-joining (NHEJ) repair of DNA DSB (Dobbs et al., 2010;McVey and
Lee, 2008). Given that DSB are mainly responsible for radiation induced cell death and cell
cycle delay, here the focus is on repair of DNA DSB.
DNA DSB repair by homologous recombination needs a homologous DNA molecule as a
template, and is therefore restricted to the S and G2 cell cycle phases. It is an error-free repair
because the intact undamaged DNA on the sister chromatid is used as a template (Helleday et
al., 2007). A DSB is initially recognized by the MRN complex (MRE11-RAD50-NBS1) which
collaborate with helicases, nucleases and the single–stranded DNA replication protein (RPA)
to form single-stranded DNA overhangs. Exchange of RPA in these overhangs by RAD 51
protein is mediated by multiple proteins (e.g. the RAD52 epistasis group, BRCA1/2, RAD54B
and XRCC2/3). The resulting RAD51 nucleoprotein filaments then invade the complementary
DNA-duplex to form a D-loop. The invading strand is extended by DNA polymerases using
the complementary DNA-duplex as a template. Ultimately the crossover is resolved by
specialised nucleases to restore normal chromosome structure.
The NHEJ pathway is another critical set of machinery to repair DNA DSB. NHEJ is activated
by DNA-dependent protein kinase (DNA-PK), comprising the Ku heterodimer and DNA-PK
catalytic subunit (DNA-PKcs), which bridges the DNA breaks and signals to the nuclease
Artemis with acts in concert with other nucleases and low-fidelity polymerases (polymerases
mu and lambda) to prepare a DNA substrate that can be sealed by Ligase IV. This typically
results in loss or gain of a few nucleotides (McVey and Lee, 2008). Hence, NHEJ is an errorprone pathway. Another two DNA DSB repair with less understood mechanisms are
microhomology-mediated

end-joining

(MMEJ)

and

single-strand

annealing

(SSA)

distinguished by the extent of the homology involved at the breakpoint. None of these three
machineries require sister DNA molecules, therefore they participate in DNA damage repair in
all cell cycle phases with fast kinetics, despite the disadvantage of low fidelity (Chang et al.,
2017;Dobbs et al., 2010).
Clustered DNA DSB along the track of the ionising radiation also leads to misrepair of DNA
that results in changes in chromosome structure (Nagasawa et al., 2010). Because NHEJ does
not require homology (and MMEJ and SSA require minimal homology), any broken end can
be joined to any other if they are close together. This gives rise to inversions (reversal of the
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DNA sequence between two DSB in the same chromosome) and translocations between
chromosomes. When translocations are reciprocal (symmetrical, balanced) (Kovacs et al.,
1997) resulting in chromosomes that have exchanged DNA but retain a single centromere,
segregation of the genome can still occur normally at mitosis so these events are usually not
lethal although in rare cases mutation at the breakpoint can have important consequences as in
the famous chromosome 9/22 translocation which gives rise to the Philadelphia chromosome
and is responsible for activation of the ABL oncogene in chronic myeloid leukaemia. In
contrast, non-reciprocal translocations give rise to abnormal chromosome structures (dicentric
chromosomes and acentric fragments) that cannot segregate normally at mitosis, resulting in
even more profound genomic abnormalities post-mitosis (Kovacs et al., 1997). This ‘mitotic
catastrophe’ is the major mechanism of cell death for most carcinoma cells after irradiation,
although actual cell loss (cytolysis) can be delayed for many days and these genetically
abnormal cells may proceed through one or more additional mitoses (Brown and Attardi, 2005).
There are several other pathways of cell death induced by radiation, including permanent
growth arrest (senescence), apoptosis, necrosis, autophagy, necroptosis and ferroptosis (Brown
and Attardi, 2005;Galluzzi et al., 2018).
DNA DSB not only activate DNA repair machinery, but also induce cell cycle checkpoint
activation (Hoeijmakers, 2001). DSB lead to auto-phosphorylation of ATM monomers to
activate its kinase activity. The activated ATM phosphorylates many target proteins including
p53, murine double minute 2 and checkpoint kinase 2 (CHK2) to enhance the transcriptional
activity of p53 and to prevent its proteasomal degradation. The stabilized p53 activates
transcription of p21 which, accompanied with CHK2 activates cell division cycle 25 A
(CDC25A) and blocks CyclinD-CDK4/6 and CyclinE-CDK2-Rb mediated S-phase entry
(Hoeijmakers, 2001). ATM also phosphorylates structural maintenance of chromosomes
protein 1A (SMC1) and Nijmegen breakage syndrome gene proteins to slow down the
progression of S-phase. In addition, DNA DSB at collapsed replication forks in S phase cells
activate ATR which subsequently inactivates CHK1 leading to S-phase arrest. Also, CHK1
and ATM mutually control CDC25C that is responsible for the activation of Cyclin B mediated
transition to mitosis. The checkpoint delay time can vary dependent on lesion extent (radiation
dose) and gene expression profiles in specific cell types. Of note, the HCT116 cell line used in
this project is wild type for the TP53 gene and therefore has intact G1 and S-phase cell cycle
checkpoints. However, HCT116 cells are deficient in DNA mismatch repair due to the lack of
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Mut L homologue-1 (MLH1). Therefore HCT116 cells have a deficiency in G2-M cell cycle
checkpoint after ionizing radiation or 6-thioguanine exposure (Davis et al., 1998).
Developing a mathematical model, in which cytotoxicity of radiation is based on DNA damage
response after radiation, is a strategy to mechanistically simulate cell survival after radiation.
Several models have been developed using to this strategy, for example the lethal-potentially
lethal lesion (Curtis, 1986), the repair-misrepair (Tobias, 1985) and saturable repair
(Goodhead, 1985) models. In the Curtis model, radiation causes lethal and potentially lethal
lesions proportional to radiation dose. The potentially lethal lesions can be repaired or misrepaired. Clonogenic survival is determined by the number of lethal lesions in the cells. This
model only applies to plateau phase non-cycling cells and does not consider cell cycle arrest.
Recently, McMahon et al have developed an advanced radiation induced DNA damage repair
model. In the model, cell survival is dependent on cell cycle phases, considering cell-cycle
dependent DNA content, availability of homologous recombination and probability of lesion
interactions. Of note, a simple model of G1 phase arrest is incorporated, in which cells in G1
phase have a probability to escape G1 to apoptosis/senescence in dependence of number of
DSBs. However, both of the models use surviving fraction as endpoint to estimate cell response
to radiation and lack models of growth kinetics. In addition, cell cycle arrest and progression
during repair of DNA by radiation are important to the DNA damage repair effect but are
neglected in these models.
In this Chapter, a mechanistic agent-based model of cell cycle arrest and death probability,
controlled by DNA damage and repair (DDR) after radiation is described and parameterised
using HCT116 monolayers. The mathematical model was developed by Drs Gib Bogle and
Kevin Hicks based on a schema proposed by Prof Wilson, and was coded by Dr Bogle. The
mathematical formalism is described in Appendix 3. The DDR model is a sub-model of the
off-lattice SABM described in Chapter 4; i.e. it is an extension of the glucose- and O2dependent cell proliferation/survival model in the latter chapter. In the model, DNA lesions in
individual cells after radiation exposure influence their survival and growth. DNA damage
repair machinery has the potential to repair or misrepair these DNA lesions. Cell cycle
checkpoints have been incorporated in the model to simulate cell cycle arrest in cells with
unrepaired DNA DSB. The monolayer ABM with DDR model (DDR-MABM) was calibrated
using HCT116 monolayers in terms of clonogenic survival and growth delay induced by
radiation. This work provides a foundation for incorporating a DDR model, along with the
OGL and cell cycle sub-models reported in Chapter 4, into the off-lattice SABM. The final
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model is expected to be valuable for exploring further the interaction of SN30000 and radiation
and its relation to spheroid shrinkage and regrowth after treatment.

5.2 Methods
5.2.1 Development of DNA damage response model
The model is described fully in results along with the parameterisation. Radiation
instantaneously produces lesions at a specified time after which the finite difference equations
for repair and misrepair are solved on each time step used for calculating metabolism and cell
cycle effects in the ABM. For the full model formulation and its computational implementation
see Appendix 3. Model fitting was performed manually using a visual predictive check.
The GUI has been developed using Qt Creator (i.e. it is coded in C++), while the engine, built
as a DLL, is coded in Fortran 95.
5.2.2 Measurement of colony number and size post-irradiation
96-well plates with log-phase monolayers were sealed in a metal chamber and submerged in a
37°C water bath for 10 min to equilibrate temperature before being exposed to gamma radiation
from an Eldorado 78 Cobalt-60 teletherapy machine. A range of dose rates (0.2-1 Gy/min) was
achieved by setting a lead wedge on the top of the metal chamber (Bonnet et al., 2014).
Immediately after radiation exposure, monolayers were dissociated to single cell suspensions
for clonogenic survival assays as previously described (Hicks et al., 2006). Briefly, single cell
suspensions were serially diluted, plated in 60 mm dishes with 4.5 mL αMEM with 5% FCS
and penicillin/streptomycin, and cultured for 10 days before staining with methylene blue.
Clonogen number was determined by image analysis with a COLCOUNTTM colony counter
(Oxford Optronix Ltd., U.K.). A threshold of colony size was set via inspecting some small
colonies under a microscope to only colonies > ca. 50 cells were counted. Plating efficiency
(PE, number of colonies/cells plated) were calculated and surviving fraction (SF) calculated as
PE (treated)/PE (control). In addition, colony volumes were estimated by image analysis as the
product of the optical density (OD) and area from output data of colony counter. For this the
threshold was set lower (to ca. 40 cells) to account for abortive colonies but eliminated artefacts
such as dye precipitates.
5.2.3 Measurement of monolayer growth delay induced by radiation
96-well plates with log-phase monolayers were inserted into a metal chamber in the incubator
to equilibrate temperature until the metal chamber was sealed and submerged in a 37°C water
bath for 10 min before being exposed to gamma radiation from an Eldorado 78 Cobalt-60
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teletherapy machine without lead wedge. At specific times after radiation exposure,
monolayers were dissociated to single cell suspension for counting by Coulter Counter.

5.3 Results
5.3.1 Development of a DNA damage response model
A simplified DDR model to simulate DNA damage response of cells after radiation exposure
has been developed (Figure 78), based on a previously published lethal/potentially lethal repair
model for radiation (Curtis, 1986). This published model considered survival end-points in
plateau phase cultures but was extended to include proliferation and radiation-induced cell
cycle arrest. See Appendix 3 for modelling details.
In the model, radiation leads to clustered ionisations in the cells at previously undamaged sites
in DNA (L0) to give rise to irrepairable (lethal, 𝜂𝐼𝑃𝐿 ) and repairable (potentially lethal, 𝜂𝑃𝐿 )
DSB. Each type of lesion is created at a rate proportional to the radiation dose rate and is
influenced by the intracellular oxygen concentration. Irrepairable DSB in cells trigger cell cycle
arrest but the cells will finally enter into S-phase or mitosis resulting in nonviable cells with
major genetic defects. When a cell with repairable DSB reaches a checkpoint, it is arrested
until all lesions are repaired (or there is a misrepair by NHEJ pathways), subject to a limit on
the maximum length of time, 𝑇𝐶𝑃 , that it can be arrested. The time limit is a function of the
number of DSB at the time of entry into the checkpoint. Probabilistic repair/misrepair of
repairable DSB is attempted in every time step at a rate proportional to the number of such
lesions, specified by a first order rate constant that depends on phase of the cell cycle.
Repairable DSB can either be repaired to L0 status (𝜖𝑃𝐿 , error-free repair, by homologous
recombination repair, in S/G2 phase) or misrepaired by low fidelity DSB repair pathways such
as NHEJ (and potentially alt-EJ and SSA) throughout the cell cycle at a rate proportional to the
square of the number of PL lesions (𝜖𝑚𝑖𝑠 ). These misrepairs can result in essentially normal
chromosomes carrying mutations (Ch1, 𝑓𝐶ℎ1 ) that are able to segregate at mitosis and are
considered in this version of the model to have a low probability of interfering with subsequent
𝑛
proliferation, modelled by a low probability of cell death at each mitosis (𝑃𝑑𝑒𝑎𝑡ℎ = (1 − 𝑃𝐶ℎ1
).

However, misrepair also generates non-reciprocal translocations, resulting in abnormal
chromosomes (Ch2, 1 − 𝑓𝐶ℎ1 ) that lead to even more severe major genomic defects post𝑛
mitosis (𝑃𝑑𝑒𝑎𝑡ℎ = (1 − 𝑃𝐶ℎ2
). Single track and multiple track misrepair may cause both Ch1 and

Ch2 lesions. Once the maximum cell cycle delay time is reached the cell progresses through
the cell cycle and attempts mitosis at which stage it becomes non-viable or passes through
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mitosis with a probability dependent on the severity of the unrepaired or misrepaired lesions.
Specifically, both cells with Ch1 and Ch2 lesions could be delayed and tagged at mitosis as
non-viable, although cells with Ch2 have a high probability to major genetic defect. After this,
reproductively surviving cells carry the lesions (mutations) with a probability of non-viability
at each mitosis. All non-viable cells undergo apoptosis or cytolysis (e.g., necrosis) at a rate (δd)
that is adjustable in the model.

Figure 78. DNA damage response (DDR) model for inhibition of cell proliferation and clonogenic cell killing
by ionising radiation.
The model is described in the main text, and its mathematical formalism is described in Appendix 3. The DDR
model is implemented as a sub-model in the MABM with OGL metabolism sub-model described in Section 4.3.1.
Rate constants for damage, repair and cytolysis are shown together with probabilities of death at each mitosis.

5.3.2 Clonogen number and size of colonies after irradiation of HCT116 monolayers
To determine parameters for the DDR-MABM a clonogenic survival assay was performed to
investigate cell survival of HCT116 cells irradiated in monolayers, in response to a range doses
of radiation, with endpoints of clonogen number and colony size (volume). The aim was to
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evaluate growth delay of surviving clonogens, and well as probability of survival which is the
usual metric quantified in LQ models of in vitro survival curves. Both factors are important for
simulating spheroid regrowth after radiation. As expected, surviving fraction of HCT116 cells
was well approximated as a LQ function of radiation dose (Figure 79A). The MABM was
developed by incorporating OGL and cell cycle parameters in Chapter 4 and DDR sub-model
with parameters. To test the sensitivity of parameters, the MABM with a range of parameter
values were investigated for a specific parameter, holding the other parameters constant at their
values in Table 6. Parameters included: potentially lethal lesion (PL) generation rate 𝜂𝑃𝐿 ;
irrepairable lesion (IRL) creation rate 𝜂𝐼𝑅𝐿 , baseline repair rate at the start of S-phase (BRR,
baseline high fidelity repair rate, 𝜖𝑃𝐿𝑚𝑖𝑛 , assumed to be homologous recombination) and
misrepair rate (MRR, 𝜖𝑚𝑖𝑠 ). As seen in Figure 79A, a range of surviving fractions was found
when the production of PL was varied, which occurs over the range of radiation doses tested.
Simulated surviving fraction was independent of IRL when radiation dose was lower than 6Gy,
however, when dose is higher than 6 Gy, the curve becomes increasingly concave with
increasing IRL (Figure 79B). As expected, low BRR represented low surviving fraction,
however its effect was almost saturated when BRR >1 (Figure 79C). In addition, surviving
fraction was very sensitive to MRR, and high MRR means low surviving fraction (Figure
79D). Colony volume was also simulated by the MABM with parameters in Table 6, and
follows the experimental measurements (Figure 79E). As expected, colony volume decreased
with radiation dose, reflecting the increasing cell cycle delay. For example, 7.4 Gy radiation
killed approximately 3 logs of HCT116 monolayer cells, and the average volume of colonies
was only 20% of that in the untreated group. This gives us important information on growth
delay of these surviving cells after radiation exposure.
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Figure 79. Clonogenic survival and size of colonies of HCT116 monolayers in response to radiation 10 days
after plating.
HCT116 cells (5×104 cells/well) were seeded in 96-well plates and cultured in a standard 5% CO2 incubator for
24 hr before exposure to a range of radiation doses at 37℃. Monolayers were then immediately dissociated to
single cell suspension by trypsinisation. Cell suspensions were cultured in P-60 tissue culture dishes for 10 days
before fixing and staining with methylene blue to measure the clonogen number (open symbols in A-D, the same
data) and colony volumes from the same plates (open symbols in E). Values are mean ± SEM from 4 replicate
dishes. Arrows indicate the optimised parameters summarised in Table 6. The survival curve is simulated by the
MABM based on the optimised parameters in Table 6 (lines in A-D). Sensitivity of surviving fraction to various
parameters are also plotted for the indicated parameter with other parameters fixed at their values in Table 6. The
simulation of relative mean colony volume was calculated from the total predicted number of surviving cells 10
days after treatment divided by the number of clonogenic surviving cells immediately after radiation (E).
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Table 6. Parameter values in DNA damage response model.
a

, values of parameters to fit clonogenic survival data in Figure 79,

b

Parameter

Unit

Valuea

Valueb

Source

Definition & comments

𝜂𝑃𝐿

Gy-1

42

42

Fitted

Coefficient of rate of creation of repairable
DSB

𝜂𝐼𝑅𝐿

Gy-1

0.00005

0.0001

Fitted

Coefficient of rate of creation of irrepairable
DSB

𝜖𝑃𝐿𝑚𝑖𝑛

s-1

0.5

0.5

Fitted

Base coefficient of rate of repair of repairable
DSB

𝜖𝑃𝐿𝑚𝑎𝑥

s-1

3

4

Fitted

Maximum coefficient of rate of repair of
repairable DSB

𝜖𝑚𝑖𝑠

s-1

0.0001

0.0001

Fitted

Coefficient of rate of misrepair of repairable
DSB to Ch1 and Ch2 lesions

Fmitosis

-

5

5

Fitted

Multiplying factor of misrepair during mitosis

𝑓𝐶ℎ1

-

0.8

0.8

Fitted

Fraction of misrepaired lesions that are Ch1

PCh1

-

0.9

0.9

Fitted

Probability that a cell with one Ch1 lesion
survives mitosis

PCh2

-

0.1

0.1

Fitted

Probability that a cell with one Ch2 lesion
survives mitosis

aTCP

Lesio
ns

50

50

Fitted

Coefficient ‘Km’ in the Michaelis-Menten
equation for T_CP

bTCP

Hr

25

25

Fitted

Coefficient ‘Vmax’ in the Michaelis-Menten
equation for T_CP

, values of parameters to fit monolayer growth delay data in Figure 80.

5.3.3 Simulation of growth delay in HCT116 monolayers induced by radiation
Monolayer growth delay induced by a range of radiation doses was then investigated in
HCT116. The aim was to investigate growth kinetics of cells after radiation exposure and
compare to the prediction of cell population growth generated by the MABM for the radiation
effect. Radiation dose dependent monolayer growth delay was found to be in good agreement
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with the simulations of the model with growth parameters in Chapter 4 and DNA damage
response parameters in Table 6 (Figure 80). Of note, the parameter set used for simulation of
clonogenic survival needs to be further adjusted in order to model growth delay, including
irrepairable rate 𝜂𝐼𝑅𝐿 and maximal potential lesion repair rate 𝜖𝑃𝐿𝑚𝑎𝑥 .

Figure 80. Monolayer growth delay induced by radiation
HCT116 cells (2×104 cells/well) were seeded in 6-well plates and cultured in a standard incubator for 24 hr
before exposure to a range of radiation doses at 37℃. Cells were then cultured with feeding every day in
standard incubator for the specified time before dissociating to single cell suspensions for counting of total cells
by Coulter counter. Values are mean ± SEM from 3 independent experiments (n=3), each with 2-3 biological
replicates. Lines represent the simulation of cell number by the MABM after radiation exposure, using the
parameters shown in Table 6.

5.4 Discussion
Here a mechanistic DDR model has been developed to simulate clonogenic cell death
probability and growth delay of cells in response to radiation. The model with manually fitted
parameters well simulated response of HCT116 monolayers to radiation, with endpoints of
surviving clonogens (Figure 79) and population growth delay (Figure 80). However, the
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parameters used in Figure 79 had to be adjusted in order to simulate growth delay data (Figure
80). The method of estimating clonogenic survival in the model may account for that. In the
current model, estimation of clonogenic survival is based on the number of DNA lesions
(including both irrepairable and repairable lesions) after radiation exposure. A more robust
method is possibly needed, for example, tracking clonogen regrowth from individual cells for
10 days, and this is currently in progress.
There are a number of issues in this chapter. Firstly, a lead wedge was used in clonogenic
survival assay to achieve a gradient of radiation doses in the same 96-well plate in a column
dependent manner. However the exact radiation dose to a specific column or row in the plate
may not be well controlled and will be sensitive to minor changes in positioning of the lead
wedge. Also the radiation dose received by cells in a well will vary with position in the well
while only the average radiation dose, determined by Fricke dosimetry (Klassen et al., 1999)
is used to relate to cell survival.
In addition, colony < 50 cells was regarded as containing clonogenically dead cells in these
experiments which is standard practice (Franken et al., 2006). In fact, some cell states induced
by radiation (‘giant’ cells, senescent cells) are neglected. Currently, cell cycle delay is only
applied to one cell cycle after radiation exposure. In reality, cells with misrepaired lesions still
have a probability of survival but may suffer cell cycle delay in subsequent cycles also. Further
work is needed to implement this situation in the model. However, once implemented the
model has great potential to powerfully simulate the clonogenic survival assay in a more
mechanistic manner, by tracking individual clones and then apply the 50 cell threshold to each
colony.
Although our DDR model was developed based on a lethal-potential lethal model (Curtis,
1986), there are several difference and improvements in the current model. For example, the
Curtis’ model applies only to plateau-phase cells, and is limited to the endpoint of retention of
clonogenic capacity. This neglected cell cycle dependent radiation sensitivity and presumed
infinite DNA repair time. The current model introduces cell cycle dependence of the rate and
type of DNA repair or misrepair, but does not currently include cell cycle dependence of
generation of DNA lesions. Also, due to modifications made to include the cell cycle in
proliferating cells, the parameters are not directly comparable, despite similar notation.
Recently, a mechanistic model of DNA repair and cellular survival following radiation-induced
DNA damage repair has been reported (McMahon et al., 2016). This model incorporated three
key repair processes within cells and provides a mechanistic cell cycle dependent sensitivity of
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cells to radiation, based on the cell cycle dependent DNA content and misrepair of DNA
lesions. It simulated the dynamic change of the remaining number of DSB lesions after
radiation exposure well, as well as dose dependent chromosome aberrations, surviving fraction
and mutations. As a comparison, the MABM with DDR sub-model also considered the impact
of cell cycle by incorporating a cell cycle sub-model. Therefore, cells have cell cycle phase
dependent radiation sensitivity due to the availability of homologous recombination in S and
G2 phases and misrepair increased in mitosis, although the number of radiation induced DNA
lesions initially generated in cells with different cell cycle phases are presumed to be the same.
The implementation of cell cycle checkpoints in the cell cycle model makes it possible to
simulate growth delay of cells after radiation exposure, and also provide a more realistic time
scale for DNA damage repair. In addition, in our model, cells with unrepaired DSB will become
non-viable cells with major genetic defects when they enter mitosis or S-phase. Compared to
both of models that only provides time independent endpoint (clonogenic surviving fraction),
our MABM with DDR model can also simulate growth kinetics of cells after radiation
exposure.
The incorporation of OGL, DDR and cell cycle sub-models into off-lattice SABM is currently
in progress, but technical issues with implementation need to be resolved. Once this is
completed, serial optimisation of parameters is necessary, as for OGL parameters in chapter 4.
The final model will be calibrated with the data in this Chapter and in Chapter 3 describing
clonogenic survival and growth delay of spheroids induced by radiation. In future studies it
will be of interest to represent interactions with HAPs and other modifiers of radiation effects
in the model, including SN30000, which will require developing DNA damage response
models for the drugs (unless they are simple modifiers of the yield of initial radiation-induced
DNA strand breaks, such as nitroimadazole radiosensitisers). Addition of the DDR model to
the SABM and comparison to data from 3D spheroids is another significant improvement that
takes tumour microenvironment into consideration. Heterogeneous distribution of oxygen in
the context of 3D spheroids is critical to influence radiation and HAP activity, which is another
key factor linking sensitivity to radiation/HAPs with mechanism-based representation of
oxygen and nutrient gradients.
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Chapter 6. Discussion

A broad repertoire of bioreductive prodrugs representing diverse design concepts and
pharmacological properties have been developed to target hypoxic tumour cells (Brown and
Wilson, 2004;Wilson and Hay, 2011;Wilson et al., 2014;Hay et al., 2014;Phillips, 2016;Baran
and Konopleva, 2017), a subpopulation commonly found in tumours associated with poor
prognosis and resistance to radiotherapy and chemotherapy (Minchinton and Tannock,
2006;Tredan et al., 2007;Tannock, 2015). Although hypoxic tumour cells can have pivotal
roles, they only account for a small fraction of tumour cells. It is therefore reasonable to
combine HAPs with radiation or chemotherapeutic drugs. There is evidence for therapeutic
complementarity of radiotherapy/chemotherapy and HAPs in preclinical models (Saggar and
Tannock, 2014;Saggar and Tannock, 2015;Peeters et al., 2015;Hajj et al., 2017) and in clinical
trials (Rischin et al., 2010;Chawla et al., 2014;Borad et al., 2015). However, these indications
of activity have not been sufficient for HAPs to be approved for clinical use. Complexity of
the hypoxic target may partially account for this problem, including tumour hypoxia,
expression of prodrug-activating reductases and intrinsic sensitivity of malignant cells to the
cytotoxic effector (Hunter et al., 2016). There is also a need to identify optimal HAPs and
radiotherapy/chemotherapy combinations, which is difficult to do efficiently because of the
limitations of tissue culture models in representing the complexity of cellular responses to
oxygen and nutrient gradients, drug pharmacokinetics (PK) and pharmacodynamics (PD) in
the

tumour

microenvironment.

Tumour

spheroids

capturing

realistic

tumour

microenvironments seem to be a valuable model for development of HAPs and
radiotherapy/chemotherapy combinations. SN30000 is a lead BTOs analogue with superior
diffusion coefficient and hypoxic selectivity. Although SN30000 has been demonstrated to
potentiate radiation activity in preclinical models (Hicks et al., 2010), there is no report
investigating SN30000 and chemotherapy drug combinations. To extend the understanding of
HAPs and cytotoxic therapy interactions, we investigated the combination of the HAP
SN30000 with radiation or chemotherapy using tumour spheroids.
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6.1 Implications of SN30000 and chemotherapy drug combination
Combinations of SN30000 and representatives of the major chemotherapeutic classes (DNA
crosslinkers, antimetabolites, topoisomerase and microtubule poisons) were tested on
spheroids, demonstrating 1) the resistance of hypoxic tumour cells to doxorubicin and
gemcitabine, consistent with the previous reports (Huxham et al., 2004;Tannock et al.,
2002;Saggar and Tannock, 2015;Tan et al., 2015b); 2) hypoxia and sequence-dependent
potentiation by SN30000 of doxorubicin and gemcitabine activity. Furthermore, these
sequence-dependent effects of SN30000 and gemcitabine combination were also found in
tumour xenografts. While the correlation of in vitro and in vivo activity in this study appears
robust, further study is required to assess its generality including evaluation in other tumour
models. SN30000 potentiated the action of gemcitabine in tumours via eliminating hypoxic
cells that otherwise reoxygenated and repopulated the tumours after gemcitabine treatment.
This extends the findings of potentiation of chemotherapy drugs by HAPs including similar
effects found for TH-302 in combination with doxorubicin or doxycycline (Saggar and
Tannock, 2015). It also extends the role of spheroids to investigation of HAP/drug
combinations in a 96 well high throughput format, demonstrating that the spheroid growth
delay endpoint can produce additional insights and predictions over the clonogenic assay. In
the future, these types of studies would be improved by mathematical models to further
improve understanding of the drug/drug interactions. However, this would require PK/PD
models for both the interacting drugs, which makes this challenging and was beyond the scope
of this thesis. The ABM developed here has, however, recently been used in this context for
investigating bystander effects of HAPs (Hong et al., 2018a).

6.2 Motivation and strategy of developing an agent-based model for tumour spheroid
There are several issues in using spheroids for exploration of drug-drug complementarity, as
described in detail in Section 2.10, including challenges in dissecting the mechanism of drugdrug interactions, complexity of controlling oxygen during drug exposure, and limited
endpoints achievable from spheroids. To overcome these issues and improve interpretation of
drug interactions, an agent-based model (ABM) for tumour spheroids was explored. ABM is a
class of computational models for capturing the whole system (spheroids in this case) via
simulating the actions and interactions of autonomous agents (individual cells here). In the
initial model, cell fate is mutually determined by oxygen, glucose and cytotoxic agents.
However the model is modular and was extended to include cell fates determined by a more
192

biologically relevant metabolism model, cell cycle effects and cell interaction forces. SN30000
was used as a model HAP for several reasons, 1) its high tissue diffusion coefficient and
hypoxic selectivity (Hicks et al., 2010) allow complementarity with other agents; 2) it does not
cause bystander effects (attributed to cell retention of its cytotoxic metabolites (free radicals)
due to their short half-lives of its cytotoxic metabolites (free radicals)) (Hong et al., 2018a),
which greatly simplifies the PK/PD modelling. However, it is challenging to develop a PK/PD
model for chemotherapy drugs due to their complex drug metabolism and cytotoxicity of their
metabolites. Therefore, ionizing radiation was chosen as a first step towards a model for
combination of SN30000 and cytotoxic agent for to several reasons, 1) efficient tissue
penetration by low linear energy transfer photon irradiation avoids the PK complications of
cytotoxic drugs; 2) the mechanisms of radiation induced cell kill are well understood; 3) lack
of bystander effect of the free radicals responsible for cytotoxicity of ionizing radiation; 4) the
mechanism of the differential cell killing of well oxygenated cells, relative to hypoxic cells by
radiation is well studied and quantitated and primarily results from the physicochemical
process of oxidation of initial DNA free radicals (Figure 3). In addition, given our experience
that oxygen in culture system is critical for HAP and cytotoxic agent combinations, we aimed
to simulate the entire culture system for spheroids in 96-well, including oxygen/glucose
diffusion in the medium.
There are potential issues with these assumptions. For example, while the oxygen dependence
of radiation is primarily physicochemical in cell cultures exposed acutely to differing oxygen
concentrations, radiation killing is also affected by cell cycle position as well as lower
sensitivity of arrested or quiescent cells. These factors have now been included in the DNA
damage response (DDR) model but not fully validated yet over a wide range of growth
conditions. In addition, the assumption that SN30000 penetrates hypoxic tissue well was shown
to be incorrect for HCT116 spheroids and a substantial gradient of concentration is predicted
to develop based on experimentally derived transport and metabolism parameters
(Supplementary Figure 57). Also, although free radicals induced by radiation do not have a
bystander effect due to their short half-life, radiation indeed has bystander effects through other
mechanisms such as release of signalling molecules from irradiated cells, which can potentiate
immunotherapy (Yahyapour et al., 2018;Twyman-Saint et al., 2015;Vanpouille-Box et al.,
2018). These are likely to be long term effects and could influence regrowth kinetics. It is not
clear whether they would impact on radiation effects in spheroid models, given the lack of
immune cells. However by building an ABM for radiation effects in spheroids, we can address
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this question by asking whether radiation sensitivity is different when cells are in 3D contact,
or whether radiation response of spheroids can be accounted for by the sensitivity in
monolayers (where bystander effects should be less than in spheroids), modified by the oxygen
gradient.

6.3 Development of an on-lattice ABM for tumour spheroids for investigation of SN30000
and radiation combinations
An on-lattice spheroid ABM (SABM) was developed, incorporating oxygen/glucose dependent
cell fate, a PK/PD model of SN30000 and linear-quadratic model for radiation-induced killing
of clonogens. As described in Chapter 3, one of the highlights of the on-lattice SABM is that
most of the pivotal parameters are directly measured using the same HCT116 cell line, which
allowed calibration of our model using HCT116 spheroids. Another key feature was the codevelopment of a monolayer ABM using the same mathematical methods which allowed
improved parameter estimation. This SABM well predicted clonogenic cell kill and growth
delay of spheroids by SN30000 and radiation alone, arguing against the existence of significant
bystander effects from either agent. Clonogenic cell death alone could not explain spheroid
regrowth delay after radiation, requiring the addition of cell growth inhibition parameters, and
the ABM also underestimated growth delay of spheroids by SN30000 and radiation
combination.
The on-lattice SABM improves our interpretation from various perspectives. Firstly, it records
the fate of individual cells in spheroids, allowing monitoring cell status (proliferation, death,
cells tagged by radiation/drug) dynamically. Moreover, visualization function of the model
provides 2D snapshot of spheroid sections, allowing us to observe predicted cell behaviours at
specific regions within spheroids. For example, resistance and repopulation of hypoxic tumour
cells in spheroids after radiation treatment were observed, and such repopulation was
substantially suppressed by SN30000 dosed before radiation (as illustrated in Section 3.5.8).
In addition, instead of only simulating spheroids, the model actually simulates the whole
culture system by considering diffusion of glucose/oxygen in culture media, making the
simulation more realistic and reliable.
There are several limitations of the on-lattice SABM. Firstly, the oxygen and glucose
dependencies are empirical as in previous models (Kempf et al., 2013;Casciari et al., 1992),
and independently determine cell fate. Secondly, cell movement in the on-lattice SABM is
controlled by cell division and pressure from surrounding cells. An advanced model should be
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developed to simulate cell movement more realistically allowing the spheroid to shrink when
cells are lost by cytolysis. In addition, to capture growth arrest of tumour cells by radiation, an
empirical cell cycle arrest model was incorporated. These shortfalls may contribute to the
inability of the on-lattice SABM to simulate shrinkage and growth delay of spheroids after
SN30000 and radiation exposure, limiting the mechanistic interpretation of SN30000 and
radiation interactions.

6.4 Towards an off-lattice SABM with mechanistic module of oxygen dependent glucose
metabolism and DNA damage response
To address the problems of the on-lattice SABM mentioned above, an off-lattice SABM was
developed where spheroid size and shape is determined by cell aggregation and movement is
determined by cell-cell forces and mitosis. It shares features in common with the model
developed by the Meyer-Hermann group (Kempf et al., 2013;Schaller and Meyer-Hermann,
2005) but rather than having proliferation limited by “contact inhibition”, the current model
relates cell growth and death to a biochemical model for glucose metabolism including its
modulation by hypoxia (in chapter 4). Instead of controlling cell fate by oxygen/glucose
concentrations, cell fate (growth, survival) in the glucose metabolism model is determined by
availability of energy (ATP flux) and formation of anabolic intermediates. A cell cycle
submodule was also developed and incorporated in the off-lattice SABM. The off-lattice
SABM well captures the cellular and histological characteristics of spheroids. A DDR model
(in Chapter 5) was also developed, in which cell survival and cell cycle arrest is mechanistically
determined by DNA double strand breaks induced by radiation. The monolayer ABM with
DDR module was calibrated by adjusting key parameters to simulate HCT116 monolayers in
terms of number and size of clonogen, but required further adjustment to match growth delay
of monolayers induced by radiation. This aspect of the present thesis is preliminary, and will
require further studies to parameterize the DDR model sufficiently and to support development
of a comprehensive off-lattice SABM that includes OGL, cell cycle and DDR modules.

6.5 Implications of culturing spheroids for drug development
During this project, there are several aspects of culturing spheroids in 96 well plates that were
identified that can confound interpretation of experiments. For example, reoxygenation of
spheroids was discovered after radiation exposure (as shown in Section 5.3.4). Interestingly,
spheroids treated by gemcitabine were also found to partially reoxygenate (Section 2.5.2),
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consistent with others finding (Grimes et al., 2016), although the mechanisms are presumed to
be different given the reoxygenation was measured on different time scales. In fact,
reoxygenation of spheroids was also found in control spheroids (Section 2.5.2), indicating that
changing medium (as occurs when adding medium with drug) may disrupt the steady-state of
oxygen distribution in the well. In addition, the pre-incubation time under 5% O2 was critical
to equilibrate oxygen and subsequently for SN30000 activity (Section 2.5.1), and that
monolayers with high seeding density in 96-well plate became significantly resistant to
radiation even under 20% O2 because of oxygen depletion (Section 3.10). The model has also
been recently used to support the the hypothesis that trace oxygen levels can interfere with
cytotoxicity of the low KO2 HAP PR-104A in spheroid experiments (Hong et al., 2018a). These
findings emphasise the importance of taking the whole culture system into consideration,
especially for the development of HAPs that are highly sensitive to oxygen. Developing a
mathematical model for the whole system indicated that local O2 gradients at the spheroid
boundary are present and may partially contribute to the decreasing thickness of the viable rim
at later times. In addition the high rate of metabolism of glucose, together with its low diffusion
coefficient within spheroids, implicate rapid glucose depletion in the onset of cell cycle arrest
and possibly necrosis.
A factor that the model does not take into account is the asymmetry of oxygen/glucose supply
because the spheroid sits on a substrate. That may explain asymmetry in the histology of large
spheroids (Section 3.5.3). Several reasons may account for this phenomenon, for example, the
bottom of spheroids may be exposed to substantially decreased nutrient concentrations
especially when they are large. Preliminary simulations using a simplified off lattice SABM
(with metabolism and survival similar to the on lattice SABM in Chapter 3) have been
performed and show nutrient depletion near the bottom of the well is likely to be a problem
given the current medium diffusion parameters (Figure 81). Observation under microscopy
show that large spheroids were less likely to “roll” during medium replacement, indicating that
such regional oxygen/glucose deprivation may not be rescued by feeding routinely. Embedding
spheroids within matrix gels is one potential strategy to avoid this problem. However,
oxygen/glucose diffusion within the gels need to be considered, and it would present challenges
for drug treatment because of slow kinetics with which drug concentrations would change at
the spheroid surface. Many other methods of growth and exposure have been developed, such
as spinner flasks or rocking 96 well plates but have not been explored here.
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Figure 81. Preliminary simulations of the effect of nutrient depletion on asymmetry of spheroids.
The simulations show asymmetric growth of spheroids at two time points (A, B) in a simplified off-lattice SABM
with parameters and oxygen, glucose effects on cell fate as for the on-lattice SABM in chapter 3 (images courtesy
of Dr Gib Bogle). Light and dark green cells represent oxygenated and hypoxic cells, respectively. Cells in pink
mean proliferating cells in S-phase. Blue cells represent non-viable cells and dark region within spheroid mean
necrosis. Scale bar, 100 µm.

6.6 Future direction and potential application of the off-lattice SABM
6.6.1 Investigation of HAPs and radiation interactions
We expect the final off-lattice SABM with OGL, cell cycle and DDR modules will
substantially improve our understanding and interpretation of the antitumour activity of both
SN30000 and radiation, and their interaction, via providing multiple endpoints. For example,
this will allow further investigation of the 5 ‘Rs’ critical for fractionated radiotherapy: (intrinsic
or acquired) resistance, repair of DNA damage, cell cycle re-distribution, re-oxygenation and
re-population. The future direction is to extend its utility to other HAPs (e.g. HAPs of DNAPK inhibitors), with the prerequisite that the PK/PD model of each HAP is available. Of note,
although the parameters in this thesis are from HCT116 cell line, the model should also be
applicable to other cell lines when the corresponding parameters are incorporated. The model
is expected to find use in the optimization of schedules of HAP (or radiosensitiser) and
radiation combinations, providing an insight into their interactions. Fractioned radiation
commonly used in clinical settings could also be tested by the model, with or without HAPs.
The model has the ability to simulate a large range of fractionation schedules that could not all
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be investigated experimentally. Critical to this are the studies on re-oxygenation of spheroids
outlined in Section 2.5.2, as understanding the extent of hypoxia in spheroid during repeat
treatments is critical. The OGL, cell cycle, and DDR models are critical in modelling oxygen
gradients after treatment and more work is needed to parameterise and validate this aspect.
These considerations on fractionated therapy also apply critically to fractionated chemotherapy
protocols, as recently highlighted in reviews (Tannock, 2016;Baguley, 2016), and experimental
studies (Saggar and Tannock, 2014;Saggar and Tannock, 2015) and in the current investigation
(Chapter 2) where hypoxic cells are shown to have a role in repopulation after gemcitabine
treatment.
Before these goals can be achieved, there are several issues that need to be addressed. Firstly,
parameters in DDR model of cell cycle arrest and cell cycle specific sensitivity of cells to
radiation must be measured or calibrated comprehensively using HCT116 cells. In addition,
instead of applying the current PD model of SN30000 in which the probability of cell death by
SN30000 is empirically dependent on its metabolism, a similar DDR model for SN30000
should also be developed. Such a model, combined with that for radiation, can not only
investigate spatial complementarity of SN30000 and radiation, but also explore their potential
cellular interactions at the level of DNA damage response.
6.6.2 Exploration of metabolic reprogramming of tumour cells
The off-lattice SABM is expected to have potential to investigate complex metabolic
reprogramming of tumour cells. Tumour cells usually undergo metabolic reprogramming (e.g.
Warburg effect) to benefit their survival and to optimise proliferation (Vander Heiden and
DeBerardinis, 2017;Cairns et al., 2011;Gatenby and Gillies, 2004;Parks et al., 2013). Currently
there are few strategies for targeting the reprogrammed metabolic state in tumour cells
(Doherty and Cleveland, 2013;Shahruzaman et al., 2018). Exploring metabolic reprogramming
is critical but challenging due to high plasticity of nutrient metabolism of tumour cells
influenced by intrinsic phenotype and the complex tumour microenvironment. The model (in
Chapter 4) contributes to the investigation of metabolic reprogramming of tumour cells in
response to the microenvironment. For instance, we may use the model to explore growth
advantage of tumour cells with a Warburg effect. We could co-culture two types of cells with
high and low aerobic glycolysis at various oxygen and glucose conditions, and monitor
spheroid growth, along with many other endpoints (e.g. population and distribution of two
types of cells). In this way, we may dissect a specific tumour microenvironment in which
tumour cells with high aerobic glycolysis show growth or survival advantage. In addition,
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lactate, previously regarded as a waste product of aerobic or anaerobic glycolysis in tumour
cells, is increasingly recognised to play a key role in tumour malignancy, progression and
prognosis (Doherty and Cleveland, 2013;San-Millan and Brooks, 2017;Lee et al., 2015). For
example, Sonveaux et al. proposed that lactate metabolism in tumours may save glucose for
anaerobic glycolysis by hypoxic tumour cells, although it may increase the consumption of
oxygen in tumours (Sonveaux et al., 2008) and thus enhance the hypoxic fraction. This
hypothesis is intriguing since it proposes the interaction of metabolic reprogramming of tumour
cells and microenvironment, and may provide a potential strategy to target this type of tumour.
However, dynamic fluctuation and large variation of hypoxic fraction in tumours make it
challenging to test this hypothesis experimentally. In addition, it is also challenging to test the
hypothesis due to the difficulty to experimentally control lactate uptake and metabolism. This
mathematical model could potentially test the above hypothesis, by culturing spheroids with
cells with or without lactate uptake and metabolism (via transfection to modify lactate relevant
parameters, e.g., Kin, Kout, KPL and KLP), and compare characteristics of these spheroids, for
example spheroid growth, hypoxic fraction, oxygen/glucose/lactate utilization, and location of
two types of cells within spheroids.
6.6.3 Other potential applications of the off-lattice SABM
The model has potential to investigate a broad range of topics. One application is to the study
bystander effect of HAPs (e.g., PR-104) (Hong et al., 2018a) which is a pivotal mechanism for
HAPs to target tumour cells. In addition, the off-lattice SABM has potential for investigating
HAP/chemotherapy interactions of the type reported in Chapter 2, which would require
developing mechanistic PK/PD models for both the HAPs and chemotherapy drugs. The model
may also be applied to explore radiosensitisers such as electron affinic nitroimidazoles
(Overgaard et al., 1998;Overgaard et al., 2005) by incorporating a sensitising factor analogous
to the oxygen enhancement ratio, or hypoxia-activated DNA-PK inhibitors in which case the
kinetics of error-prone repair would be modified in the DDR module. Of note, additional
factors should be considered to investigate radiosensitisers, such as their diffusion and
metabolism within spheroids. More broadly, the model could be used to investigate the role of
genetic heterogeneity of tumour cells on radiation activity. For example, via adjusting the DNA
damage response parameters, we may investigate overall response if subpopulations of cells
that have defects in homologous recombination repair.
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Appendix 1. Oxygen Dependence of Glucose/Lactate
(OGL) Metabolism Model

Gib Bogle, Kevin Hicks, William Wilson

This Appendix describes how rates of consumption of oxygen and glucose and production of
ATP, anabolic intermediates and lactate are computed from the current intracellular
concentrations of oxygen, glucose and lactate: 𝐶𝑂2 , 𝐶𝐺 and 𝐶𝐿 . Simulating the time evolution
of a system of cells in contact with medium, concentrations throughout the medium and within
cells are determined concurrently with these rates. The computational procedure that is
followed to solve for concentrations everywhere is described in section Diffusion Solver.
The metabolism model is shown schematically in Section 4.3.1. Glycolysis is used to make
pyruvate and anabolic intermediates from glucose. The constituent “anabolic intermediates”
stands for the collection of metabolites used for anabolic pathways (primarily macromolecule
and lipid synthesis) required for cell growth. The rate of volume growth is proportional to the
rate of production of intermediates, and cell mitosis is initiated when the quantity of
intermediates in a cell reaches the level needed for cell division (as opposed to a volume
threshold previously). A variable 𝑓𝐺 is introduced to represent the fraction of consumed
glucose that goes to make intermediates. This fraction will vary between a specified maximum
and zero, depending on the ambient levels of oxygen, glucose and lactate. The glucose
consumption rate depends on 𝐶𝐺 via a Michaelis-Menten function, and on oxygen through a
multiplying factor that conveys the increase in glycolysis that occurs when the hypoxiainducible factor HIF-1 is elevated. When no intermediates are produced by glycolysis, one
molecule of glucose produces two molecules of pyruvate, and one molecule of ATP for every
molecule of pyruvate.
Pyruvate is reversibly reduced to lactate, and also further processed by the TCA cycle to
provide reducing equivalents for the electron transport chain (ETC) and is the only other
intracellular constituent for which concentration is determined explicitly. The fraction of the
pyruvate that is not reduced to lactate is converted to mitochondrial acetyl-CoA, and a fraction
of this pyruvate consumption (represented by the variable 𝑓𝑃 ) is used to make anabolic
intermediates from acetyl-CoA and TCA cycle intermediates. The balance is oxidized by the
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ETC, which produces significantly more ATP molecules per pyruvate molecule than glycolysis
can produce from one glucose molecule. The oxidation rate depends on 𝐶𝑂2 via a MichaelisMenten function, modified in two ways. Hypoxia leads to HIF-1 mediated transcription of
pyruvate dehydrogenase kinase (PDK), which phosphorylates pyruvate dehydrogenase and
thereby reduces the rate of oxidation of pyruvate – this effect is conveyed by a factor 𝑓𝑃𝐷𝐾 that
multiplies the oxidation rate. In addition, to ensure that the pyruvate concentration 𝐶𝑃 is nonnegative, the pyruvate oxidation rate is also multiplied by a Michaelis-Menten function of 𝐶𝑃 .
Cell growth and survival are dependent on the total ATP production rate, 𝑟𝐴 , through two
specified threshold values. If 𝑟𝐴 > 𝑟𝐴𝑔 the cell can grow (at a rate determined by the total rate
of production of intermediates), if 𝑟𝐴𝑠 < 𝑟𝐴 < 𝑟𝐴𝑔 the cell is in a quiescent state, and if 𝑟𝐴 < 𝑟𝐴𝑠
the cell loses viability and is fated to undergo cytolysis.
In each time step, the values of 𝑓𝐺 and 𝑓𝑃 are computed from the current intracellular
concentrations of oxygen, glucose and lactate. These factors are held fixed at the computed
values for the duration of the time step. (This assumption of fixed 𝑓𝐺 and 𝑓𝑃 greatly speeds up
the Runge-Kutta solver.)
When there are no nutrient constraints, the default values 𝑓𝐺 = 𝑓𝐺𝑛𝑜𝑟𝑚 and 𝑓𝑃 = 𝑓𝑃𝑛𝑜𝑟𝑚
maintain the rate of ATP production, 𝑟𝐴 , above the threshold for growth, 𝑟𝐴𝑔 . If the rate of ATP
production with these values is less than 𝑟𝐴𝑔 , 𝑓𝑃 is reduced to the level at which 𝑟𝐴 = 𝑟𝐴𝑔 . If
even with 𝑓𝑃 = 0 the ATP rate is still insufficient to maintain growth, 𝑓𝐺 is reduced to the level
at which 𝑟𝐴 = 𝑟𝐴𝑔 . In the case of extreme nutrient deprivation, 𝑟𝐴 is less than 𝑟𝐴𝑔 – the rate of
ATP production is insufficient to support cell growth – and both 𝑓𝐺 and 𝑓𝑃 are reduced to 0,
completely suppressing production of intermediates.
The rate of consumption of glucose, 𝑟𝐺 , is assumed to be given by the specified maximum rate
𝑉𝑚𝑎𝑥𝐺 multiplied by a Michaelis-Menten function of glucose concentration 𝐶𝐺 and a factor
depending on the normalised HIF-1 activity H (which is a time-dependent function of oxygen
concentration, see below) :
𝑟𝐺 = (1 + 𝐾𝐻 𝐻)𝑉𝑚𝑎𝑥𝐺 𝐾

𝐶𝐺
𝑚𝐺 +𝐶𝐺

(A1-1)

Glycolysis produces pyruvate at a rate 𝑟𝐺𝑃 given by 2(1 − 𝑓𝐺 ) times the rate of glucose
consumption, 𝑟𝐺𝑃 = 2(1 − 𝑓𝐺 )𝑟𝐺 , where the balance of the glucose goes to make intermediates
at the rate 𝑟𝐺𝐼 = 𝑓𝐺 𝑟𝐺 . The rate of production of ATP by glycolysis, 𝑟𝐺𝐴 , is equal to 𝑟𝐺𝑃 .
Pyruvate is in a reversible reaction with lactate, and is being otherwise utilised at a rate rP by
the TCA cycle and the mitochondrial electron transport chain (ETC) to make intermediates and
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ATP. The rate of intermediates production from pyruvate is 𝑟𝑃𝐼 = 𝑓𝑃 𝑟𝑃 , and the rate of
oxidation by the ETC therefore is (1 − 𝑓𝑃 )𝑟𝑃 , resulting in ATP production at the rate 𝑟𝑃𝐴 =
𝑁𝑃𝐴 (1 − 𝑓𝑃 )𝑟𝑃 , where 𝑁𝑃𝐴 , the number of molecules of ATP produced by the oxidation of one
pyruvate molecule, which can be set to a value less than the theoretical maximum of 16. The
total rate of intermediates production is 𝑟𝐼 = 𝑟𝐺𝐼 + 𝑟𝑃𝐼 , and the total rate of ATP production is
𝑟𝐴 = 𝑟𝐺𝐴 + 𝑟𝑃𝐴 .
The rate of oxygen consumption by the ETC is assumed to be given by its maximum rate,
𝑉𝑚𝑎𝑥𝑂2, multiplied by Michaelis-Menten functions of 𝐶𝑂2 and pyruvate concentration 𝐶𝑃 , and
by the PDK factor 𝑓𝑃𝐷𝐾 :
𝑟𝑂2 = 𝑓𝑃𝐷𝐾 𝑉𝑚𝑎𝑥𝑂2 𝐾

𝐶𝑂2

𝑚𝑂2 +𝐶𝑂2

𝐶𝑃

(A1-2)

𝐾𝑚𝑃 +𝐶𝑃

The 𝐶𝑃 term is to ensure that pyruvate oxidation rate tends to zero as 𝐶𝑃 tends to zero. The
rate of pyruvate utilisation is given by:
𝑟𝑃 = 𝑁

𝑟𝑂2

(A1-3)

𝑃𝑂 (1−𝑓𝑃 )

where NPO is the number of moles of oxygen consumed per mole of pyruvate oxidised. For
conservation, the rate of pyruvate production must equal the sum of the rates of lactate
production, 𝑟𝐿 , and pyruvate utilisation, therefore:
𝑟𝐿 = 2(1 − 𝑓𝐺 )𝑟𝐺 − 𝑟𝑃

(A1-4)

Combining (2), (3) and (4) gives one expression for 𝑟𝐿 as a function of 𝐶𝑃 :
𝑟𝐿 = 2(1 − 𝑓𝐺 )𝑟𝐺 −

𝑓𝑃𝐷𝐾 𝑉𝑚𝑎𝑥𝑂2

𝐶𝑂2

𝐶𝑃

𝑁𝑃𝑂 (1−𝑓𝑃 ) 𝐾𝑚𝑂2 +𝐶𝑂2 𝐾𝑚𝑃 +𝐶𝑃

(A1-5)

Lactate is in a reversible reaction with pyruvate, with forward and reverse rate constants 𝐾𝑃𝐿
and 𝐾𝐿𝑃 , yielding a second expression for 𝑟𝐿 as a function of 𝐶𝑃 :
𝑟𝐿 = 𝑉(𝐾𝑃𝐿 𝐶𝑃 − 𝐾𝐿𝑃 𝐶𝐿 )

(A1-6)

Here V is the cell reaction volume (assumed for the present purpose to be the physical cell
volume). Combining (5) and (6) yields a quadratic equation in 𝐶𝑃 , which is readily solved,
enabling evaluation of 𝑟𝐿 and 𝑟𝑂2.
HIF-1 and PDK
The time- and oxygen dependent responses to hypoxia are mediated through a normalized HIF
factor. Normalised HIF-1 activity on glycolysis (H) and PDK factor f PDK are determined by
their own ODEs.
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The HIF factor ranges from 0 to 1. Setting 𝑥 = 𝐶

𝐶𝑂2

𝑂2𝑚𝑎𝑥

, the oxygen-dependence of the steady-

̅ = (1 − 𝑥)𝑁𝐻 . Hence for a chosen relative oxygen
state value of H is taken to be 𝐻
concentration at which HIF effect is half-maximal (x50),
𝑁𝐻 = −

𝑙𝑜𝑔(2)
𝑙𝑜𝑔(1 − 𝑥50 )
𝑙𝑜𝑔(2)

For example, putting x50 = 0.018 mM/0.18 mM = 0.1 (i.e. 2% O2): 𝑁𝐻 = − 𝑙𝑜𝑔(1−0.1) ~ 6.6
The rate of change of H is:
𝑑𝐻
𝑑𝑡

̅ − 𝐻)
= 𝐾𝐻 (𝐻

̅ is the eventual steady state value of HIF at the current O2
where KH is the rate constant and 𝐻
concentration as described above.
The effect of HIF-1 on the pyruvate oxidation rate is conveyed by fPDK, a multiplying factor
that ranges between 1 (the steady-state value when H = 0) and PDKmin (the steady-state value
when H = 1). With 𝑦 = 𝑓𝑃𝐷𝐾 , the ODE for y is:
𝑑𝑦
= −𝐾𝑃𝐷𝐾 (𝑦 − 1 + 𝐻(1 − 𝑃𝐷𝐾𝑚𝑖𝑛 ))
𝑑𝑡
Diffusion Solver
The metabolism model was calibrated by incorporating it into a model for cells growing in
vitro in a monolayer, then fitting the model to data from monolayer experiments. There are
several advantages to using monolayer experiments for this purpose. The fact that all cells
experience the same conditions greatly simplifies the computational task of simulating those
conditions. Compared with the model for spheroid growth, which we have also created, the
monolayer model has fewer non-metabolic parameters – specifically, diffusion coefficients are
needed for the medium only, and not for transport through multicellular tissue, as in the
spheroid model. Because all cells in the thin layer at the bottom of the well are the same
distance from the gas-phase boundary, it is possible to reduce the model to one dimension. The
1D simplification makes it feasible to solve the metabolism equations to determine fluxes of
the three constituents for a single cell, then calculate the total fluxes by multiplying these values
by the number of metabolising cells. This works because although a population of cells is
simulated, and they are all at different points in the cell cycle, dependence of metabolism on
cell cycle stage is currently not implemented in the model (See below for cell cycle model
description).
In the diffusion solver, the medium is divided into N layers. The total trans-membrane flux
(which can be in either direction in the case of lactate) links the layer of cells to the bottom
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medium layer and drives the changes in the 1D concentration field within the medium.
Transport between medium layers is controlled by diffusion. For glucose and lactate there is
no transport across the gas-phase boundary, but in the case of oxygen an effective constant
concentration is specified on the other side of the boundary, flux across this boundary supplying
oxygen to the medium.
A system of equations is set up with 3(N+1) variables, corresponding, for each constituent, to
N concentrations for the medium layers and one intracellular concentration. The system of
ODEs is integrated through a model time step using an adaptive-time step Runga-Kutta solver
(Section 3.9.5). Internally the solver divides the time step into a number of sub-steps, sized to
maintain a specified level of accuracy. R-K methods make frequent calls to the procedure that
has been provided to evaluate the vector of time derivatives of the variables – each call requires
solution of the metabolism equations.
For a specified constituent k (k=1 for oxygen, k=2 for glucose, k=3 for lactate), let 𝑦𝑘0 represent
the intracellular concentration, and (𝑦𝑘𝑖 , i=1,..,N) represent the medium concentrations, i=1
being the bottom layer. The vector of concentrations for constituent k is 𝒚𝑘 = (𝑦𝑘𝑖 , i=0,..,N),
and the full vector of 3(N+1) variables is (𝒚1 , 𝒚2 , 𝒚3 ) The first step in computing

𝑑𝒚𝑘
𝑑𝑡

is to

determine for k = 1,..,3 the trans-membrane flux values 𝐹𝑘 from 𝑦𝑘0 and 𝑦𝑘1 , and the
intracellular rates of consumption 𝑟𝑘 from the current intracellular concentrations, ( 𝑦𝑘0 ,
k=1,..,3), by solving the metabolism equations (as described above). (Note that in the
terminology used in the metabolism section, 𝑟1 = 𝑟𝑂2 , 𝑟2 = 𝑟𝐺 , 𝑟3 = −𝑟𝐿 .) 𝐹𝑘 and 𝑟𝑘
determine

𝑑𝑦𝑘0
𝑑𝑡

, and 𝐹𝑘 influences

𝑑𝑦𝑘1
𝑑𝑡

:

𝐹𝑘 = 𝐾𝑖𝑛 𝑦𝑘1 − 𝐾𝑜𝑢𝑡 𝑦𝑘0
𝑑𝑦𝑘0
𝑑𝑡
𝑑𝑦𝑘1
𝑑𝑡

=

−𝑟𝑘 +𝐹𝑘

=−

𝑉
𝑁𝑐𝑒𝑙𝑙𝑠 𝐹𝑘
𝑉𝑙𝑎𝑦𝑒𝑟

𝐷

− ∆𝑧𝑘2 (𝑦𝑘1 − 𝑦𝑘2 )

As described above, rates of consumption 𝑟𝑘 and fluxes 𝐹𝑘 are for a single cell, representing
all cells. To solve for the medium concentrations, 𝐹𝑘 are multiplied by the number of
metabolising cells, 𝑁𝑐𝑒𝑙𝑙𝑠 . Here, negative r means production – for example in the metabolism
section −𝑟𝐿 is the rate of production of lactate.
Here 𝐾𝑖𝑛 and 𝐾𝑜𝑢𝑡 are the trans-membrane transport parameters, 𝐷𝑘 is the medium diffusion
coefficient for constituent k, ∆𝑧 is the layer thickness = (medium depth)/N and 𝑉𝑙𝑎𝑦𝑒𝑟 is the
layer volume = (well area) × ∆𝑧. 𝑁𝑐𝑒𝑙𝑙𝑠 is the number of metabolising cells.
For i = 2,..,N-1 the discretised diffusion equation is the same for all constituents:
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𝑑𝑦𝑘𝑖
𝑑𝑡

𝐷

= ∆𝑧𝑘2 (𝑦𝑘𝑖+1 − 2𝑦𝑘𝑖 + 𝑦𝑘𝑖−1 )

but at the top layer, for lactate and glucose the no-flux boundary gives:
𝑑𝑦𝑘𝑁
𝑑𝑡

𝐷

= ∆𝑧𝑘2 (−𝑦𝑘𝑁 + 𝑦𝑘𝑁−1 ) k = 2, 3

while the equation for oxygen (k = 1) involves the boundary oxygen concentration 𝐶𝑏𝑛𝑑 :
𝑑𝑦1𝑁
𝑑𝑡

𝐷

= ∆𝑧𝑘2 (𝐶𝑏𝑛𝑑 − 2𝑦1𝑁 + 𝑦1𝑁−1 )

Cell Cycle, Growth, Division and Death
The cell cycle phases for the cells are: G1, Checkpoint1, S, G2, Checkpoint2, M. The mean
times spent in G1, S, G2 and M are specified as input parameters: 𝑇̂𝐺1 , 𝑇̂𝑆 , 𝑇̂𝐺2 , 𝑇̂𝑀 , which are
based on the population doubling time and the proportion of cells in each phase for cells that
are growing with no nutrient constraints. In the case of a checkpoint, the checkpoint delay is
an exponentially-distributed random variable, i.e. for small Δt the probability of release from
a checkpoint in time Δt is given by Δt/(mean delay). The input parameters are the means of
these distributions: 𝑇̂𝐺1𝐶 and 𝑇̂𝐺2𝐶 . Growth is simulated as occurring only in phases G1, S and
G2. The time spent in mitosis, 𝑇̂𝑀 , is assumed to be the same for all cells, and it is also assumed
that the mean delay times 𝑇̂𝐺1𝐶 and 𝑇̂𝐺2𝐶 always apply to all cells.
When a cell is created (initiated in a simulation or divides) it is assigned a value for its
unconstrained cell cycle time, 𝑇𝑐𝑦𝑐 , as a random variate drawn from the cycle time distribution.
Variation in 𝑇𝑐𝑦𝑐 is accounted for by adjusting the G1, S and G2 times. This is done as follows:
With 𝑇𝑓𝑖𝑥𝑒𝑑 = 𝑇̂𝐺1𝐶 + 𝑇̂𝐺2𝐶 + 𝑇̂𝑀 , the time available for cell growth is 𝑇𝑔𝑟𝑜𝑤 = 𝑇𝑐𝑦𝑐 − 𝑇𝑓𝑖𝑥𝑒𝑑 .
Since the mean value of growth time is 𝑇̂𝑔𝑟𝑜𝑤 = 𝑇̂𝐺1 + 𝑇̂𝑆 + 𝑇̂𝐺2 , the times spent in the growth
𝑇̂𝑔𝑟𝑜𝑤

phases are scaled by a factor 𝑓𝑔 = 𝑇

𝑔𝑟𝑜𝑤

, giving 𝑇𝐺1 = 𝑓𝑔 𝑇̂𝐺1 etc. The variation in cycle time

with unconstrained growth, i.e. growth occurring at the maximum rate, also implies a variation
in cell volume at divide time.
When a cell enters G1, S, G2 or M, the time that it will leave the phase is assigned, equal to
the current time plus the time to spend in that phase. In the case of M phase the phase time is
always 𝑇̂𝑀 , but for the growth phases the phase duration is adjusted to ensure that the required
amount of growth occurs in the phase, by multiplying by

𝑟𝑉𝑚𝑎𝑥
𝑟𝑉

, where 𝑟𝑉 is the current rate of

volume growth. The unconstrained rate of growth, 𝑟𝑉𝑚𝑎𝑥 , is determined by the nominal divide
volume 𝑉𝑑𝑖𝑣𝑖𝑑𝑒0 and the mean period of growth:
𝑟𝑉𝑚𝑎𝑥 =

𝑉𝑑𝑖𝑣𝑖𝑑𝑒0
2𝑇̂𝑔𝑟𝑜𝑤
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(Since the cell volume grows from 𝑉𝑑𝑖𝑣𝑖𝑑𝑒0/2 to 𝑉𝑑𝑖𝑣𝑖𝑑𝑒0 in time 𝑇̂𝑔𝑟𝑜𝑤 )
In each time step, after the metabolism equations have been solved, the rate of change of
volume, 𝑟𝑉 =
𝑟𝑉 = 𝑟

𝑟𝐼
𝐼𝑚𝑎𝑥

𝑑𝑉
𝑑𝑡

, is determined from the intermediates production rate 𝑟𝐼 by scaling:

𝑟𝑉𝑚𝑎𝑥

Here 𝑟𝐼𝑚𝑎𝑥 is the value of 𝑟𝐼 when there are no nutrient constraints:
𝑟𝐼𝑚𝑎𝑥 = 𝑓𝐺𝑛𝑜𝑟𝑚 𝑉𝑚𝑎𝑥𝐺 + 𝑓𝑃𝑛𝑜𝑟𝑚 𝑁

𝑉𝑚𝑎𝑥𝑂2
𝑃𝑂 (1−𝑓𝑃𝑛𝑜𝑟𝑚 )

The phase duration is inversely proportional to the growth rate at the time of entry into the
phase. For example, if the time when the cell enters S phase is 𝑡𝑛𝑜𝑤 , and the growth rate is 𝑟𝑉 ,
the time the cell will exit the phase is:
𝑡𝑒𝑥𝑖𝑡𝑆 = 𝑡𝑛𝑜𝑤 +

𝑟𝑉𝑚𝑎𝑥
𝑟𝑉

𝑇𝑆

In other words, it is assumed that all phase durations are influenced by the growth rate in the
same way when cell growth is slowed.
Division
At the completion of the M phase, cell division occurs, and one cell is replaced by two, each
with volume 𝑉0 equal to half of the volume of the parent cell before division. Each cell is
assigned a cycle time 𝑇𝑐𝑦𝑐 drawn from the log-normal distribution, and a divide volume. The
divide volume (volume at mitosis) is derived from 𝑇𝑐𝑦𝑐 by assuming growth at the
unconstrained rate for the growth duration 𝑇𝑔𝑟𝑜𝑤 = 𝑇𝑐𝑦𝑐 − 𝑇𝑓𝑖𝑥𝑒𝑑 :
𝑉𝑑𝑖𝑣𝑖𝑑𝑒 = 𝑉0 + 𝑇𝑔𝑟𝑜𝑤 𝑟𝑉𝑚𝑎𝑥
At the start of the simulation (time 0) each cell is randomly allocated an initial phase (one of
G1, S and G2), based on the durations of these phases. A uniform (0,1) random variate R
provides the stage of passage through the phase, from which the time of completion of that
phase and the cell volume can be deduced, assuming that volume growth has been occurring at
the maximum rate, 𝑟𝑉𝑚𝑎𝑥 . Using a cell in the S phase as an example, the time of completion of
the phase is (1 − 𝑅)𝑇𝑆 , and the current cell volume is 𝑉𝑑𝑖𝑣𝑖𝑑𝑒0 /2 + 𝑟𝑉𝑚𝑎𝑥 (𝑇𝐺1 + 𝑅𝑇𝑆 ), where
𝑉𝑑𝑖𝑣𝑖𝑑𝑒0 is the nominal cell volume at division. This procedure ensures that cells are initially
distributed across the cell cycle.
Death
A cell is fated to die when the rate of ATP production falls below 𝑟𝐴𝑠 , but to prevent all cells
dying simultaneously in the monolayer simulations, a rate of cytolysis (δd) is specified, leading
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to an exponential decay of the population of these cells when 𝑟𝐴 < 𝑟𝐴𝑠 . These cells fated do
die are considered non-viable and do not metabolise, grow or proceed through the cell cycle.
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Appendix 2. Off-Lattice Spheroid Agent Based Model

Gib Bogle, Kevin Hicks, William Wilson
Parameters
Cell
‘Use cell cycle?’ and ‘Use metabolism?’ are checked.
‘Use divide time distribution?’ is checked.
Some cell-specific information is supplied for two cell types. The proportions of the two types
are specified as percentages.
Division time
The two cell types may have different division time distributions. The probability distribution
of division time (actually cycle time) is described by two parameters, median M and shape S.
{Mathematical details: A lognormal random variate R is generated by first generating a
Gaussian random variate Z with mean μ and standard deviation σ, where μ = log (M) and σ =
log(S), then R = e Z .}
Cell cycle parameters
For each cell type, times are specified for each phase of the cell cycle (G1, S, G2, M) and for
the two checkpoints. When a cell is created, and assigned a randomly-generated cycle time, the
phase times for that cell are adjusted to make them consistent with the cycle time. The
adjustment is applied only to the growth phases. The same scaling factor is used for G1, S, and
G2, such that the sum of the adjusted times, the mitosis duration and the means of the
checkpoint delays is equal to the cycle time.
These times apply to cells with no nutrient constraints. When growth is constrained (through
low level of oxygen and/or glucose) the actual time spent in each phase increases.
The checkpoint duration is an exponentially distributed random variable, and the supplied
parameter is the mean of the distribution. The duration is not influenced by the growth rate, but
when there is radiation damage to repair the delay is increased.
Cytolysis rate
The coefficient which determines the exponential distribution of cytolysis once cells are
marked as non-viable.
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Arrest threshold
The rate of cell growth as a fraction of maximum rate below which cells are considered to no
longer be growing.
Off-Lattice Agent-based spheroid model
The off-lattice agent based spheroid model is developed by introducing forces and a small
random cell motion. Cells are no longer confined to a grid; however the reaction-diffusion
equations are solved on a course and fine grid by methods similar to those outlined for the onlattice model (Section 3.9.2). The main difference is that, on each time step, the steady-state
solution for intracellular and extracellular concentrations are computed within the fine grid,
with concentrations at the grid boundary determined by interpolation from the coarse grid
solution. Other parameters (e.g. cells/mm3, fluid fraction) are as discussed there.

Force Module
The force parameters determine all aspects of the forces that affect cells.
Mitosis force factor
This controls the separation of a cell into two daughter cells during mitosis. The dividing cell
is treated as made up of two overlapping (more accurately, truncated) spheres. A force is used
to ensure that the distance d between the two centres grows linearly with time from 0 to 2R1,
where R1 is the initial radius of each daughter cell. If R0 is the radius of the parent cell at the
start of mitosis, R1 = R0/21/3. In each time step a force is applied to each half of the dividing
cell. The magnitude of the two forces is this force factor times the cube of the amount that d
deviates from the desired separation 𝑑̂ = 2R1(t/TM), where TM is the duration of mitosis. If the
halves are too far apart, the forces tend to push them together, and vice versa.
Cell-cell force function
The force between two cells that are close together can be repulsive or attractive. The force is
represented as a function of x, where x = 2(distance between cell centres)/(sum of cell radii).
Four parameters a, b, x0, x1 determine the shape of the cell-cell force function, which is based
on a curve with two asymptotes, at x = x0 and x = x1. The GUI parameters are:
Cell-cell force factor 'a'

a

Maximum attraction force 'c'

c

Left asymptote 'x0'

x0

Right asymptote 'x1'
𝑎
𝑓(𝑥) =
+𝑏
(𝑥 − 𝑥0 )(𝑥1 − 𝑥)

x1
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The parameter b is derived from the four GUI parameters by:
𝑏 = −𝑐 −

4𝑎
(𝑥1 − 𝑥0 )2

where c is the maximum value of the attractive force.

The net force F on a cell is the sum of the repulsive and attractive forces exerted by
neighbouring cells, and a random perturbation. The random force is given by:
Frandom×v
where Frandom is a GUI parameter and each component of the vector v is a uniform random
variate in the range (-1,1).
The net force F on a cell is resisted by a drag force that is proportional to velocity, resulting in
cell velocity equal to F/Kdrag, where Kdrag is a GUI parameter.

Nutrient
This screen is for input of parameters that determine the transport and metabolism of oxygen,
glucose and lactate. (Tracer is included for checking purposes – this may not be maintained,
and is best left unused.)
There will be no reason to uncheck the ‘Used’ box for oxygen or glucose, but there are
situations where the ‘Constant’ box will need to be checked, mainly for oxygen when anoxic
conditions are to be simulated. In this case the boundary concentration should be set to zero.
The left-hand box holds the transport parameters (diffusion coefficients in the medium and
within the spheroid, and the two coefficients for transport each way across the cell membrane)
and boundary concentrations. In the case of oxygen, the boundary concentration is the
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concentration at the medium-air boundary, and 20% oxygen in the air corresponds to a
boundary concentration of 0.18 mM. For glucose and lactate, the boundary concentration is
actually the initial concentration in the medium.
The diffusion coefficient fields are self-explanatory. The membrane diffusion constant Kmem
determines the rate of mass transport across the cell membrane. In the code the GUI value is
multiplied by 2.0e-9/60, which gives it units of cm3/s. The rate of mass transport dM/dt into
the cell when the extracellular concentration is Cex and the intracellular concentration is Cin is
given by:

dM
= K mem (Cex − Cin ) in units of micromoles/s = μmole/s
dt
(This unit of flux was chosen because mM.cm3 = 10-6 moles.)
The rates of consumption (metabolism) of oxygen and glucose are represented by Hill
functions, parametrized by Michaelis-Menten KM and exponent N, and a maximum rate rmax:

dM
CN
= N
rmax
dt
KM + C N
where C is the intracellular concentration of oxygen or glucose. Although the same parameter
fields are provided for lactate, in fact since the OGL metabolism model is implemented, the
lactate consumption parameters are not used and lactate metabolism rate is determined by its
cell uptake (Kin, Kout), K_PL and K_LP (equilibrium with pyruvate), the rate of oxygen
consumption, and Km for pyruvate.
The right-hand box holds all the parameters of the OGL metabolism model (except for the three
mentioned above for O2 and glucose). For a full explanation of these parameters refer to the
metabolism paper supplement.
Normal fraction of glycolysis to intermediates
Normal fraction of pyruvate to intermediates
ATP moles produced per glucose mole. This will not change (fixed at a maximum of 2 when
no intermediates are produced)
ATP moles produced per pyruvate mole. The default value of 14 is a guess.
Intermediate moles produced per glucose mole.
Intermediate moles produced per pyruvate mole.
Oxygen moles consumed per pyruvate mole.
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NH, KH. These two parameters determine the rate of change of normalised HIF-1 level, H: as
described in the metabolism supplement. NH determines the oxygen dependence of the HIF
factor.
KHB. This parameter conveys the effect of HIF-1 level on the glycolysis rate: the factor (1 +
𝐾𝐻𝐵 𝐻) multiplies the rate that would apply if the HIF factor H=0.
𝐾𝑃𝐷𝐾 , 𝑃𝐷𝐾𝑚𝑖𝑛 . These two parameters determine how the PDK1 factor f, which multiplies the
rate of pyruvate oxidation, is influenced by HIF-1. f varies between 𝑃𝐷𝐾𝑚𝑖𝑛 and 1. With c = 1
– 𝑃𝐷𝐾𝑚𝑖𝑛 :
𝑑𝑓
= −𝐾𝑃𝐷𝐾 (𝑓 − 1 + 𝑐𝐻)
𝑑𝑡
Nominal normal IC O2 concentration. This parameter, together with the next two, is used to
determine the “normal” state of cell metabolism at the start of the simulation.
Nominal normal IC glucose concentration.
Nominal normal IC lactate concentration.
ATP production threshold for death (fraction of peak). When the rate of ATP (as a fraction of
peak) falls below this level the cell becomes non-viable.
ATP production threshold for growth (fraction of peak). When the rate of ATP (as a fraction
of peak) falls below this level cell growth ceases.
Ramp factor for reducing r_G, r_P based on ATP. Not used
Pyruvate -> lactate rate constant. Forward rate constant for the reversible conversion of
pyruvate to lactate.
Lactate -> pyruvate rate constant. Backward rate constant for the reversible conversion of
pyruvate to lactate.
Pyruvate Michaelis-Menten Km. A Michaelis-Menten factor multiplies the rate at which
pyruvate is processed by the TCA cycle.
Note the above 3 parameters for pyruvate and lactate (together with O2 consumption rate)
indirectly determine the lactate metabolism rate.
Glucose depletion
The ability to plot glucose depletion from the medium is provided to enable checking of the
metabolism parameters for glucose. The computation is artificial in the sense that the number
of cells is held constant and the rate of consumption is at the maximum.
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Treatment
This screen allows selection of the drug(s) to be used in the simulation, and specification of the
radiation damage/repair parameters.
Drugs used
Drugs can be selected from the list of .drugdata files. This list contains all the .drugdata files
in the working directory. The format of these files will be described elsewhere. Up to two drugs
may be selected at any time, the reasoning being that no treatment protocol will require more
than two drugs. When a drug is selected the data in the .drugdata file will be used to populate
the Drug screen.
Currently if an input file that includes a Protocol section is to be loaded the drug(s) used in the
treatment protocol must be selected on the screen beforehand.
Radiation damage/repair parameters
The model for radiotherapy accounts for potentially lethal lesions (i.e. potentially repairable
lesions) and lethal (non-repairable) lesions induced by radiation. A description of the method
is to be found in the radiation damage/repair paper.
The damage-repair model is basically characterised by 11 parameters. The following shows the
GUI parameter field names and the corresponding mathematical symbols used in the paper:
eta_PL

𝜂𝑃𝐿

eta_IRL

𝜂𝐼𝑅𝐿

Krepair_min

𝜖𝑃𝐿𝑚𝑖𝑛

Krepair_max

𝜖𝑃𝐿𝑚𝑎𝑥
𝜖𝑚𝑖𝑠

Kmisrepair

𝑓𝑚𝑖𝑡𝑜𝑠𝑖𝑠

f_mitosis

𝑓𝐶𝐻1

f_Ch1

Unrepaired lesions affect the time spent in the G1 and G2 checkpoints. A cell will remain in
the checkpoint until all lesions are repaired, or until the maximum allowed delay 𝑇𝐶𝑃 is
exceeded. 𝑇𝐶𝑃 is calculated at the time of entry into the checkpoint from the following two
parameters:
a_TCP

𝑎 𝑇𝐶𝑃

b_TCP

𝑏𝑇𝐶𝑃
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The fate of a cell with unrepaired lesions at mitosis is dependent on the number of lesions of
each type. The probabilities of surviving mitosis with a single lesion are given by two
parameters:
P_Ch1

𝑃𝐶ℎ1

P_Ch2

𝑃𝐶ℎ2

Additional parameters describe the enhancement effect of oxygen and the sensitisation effect
of a drug.
Oxygen enhancement ratio parameters (LQ table):
OER alpha

𝑂𝐸𝑅𝛼

OER beta

𝑂𝐸𝑅𝛽

Km for radiosensitivity

𝐾𝑚𝑠

Radiation sensitisation ratio parameters (Drug Radiosensitisation table):
SER_max

𝑆𝐸𝑅𝑚𝑎𝑥

SER_Km

𝐾𝑚𝑑

SER_KO2

𝐾𝑂2

These parameters are used to calculate the sensitisation enhancement ratio SER, as shown
below. In the radiation damage/repair model, SER multiplies the rates of generation of lesions.
Drug
This screen is for viewing and changing all the relevant parameters for up to 2 drugs which are
selected for viewing and editing by the radiobuttons at the lower left. The screen is populated
from the associated .drugdata file. Changes made to the parameters on the screen are not
recorded in a .drugdata file unless the ‘Save drug data’ button is clicked. In this case the user
can choose the name of the file to save the data in.
Parameters for the parent drug and two metabolites can be viewed and changed for the two cell
types.
Transport parameters
Intra- and extracellular diffusion parameters can be specified for drugs, as for oxygen and
glucose. In the case of cross-membrane transport, two parameters are specified, to allow for an
asymmetry between influx and efflux. The rate of mass flux into the cell is:

dM
= K inCex − K outCin
dt
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With this formulation, if Kin > Kout the intracellular concentration will be elevated above the
extracellular, providing a simple model of sequestration. As in the case of oxygen and glucose,
the supplied cell flux parameters are scaled by 2.0e9/60 in the program at run time.
The half-life parameter accounts for decay of the drug and metabolites due to chemical
instability and is the same in medium and in cells. These breakdown products are not tracked.
At present it is assume that the diffusion parameters and Kin and Kout are also independent of
cell type.
Reaction parameters
The current formulation allows for metabolism of the parent drug to metabolite 1, of metabolite
1 to metabolite 2, and of metabolite 2 to an inactive reaction product that is not of interest.
These three reactions are irreversible, and their rates are determined by the parameters Kmet0(i),
C2(i), KO2(i), Vmax(i), Km(i) and Kdecay(i), where i=0 refers to the parent drug, and i=1, 2 refers
to metabolites 1 and 2. The decay rate Kdecay(i) is calculated from the half-life. Writing CO2 for
the intracellular oxygen concentration, C(0) for the concentration of the parent drug, and C(1)
and C(2) for the concentrations of the metabolites, the equations for the kinetics (separated
from the cross-membrane flux) are:

K metC = K met0 (0)C (0) +

Vmax (0)C (0)
K m (0) + C (0)

dC (0) 
C (0) KO 2 (0) 
= −1 − C2 (0) + 2
K metC − K decay (0)C (0)
dt
KO 2 (0) + CO 2 


dC (1) 
C (0) KO 2 (0) 
C2 (1) KO 2 (1) 
= 1 − C2 (0) + 2
K metC − 1 − C2 (1) +
K met0 (1)C (1) − K decay (1)C (1)
dt
K
(
0
)
+
C
K
(
1
)
+
C
O2
O2 
O2
O2 



dC (2) 
C (1) KO 2 (1) 
C2 (2) KO 2 (2) 
= 1 − C2 (1) + 2
K met0 (1)C (1) − 1 − C2 (2) +
K met0 (2)C (2) − K decay (2)C (2)
dt
KO 2 (1) + CO 2 
KO 2 (2) + CO 2 


Kill parameters
In general any one of the parent and metabolite forms of the drug could have cytotoxic
capability. The results of the kill experiment are used to calculate the kill parameter Kd for the
specified kill model. For each kill model there is a different formula for the fractional rate of
killing ‘c’. The fractional rate of killing c (also referred to as the kill probability rate)
determines the fraction of cells killed within a very short time interval Δt as c.Δt. The kill
models currently handled are (here drug refers to any of i = 0, 1, 2):
kill model 1: c = K d k met C drug
2
kill model 2: c = K d kmetCdrug
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2
kill model 3: c = K d (kmetCdrug )

kill model 4: c = K d Cdrug
2
kill model 5: c = K d Cdrug

where

C2 K O 2 
k met = 1 − C2 +
K met0
K
+
C
O2
O2 


If the fractional rate of killing c is constant over a period t, then the fraction of cells that survive,
SF(t), is given by:

SF (t ) = e − ct
The kill parameter Kd is related to the conditions of a kill experiment, i.e. to:
COkill2 = the oxygen concentration used in the kill experiment
kill
Cdrug
= the drug concentration used in the kill experiment. This is calculated from Kd in the

GUI as an intuitive check on the potency of the drug.
Tkill = the duration of the kill experiment
f = the fraction of cells killed in the kill experiment:
kill model 1: K d = −

log( 1 − f )
kill
T kill k metCdrug

kill model 2: K d = −

log( 1 − f )
kill 2
T k met (Cdrug
)

kill model 3: K d = −

log( 1 − f )
kill 2
T (k metCdrug
)

kill model 4: K d = −

log( 1 − f )
kill
T killCdrug

kill model 5: K d = −

log( 1 − f )
kill 2
T kill (C drug
)

kill

kill

where

C2 K O 2 
k met = 1 − C2 +
K met0
K O 2 + COkill2 


When the model is executed the time step Δt = 600 sec is short enough for the conditions
(oxygen and drug concentrations) to be treated as approximately constant, and the fraction of
cells killed, which is the same as the probability of killing of each individual cell, is given by:
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Pkill ( t ) = 1 − e − ct

As in the case of drug killing, a cell is tagged to die (undergo cytolysis) with user-input death
probability (PD) when it attempts to divide.
Kill plots
Kill fraction (KF) and survival fraction (SF) plots can be generated for the selected drug. The
user specifies the oxygen concentration and the maximum drug concentration, then the plots
show the KF and SF for one hour of exposure to drug concentrations ranging from zero up to
the specified maximum. These plots provide a way to check that the killing is consistent with
the kill experiment parameters, in addition to the calculated drug kill concentration.
Radiosensitisation parameters
Some drugs sensitise (increase the killing effect of) the action of radiation. If a drug has
sensitising action, the following three parameters modify the effect of radiation:
SER_max

𝑆𝐸𝑅𝑚𝑎𝑥

SER_Km

𝐾𝑚𝑑

SER_KO2

𝐾𝑂2

The sensitisation ratio SER is computed from the drug concentration Cdrug and the oxygen
concentration CO2 (after Carlson/Brown 2011 (Carlson et al., 2011))
𝑆𝐸𝑅𝑚𝑑 =
𝑆𝐸𝑅 =

𝐶𝑑𝑟𝑢𝑔 𝑆𝐸𝑅𝑚𝑎𝑥 + 𝐾𝑚𝑑
𝐶𝑑𝑟𝑢𝑔 + 𝐾𝑚𝑑

𝐶𝑂2 + 𝐾𝑂2 𝑆𝐸𝑅𝑚𝑑
𝐶𝑂2 + 𝐾𝑂2

Protocol
By entering a sequence of treatment events, one per line, the user can simulate a complete
experiment employing a combination of drug and radiation doses and medium changes. An
event occurs at the time entered in the Hour column.
In the case of a drug dose, the following columns apply:
Drug – this is the name of the drug, which must be one of the drugs selected on the Treatment
screen.
Duration – the length of time that the drug is in the medium.
Volume – the volume of drug-containing medium that is exchanged with the same volume of
existing medium, in the case that the specified volume Vd is less than or equal to the current
volume, V0.
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O2 conc – the concentration of O2 in the dosage volume, and the boundary O2 concentration
for the duration of the dose.
O2 flush – O2 concentration in the flushing medium and at the boundary at the end of the dose
period.
Conc – the concentration of drug in the exchanged volume.
If Vd < V0, the medium volume is unchanged and the new concentration of constituent i (i.e.
oxygen, glucose, and any drugs that currently exist in the medium) is (Cd(i)Vd + C0(i)V0)/V0,
where C0(i) is the existing concentration and Cd(i) is the concentration in the added volume. If
Vd >= V0 the medium is completely replaced with new concentrations Cd(i) and the new
volume.
A drug dose event implicitly includes a full medium change. When the duration of the dose is
reached, the medium is replaced by the same volume of fresh medium, with the usual starting
concentration of glucose, and O2 concentration specified in the “O2 flush” field.
In the case of a radiation dose, only the dose in Gy is specified.
A medium change event replaces the specified volume of medium with fresh medium, and the
adjustment to the concentrations of constituents is as described above. Medium volume is the
volume of medium changed, Full indicates a partial or full medium change, and O2 medium
and glucose medium give the concentrations in the medium exchanged. Medium change is not
used at the same time as drug or radiation.

Graphs
The user can select up to 20 plots, which will be displayed and updated in real time as the
program executes. If more than 20 are selected the first 20 will be shown. The selection must
be made before the run starts, and cannot be changed while the run is in progress.
The profile plots show quantities (usually concentrations) along a line drawn approximately
through the centre of the blob. When the blob has a necrotic core there will be a gap in the plot.
Constituents (nutrients or drugs) in the profile plot can be selected while the program is
running).

Run
The Run screen allows the user to set miscellaneous parameters that control the simulation. A
field is greyed out either because it is irrelevant to the simulation or because the user is not
permitted to change it. In some cases although a field can be changed this is inadvisable – such
218

fields are for the developers’ convenience. The model implements two methods for computing
the concentrations in the medium and at the boundary of the blob – referred to as the Far-field.
The default method is Finite Difference (FD), the other employs a fully mixed far-field
approximation with a boundary layer.
Coarse grid NXB, NYB – this is the number of grid points in the X and Y directions used for
the coarse (medium) grid in the off-lattice model, and for the on-lattice model when the FD
solver is used for the far field. The coarse grid represents the whole medium approximated as
a cube NXB × NYB × NZB (NXB = NYB must be an odd number.) The coarse grid spacing
is 4×DXF. The volume of medium is therefore (4 × DXF)3 × NXB2 × NZB μm3.
Coarse grid NZB – similarly the Z dimension of the coarse grid.
Fine grid spacing DXF – The spheroid is located within the fine grid, NXF*NXF*NXF, which
is embedded within the coarse grid. The fine grid size, NXF, currently has the hard-coded value
of 33.
Initial number of tumour cells – starting blob population.
Number of days – length of the simulation.
Time step – length of the model time step.
Number of ODE solver sub-steps – this is no longer used in the on-lattice model, since the RKC
solver dynamically adjusts the time step to achieve specified accuracy.
Cells/cubic mm – this number, Nmm3, is used together with the “Fluid fraction”, ffl, to derive the
spacing of the lattice used in the on-lattice model and the average cell size. Since one cell
occupies one lattice site, the lattice spacing in mm is (1/ Nmm3)⅓. The model uses distance units
of cm throughout, therefore the lattice spacing is Δx = 0.1(1/ Nmm3)⅓. Therefore the volume of
a lattice grid cube (referred to as a lattice site) is Vsite = Δx3, and since on average a cell occupies
a fraction ffl of this volume, the average cell volume is fflVsite. A typical cell divides when its
volume is Vdiv. Under the assumption that at any instant in a well-oxygenated spheroid the cell
volumes are uniformly distributed between the maximum, Vdiv, and the minimum, Vdiv/2, (not
necessarily a valid assumption, since it is based on a uniform rate of growth), the average
volume is Vave = (Vdiv + Vdiv/2)/2 = fflVsite. This provides the relationship between average and
divide volumes: Vave = 0.75Vdiv.
Medium volume – the total medium volume is specified directly when the “Fully mixed” farfield model is used, and determined from the grid parameters when the FD model is used: (4 ×
DXF)3 × NXB2 × NZB μm3.
Unstirred layer width – this applies only to the “Fully mixed” far-field model.
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First RNG seed –
Second RNG seed – the two random number generator seeds together serve to initialize the
random number generator. Runs with the same RNG seed values will give the same results.
Number of CPUs – some parts of the code are parallelised, and execute faster with more CPUs.
Animation interval – the number of time steps between updates of the 3D display.
Show descendants of cell # – if a cell number is entered all cells that descend from this cell will
be highlighted in the 3D display.
Test case # – currently unused.
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Appendix 3. DNA Damage Response Model

Gib Bogle, Kevin Hicks, William Wilson

In the model the effect of ionising radiation damage is approximated as causing two kinds of
chromosomal double-strand breaks (DSBs); the lesions created are either potentially lethal (PL)
or irrepairable (IRL). PL lesions are subject to repair, which may be successful, restoring the
chromosome configuration, or unsuccessful (misrepair), in which case the chromosomal
mutation is either a reciprocal translocation (Ch1) or a non-reciprocal translocation (Ch2).
A note on cell death: when a cell is tagged as fated to die (i.e. as non-viable) it does not undergo
cytolysis immediately. The cell continues to occupy space and be subject to cell-cell interaction
forces, but it does not metabolise nutrients and does not progress through the cell cycle. In each
time step there is a specified probability that the cell will undergo cytolysis, at which point it
disappears.

Damage
In this formulation of the model, radiation dose is treated as instantaneous (i.e. repair during
radiation is ignored). Thus the numbers of PL (repairable) and IRL (L1, irrepairable) lesions
are proportional to the dose D multiplied by the oxygen enhancement ratio 𝑂𝐸𝑅𝛼 :
𝑁𝑃𝐿 = 𝜂𝑃𝐿 𝑓𝑠𝑒𝑛𝑠 𝑂𝐸𝑅𝛼 𝐷
𝑁𝐼𝑅𝐿 = 𝜂𝐼𝑅𝐿 𝑓𝑠𝑒𝑛𝑠 𝑂𝐸𝑅𝛼 𝐷
𝑂𝐸𝑅𝛼 =

𝑂𝐸𝑅𝛼𝑚 [𝑂2 ]+𝐾𝑚𝑠
[𝑂2 ]+𝐾𝑚𝑠

The factor 𝑓𝑠𝑒𝑛𝑠 accounts for the radiation sensitising effect of a sensitising drug and ranges
from 1 to a maximum value. No sensitising drugs were used in the experiments reported in this
thesis.

Repair
Successful repair, restoring the original base sequence, and misrepair (mutagenic repair)
continue throughout the cell cycle but their rates may vary (see below). The rate of successful
repair is proportional to 𝑁𝑃𝐿 :
𝑑𝑁𝑟𝑒𝑝
= 𝜖𝑃𝐿 𝑁𝑃𝐿
𝑑𝑡
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while the rate of misrepair

𝑑𝑁𝑚𝑖𝑠
𝑑𝑡

is proportional to the square of 𝑁𝑃𝐿 :

𝑑𝑁𝑚𝑖𝑠
2
= 𝜖𝑚𝑖𝑠 𝑁𝑃𝐿
𝑑𝑡
The rate of misrepair while a cell is in mitosis is increased by a factor 𝑓𝑚𝑖𝑡𝑜𝑠𝑖𝑠 .
The fraction of misrepaired lesions that are Ch1 is 𝑓𝐶ℎ1 , therefore the rates of misrepair leading
to Ch1 and Ch2 lesions are respectively:
𝑑𝑁𝐶ℎ1
𝑑𝑁𝑚𝑖𝑠
= 𝑓𝐶ℎ1
𝑑𝑡
𝑑𝑡
𝑑𝑁𝐶ℎ2
𝑑𝑁𝑚𝑖𝑠
= (1 − 𝑓𝐶ℎ1 )
𝑑𝑡
𝑑𝑡
The net rate of change of the number of PL lesions is
𝑑𝑁𝑃𝐿
𝑑𝑁𝑚𝑖𝑠
= −𝜖𝑃𝐿 𝑁𝑃𝐿 −
𝑑𝑡
𝑑𝑡
The rate coefficient for successful repair is low before S-phase, increasing to a maximum at
the end of S-phase. With s representing the fractional progress through S-phase (s: 0→ 1), with
s = 0 before S-phase and s = 1 after S-phase:
𝜖𝑃𝐿 = (1 − 𝑠)𝜖𝑃𝐿𝑚𝑖𝑛 + 𝑠. 𝜖𝑃𝐿𝑚𝑎𝑥
Hence repair continues in G2 with rate coefficient 𝜖𝑃𝐿𝑚𝑎𝑥
Cell cycle
Times are specified for each phase of the cell cycle (G1, S, G2, M) and for the checkpoints after
G1 and G2. When a cell is created, and assigned a randomly-generated cycle time, the phase
times for that cell are adjusted to make them consistent with the cycle time. The adjustment is
applied only to the growth phases. The same scaling factor is used for G1, S, and G2, such that
the sum of the adjusted times, the mitosis duration and the means of the checkpoint times is
equal to the cycle time.
These times apply to cells with no nutrient constraints. When growth is constrained (through
low level of oxygen and/or glucose) the actual time spent in each phase is increased by
multiplying the assigned phase duration by (unconstrained growth rate)/(current growth rate).
The checkpoint duration is an exponentially distributed random variable, and the supplied
parameter is the mean of the distribution. The duration is not influenced by the growth rate, but
when there is radiation damage to repair the delay is increased.

Checkpoint delay
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The two G phases are represented as made up of a base part Gx (i.e. G1 or G2) and a checkpoint
part GxCP. In the absence of DNA damage the cell has a probability, 𝑃𝑒𝑠𝑐 , of escape from the
checkpoint in each time step:
𝑃𝑒𝑠𝑐 =

𝑑𝑡
𝑀𝑥𝐶𝑃

where dt is the time step size and 𝑀𝑥𝐶𝑃 is the specified mean checkpoint duration. In each time
step a uniform (0, 1) random variate R is generated, and if R < 𝑃𝑒𝑠𝑐 the cell passes to the next
phase. This makes the checkpoint duration an exponentially distributed random variate, with
the specified mean.
When the cell has PL lesions, its passage through GxCP is arrested while repair/misrepair is
carried out. The maximum duration of the delay, TCP, is a function of 𝑁𝑃𝐿 on entry to GxCP.
The program currently uses a simple formulation for TCP(𝑁𝑃𝐿 ):
𝑇𝐶𝑃 (𝑁𝑃𝐿 ) =

𝑁𝑃𝐿 𝑏𝑇𝐶𝑃
𝑎 𝑇𝐶𝑃 + 𝑁𝑃𝐿

With, for example, 𝑏𝑇𝐶𝑃 = 25 hours and 𝑎 𝑇𝐶𝑃 = 50, this gives (with n = 𝑁𝑃𝐿 ):

If the cell has been in GxCP for a time t, it can pass to the next phase (i.e. to S or M) only if the
following condition is satisfied:
(𝑅 < 𝑃𝑒𝑠𝑐 ) 𝑎𝑛𝑑 (𝑁𝑃𝐿 = 0 𝑜𝑟 𝑡 > 𝑇𝐶𝑃 )
(This applies to a growing cell. If the cell’s rate of growth is 0, as a result of the rate of ATP
production falling below the threshold for growth, the cell will not pass to the next phase,
although attempted repair will continue).

Cell fate
Apart from cells with IRL lesions, which are tagged to die in S-phase, all cell death occurs
subsequent to passage through mitosis, reflecting the loss of fitness following attempted
segregation of misrepaired chromosomes (mitotic catastrophe). Note that cells tagged to die,
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by any mechanism, undergo cytolysis after an exponentially-distributed time. Cells that have
unrepaired PL lesions are tagged to die immediately after the first mitosis. In the cases of Ch1
and Ch2 mutations death is stochastic, determined by two survival probability parameters: 𝑃𝐶ℎ1
= probability of surviving mitosis with a single Ch1 lesion, 𝑃𝐶ℎ2 = probability of surviving
mitosis with a single Ch2 lesion. In each case, the probability that a cell with n lesions will die
at mitosis is:
𝑃𝑑𝑒𝑎𝑡ℎ = 1 − 𝑃𝑛
For a cell with 𝑛1 Ch1 lesions and 𝑛2 Ch2 lesions, the probability of death at mitosis is:
𝑃𝑑𝑒𝑎𝑡ℎ = 1 − 𝑃𝐶ℎ1 𝑛1 𝑃𝐶ℎ2 𝑛2
Cells with Ch1 lesions have a higher probability of surviving than cells with non-reciprocal
translocations (PCh1 > PCh2). When a cell dies of radiation damage, irrespective of lesion or
position in the cell cycle, it enters the non-viable cell pool and undergoes cytolysis determined
by an exponential probability distribution.
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