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Abstract

Many tumours display a metabolic phenotype distinct from non-malignant cells, with an
increased reliance on glycolysis. This results in a greater production of lactate even under
aerobic conditions. Lactate efflux is facilitated by monocarboxylate transporters 1-4 (MCT1-4)
and is essential to maintain energy homeostasis. A sub-group of cancers express only MCT1

and are therefore exclusively reliant on this transporter to export lactate.

Inhibition of MCT1 has been proposed as a therapeutic approach to prevent lactate export in
tumour cells with low MCTA4. In this thesis, inhibition of monocarboxylate transporter 1
(MCT1) was investigated using the oral MCT1 inhibitor AZD3965 which is currently

undergoing phase | clinical development.

Low MCT4 expression was found to be a common characteristic of Burkitt lymphoma (BL)

and Diffuse Large B-cell Lymphoma (DLBCL) in immortalised cell lines and patient samples. In
cell line models AZD3956 treatment caused a rapid accumulation of intracellular lactate and
altered cellular metabolite profiles consistent with feedback inhibition of glycolysis including

an increase in TCA cycle intermediates.

A substantial growth inhibitory response was observed in vitro in BL and DLBCL cell lines and
also in an in vivo model of BL following daily oral AZD3965 treatment. The combination with
a mitochondrial Complex | inhibitor, BAY 87-2243, triggered significant lymphoma cell death

in vitro and also reduced disease burden in vivo.

This work supports the use of AZD3965 in the treatment of lymphoma patients who have
become refractory to standard therapy but also highlights the potential need for

combination strategies to optimally target the altered tumour metabolic phenotype.
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Chapter 1.  Introduction

1.1. Cellular metabolism

Otto Warburg first reported in 1924 that cancer cells generate increased amounts of lactate
from the fermentation of glucose even under aerobic conditions (1). This shift away from
oxidative phosphorylation (OXPHOS) towards a more glycolytic phenotype is now widely
referred to as the ‘Warburg effect’ (Figure 1-1) (1-3). The high glycolytic rate of tumours has
also been recognised as an emerging ‘Hallmark of Cancer’ and approaches to target this for

therapeutic benefit are being sought (4).

1.1.1. Glycolysis

Glycolysis is a multi-step reaction, which ultimately uses glucose to produce two molecules
of pyruvate, a process which also generates a net gain of 2 molecules of ATP (adenosine
triphosphate) (5). The process is often broken into “preparatory” and “pay-off” phases (6).
During the preparatory phase of glycolysis, glucose is initially taken up into the cell by the
transmembrane glucose transporter 1 (GLUT1) and then phosphorylated by hexokinase |l
(HKII) to form glucose-6-phosphate (G6P). This requires a molecule of ATP and prevents
passive diffusion of glucose out of the cell. G6P is then converted to fructose-6-phosphate
(F6P) by glucose phosphate isomerase (GPI). The subsequent conversion of F6P to fructose
1,6 bisphosphate (F1,6 BP) by phosphofructokinase (PFK) is one of the key regulatory steps in
the pathway and requires the investment of another molecule of ATP (7). Increased
formation of fructose 2,6 bisphosphate (F2,6BP) by the isoenzyme PFK2 acts as an allosteric
regulator, increasing the enzymatic activity of PFK1. F1,6BP is then converted to two 3 carbon
molecules, glyceraldehyde-3-phosphate (GAP) and dihydroxyacetone phosphate (DHAP) by
aldolase (Aldo). Triosephosphate isomerase (TPI) can then catalyse the conversion of DHAP
to GAP. The formation of GAP signals the start of the pay-off phase where net gains in ATP
are made. The next step is an oxidation reaction coupled to the reduction of Nicotinamide
adenine dinucleotide (NAD)* catalysed by glyceraldehyde-phosphate-dehydrogenase
(GAPDH) to produce 1,3-Bisphosphoglyceric acid (GBP). As a result, phosphoglycerate kinase
(PGK) catalyses the transfer of a phosphate group from GBP to ADP forming 3-
phosphoglycerate (3-PG). This is the first ATP generating step of glycolysis. Phosphoglycerate



mutase (PGM) then converts 3-PG to 2-phosphoglycerate (2-PG), allowing 2-PG to
subsequently be converted to phosphophenolpyruvate (PEP) by enolase (ENO1). Finally, PEP
is converted to pyruvate by pyruvate kinase (PKM), yielding further ATP. Pyruvate may then
undergo two fates, either being converted to Acetyl-CoA by Pyruvate dehydrogenase (PDH)
to fuel the TCA cycle, or be reduced by lactate dehydrogenase (LDH) to form lactate.
Preference for this latter pathway, even under aerobic conditions, is characteristic of the

Warburg effect.
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Figure 1-1: Cellular metabolism

Glycolysis generates a net gain of 2 ATP molecules per molecule of glucose, with complete
oxidation of the pyruvate generated potentially yielding a further 36 molecules of ATP via
OXPHOS. However, proliferating cells must also satisfy their need for biosynthetic
intermediates by diverting intermediates away from ATP production. Abbreviations used:
aldolase (ALDO), 1,3-Bisphosphoglyceric acid (GBP), dihydroxyacetone phosphate (DHAP),
electron transport chain (ETC), enolase (ENO1), fructose 1,6 bisphosphate (FBP), fructose-6-
phosphate  (F6P), glyceraldehyde-3-phosphate  (GAP), glyceraldehyde-phosphate-
dehydrogenase (GAPDH), glutathione synthesis (GSH), glucose transporter 1 (GLUT1),
glucose-6-phosphate (G6P), glucose phosphate isomerase (GPI), hexokinase (HK), lactate
dehydrogenase (LDH), pyruvate dehydrogenase (PDH), phosphophenolpyruvate (PEP).
phosphofructokinase (PFK), 2-phosphoglycerate (2-PG), 3-phosphoglyceric acid (3-PG),
phosphoglycerate kinase (PGK), phosphoglycerate mutase (PGM), pyruvate kinase (PKM),
reactive oxygen species (ROS), triosephosphate isomerase (TPI).



1.1.2. Oxidative phosphorylation

Mitochondria play a dual role in cellular metabolism with the tricarboxylic acid (TCA) cycle
generating intermediates for anabolic pathways as well as the more recognised role in ATP

generation.

Warburg’s original hypothesis to explain his observation of aerobic glycolysis in cancer cells
was that cancer cells had dysfunctional mitochondria and were therefore unable to produce
ATP through oxidative phosphorylation (OXPHQOS). This has now largely been disproved, as
several studies have shown no evidence of mitochondrial dysfunction in the majority of
tumour cell lines and oxidative phosphorylation still plays a key role in energy generation in
cancer cells. Indeed mitochondrial metabolism is now recognised as being crucial to most
cancer cells as a source of ATP, generating precursor molecules and providing reactive oxygen
species (ROS) which help to promote genome instability and tumorigenesis (8). Mutations in
mitochondrial enzymes such as fumarate hydratase as well as succinate and isocitrate
dehydrogenases (IDH) are exceptions to this where dysfunctional mitochondria drive
tumorigenesis. These mutations are rare in the wider context of all cancers but are found at
higher frequencies in certain cancer subtypes. For example mutations in IDH occur in 12% of

glioblastoma cases (9).

The tricarboxylic acid cycle

The TCA cycle begins with acetyl-coA which can be generated from pyruvate via PDH or
through a variety of other pathways such as fatty acid oxidation. The TCA cycle utilises a
number of carbon sources, including pyruvate to produce reducing equivalents, NADH and
FADH,. Three molecules of NADH and one molecule FADH; are generated per cycle. These
reducing equivalents donate electrons which are required by the electron transport chain to

ultimately generate ATP.

The TCA cycle is not a purely catabolic pathway and several TCA cycle intermediates also
support anabolic pathways including amino acid synthesis (alpha-ketoglutarate and
aspartate) and nucleotide synthesis (aspartate). Specifically, alpha-ketoglutarate can form
glutamine, proline and arginine (5). Aspartate also contributes to pyrimidine synthesis. Since
carbon in the form of CO; is lost as waste during the cycle, there is a requirement for the

replenishment of substrates such as acetyl-coA in order for the cycle to continue.



The electron transport chain (ETC)

The indirect transfer of electrons from these reducing equivalents to O, occurs through a
number of multi-protein complexes (I-1V) as part of the electron transport chain (ETC) (Figure
1-2). The transfer of electrons along the electron transfer chain is coupled to the

maintenance of a proton gradient across the intermembrane space.

Complexes I, Il and IV contribute to this by removing protons from the mitochondrial matrix
and transferring them to the intermembrane space. Electrons are transferred from NADH, via
Complex | through a multi-step reaction forming reduced ubiquinone to supply complexes llI
and IV. Complex Il also converts ubiquinone to its reduced form but this is instead coupled to
the formation of fumarate from succinate as part of the TCA cycle. Electrons are then
transferred from ubiquinone to cytochrome C by Complex Ill. Reduced cytochrome C is then
used as a substrate to reduce O, to form water. This proton gradient generated is then used
to drive the generation of ATP from ADP by ATP synthase through the movement of protons

back into the mitochondrial matrix through the proton channel (Complex V).
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Figure 1-2: The electron transport chain (ETC)
Figure from the Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway database (10)
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1.2. Reprogramming energy metabolism - An emerging

hallmark of cancer

There are several characteristics which differentiate both tumour cells and the tumour
microenvironment from normal tissue. Abnormal features of tumour cells include unbridled
proliferation and alterations in cellular metabolism with which to support this. Within the
tumour microenvironment there are changes in blood flow, vascular structure, oxygenation,
nutrient availability and pH. Exploiting these differences through the use of selective
targeted agents, rather than targeting proliferation per se with existing treatments, should
provide an improved therapeutic window, resulting in fewer side effects than existing
treatments. One such approach involves targeting the altered metabolic profile of tumour

cells typified by the “Warburg effect”.

1.2.1. The Warburg effect

Cancer cells exhibit an altered metabolic phenotype which supports their rapid and
uncontrolled proliferation. An increased demand for glucose is exploited diagnostically
through Fludeoxyglucose-Positron emission tomography (FDG-PET) scanning of solid tumours
(Figure 1-3). Here an analogue of 2-deoxyglucose (2-DG) is labelled with radioactive fluorine
isotope ['8F]. Positrons emitted from [*8F] trigger the emission of y-rays from electrons
which can be detected by the PET scanner. FDG enters cells via glucose transporters, once
within the cell, FDG is phosphorylated by hexokinase but cannot proceed any further through

the glycolytic pathway and so becomes trapped within the cell.



Figure 1-3: FDG-PET scanning

18F-FDG scan showing high accumulation of the radiolabelled glucose-analogue in a
colorectal tumour with liver metastases. Normal high accumulation in the bladder is also
evident. Image from Jens Langer (11). It is important to stress that although tumourigenic cells
undergo a relative shift towards glycolysis, in comparison to normal comparable cell types, the
balance between OXPHOS and glycolysis used to generate ATP is cell type and context
dependent and varies widely.

If glucose metabolism is purely viewed as a means to generate ATP, then it seems counter-
intuitive that during highly proliferative states cells would opt for a less efficient means of
ATP generation. It is now known that this preference for glycolysis is not only shown by most
cancer cells but is also shared by ‘normal’ cells when undergoing rapid proliferation,
including lymphocytes. Although in terms of ATP generating efficiency, glycolysis is inferior to
oxidative phosphorylation, glycolysis is able to generate ATP at a faster rate and so, under
conditions where glucose availability is a non-limiting factor, may be a more productive

means of ATP synthesis (12).

Perhaps the most attractive hypothesis to explain the selective advantage of utilising
glycolysis is that a high level of glycolytic flux supports various biosynthetic pathways through
the generation of glycolytic intermediates which help to provide much of the carbon
backbone required for macromolecular biosynthesis and reducing equivalents needed for

proliferation. For example:

e G6P can enter the pentose phosphate pathway which supports nucleotide synthesis

through the generation of ribose-5-phosphate.



e DHAP is a precursor to Glycerol-3-phophate, which is required for phospholipid
synthesis needed to produce cellular membranes.
e The glycolytic intermediate, 3-PG, supports the serine/glycine synthetic pathway. This

pathway in particular appears to be particularly important to cancer cell proliferation.

In support of this hypothesis a number of key enzymes that regulate these branch points
away from the canonical glycolytic pathway are upregulated in cancer as discussed in the

following section.

1.2.2. Regulation of cellular metabolism in cancer

A relative shift in the metabolic profile of tumours is regulated by multiple signalling
pathways linked to oncogenes (e.g. c-MYC, KRAS and PI3K) and tumour suppressor genes,

(e.g. TP53) as well as the tumour microenvironment itself (Figure 1-4).

c-MYC

The prevalence of c-MYC deregulation in cancer through translocations, amplifications of the
c-MYC gene, or through aberrant activation of signal transduction pathways are testament to
its importance in cell growth and survival. c-MYC promotes a glycolytic phenotype through
the upregulation of the glucose transporter GLUT1, and glycolytic enzymes such as HKII,
PFKM, ENO1 and LDHA (13-16). In addition, c-MYC also increases glutamine uptake and
glutaminase expression favouring glutaminolysis as another important energy source
particularly under low glucose or oxygen conditions (17, 18). Similarly c-MYC influences the

expression of genes involved in the serine-glycine pathway (19).

c-MYC also alters cellular metabolism indirectly through alterations in micro RNA (miRNA)
and heterogeneous nuclear ribonucleoprotein (HnRNP) expression (20, 21). For example
deregulated c-MYC indirectly increases the formation of PKM2 through altered splicing of the
PKM gene (21). Pyruvate kinase (PK) catalyses the final ATP-generating step of glycolysis
where pyruvate is formed from PEP. Uniquely amongst PK isoforms, PKM2, can exist as a
dimer with intermediate activity or the usual tetrameric complex with high activity. This
allows for graded regulation of PK activity depending on nutrient availability. PKM2 is also
subject to a number of post-translational modifications which reduce its activity by
preventing tetramer formation. A number of cancer types preferentially express PKM2 to
promote the Warburg effect. Specific deletion of PKM2 has recently revealed that non-

proliferating cancer cells may express the high activity PKM2 isoform where efficient
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generation of ATP is more advantageous as the need for biosynthetic intermediates

decreases (22).

HIF1la

Hypoxia inducible factor-1a (HIF-1a) is induced under hypoxic conditions and increases the
transcription of a number of glycolytic genes in concert to sustain ATP production under
anaerobic conditions. Target genes include monocarboxylate transporter 4 (MCT4) to deal
with an increased production of lactate, resulting from the decreased utilization of pyruvate

in the TCA cycle under hypoxic conditions.

Aside from the synonymous upregulation under hypoxia, HIF-1a is also responsive to other
stimuli. Increased levels of succinate and fumarate have been shown to alter HIF stability in
vitro via inhibition of HIF-prolyl 4-hydroxylases therefore increasing HIF activity (23). HIF-1a
synthesis is also increased via the PI3K/Akt/mTOR pathway and its stability is increased
following p53 loss of function (24, 25). HIF-1a also plays a major role in a sub-set of renal cell
carcinomas, where the tumour suppressor function of Von Hippel-Lindau (VHL) has been

lost thereby preventing effective ubiquitination of HIF-1a (26).

p53

Conversely p53 and its transcriptional targets, TP53-inducible glycolysis and apoptosis
regulator (TIGAR) and Cytochrome C oxidase (SCO2) work to suppress glycolysis and favour
oxidative phosphorylation. Loss of p53 function, which is commonly observed in a wide
range of cancers, therefore, favours a more glycolytic phenotype. p53 inhibits the expression
of glucose transporters directly. And also, through the inhibition of NF-kB , p53 also inhibits
PGM (27). Originally TIGAR was postulated to be a fructose-2,6 bisphosphatase, thus limiting
the availability of F2,6BP, reducing the activity PFK1 and inhibiting glycolysis (28). Whilst
there is evidence to support this view, Gerin et al. have recently contested this theory by
demonstrating that TIGAR is a comparatively poor fructose-2,6-bisphosphatase and that it is
several orders of magnitude more active towards other substrates such as 2-3-
bisphosphoglycerate and glycolytic intermediates such as 2-PG and PEP (29). This calls into
question the exact role of TIGAR in metabolic regulation. Also, the negative regulator of p53,
MDM?2, has been suggested to influence cellular metabolism, in particular serine/glycine
metabolism and ROS homeostasis, through its chromatin binding independent of p53

function (30).
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Figure 1-4: Signaling pathways and cancer metabolism.

Figure adapted from Fundamental of Cancer Metabolism (31). A number of signal transduction
pathways B converge on major metabolic pathways M. In cancer dysregulation of these
pathways shift the balance of energy generation pathways from OXPHOS towards glycolysis.
Increased glycolytic flux generates increased levels of metabolites ~ which can fuel anabolic
pathways. Directional arrows indicate where a metabolite is a substrate or
intermediate/product of a given pathway. Abbreviations used; aKG (alpha-ketoglutarate); G6P
(glucose-6-phosphate); 3-PG (3-phosphoglycerate); OAA (oxaloacetate). Therapeutic
targeting of tumour metabolism

1.3. Therapeutic targeting of tumour metabolism

Recently there has been much interest in targeting metabolism in cancer through a number
of diverse approaches from direct targeting of metabolic pathways to targeting signal
transduction pathways (Figure 1-5) (32). The majority of these approaches aim to exploit a
specific metabolic pathway that tumour cells are especially reliant upon. However, a
potential concern in targeting tumour metabolism is the inherent plasticity between

metabolic pathways as well as metabolic heterogeneity within tumours.
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Figure 1-5: Therapeutic approaches targeting the altered metabolic phenotype in
cancer

A multitude of different approaches have been investigated as a means of targeting the altered
metabolic phenotype in cancer cells. Molecular targets of the named compounds are indicated
in orange. Adapted from (32).

1.3.1. Nucleotide biosynthesis

A number of cytotoxic chemotherapeutics used clinically target different stages of nucleotide
synthesis. For example, one of the first classes of chemotherapies, the anti-folates, target
rapidly proliferating cells and their increased requirement for nucleotides through inhibiting
the formation of thymidylate. In the case of methotrexate, inhibition of dihydrofolate
reductase, which catalyses the formation of tetrahydrofolate, reduces the availability of a key
co-factor for nucleotide synthesis. Although the molecular mechanisms behind agents like
methotrexate and 5-fluorouracil were retrospectively deduced they represent examples of
targeted agents that have clinical utility to this day, commonly being used in a range of

cancers (33).

1.3.2. Amino acid metabolism

As well as their increased uptake of glucose many cancers also demonstrate high levels of
glutamine consumption. High levels of glutamine uptake are particularly associated with c-
MYC activated tumour types (17). Once glutamine has been transported into the cell,
glutaminase (GLS) catalyses the conversion of glutamine to glutamate. Glutamate acts as a
precursor to glutathione production and a can feed into the TCA cycle via conversion to
alpha-ketoglutarate supporting ATP synthesis which has been shown to be a particularly
important under glucose-deprived conditions (18). Owing to the importance of
glutamine/glutamate, small molecule inhibitors of GLS, with distinct mechanisms of action,

have been developed showing efficacy both in vitro and in vivo (34-36).

The most advanced GLS inhibitor, CB-839 demonstrates preclinical efficacy in triple negative
breast cancer and this is associated with mechanistically relevant changes in intracellular
metabolites consistent with reduced activity of GLS, in particular reductions in aspartate and
glutamate (37). CB-839 is under phase I/Il clinical investigation in several trials for utility in
both solid and haematological malignancies. Aside from glutamine, preclinical studies have
also demonstrated an importance of serine/glycine metabolism and aspartate synthesis (38-

40). Subsequently, attempts have been made to design inhibitors to target these pathways.
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Recently, for example, a selective inhibitor of phosphoglycerate dehydrogenase (PHGDH)
CBR-5884, has been described (40).

1.3.3. Oxidative phosphorylation

Interest in the biguanides, phenformin and metformin, were sparked by epidemiological
evidence suggesting that patients who had been prescribed metformin for the treatment of
type Il diabetes exhibited a lower incidence of cancer formation (41). Subsequent
mechanistic studies have shown metformin to be efficacious in various in vitro and in vivo
preclinical models (42-45). Although the exact mechanism of action of metformin is still
under debate, its efficacy is at least in part due to inhibition Complex | of the electron

transport chain (46, 47).

Recently more potent inhibitors of the electron transport chain have been designed such as
BAY 87-2243 and ME-433. BAY 87-2243 inhibits Complex | with nanomolar potency and has
been shown to have growth inhibitory activity in a number of in vitro an in vivo preclinical
models (48, 49). ME-344, a partial inhibitor of Complex | and lll, is currently under
investigation with results from a phase | clinical trial showing it to be well-tolerated (50).
However, ME-344 also binds tubulin at lower concentrations than those required to observe
reductions in oxygen consumption rate (51, 52). A further electron transport chain inhibitor,

VLX600, has also been described which partially inhibits complexes I, Il and IV (53).

1.3.4. Glycolysis

Previously, as discussed, many cancer types maintain high levels of lactate secretion allowing
cells to maintain a high glycolytic flux in addition to regenerating NAD*. A potential
therapeutic approach is to target the more glycolytic phenotype in cancer cells through the
interference of lactate transport governed by the monocarboxylate transporter family 1-4. A
number of other approaches have also been explored both pre-clinically and in clinical trials,

in order to target this increased reliance on glycolysis in cancer cells (Figure 1.5).

Hexokinase

Inhibition of the phosphorylation of glucose by hexokinase is inhibited by both of the glucose
analogues, 2-deoxyglucose (2-DG) and 3-bromopyruvate. Despite preclinical efficacy in a
wide range of models these agents have failed to demonstrate significant efficacy clinically

and have been found to cause substantial toxicity in clinical trials (54). The discrepancy
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between preclinical and early clinical investigations are likely to stem from a lack of target
specificity in the case of 3-bromopyruvate and lack of tumour selectivity in the case of 2-DG.
For example 2-DG is heavily incorporated into all glycolytic tissues not just cancer cells which

can be visualised with FDG-PET scanning.

Pyruvate kinase M2

PKM?2 is a crucial regulatory point in the glycolytic pathway expressed in foetal tissues,
proliferative adult cells and commonly in cancer cells. PKM2 unlike other isoforms can exist
as low-activity dimers and high activity tetrameric forms which allows fine-tuning of the rate
of glycolytic flux, allowing flexibility to shift between the supply of anabolic intermediates
and energy production. Consequently interfering with PKM2 has been investigated as a
therapeutic strategy (55). An activator of PKM2, SGI-9380, has been shown to reduce cell
proliferation in vitro under serine starved conditions indicating that serine biosynthesis is
compromised by high PKM2 activity (56). Conversely, an inhibitor of PKM2 inhibition, TLN-
232, (TT-232, CAP-232), has reduced tumour growth in a number of xenograft models (57,
58).

Fructose-2,6-biphosphatase 3

Another isoenzyme preferentially expressed in cancer cells is the PFKFB isoform, PFKFB3.
PFKFB catalyses the reversible phosphorylation of F6P to form a potent allosteric activator of
PFK, F2,6 BP. PFKFB3 promotes a higher rate of glycolytic flux through increased kinase
activity relative to other isoforms (59). A novel inhibitor of PFKFB3, PFK-158, has recently
been described with efficacy in a number of in vitro and in vivo preclinical models through
the selective inhibition of PFKFB3 activity which reduces glycolytic activity and cell
proliferation (60). PFK-158 is currently under phase | clinical investigation (NCT02044861).

Lactate dehydrogenase A

As mentioned, LDH catalyses the reversible conversion of pyruvate to lactate. Increased LDH-
A expression, as observed in multiple cancers, favours the formation of LDH isoform (LDH5)
which preferentially converts pyruvate to lactate (61). FX11 has been shown to reduce the
growth of patient derived tumour xenografts decreasing the lactate:pyruvate ratio,
consistent with decreased production of lactate (62). Similarly, an LDHA inhibitor with
nanomolar potency, GNE-140, strongly reduces intracellular lactate in vitro having anti-

proliferative effects in pancreatic cell lines demonstrating a glycolytic phenotype (63).
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1.4. Monocarboxylate transporter 1

1.4.1. Structure

Based on hydrophobicity analysis, the predicted topology of MCT1 involves 12 a-helical
transmembrane domains with intracellular C and N-termini and a large intracellular loop
between domains 6-7 where the sequence homology between the isoforms is lowest and is
important for substrate specificities (64). Conversely, sequence homology between the MCT
isoforms is greatest within the transmembrane domains (65). The X-ray crystal structure of
MCT1 has yet to be defined. However, a homology model based upon the known crystal
structure for the Escherichia coli glycerol-3-phosphate transporter, GlpT, exists, which

supports the predicted model (Figure 1-6) (66, 67).

Figure 1-6: Structure of MCT1

Predicted topology of MCT1. Homology model of MCT1 based upon the Glycerol-3-Phosphate
Transporter from Escherichia coli (1pw4A) as previously described (67). The model was
generated using the FASTA amino acid sequence of hsMCT1 in I-TASSER (68-71)

1.4.2. Function of monocarboxylate transporters 1-4

MCT1 belongs to a larger transporter family of which only monocarboxylate transporters 1-4
(MCT1-4) have been experimentally demonstrated to be bona fide plasma membrane
transporters of monocarboxylates, with MCT1 and 4 being the best studied. Transport of
monocarboxylates is coupled to proton uniport allowing for bidirectional transport of

substrates in to and out of cells dependent upon the concentration gradients.
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Monocarboxylate transporters 1,2 and 4 differ in their relative affinities for their substrates.
MCT2 displays the highest affinity for both lactate and pyruvate followed by MCT1 then

MCT4. MCT4 displays an especially poor affinity for pyruvate compared to lactate.

MCT1 MCT2 MCT3 MCT4
(SLC16A1) (SLC16A7) (SLC16A8) (SLC16A3)
L-Lactate 3.5 0.74 6 28
D-Lactate >60 - - 519
Pyruvate 1 0.08 - 153
a-Ketobutyrate 0.2 - - 57

Table 1: Substrate affinities of MCTs

Km values (mM) for selected substrates of MCTs from studies expressing MCT1, 2 and 4 in
Xenopus oocytes or in yeast (MCT3). Gene names are displayed in brackets as per HUGO
nomenclature (72, 73).

MCT1 is ubiquitously expressed at low levels throughout the body with the exception of
pancreatic B-cells and is the predominant isoform in most tissues (74). Consequently, MCT1
can be co-expressed with other MCT members. The substrate affinities of MCT1 allow it to
facilitate the exit or entry of lactate to and from cells dependent on the substrate gradients
present in their environment. As the ubiquitous isoform, in most cells it is MCT1 which
exports lactate/H* out of the cell under anaerobic conditions of low O, concentrations. MCT1
also facilitates this role in some normal cell types such as red blood cells and in T-
lymphocytes where MCT1 upregulation facilitates a highly proliferative activated state,
demonstrating a glycolytic phenotype regardless of oxygenation status (75, 76). As discussed
earlier, this is similar to cancer cells which exhibit a highly glycolytic phenotype generating

high levels of lactate even under aerobic conditions which can be exported by MCT1.

The expression of the lower affinity MCT4 is more selective and limited to highly glycolytic
cells including astrocytes, white blood cells and white skeletal muscle (77, 78). MCT4 has
distinct substrate affinities from MCT1 reflecting its tissue specific distribution. MCT4 has a
reduced affinity for lactate but a higher maximal rate for lactate transport (Vmax). This allows
MCT4 to remove lactate from the cell during anaerobic respiration to allow glycolysis to
continue. In addition, MCT4 has also has a 150-fold greater Km for pyruvate which prevents
the efflux of pyruvate from the cell under anaerobic conditions where intracellular pyruvate

can accumulate. If under such conditions, pyruvate was transported out of the cell without
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its conversion to lactate, the NAD+/NADH ratio in the cell would fall, undermining glycolytic

flux, by inhibiting the generation of GBP from GAP (79).

MCT2 and 3 are more specialised in their expression profiles. MCT2 is largely co-expressed
with MCT1 in cells which demonstrate significant uptake of lactate but not efflux, either
using it as a respiratory fuel as is the case in cardiac myocytes or neurons or alternatively to
facilitate gluconeogenesis in liver parenchymal cells (80, 81). MCT3 is found limited to the
basolateral membrane of the choroid plexus and retinal pigment epithelium however

detailed knowledge on substrate affinities are to-date poorly defined (73, 82).

1.4.3. Mechanism of lactate transport

The translocation cycle of MCT1 has been best studied. The proposed model of transport
suggests proton binding occurs prior to binding of a lactate anion and that these are released
in the opposite order (66, 83). Initial proton binding requires the transporter to be in an open
conformation allowing access to a lysine residue (K38) within the transport channel, which is
crucial for subsequent transporter activity; site-directed mutagenesis of this lysine being
shown to result in a complete loss of transporter activity. The negatively charged lactate
anion is then able to access K38 forming an ion pair. Binding of both substrates triggers a
conformational change in MCT1 which switches the open face of the transporter to the
opposite side of the plasma membrane. This allows movement of the proton to an aspartic
acid residue (D302) deeper within the channel allowing lactate to also move to a site deep in
the channel as the aspartic acid side chain becomes neutralised. This allows lactate/H* to

diffuse from the transporter if a sufficient concentration gradient exists.

1.4.4. Regulation

Transcriptional regulation

Recently MCT1 has been shown to be a direct transcriptional target for MYC, adding to the
list of MYC target genes linked to a glycolytic phenotype (84, 85). MYC expression therefore is
found to correlate strongly with MCT1 expression in a number of cancer types including
Burkitt lymphoma, breast adenocarcinoma and squamous cell non-small-cell lung cancer
(84). Aside from direct transcriptional activation by MYC, MYC also indirectly influences
MCT1 expression through repression of a micro RNA, miRNA29, which leads to elevated

MCT1 levels (85). miR29a,c is highly expressed in pancreatic B-cells and is involved in the
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strict regulation of MICT1 expression in these cells, as failure to suppress MCT1 results in

hyperinsulinemic hypoglycaemia (85).

5’ AMP activated protein kinase (AMPK) activation is also postulated to play a role in the
upregulation MCT1 following exercise but the exact mechanisms behind this remain to be
elucidated (86). The MCT1 promoter also contains numerous nuclear factor of activated T-
cells (NFAT) consensus sequences, which may have importance in the upregulation of MCT1

during T-cell activation (74).

Conversely, the tumour suppressor, p53 attenuates the transcription of MCT1 through a
direct interaction with the MCT1 promoter region (87). In support of this TP53 mutant breast
cancer patients show higher levels of MCT1 which is consistent with p53 having a negative
effect on MCT1 expression (87). In the same study the authors show NFkB to have a positive

effect on MCT1 transcript levels

MCT4 but not MCT1 transcription can be induced under hypoxic conditions mediated by the
transcription factor HIF-1a (88). The promoter region of SLC16A3 (MCT4) contains two
hypoxia response elements (HREs) which are absent from both SLC16A1 (MCT1) and SLC16A7
(MCT2). This supports the physiological role of MCT4, for example the increased anaerobic
capacity of white skeletal muscle following training is supported through a greater capacity

for lactate export via this transporter (89).

Post-translational regulation

The membrane trafficking and functional activity of the MCTs is facilitated by chaperone
proteins. A crucial factor for functional expression of MCT1 and MCT4 is the co-expression of
the single-pass, membrane bound, glycoprotein, CD147. In respect to both MCT1 and 4,
CD147 (basigin) is the preferred partner. In contrast, GP70 (embigin) is the preferred
chaperone for MCT2 (90). Consequently CD147 and MCT1 can be seen to co-
immunopreciptate and co-localize at the plasma membrane. In addition, co-transfection with
CD147 was found to be necessary in order to observe plasma membrane expression of MCT1
in Hela cells. The crucial role for CD147 can be demonstrated by interfering with the
chaperone CD147 through siRNA approaches which inhibit lactate transport and reduce the
expression of MCT1 and 4 (91, 92).

There is also evidence that MCT1 transporter activity is enhanced by the presence of

carbonic anhydrases. Carbonic anhydrase Il can physically associate with the C-terminal tail
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of MCT1 and alter its transporter activity (93). In this model carbonic anhydrase Il can
transfer protons to and from available sites on CA to associated MCTs, effectively altering the

local availability of the MCT co-substrate (93-95).

MCT1 expression has also been shown to be influenced by glutamine availability, being
enhanced under glutamine deprivation, through an increase in transporter half-life (96). The
exact mechanisms behind this phenomena and its physiological relevance have not been

defined but Cardaci et al. suggest glutamine may enhance the ubiquitination of MCT1 (96).

1.5. MCT1 as a therapeutic target in cancer

1.5.1. Differential expression of MCTs in cancer

MCT1

Although MCT1 is widely expressed in normal tissues, MCT1 expression is increased in a
number of human tumours which may reflect a greater dependency on MCT1 function.
Several studies have highlighted associations between MCT1 gene expression and outcome.
For example, high MICT1 expression correlated with worse overall survival in breast cancer
patients with TP53 mutations, and has also been reported to associate with hypoxic tumours
as indicated by CAIX expression (87). A number of studies also show increased protein
expression of MCT1 to have prognostic relevance. Increased levels of MCT1 have been
identified in malignant breast and lung tissue with high expression correlating with high
grade and poor prognosis (97, 98). Similarly, high MCT1 expression also correlates with worse
prognosis in small cell lung cancer (SCLC) and clear cell renal carcinoma (CCRC) (99, 100). In
CCRC high levels of MCT1 were shown to have a negative impact on progression-free survival
which was significant independent of stage (100). Increased MCT1 and CD147 chaperone
expression is also associated with decreased overall survival in urothelial carcinoma as is the

co-expression of MCT1 and CD147 in gastrointestinal stromal tumours (101-103).

MCT4

MCT4 but not MCT1 is a target gene of HIF-1a consistent with its physiological role as a
lactate export mechanism (88). Therefore, in areas of low pO, where glycolysis becomes the
obligate source of ATP, MCT4 becomes upregulated to support increased glycolytic flux and

lactate production. Consequently, MCT4 is found to be overexpressed in a number of cancers
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and has been found to have prognostic significance. Whilst pancreatic ductal
adenocarcinoma’s (PDAC) generally have a dismal prognosis, high MCT4 expression has been
associated with even worse overall survival particularly when expressed in both tumour and
the associated stroma (104). MCT4 expression has also been shown to be elevated in CCRC
where, elevated expression is a poor prognostic factor associated with increased metastasis
and worse relapse-free survival (105). In this same study the authors also show CCRC cell
lines to exhibit high MCT4 gene expression and sensitivity to MCT4 knockdown.
Immunohistochemical staining of head and neck cancer samples revealed the presence of
epithelial regions of high MCT4 are associated with greatly reduced disease free-survival with
such patients approximately 6 times as likely to relapse (106). In prostate cancer expression
of MCT4 and CD147 has also been associated with cases which displayed biochemical
recurrence (107). A number of these studies also show a correlation between MCT4

expression and a glycolytic phenotype (104, 106).

Owing to the increasing amounts of clinical and preclinical data that suggest MCT4 plays an
important role in certain cancer types, specific inhibitors are reported to be under

development (AstraZeneca) but no MCT4-specific compounds are currently available (32).

1.5.2. Lactate shuttle hypothesis

Tumours are metabolically heterogeneous and do not exist in isolation but interact with the
surrounding stroma. A model has been proposed whereby hypoxic tumour cells generate
lactate through anaerobic glycolysis which is transported out of the cell via MCT4. This
‘waste-product’ is then utilised as a metabolic substrate under more oxygenated conditions,
imported through MCT1 or 2 into other tumour cells or the surrounding stroma (108). In this
way, cells with greater access to oxygen within the tumour microenvironment spare glucose
and instead oxidise lactate, benefitting hypoxic cells which must rely on non-oxidative
metabolism. Similarly a model has been proposed that cancer cells can trigger metabolic
changes in cancer associated fibroblasts causing them to release lactate and pyruvate into
the tumour microenvironment (109). This relationship somewhat mirrors the situation that

occurs between astrocytes and neurons (80).

1.5.3. MCT1 inhibition in in vitro and in vivo cancer models

2-Cyano-3-(4-hydroxyphenyl)-2-propenoic acid (CHC) and 4,4'-Diisothiocyano-2,2'-

stilbenedisulfonic acid (DIDS) exhibit inhibitory activity towards monocarboxylate

22



transporters and have been utilised in earlier transporter studies to define substrate affinities
and kinetics as well as more recently in in vitro and in vivo cancer studies (Table 2) (Figure
1-7) (108, 110, 111). In addition, a number of other compounds have been described as
having MCT1 inhibitory activity including quercetin and 3-bromopyruvate. A caveat of these
studies is the lack of specificity of these inhibitors to MCT1. CHC and DIDS have greater
affinities towards mitochondrial pyruvate transporter and a chloride/bicarbonate
transporter, respectively (112). Lonidamine, seldom used as an MCT1 inhibitor, has inhibitory
activity against a number of targets and is also a more potent inhibitor of the mitochondrial
pyruvate transporter than MCT1 (113). Quercetin has been used as an MCT inhibitor but
inhibits a broad spectrum of kinases with similar potency (114). 3-bromopyruvate is now
appreciated to act as a competitive substrate of MCT1 but also inhibits hexokinase (115). The
lack of specificity of these compounds makes their use in experiments aimed at studying the

effects of pharmacological MCT1 inhibition difficult to interpret.
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Figure 1-7: Chemical structures of non-selective MCT1 inhibitors
Chemical structures recreated from Chemspider or using the following references; 7ACC
(116), Coumarin derivate 4A (117)

More recently, preliminary work with MCT1 specific compounds such as AZD3965 and AR-
C155858 have shown that they cause a rapid and sustained accumulation of lactate in cell
lines that express MCT1 but not MCT4 (118, 119). Lactate accumulation appears to have no
impact upon MCT1/4 protein expression. This accumulation of lactate coincides with

significant anti-proliferative effects in some, but not all, tumour cell lines expressing only
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MCT1. Favourable MCT1:MCT4 expression is therefore required but not sufficient for
AZD3965 to have effects on cellular growth. Cell lines expressing both MCT1 and MCT4
possess intrinsic resistance to AZD3965 and related compounds due to the specificity of the
compound to MCT1. This leaves MCT4 to provide a route for lactate efflux (92, 99). However,
even where MCT1 inhibition causes an increase in intracellular lactate, the largely
undetermined downstream events following this appear to be context dependent in terms of
their effect on cellular proliferation (119). A working hypothesis to explain how lactate
accumulation, following MCT1 inhibition, is antiproliferative has recently been proposed by
Doherty et al. (84) The authors propose that lactate accumulation ultimately causes a
feedback inhibition of glycolysis, impairing ATP generation. Inhibition of glycolysis has also
been shown to be a downstream effect of MCT1 inhibition in other studies (92).
Quantification of various glycolytic intermediates following MCT1 inhibition showed an
increase in G6P and FBP and a decrease in 2 and 3-PG as well as pyruvate. They therefore
postulate that accumulation of lactate inhibits the conversion of pyruvate to lactate via LDH,
which in turn, decreases levels of available NAD*, a cofactor required for GAPDH mediated
generation of GBP. This idea of a “bottleneck” within the glycolytic pathway explains the
accumulation of earlier stage intermediates but a lack of intermediates from the pay-off
phase of glycolysis. Alternative MCT1 inhibitors such as 7ACC1 have been developed which
also demonstrate improved selectivity. However, this family of compounds are distinct from

AZD3965 in that they specifically inhibit MCT1 mediated lactate influx but not efflux (116).
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Method of | Model MCT1/MCT4 Lactate Cell growth and In vivo Other comments Reference
inhibition expression (+/-) viability
3-BrPA e Neuroblastoma: Extracellular Growth inhibition Daily 2.5 mg.kg™* Substantiates MCT4 ~ Gan 2016
(MCT Kelly, SKN-BE-2C, lactate reduced by (40-60%) in high I.P (14-days as a resistance (85)
substrate) e Breast 40-50% in high MYC expressing treatment) factor

adenocarcinoma: MYCN/C-MYC cells. (MTT assay Reduced tumour Kaplan-Meier

MDA-MB-231. cells (Kelly, BE-2C) 72h 50 uM.) weight in Kelly analysis of

(6h 50 pM). xenografts (50%) neuroblastoma

Reduced tumour
size in BL (Eu-
Myc;Arf—/—)
allografts

patient data reveals
high MCT1 is
associated with
worse survival.
Combination with L-
y-glutamyl-p-
nitroanilide (ASCT2
inhibitor) induced
cell death
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Method of | Model MCT1/MCT4 Lactate Cell growth and In vivo Other comments Reference
inhibition expression (+/-) viability
7ACC1/2 e Cervical e lactate uptake e 80% growth e Daily3mgkg!I.P | ¢ 7ACC1/2 specifically Draoui
squamous cell reduced ~50% inhibition SiHa. (12-days target lactate influx. = 2014 (116)
carcinoma: SiHa (SiHa) e No effectin (+/-) treatment) e ACC1/2 potentiates
(+/4) e No effect on or (-/-) cells. e Range of growth the effect of
e Colorectal lactate release e MTT/Presto blue inhibitory activity cisplatin and 3-BrPA
cancer: HCT-116 e 24h <1 uM. assay or cell (30-75%) (MCF- in vivo
(+/4) counts 72h 10 7)> (SiHa)> (HCT-
e Acute myeloid um 116)
leukaemia: HL60 e No effects
(+/-) observed in UM-
e Breast UC-3 (No MCT1
adenocarcinoma or 4)
MCF-7 (+/-,)
MDA-MB231 (-
/+)
e Bladder cancer:
UM-UC-3 (-/-)
CHC e Cervical Bioluminescent In vivo only study No increase in Busk 2011
squamous cell detection of lactate necrosis. (120)

carcinoma: SiHa
(+/?)

e Head and neck
squamous cell
carcinoma
FaDugq (+/?)

showed no change in
vivo after a single
dose (1.5, 4h 1
mM/kg) or daily
treatment across 4-
days
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Method of | Model MCT1/MCT4 Lactate Cell growth and In vivo Other comments Reference
inhibition expression (+/-) viability
CHC Colorectal cancer: Extracellular lactate e Cell number N/A Effects much weaker | Amorim
HCT-15 (+/+), RKO decreased by 50% decreased - 70% with siRNA possibly | 2015 (121)
(+/4), (24h 1Cso dose for (24h 1Csp dose reflecting off-target
10h) HCT-15 only SRB assay). effects of CHC.
e Decreased cell Mildly potentiated
viability - 25% response in
(24h ICsp dose combination with 5-
Annexin V/PI). FU (Cl value 0.4)
CHC Breast cancer: MDA-  50% inhibition lactate @ Proliferation (BrdU) N/A CHC- Growth Morais-
MB-468 (+/+) production (24h ICsp) = decreased MDA-MB- inhibition observed Santos
MDAMB- most strongly 488 (60%), MCF-7/AZ in absence of 2014 (122)
231 (-/+) (55%), SkBr3 (50%), altered glucose
Hs578T (+/+) Hs578T (50%) uptake/lactate
BT-20 (+/-) (24h 1/2-1Cs0) production.
MCF-7/AZ (+/-) MCT1 inhibition via
and SkBr3 (+/+) CHC also reduced
migration
CHC e Cervical e Vehicle treated Cell death observed | e Growth delay (LLc Sonveaux
squamous cell cells decrease under glucose mouse 2008 (108)
carcinoma: SiHa extracellular deprivation (siRNA) carcinoma, WiDr
(+/-) lactatein culture. cells). Daily 25
e Colon e Extracellular UM L.P (Until
adenocarcinoma: lactate is endpoint).

WiDr
o Lewislung
carcinoma (LLc)

unaltered by
MCT1; over 6 days
(5 mM).
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Method of | Model MCT1/MCT4 Lactate Cell growth and In vivo Other comments Reference
inhibition expression (+/-) viability
CHC Osteosarcoma: e N/A e ~50% inhibition ~50% reduction e shMCT1/CHC Zhao 2014
U20S (+/?), MG63, of cell in tumour inhibits migration (123)
SAOS2 and proliferation (5- volume in two SC and invasion in vitro
MNNG/HOS (+/?) day MTT assay) xenografts (Daily e In vitro and in vivo
25 uM L.P until effects potentiated
endpoint) by doxorubicin
Potentiates e Overall patient
efficacy of survival significantly
doxorubicin in associated with
vivo MCT1 protein
expression (MCT1-/+
= 46/64 months)
CHC Glioblastoma: U251 e ~25% decrease in  Proliferation (BrdU) Reduced U251 MCT1 inhibition via CHC = Miranda-
(+/+), SW1088 (+/-) lactate production | decreased by 80% tumour size also reduced migration Gonzalez
and others (10 MM <24h (£24h 10 mM U251 (31%) and (124)
U251 cells) cells) vascularisation

(22%) in a
chicken
Chorioallantoic

Membrane assay
(72h 5mM).
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Method of | Model MCT1/MCT4 Lactate Cell growth and In vivo Other comments Reference
inhibition expression (+/-) viability
CHC (ACCA) Glioblastoma cells; In vivo —intracellular | In vivo only study Increased survival e Orthotopic Colen
U87-MG, U251-MG lactate mildly 48% (20 mM), 224% glioblastoma model. 2011 (110)
reduced (22%) (40 (40 mM). (14-day 40 Dosing administered
mM) mM delivery through by convection
osmotic pump) enhanced delivery
to tumour bed.
e Metabolite
concentrations
taken from non-
tumour bearing
mice sections
CHC Multiple myeloma Reduced extracellular | 50-100% growth N/A Also shows reduced Hanson
cell lines (+/+) lactate 50-95% (3h inhibition (24h WST- intracellular pH with AR- | 2015 (125)
210 mM) assay 210 mM) C155858
DIDS/ Lung N/A e DIDS Glsp>50uM | N/A Izumi 2011
Quercetin  adenocarcinoma: e Quercetin Glso= (126)
A110L (+/+) 50uM
e (72h WST assay)
Lonidamine Neuroblastoma: N/A 25% (IMR-32) 75% N/A Fang 2006
IMR-32; B, Sk-N-SH; (NGP) (160 uM 48h (127)

C, NGP.

MTS assay)
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Method of | Model MCT1/MCT4 Lactate Cell growth and In vivo Other comments Reference
inhibition expression (+/-) viability
shRNA e Cervical e Oxidative cells N/A MCT1; completely No effect on tumour De
squamous cell (SiHa, FaDu and inhibits lactate- growth without the  Saedeleer
carcinoma: SiHa Hela) increase fuelled tumour addition of 2012 (128)
e Colon HIF-1a levels growth (SiHa exogenous lactate.
adenocarcinoma: under lactate rich matrigel plugs 30 Suggests influx of
WiDr normoxic mM lactate). lactate via MCT1 is
e Cervical conditions which an important fuel
carcinoma: Hela can be inhibited for oxidative
e Head and neck by MCT1 shRNA. tumours.
squamous cell
carcinoma: FaDu
shRNA e Colorectal MCT1 shRNA had no | MCT1 shRNA had no = MCT4 shRNA lowers This +/+ model is Vegran
adenocarcinoma; @ effect on extracellular | effect on cell growth | tumour volume sensitive to MCT4 2011 (129)

WiDr (+/+)

e Breast
adenocarcinoma;
MDA-MB231

(+/+)

lactate (WiDr)

(WiDr)

compared to MCT1
shRNA matrigel plugs
in vivo (WiDr and
MDA-MB231)

knockdown but not
MCT1 knockdown.
Suggests WiDr cells
are dependent on
MCT4 for lactate
efflux.
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MCT1 expression
Knock down did
not alter
extracellular or
intracellular
lactate

Method of | Model MCT1/MCT4 Lactate Cell growth and In vivo Other comments Reference
inhibition expression (+/-) viability
siRNA Lung e Basal extracellular | 50% growth N/A 90% decrease in lzumi 2011
adenocarcinoma: lactate did not inhibition siMCT1 invasion. (126)
A110L (+/+) correlate with (72h WST assay) siRNAs with similar

knockdown have
differing effects on
cell proliferation and
invasion indicating
potential off target
effects.

Table 2: Preclinical studies on the effects of non-specific or genetic MCT1 inhibition in cancer
Abbreviations used: CHC (a-Cyano-4-hydroxycinnamic acid), 3BrPa (3-Bromopyruvic acid), 7ACC (7-aminocarboxycoumarin and derivatives) Where
available the protein expression of MCT1 and 4 are indicated (+/-). Concentrations of intracellular and extracellular lactate were determined by
biochemical assay unless otherwise stated.
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Method | Model MCT1/MCT4 Lactate Cell growth and In vivo Other comments Reference
of expression (+/-) viability
inhibition
AR- e Burkitt e Raji: Rapid (Tmax e Complete growth e 30% increase in Demonstrates MCT1 Doherty
C122982 lymphoma: Raji 4h) increase (~6- inhibition (cell median survival to be transcriptional =~ 2014 (85)
AR- (+/-) fold) in counts 100 nM) (IV Raiji) target for c-MYC
C155858 e Breast intracellular e Raji Glsg AR- e Reduced growth In vivo effects
adenocarcinoma: lactate C155858 (28 nM), in tumour volume potentiated by
MCF7 (+/-) e Raji: ~3-fold in AR-C122982 (5 (SCT47D) metformin oral
intracellular nM) (72h, MTT e Daily 30 mg.kg* dosing (5 mg.ml?)
lactate (MS). assay). I.P
e MCF7: 90% e Viability: 72h-
inhibition of 100%, 120h-50%
lactate transport (Trypan blue, 5
(}4C lactate) nM)
e 100 nM MCT1;
AR- Pancreatic N/A o Cell number N/A Substantiates MCT4  Baek 2014
C155858 | adenocarcinoma: decreased 40- as a resistance (104)
PL45 (+/+) 50% in factor. MCT1; was
MIA PaCa-2 (+/+) comparison to not effective in
Capan-2 (+/+) MCT4 knock MCT4 expressing
down alone (72h cells.
ATP 100 nM)
AR- Breast cancer; MDA-  N/A Upto 50% reduction N/A Lamb 2016
C155858 MB-231, MCF7 in mamosphere (130)

formation (120h <2
uM)
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Method | Model MCT1/MCT4 Lactate Cell growth and In vivo Other comments Reference
of expression (+/-) viability
inhibition
AR- Rat erythrocytes and e 14C |actate N/A N/A e MCT1/MCT4 co- Ovens
C155858  Xenopus oocytes maximal inhibition expression abrogates (1312)
observed after effects of MCT1i
45min (100 nM) e AR-C155858 inhibits
lactate transport
(14C) via MCT1
MCT2 but not MCT4.
AR- Colon e A-fold increase in e 66% inhibition of | Reduction in tumour e MCT4 knock out Marchiq
C155858  adenocarcinoma: intracellular growth in (AR- volume v.s. control. required for 2014 (132)
(in vitro)  LS174T (+/+) derived lactate (AR- C155858 + MCT4 sensitivity to MCT1i
AZD3965 | cell lines. CD147 or C155858 + MCT4 k.0). (120h, cell AZD3965 (BID 100 e In vitro effects were
(in vivo) MCT4 knock-outs k.o) (300 nM <6h) counts, 300 nM) mg.kg* oral) +/- enhanced under
(Zinc-finger e Combination with phenformin. hypoxic conditions
Nuclease) phenformin e WT:50%/25%
induced cell e MCT4 k.o: 75% /
death 84%
AZD3965 @ Small cell lung e Intracellular N/A e Increased time to | Potentiated responseto = Bola 2014
cancer: DMS114 and lactate increased reach endpoint radiation in vivo (133)

H526.

in 2/3 cell lines ~3-
5-fold (100 nM).
Reduced 50%
uptake of *4C
lactate (24h
100nM)

Tumour lactate
increased by 2-
fold in vivo

(tumour size) by
50% (BID 100
mg.kg*! oral)

e Increased MCT4
staining in
xenografts (IHC)
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Method | Model MCT1/MCT4 Lactate Cell growth and In vivo Other comments Reference
of expression (+/-) viability
inhibition
AZD3965 Small cell lung Intracellular Normoxia/hypoxia ~30% reduction in e MCT4 siRNA Polanski
cancer: (normoxic lactate increased tumour volume after increases sensitivity = 2014 (134)
conditions); COR- by 2-fold in vitro COR-L103: 40/90% 21 days (COR-L103). to AZD3965 in
L103 (+/-), DMS114 (72h 8 nM) NCI-H1048: 40/40% (BID 100 mg.kg™ oral) DMS114 and DMS79
(+/-), DMS79 (-/+), Intracellular DMS114: 0/20% (resistant lines).
NCI-H1048 (+/-). lactateincreased ~ DMS79: 0/0% e High (>median)
in vivo ~50%-+ (72h SRB/resazurin MCT1 expression
(daily 100 mg.kg?  assay <10 pM) score was associated
oral) with worse survival
in patient (IHC TMA)
AZD3965 e Prostate cancer: DU145/Raji MCT1 shRNAhasno  N/A Gray 2016
DU145 (+/+) 50%/90% effect on cell (135)
e Breast cancer: reduction in confluency (72h
HCC1806 (+/+) lactate uptake IncuCyte)
e Burkitt (*4C) was observed

Lymphoma: Raji
(+/-)

(1h 100 uM)




Method | Model MCT1/MCT4 Lactate Cell growth and In vivo Other comments Reference
of expression (+/-) viability
inhibition
AZD3965  Breast cancer; No consistent effect e 40-50% reduction e Reduced tumour e Onlyreportofinvivo Hong 2016
HS578T, SUM149PT,  on lactate export or in proliferation growth efficacy in MCT4+ (98)
SUM159PT influx (33C-lactate) (4- (250 nM, 120h e AZD3965 (BID 100 model.
24h 250 uM) cell count) mg.kg™ oral) e In this setting,
e Additive effects in treated MCT4+ breast
combination with xenografts at day cancer, MCT1i
biguanides 0 and 7 were prevents pyruvate
comparable in export, having
size growth inhibitory
activity.

w Table 3: Preclinical studies AZD3965 and structurally related MCT1 specific inhibitors
9  Where available the protein expression of MCT1 and 4 are indicated (+/-). Concentrations of intracellular and extracellular lactate were determined by
biochemical assay unless otherwise stated.



1.6. AZD3965: A potent, selective orally-bioavailable MCT1

inhibitor

1.6.1. Development

AZD3965 has been developed by AstraZeneca as an orally bioavailable MCT1 specific
inhibitor. The compound was initially identified in a high throughput screen which identified
structurally related compounds to have immunosuppressive activity through the inhibition of
lactate efflux in activated T-cells (75). T-cells reprogram their metabolic profile on recognition
of a foreign antigen switching from OXPHOS and fatty acid oxidation to a highly glycolytic
profile to support rapid proliferation (76, 136). Subsequently these compounds were
identified to target MCT1 and possess anti-neoplastic properties in a range of tumour types

(118). Further development led to the production of lead compound, AZD3965 (137).

AZD3965 is currently undergoing phase | clinical evaluation in Newcastle and London
(NCT01791595) for a range of advanced solid tumours and lymphoma. Currently within the
dose escalation phase, the aim is to establish a maximum tolerated dose in a wider cohort of
patients before expansion into a patient population predicted to be sensitive to MCT1

inhibition.

1.6.2. Selectivity

AZD3965 has been previously shown to be selective towards MCT1 with a binding affinity of
1.5 nM equating to a 6-fold greater affinity relative to the most closely related MCT family
member, MCT2. AZD3965 has no inhibitory activity towards MCT4 or MCT3 at 10 uM (133,
138). Recent studies using site directed mutagenesis and modelling approaches have
proposed a number of residues responsible for the selectivity of AR-C155858 towards MCT1
over MCT4, which appear to indicate a two-stage binding model (83). However, this cannot

be confirmed due to the lack of X-ray crystal structures for MCT1 or MCT4.

Selectivity of AZD3965 comes not only from the relative potency of the compound towards
MCT1 but also the increased reliance of cancer cells on glycolysis and therefore lactate
transport. Whilst certain non-malignant cells also display a glycolytic phenotype, as discussed
earlier, the majority of these co-express alternative MCT isoforms, particularly MCT4, and so

have a compensatory mechanism for lactate transport. Therefore, AZD3965 affords the
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opportunity to specifically target cancer cell metabolism in cells reliant on MCT1 for lactate

transport.

1.6.3. Structure

The structure of AZD3965, (S)-5-(4-hydroxy-4-methylisoxazolidine-2-carbonyl)-1-isopropyl-3-
methyl-6-((3-methyl-5-(trifluoromethyl)-1H-pyrazol-4-yl)methyl)thieno[2,3-d]pyrimidine-
2,4(1H,3H)-dione , has been previously published (99). It is structurally related to earlier
MCT1 inhibitors such as AR-C155858 sharing a thiopurine core (Figure 1-8).
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AZD3965
(5)-5-(4-hydroxy-4-methylisoxazolidine-2-carbonyl)-1-isopropyl-3-methyl-6-((5-methyl-3-
(trifluoromethyl)-1H-pyrazol-4-yl)methyl)thieno[2,3-d]pyrimidine-2,4(1H,3H)-dione

Molecular Weight: 515.51

.
X

0

N\O

AR-C155858
(5)-6-((3,5-dimethyl-1H-pyrazol-4-yl)methyl)-5-(4-hydroxyisoxazolidine-2-carbonyl)-1-isobutyl-3-methyl-
3,4-dihydrothieno[2,3-d]pyrimidin-2(1H)-one
Molecular Weight: 447.55

Figure 1-8: Chemical structure of selective MCT1 inhibitors AZD3965 and AR-C155858
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1.6.4. Mode of binding

Whilst the mode of binding for AZD3965 has not specifically been determined, studies using
the structurally related compound, AR-C155858 reveal that it binds on the intracellular face
of the transporter when in an inward-open conformation between transmembrane helices 7-
10 (83, 131). This initial binding induces a conformational change allowing access to a
binding site further into the binding pocket. AR-C155858 also binds to a number of key
residues implicated in the proposed translocation cycle of MCT1, namely K38, R306 and
D302 (66, 83). Furthermore, Nancolas et al., have reported on the key residues which are
crucial to the binding of AR-C155858 and its selectivity to MCT1 over MCT4 identifying N147,
R306 and S364 as the key residues dictating selectivity. This information could potentially aid

in the development of MCT4 specific inhibitors (83).

1.6.5. Safety

The safety of AZD3965 is currently under investigation in humans however it has been shown
to be well-tolerated in mouse models (99, 133). Twice-daily oral dosing of 100 mg.kg™
AZD3965 has been shown to be well-tolerated in mice for 21 days, and is associated with

increased tumour lactate confirming it as a pharmacologically active dose (99).

Despite being comparatively well tolerated, based on the physiological role of MCT1 a
number of on-target toxicities could be anticipated. Genetic mutations in the MCT1 gene,
associated with systemically reduced MCT1 function, are linked to severe exercise induced
muscle pain, reduced red blood cell lactate transport and of greater concern, greater risk to
ketoacidosis (Online Mendelian inheritance in man OMIM; 245340, 616095) (139, 140).
Furthermore, since MCT1 inhibition has been shown to reduce T-cell activation AZD3965 may
also have immunosuppressive activity. MCT1 inhibition may also be predicted to affect male
fertility as MCT1 plays an important role in spermatogenesis where sertoili cells supply
lactate to germ cells as an energy substrate. In addition, the establishment of a therapeutic
window allowing sufficient MCT1 inhibition whilst limiting inhibition of MCT3 will be
necessary to avoid ocular toxicities due to inhibition of MCT3 in the retinal pigment

epithelium.
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1.7. Project objectives

Inhibitors of MCT1 exemplify an important new class of cancer therapeutics that are
designed to exploit defects in tumour cell metabolism. Such inhibitors are proposed to have
selectivity for tumours that have a specific dependency on MCT1 alone for lactate efflux
versus normal tissues that have a broader MCT isoform expression or are more metabolically
oxidative. As with all targeted agents, the optimal development of MCT1 inhibitors will
require the co-development of predictive pharmacodynamic biomarkers, and appropriate
patient selection. The aim of the project will be to inform patient selection as to where an

MCT1 inhibitor may be most efficacious using both in vitro and in vivo methods.
Specifically this thesis will aim to;

e Use both gene and protein expression data to identify disease areas of potential interest
based on a low MCT4 phenotype.

e Define the anti-tumour activity of AZD3965 in cell line models in vitro.

e Describe the metabolic consequences of MCT1 inhibition downstream of lactate
accumulation.

e Investigate acquired resistance to AZD3965

e Investigate the efficacy and metabolic consequences of MCT1 inhibition in vivo.

e |dentify combination approaches to enhance the efficacy of AZD3965 and also explore

these in vivo.
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Chapter 2. Materials and methods
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2.1. Preparation of AZD3965 and BAY 87-2243

The MCT1 inhibitor, AZD3965, was supplied by AstraZeneca. AZD3965 was dissolved in
dimethyl sulfoxide (DMSO) to give a stock solution of 10 mM and stored at —20°C for in vitro
studies. For in vivo administration of AZD3965 an oral formulation (10 mg.ml) was prepared
as an aqueous solution of 0.5% hydroxypropylmethylcellulose (HPMC), 0.1% Tween 80
(Sigma, St Louis, USA) (99). BAY 87-2243 (Selleckchem) was prepared in ethanol to give stock
solutions of 1 mM for in vitro use. BAY 87-2243 (0.9 mg.ml™) was prepared as a formulation
of ethanol, solutol (Kolliphor® HS 15) and water (10:40:50) for oral in vivo administration. The
sources of all other reagents and materials are detailed within the relevant experimental

methods.

2.2. Cell culture

Cells were maintained at 37°C, 5% CO; and 100% humidity in a SANYO CO; incubator
(Panasonic, NV, Netherlands). Cells were handled under sterile conditions using a class Il
BioMat2 laminar flow hood (Biomat2, MedAir® Inc. Boston, USA). Unless expressly stated all
cell lines were cultured in Roswell Park Memorial Institute (RPMI) 1640 (Sigma)
supplemented with 10% v/v foetal bovine serum (FBS) (Gibco, Paisley, UK) in the absence of
antibiotics. Sterile cell culture plastic wear was supplied by Corning (NY, USA). The absence of
mycoplasma contamination was confirmed approximately every 8 weeks (Lonza, Basel,
Switzerland). Cell lines were authenticated at the end of the study by short tandem repeat
DNA analysis (NewGene, Newcastle, UK). A cell line identity threshold was set at 85% allelic

match between the reference and tested samples.
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Name Source Cell origin Patient details Subclassification | c-MYC translocation | Reference
BL41 DSMZ Tumour material Primary diagnosis - M (8) N/A t(8;14) (141)
Daudi DSMZ Tumour material Primary diagnosis - M (16) Endemic BL t(8;14) (141)
CA46 DSMZ Ascites fluid M Sporadic BL t(8;14) (141)
Raji DSMZ Tumour material M (11) Endemic BL t(8;14) (141)
Ramos DSMZ Tumour material M (3) Sporadic BL t(8;14) (141)
BJAB DSMZ Tumour material F (5) GCB/? t(2;8) (142)
Farage ATCC Lymph node biopsy Primary diagnosis - F (70) GCB/BCR None reported (143, 144)
OCILY18 DSMZ Pleural fluid Relapse - M (56) GCB/BCR t(8;14;18) (145)
Pfeiffer ATCC - M (adult) GCB/OXPHOS t(8;14) (146)
Toledo ATCC Peripheral blood leukocytes Relapse - F (adult) GCB/OXPHOS ? (146)
RIVA Prof. Alison  Peripheral blood leukocytes Relapse - F (57) ABC/? t(4;8) (147)

Banham

Table 4: Cell panel details

Source of cell lines used in our study along information regarding their origin including patient sex, age and disease state (diagnosis or relapse) are
indicated. Disease subtypes for Burkitt lymphoma (Sporadic/endemic) and Diffuse large B-cell lymphoma cell lines (COO: GCB/ABC, CCC:
BCR/OXPHOS) and presence of MYC translocations are also listed where available.




2.2.1. Subculturing cells

Cells were passaged every 2-3 days or when at 80% confluency under sterile conditions
within a laminar flow hood. All cell lines used were grown in suspension culture and
therefore, did not require detachment for passaging. Cell counts were performed using a
haemocytometer and viability assessed by trypan blue exclusion (0.4% w/v, Sigma) and

seeded into new flasks at a density of approximately 2-3 x 10° cells ml™.

2.2.2. Cryopreservation

To generate cell stocks sub-confluent cells were centrifuged at 500 x g and resuspended in
cryopreservant containing 80% complete growth media, 10% DMSO (v/v) and 10% FBS (v/v)
to a density of 5 x 108 cells mI* Cell stocks were stored as 1 ml aliquots in cryogenic vials

(NUNC™, New York, USA) and stored at -80°C for a day before transferring to liquid nitrogen.

2.3. Protein extraction and quantitation

2.3.1. Protein extraction

Cell pellets were collected and washed in phosphate-buffered saline (PBS) before lysing in
Radio Immunoprecipitation Assay (RIPA) buffer (Sigma) including Halt Protease Inhibitor
Cocktail (Sigma). Lysed samples at were centrifuged 14,000 x g for 10 minutes at 4°C to
remove cellular debris. Supernatants were collected and stored at -80°C ready for

downstream applications.

2.3.2. Protein quantitation — BCA protein assay

Background principles

Protein quantification for various downstream applications was performed using the
bicinchoninic acid (BCA) assay (Thermo Scientific, Northumberland, UK). This reaction takes
place in two steps; the biuret reaction where cupric ions (Cu?*) (Reagent B) chelate with
peptides longer than two amino acids under alkaline conditions to produce cuprous ions
(Cu?*), followed by the chelation of the cuprous ions with BCA (Reagent A) to produce a
purple coloured complex. The absorbance of this complex at 562 nm is proportional to the

protein concentration of the sample.
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Assay

Bovine serum albumin (BSA) standards were prepared (0, 0.125, 0.25, 0.5, 1 and 2 mg ml?)
PBS and an aliquot (20 ul) of each standard or unknown sample were plated in duplicate in
96-well plates before the addition of 200 ul working reagent per well. Where protein
concentrations were above the linear range of the assay i.e.> 2 mg.ml, samples were
diluted in PBS. Working reagent was prepared by adding combining reagent A and reagent B
in a 50:1 ratio. Samples were then incubated at 37°C for 25 minutes before measuring

absorbance values at 570 nm using FLUOstar Omega (BMG Labtech) plate reader.

Data analysis

Mean absorbance values attributed to standard samples with known protein concentrations
were used to construct a standard curve, from which to calculate protein concentration of
unknown samples through linear regression analysis. R? values were typically > 0.99. These
were then corrected for initial dilutions made to samples in order to give the final protein

concentration expressed as mg.ml™.

2.4. SDS-Page and Western Blot

2.4.1. Sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS-PAGE)

Samples were prepared in 4x XT sample buffer (Bio-Rad, Hercules, USA) and dH,0 to produce
a 2.5 pg.ult protein solution. Samples were denatured through incubation at 98°C for 2

minutes.

2.4.2. Western Blot and ECL detection

Protein samples (50 pg) were loaded into wells of a 4-20% Criterion™ TGX™ (Tris-Glcyine
eXtended) pre-cast gel (Bio-Rad) and separated at 100V in 1x running buffer. PrecisionPlus™
pre-stained protein standards (Bio-Rad) were used in order to estimate the molecular weight
of the protein of interest following detection. Proteins separated by size were then
transferred to a Hybond-C nitrocellulose membrane (GE Healthcare, Buckinghamshire, UK)
using 1x Novex" Tris-Glycine Transfer Buffer (Thermo Scientific) solution with 4% (v/v)

methanol at 100V for 1 hour. The transfer assembly was arranged as shown in Figure 2-1,
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with the gel sandwiched between supports and filter papers with the nitrocellulose

membrane laying on top of the gel closest to the cathode.

After protein transfer, the membrane was blocked in 5% (w/v) skimmed milk powder in TBS-T
for 1 hour at room temperature. Following this the membrane was incubated overnight at
4°C with the appropriate primary antibody diluted in 5% (w/v) milk in TBS-T, working

concentrations of which are indicated in Table 5.

Protein | Dilution | Raised in | Manufacture | Product
1:200 Goat Santa Cruz sc-14916

MCT1
MCT4 1:1000 Rabbit Santa Cruz sc-50329
1:200 Mouse Ancell 376-820

CD147
1:1000 Rabbit Abcam ab32072

c-MYC
1:1000 Rabbit Santa Cruz sc-7150

PARP
. 1:5000 Mouse Abcam ab-8227

B-actin

Table 5: Primary antibodies used for western blotting
All primary antibodies were prepared in 5% milk TBS-T and incubations were performed
overnight at 4°C.

The membrane was then thoroughly washed in TBS-T to remove unbound primary antibody
and less stringent non-specific binding to proteins other than the target protein of interest.
Horseradish peroxidase conjugated secondary antibodies were incubated for 1 hour at room
temperature before thorough washing in TBS-T. Protein expression was then estimated using

chemiluminescence substrate and exposure to X-ray film (Kodak).

Where necessary the membrane was stripped and reprobed using mild stripping buffer (1.5%
glycine (w/v), 0.1% SDS (w/v), 1% Tween20 (v/v) pH 2.2). Here membranes were incubated in
stripping buffer 10 minutes before repeating this step in fresh buffer. Duplicate 10 minute
wash steps in PBS followed by 5 minute washes in TBS were then performed to ready the

membrane for the blocking stage.
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Figure 2-1: Western blotting procedure
Proteins carry a net negative charge and so transfer towards the positively charged anode.

2.5. Invitro and ex vivo lactate quantification

2.5.1. Background principles

The intracellular concentration of L-Lactate was measured using a commercially available
biochemical assay (Trinity Biotech, Co Wicklow, Ireland). The principle of the assay is
summarised in Figure 2-2. Lactate oxidase converts L-lactate present in the sample is to H,0;
and pyruvate. H,0; generated then catalyses the conversion of a chromogen dye precursor

by horseradish peroxidase yielding a colour change with maximal absorbance at 540 nm.

2.5.2. In vitro sample preparation

Cells were seeded at a density of 5x10* mlin 6-well plates (Corning) and incubated for 24
hours. Cells were then dosed with AZD3965 (10-1000 nM) or a DMSO (0.01%) control
solution and re-incubated for a further 0.5-72 hours. Suspension cells were centrifuged at
500 x g for 5 minutes, the supernatant aspirated and pellets washed in 5 ml of 4°C PBS,
followed by re-centrifugation and aspiration, a procedure which was repeated a total of 3
times. Cell pellets were then lysed in 100 pl of RIPA buffer (Thermo Scientific). Preparation
was similar for adherent cell types however, washing steps were performed with cells

adhered to the well surface before lysing in 120 pl of RIPA buffer. Cellular lysates were then
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centrifuged at 10,000 x g for 30 minutes at 4°C, and supernatant collected and either stored

at -20°C or assayed immediately.

2.5.3. Ex vivo sample preparation

A suspension of approximately 107 CA46 or Raji cells were implanted subcutaneously in NSG
mice on the right flank and allowed to reach an appropriate size (2-4 weeks). Mice were
given a single dose of AZD3965 (100 mg.kg™) or a 0.5% control solution by oral gavage before
being humanely killed. Tumours were excised and snap-frozen in liquid nitrogen immediately
following cervical dislocation. Tumour samples were then stored at -80°C until
homogenisation. Samples were weighed and then homogenised in RIPA buffer (1000 ul/100
mg) using a handheld tissue homogeniser. Samples were briefly centrifuged at 500 x g for 1
minute to remove frothing. Samples were then rested on ice for 30 minutes to allow for
complete cell lysis to take place before centrifugation at 12,000 x g for 10 minutes at 4°C.

Supernatants were collected and assayed immediately or stored at -20°C.

2.5.4. Assay

L-lactate standards of different concentrations (0.0025, 0.0125, 0.025, 0.05, 0.1, 0.2 and 0.4
ug.ul?) were prepared periodically in PBS and stored at -20°C. 20 pl of standard solution or
unknown sample were plated in duplicate in 96-well plates before the addition of 200 pl
working reagent per well. Working reagent was prepared by adding 10 ml deionised H,O
(dH,0) per bottle of lactate reagent. Samples were then incubated at room temperature for
15 minutes with protection from ambient light before measuring absorbance values at 540
nm using a FLUOstar Omega (BMG Labtech, Germany) plate reader installed with the Omega

data analysis software.

Lactate oxidase
+ 0 — +  HO—OH

OH OH

OH
L-lactate Pyruvate Hydrogen peroxide

Figure 2-2: Principle of biochemical assay used to quantitate intracellular lactate
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2.5.5. Data analysis

Lactate concentrations of unknown samples were derived through linear regression using a
set of lactate standards with defined lactate concentrations (0.0025-0.4 pg.ul) and making
adjustments for any initial samples dilutions. R? values were typically >0.99. Lactate
concentrations were normalised to the protein content of each sample as determined by

BCA assay.

Lactate (pg.pl*
(hg-ul™) X 1000 = Lactate [ug.(mg protein)?]

Protein (pg.pl™?)

2.6. Cell viability assays

2.6.1. XTT assay

Background principles

Cell metabolic activity was assessed using the reduction of the tetrazolium dye, XTT (sodium
3’-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis (4-methoxy-6-nitro) benzene sulfonic acid
hydrate), to its orange formazan derivative (Figure 2-3). This occurs due to the activity of
mitochondrial dehydrogenase enzymes present within viable cells. Whilst XTT reduction is
routinely interpreted as a measure of cell viability or cell number, it is more accurate to
interpret it as a direct measure of cellular metabolism (148).

O,N

S0;”

XTT Formazan derivative

Figure 2-3: Principle of XTT assay

The production of the formazan derivative, which has maximal absorbance at 450 nm, is
catalyzed by mitochondrial reduction of XTT therefore; absorbance is proportional to the
metabolic activity of a given population of cells.
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Assay

Cells were seeded in quadruplicate at a final density of 1.25x10%1x10° cell.mIin 96-well
plates (Corning). Cells were incubated for 24 hours before dosing. Following 72 hours of drug
exposure, metabolic activity was assessed using the XTT-based colourimetric assay as per the
manufacturer's instructions (Cell Proliferation Kit Il, Roche, West Sussex, UK). The XTT
working reagent consists of a 50:1 mixture of XTT and an electron-coupling agent, PMS (N-
methyl dibenzopyrazine methyl sulphate). For the assay, XTT working reagent (50 ul) was
added to each well and incubated at 37°C in a 5% CO, atmosphere for 4-6 hours before
measuring absorbance at 450 nm and 655 nm using a FLUOstar Omega microplate reader
(BMG Labtech, Germany). Toabsorbance values were also collected 24 hours after seeding to
account for any proliferation during the pre-treatment phase, as the lymphoma cell lines
have a comparatively rapid proliferation rate, thus enabling a more accurate determination

of growth inhibition over the period of drug incubation.

Data analysis

Absorbance at 450 nm was corrected for non-specific absorbance using the reference
wavelength, 655 nm. No-cell absorbance was also subtracted from all wells; this value was
obtained from an average of quadruplicate wells containing media and compound vehicle
but without cells. Absorbance at 450-655 nm was then expressed as a percentage of control
values. Pre-dose measurements were made, establishing a baseline measurement of
metabolic activity, (To). The drug concentration required to cause 50% growth inhibition, Glso

values, were calculated. Data were analysed using Microsoft Excel and Graph Pad Prism 6.

2.6.2. Cell counts

Background principles

A haemocytomer has predefined etched grids of known sizes and depths thus allowing for
accurate measurement of total cell number within a sample. Coupled with counting total cell
number, a trypan blue exclusion assay can be used to assess the viability of a given cell
population. The intact, selectively permeable plasma membrane of a viable cell prevents
trypan blue from entering the cell, whereas the dye is able to penetrate dead or dying cells

and stain them blue.
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Assay

For suspension cells, a homogenous suspension was achieved by repeated pipetting. Cell
number and viability was then assessed using a Neubauer haemocytometer (Hawksley,
Sussex, UK) after diluting 10 pl of cell suspension 1:1 with 0.4% trypan blue solution (Sigma).
10 ul of the stained cell suspension was then used to fill the haemocytomer chamber which
has a volume of 10* ml. Cell counts were made in three 1x1 mm squares by recording the

number of live, trypan blue excluding cells and dead stained cells.

Data analysis

The average number of live and dead cells were calculated for each sample before
multiplying by 2x10* in order to give cell number (mlt) and account of dilution with trypan

blue.

2.7. Metabolomics

2.7.1. LC-MS

Sample preparation

Extraction solvents were prepared using LC-MS grade acetonitrile (ACN), methanol (CH30H)
and UltraPure water (FischerScientific, USA). All eppendorfs were pre-labelled and kept at -
20°C along with extraction solvents in preparation for metabolite extraction. For all
metabolomics experiments cells were cultured in RPMI 1640 supplemented with dialysed

foetal calf serum (Gibco) to minimise the presence of nutrients in the serum.

Suspension cells

Following the desired incubation period a single cell suspension was collected and
centrifuged (13,000 rpm x 2 min; 4°C). A sample of media (100 ul) was added to media
extraction buffer (ACN 50%, CH30H 50%; 400 ul) and incubated at -20°C for 10 minutes.
During this incubation step crude cellular extracts were prepared by removing media from
the cell pellet and rapidly quenching cell metabolism by applying 400 ul cell extraction buffer
(ACN 40%, CH30H 40%, H,0 20%) and incubating for 10 minutes on dry-ice. Any debris
present in the crude cellular extracts was then removed by centrifugation (13,000 rpm x 2
min; 4°C). Then supernatants were collected and transferred to fresh pre-chilled Eppendorfs

for storage at -80°C before analysis.
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Adherent cell lines

Following the desired incubation period 100 ul media was collected and added to 400 pl
media extraction buffer (ACN 50%, CH30H 50% v/v) and incubated on dry ice for 10 minutes.
During this incubation step crude cellular extracts were prepared by removing media from
each well and rapidly quenching cell metabolism by applying 400 ul cell extraction buffer
(ACN 40%, CH3OH 40%, H,0 20% v/v) and scraping the well surface on dry-ice. The collected
crude extract was then incubated for 10 minutes on dry-ice. Any debris present in the crude
cellular of media extracts was then removed by centrifugation (13,000 rpm x 2 min; 4°C),
supernatants were collected and transferred to fresh pre-chilled eppendorfs for storage at -

80°C before analysis.

Sample loading

On the day of the analysis a 50 pl aliquot of each sample was transferred to individual 0.3 ml
microvials and dried in a vacuum centrifuge without heating to a volume of approximately 5
pl. Dried metabolic extracts were then resuspended in 150 ul of UltraPure water. Various
guality control samples were also prepared, termed ‘total QC’ and ‘spike QC’. Total QC
represents a pooled sample of each sample to be analysed. This was prepared by collating 15
ul of each sample into a single 1.5 ml Eppendorf and transferring to 300 pl of the pool to
microvials in duplicate. The contents were then dried using a vacuum centrifuge without
heat and resuspended in 150 pl of UltraPure water. A collection of metabolite standards
were used to prepare ‘test mix’ by adding 5 pl from six separate metabolite mixes to 70 pl
UltraPure water. This therefore contains all detectable metabolites with the scheduled

multiple reaction monitoring (MRM) transitions.

LC-MS analysis

LC-MS operation was performed by Dr. Lai-Rowcroft (AstraZeneca). Chromatographic
separation was achieved using a reverse-phase C18 100 x 2.1 mm, 1.8 um particle size,
Acquity HSS T3 column (Waters, Hertfordshire, UK). The analytical column was maintained at
a constant temperature of 60 °C in an oven housing. Solvent flow was delivered by a Dionex
Ultimate 3000 system equipped with a Rapid Separation pump operated at a consistent rate
of 400 ul per minute. Buffer A was composed of tributlamine (TBA) (10 mM) and acetic acid
(15 mM) in HPLC-MS grade UltraPure water. Buffer B was composed of methanol (80% v/v)

and isopropanol (20% v/v). The time-table used for the gradient elution is shown in Table 6.
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Time post injection (min) | % Buffer A | % Buffer B
0 100 0
0.5 100 0
4 95 5
6 95 5
6.5 80 20
8.5 80 20
14 45 55
15 0 100
17 0 100
17.1 100 0
20 100 0

Table 6: Chromatographic gradient composition

Parameter

Curtain gas 10
lonspray voltage 3500V
Source temperature 550°C

Gas1 60

Gas 2 50

Interface heater On

CAD gas 5
Exit potential -10

Table 7: Mass spectrometry settings

An ABI Sciex 4000 QTRAP mass spectrometer was operated in negative polarity schedules

multiple reaction monitoring mode under conditions listed in Table 7

Data analysis

Peak integration was performed using MultiQuant software version 2.0.45 (AB Sciex,
Framingham, USA) the chromatographic peak for each metabolite was visually compared to
the corresponding peak in test mix and spiked QC injections in order to select the

appropriate peak for integration. Integrated peak areas were then exported to MS Excel for

further processing.
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Metabolites, which were present in less than two replicate samples, were not included in the
analysis. Metabolites not present in at least 60% of total QC injections were also excluded
from the analysis as the detection of these metabolites had altered during the run and

therefore may not be reliable.

Integrated peak areas were Log; transformed. Log, transformed data was then normalised to
the median fold change since this is recognised as a relatively robust method with regard to
dilution effects (149). Log, peak areas for all identified metabolites in a given sample were
normalised by median fold change of log, peak areas for each individual analyte across all
injections. Coefficient of variance (CV) values were calculated for each metabolite in the QC
samples. Metabolites with a CV value >30% were excluded from further analysis. Log.FC
values were calculated in order to determine the effects of treatment with AZD3965 for each
sample relative to a time-matched control. The statistical significance of any observed
changes were assessed using a Student’s t-test. Significantly altered metabolites (P < 0.05)

with log2FC changes * 0.5 were considered altered by AZD3965 treatment.

Log,FC and P-values were exported to Spotfire (Tibco Software, Boston, USA ) or Tableau
(Tableau Software, Seattle, USA) for visualisation. Using the R-package “Pathview” log,FC and
P-values were also used to map metabolic changes onto defined metabolic pathways listed

on the KEGG database. The R-script used is provided in Appendix A.

2.7.2. GC-MS

Ex vivo sample preparation

A suspension of approximately 107 CA46 cells were implanted subcutaneously in NSG mice
on the right flank and allowed to reach an appropriate size (2-4 weeks). Mice were given a
single dose of AZD3965 (100 mg.kg™) or a 0.5% control solution by oral gavage before being
humanely killed. CA46 tumour were excised as previously described in section 2.5.3 then

stored at -80°C before sending for metabolomic analysis.

Metabolite extraction and GC-MS analysis was performed at Imperial College London by Arti
Sikka using the following protocol and keeping the samples on dry ice throughout. Tumour

samples were weighed and added to screw-cap tubes containing 0.1 mm glass beads. 800 pl
of pre-chilled 80% methanol was added and samples were homogenised using a Precellys 24

bead beater (Bertin Technologies, Montigny-Le-Bretonneux, France) set to 6500 rpm x 20
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seconds x 2 cycles. Supernatants were collected after centrifugation (12,000 x g, 5 min, at
4°C). The extraction was repeated and the fractions for each sample were pooled.
Supernatants were then dried in a vacuum concentrator and subjected to dual-phase
extraction. Chloroform/methanol of (2:1; 300 pl) was added to each sample followed by
vortexing. Water (300 pl) of was then added to each sample followed by vortexing and
centrifugation (14,000 rpm, 10 min; 4°C). The aqueous (upper) layer from each sample was
transferred to silanized GC-MS vials. The dual-phase extraction was repeated and fractions
were pooled for each sample. A 20 mg sample of each tumour extract was dried in a vacuum

concentrator and analysed by GC-MS.

GC-MS analysis

The analytical protocols used were adapted from a previously reported method (150).
Myristic acid-d27 (10 pl of 1.5 mg.ml*solution), was added to each dried extract as an
internal standard. Metabolite extracts were derivatised using the two-step method of
derivatisation: methoxymation and silylation (151). When required, samples were diluted
with anhydrous pyridine. Samples were analysed in a splitless mode on an Agilent 7890 GC
with a 30m DB-5MS capillary column and a 10m Duraguard column. This GC was coupled to
an Agilent 5975 MSD. GC-MS data was deconvoluted and metabolites were assigned using
FiehnLib assisted processing in ‘Automated Mass spectral Deconvolution & Identification
System’ (AMDIS) and manually assessed using the GC—MS Assignment Validator and
Integrator (GAVIN) package (150-152).

2.7.3. NMR

Sample preparation

For metabolite analysis of media samples all cells were seeded and compounds prepared, in
freshly prepared aliquots of RPMI media supplemented with 10% dialysed FBS. CA46 or
CA46-R cells were incubated for 24 hours (37°C, 5% CO;) in the presence of AZD3965 (100
nM) or DMSO (0.01%). Occasionally DMSO related metabolic effects can be observed, and in
order to evaluate this, samples not including the compound vehicle were also included.
Matched culture media controls were also prepared, where media with or without DMSO
vehicle or AZD3965 (100 nM) were cultured alongside cell containing samples. Conditions
were performed in quadruplicate within 6-well plates (4 ml/well) at a cell density of 2x10°

cells.ml™.
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To prepare media samples for metabolite analysis, cell suspensions were prepared by
thoroughly resuspending the contents of each well to ensure a homogenous cell distribution.
An aliquot of cell suspension (100 ul) was removed in order to determine cell number and
viability by counting, as described previously, for normalisation. The remaining cell
suspension was centrifuged 500 x g, 5 minutes at room temperature before collecting the
media fraction into sterile and labelled Eppendorf tubes. Samples were collected on a plate
by plate basis to minimise the time spent outside incubator conditions (37°C, 5% CO,).

Samples were then frozen on dry ice and stored at -80 °C.

NMR analysis

Nuclear magnetic resonance (NMR) analysis of cell culture supernatants were performed at

Imperial College London by Ms. Arti Sikka using the below method.

An internal standard of 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) was prepared in
deuterated oxide (D;0). A 550 ul aliquot of each cell culture medium sample was mixed with
50 ul of sodium phosphate (0.5 M) buffer containing DSS (12 mM, pH 7) and transferred to 5
mm glass NMR tubes. High Resolution One dimensional (1D) *H NMR spectra were acquired
using a Bruker AVANCE spectrometer (Bruker Bio Spin, Rheinstetten, Germany) at 298K, 14.1
T and 400 MHz H frequency. All spectra were acquired using a ZGPR pulse sequence, 32 free
induction decays (FIDs), a spectral width of 6402.049 Hz and 0.3 Hz line broadening.

'H NMR spectra were imported into MATLAB (MathWorks, Natick, Boston, USA) using an in-
house script written by Dr. T. M. D Ebbels, Dr. Hector C. Keun, Dr. J.T.M. Pearce, Dr. O. Cloarec
and Dr. R. Cavill at Imperial College London. Spectra were automatically phased, baseline
corrected and referenced to the DSS resonance at 6 0. Manual assessment ensured that the
automatic processing and water suppression were appropriate. Peaks were integrated and
the resonances were assigned to metabolites using spectral comparison with the Human

Metabolome Database (HMDB).

Jain et al., (2012) previously described metabolite CORE profiling as the difference between
the concentration of a given metabolite ‘X’ in spent and fresh media, normalised to the area

under the growth curve. CORE profiling was normalisation to cell number (153).
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2.8. Assessment of intracellular reactive oxygen species with

CellROX® via Fluorescence-activated cell sorting (FACS) analysis

2.8.1. Background principles

The levels of intracellular reactive oxygen species (ROS) were measured in live cells using a
proprietary cell-permeable fluorogenic probe CellROX® green (Life Technologies). The
fluorescence of CellROX® green is substantially increased upon its oxidation relative to in its
reduced state. A number of tool compounds were utilised to alter cellular ROS. Firstly
menadione was used to increase cellular ROS. Cellular metabolism of menadione creates
ROS by futile redox cycling , where its one-electron reduction generates a reactive
semiquinone radical. In the presence of O, the semiquinone can be oxidized back to the
parent species generating further ROS (154). Conversely, N-acetyl-1-cysteine (NAC) reduces
ROS by increasing levels of cellular glutathione and cysteine, and in addition, the thiol groups
of NAC provide alternative sites of action for ROS oxidation thereby decreasing the likelihood

of ROS causing cellular damage.

2.8.2. Sample preparation

CA46 cells were seeded at 2x10° mlt in standard media, with or without, anti-oxidant NAC
(5 mM) for 1 hour prior to dosing with AZD3965, BAY 87-2243 or both compounds. All
groups received equal vehicle concentrations, of DMSO and ethanol respectively. Cells were

cultured for 48 hour before staining and FACS analysis.

On the day of analysis, a number of control treatments were also included to validate that
the observed shifts in FL-1 fluorescence coincided with alterations in cellular ROS. A positive
control cell population was created by treating cells for 1 hour with menadione (50 uM). A
negative control cell population was created as above, but with pre-treatment with NAC for 1

hour.

2.8.3. FACS Analysis

Samples were analysed using a FACS Calibur (BD Biosciences) equipped with a 488 nm laser
and a 530/30 nm filter. Using forward and side scatter profiles, live cells were selected for,

and dead cells and cell debris were eliminated from the analysis. The FL-1 signal was
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adjusted to enable the minimum (negative control) and maximum (positive control) cell

populations to be viewed.

2.9. Measuring extracellular acidification (ECAR) and oxygen

consumption rate (OCR) using the SeaHorse Bioanalyser XF24

2.9.1. Background principles

The SeaHorse Bioanalyser allows for real-time measurement of two parameters through the
creating of a series of transient microchambers; extracellular acidification rate (ECAR) and
oxygen consumption rate (OCR) (Figure 2-4). A large contributor to extracellular acidification
is the efflux of lactate produced through the glycolytic pathway. Conversely, OCR, reflects the
oxygen consumption rate of the cell which largely reflects mitochondrial oxidative
phosphorylation. By measuring these two parameters simultaneously in response to a
number of tool compounds the relative contributions of these two major energy producing

pathways can be assessed in real-time in live cells.

Compounds
Injection ports
A B/ A [B
C|D D
Analyte

Sensors [ oo, H U
Cells 2 \2‘/

Microchamber

Figure 2-4: Seahorse bioanalyser technology

To measure oxygen consumption and proton extrusion a transient microchamber is formed by
the sensor moving towards the bottom of the well. Four injection ports are preloaded with
compounds of interest which can be added between measurements. Adapted from (155).
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FCCP (Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone)

The protonophore, FCCP, essentially uncouples ATP generation from oxygen consumption
triggering a maximal rate of oxygen consumption. Protons continue to be pumped across the
inner mitochondrial membrane requiring the reduction of molecular oxidation. However
FCCP, allows protons to freely pass back across membrane therefore there is no electron

gradient to drive ATP generation by ATP synthase.

Oligomycin

Oligomycin binds to the F, subunit of ATP synthase and in doing so blocks the passage of
protons from the intermembrane space to the mitochondrial matrix which drives the
addition of P; to ADP to form ATP. Therefore, the effects of oligomycin on OCR are

representative of the OCR associated with mitochondrial ATP production.

Antimycin
Antimycin is an inhibitor of Complex Il of the ETC. It inhibits the oxidation of ubiquinol by
cytochrome c reductase (Complex Ill) disrupting the proton gradient. This completely inhibits

mitochondrial oxygen consumption.

2.9.2. Experimental methods

Preparation of suspension cells for SeaHorse Bioanalyser experiments

SeaHorse Bionalyser requires that cells are immobile for analysis as we are using suspension
cells they must be adhered to the well surface. CellTak® (Corning) cell and tissue adhesive is a
formulation of polyphenolic proteins isolated from Mytilus edulis which allow the marine
mussel to fix to solid surfaces. XF microplates were coated with 50 pl CellTak (22.4 pg.ml?)
solution in sterile NaHCOs (0.1 M). This was prepared from a stock solution (2.03 mg.ml? in
5% acetic acid). In order to neutralise the pH of the solution NaOH (1 M) equal to half the
volume of CellTak stock solution used was immediately added to trigger adsorption of CellTak
to the well surface at room temperature over a 20 minute incubation. CellTak solution was
subsequently removed and remaining bicarbonate solution was removed by washing with
sterile dH,0. Coated XF cell culture plates were either used immediately or stored at 4°C for

up to 1 week before cell attachment.

On the day of the experiment, CA46 lymphoma cells (200,000 cells/well) were adhered to

CellTak® (Corning) coated 24-well proprietary XF24 cell culture plates excluding background
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control wells. A cell suspension was prepared at an appropriate density in XF assay media
without FBS, as the presence of FBS was found to be detrimental to attachment (data not
shown). Cells were attached evenly to the bottom of the plate by centrifuging immediately at
200 x g for 1 minute with no braking. The attached cells were incubated at (37°C, 0% CO;) for
30 minutes for ensure cell attachment before beginning SeaHorse analysis. An additional 400

ul of assay media containing FBS (3% final concentration) were added to each well.

Assay media

Fresh XF assay media was prepared on the day of the experiment from XF base media
supplemented with glucose (5 mM), L-Glutamate (2 mM) and pyruvate (1 mM). XF Base
media does not contain bicarbonate or other buffering compounds as these would interfere
with the measurement of extracellular acidification as such fresh batches of media were
adjusted to pH 7.4. FBS was added following cellular attachment to a final concentration of

3%.

Cartridge loading

Before compound loading the cartridge required hydration in calibrant solution overnight.
Compounds to be injected during the assay were freshly prepared in XF assay media at 10x
final assay concentration and loaded into the cartridge. The SeaHorse sensor cartridge

contains 4 injection ports and a central sensor channel for each well of the 24-well plate.

Running the assay
FCCP (0.3 pug.ml?), oligomycin (1 ug.ml?) and antimycin A (2.5 uM) were injected

sequentially through ports in the Seahorse Flux Pak cartridge.

2.9.3. Data analysis

Oxygen consumption rate and extracellular acidification rate data were normalised to the
protein content of each well (determined by BCA assay) to account for any inter-well

variability in cell number.

2.10.Immunohistochemical staining of MCT1 and MCT4

Immunohistochemical method development, data acquisition and scoring was performed by
the MRC/EPSRC Newcastle Molecular Pathology Node, Newcastle upon Tyne. Formalin-fixed

paraffin-embedded pre-treatment diagnostic diffuse large B-cell lymphoma (DLBCL) and
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Burkitt lymphoma (BL) tissue samples were obtained from the Newcastle Haematology
Biobank (National Research Ethics Service Committee Reference 07/H0906/109+5) and the
Children’s Cancer and Leukaemia Tissue Bank (National Research Ethics Service Committee
Reference (08/H0405/22+5) respectively. Most DLBCLs were combined into 3 tissue
microarrays containing duplicate 1 mm cores; other samples were assessed as individual
sections. Immunohistochemistry for MCT1 and MCT4 was performed on the Ventana
Benchmark automated immunostaining platform using Optiview detection, following
optimisation using kidney, lymphoid and solid tumour control tissues and cell lines of known
MCT1/MCT4 expression status. Semi-quantitative measurement of MCT1/4 in tumour cells
was performed by assessing staining extent (%) and intensity (absent = 0, weak = 1+,
moderate = 2+, strong = 3+) to produce a summary H-score from 0-300 calculated (H=(1x %
1+) + (2 x % 2+) + (3 x % 3+)) (156). This was performed by two haematopathologists (Dr.
Chris M Bacon and Dr. Despina Televantou, Cellular Pathology, Newcastle upon Tyne
Hospitals NHS Foundation Trust). In selected cases, double 11 immunohistochemical staining
for PAX5 (SP34 rabbit monoclonal antibody, Ventana) and MCT4 was used to distinguish
MCT4 expression on non-tumour versus tumour cells. DLBCL cell-of-origin classification was
determined by immunostaining as described in Culpin et al. using the Hans algorithm (157,

158).

2.11./n vivo experiments

The efficacy of AZD3965 was assessed in vivo using an intravenous CA46 cells transfected
with the pSLIEW vector engineered to express luciferase (pSLIEW) which allows monitoring
of their engraftment via bioluminescent imaging on the IVIS Spectrum® (Figure 2-5). Imaging
and histological studies have previously shown that cells engraft in the bone marrow, spleen
and kidneys reflective of the clinical manifestation of the disease (159). In vivo engraftment
of transfected CA46 cells, IVIS® imaging and preparation of post-mortem tissues were

performed by Dr. Natalie Bell and Dr. Helen Blair.
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Figure 2-5: Plasmid map of pSLIEW

pSLIEW vector containing, enhanced green-fluorescent protein (EGFP), and firefly luciferase
(fLuc) genes. Transduced GFP expression was used to sort transduced CA46 cells via FACS.
Luciferase expression was used to track CA46 cell engraftment in vivo. Diagram from (159).

For efficacy experiments 10* CA46 pSLIEW cells in 100ul of RPMI11640 medium were
delivered intravenously via the tail vein to NOD/LtSz-scid IL-2Ry-/- (NSG) mice. Tumour cell
engraftment was assessed at the described intervals via IVIS® Spectrum imaging. Here, D-
luciferin (150 mg.kg) was administered intraperitoneally before anaesthetising mice with
isoflurane 5 minutes after injection. Initially a kinetic curve will be constructed to determine

the time to peak flux detection after luciferin injection.

Bone marrow, spleen and kidneys were harvested and fixed in formalin, paraffin embedded
and sectioned at 4 um to allow immunohistochemical staining of human CD20. IHC was
performed in the Department of Pathology, Royal Victoria Infirmary, Newcastle using either a

Ventana Benchmark XT or Benchmark Ultra and Ventana Ultraview detection system.

Treatment schedules are described below.

2.11.1. Monotherapy study

An initial IVIS® scan was performed 6 days following implantation to confirm engraftment

and assigned to mice to treatment groups. Mice received AZD3965 (100 mg.kg?) or vehicle
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by oral gavage twice-daily (8 hour interval) Monday to Friday and once-daily at weekends for
a period of 24 days. Scans were performed on the first day of treatment and then on day 3,

10, 17 and 24.

2.11.2. AZD3965 and BAY 87-2243 combination study

An initial IVIS® scan was performed 12 days following implantation to confirm lymphoma
engraftment and assigned to mice to treatment groups. Mice were split into four treatment
groups; vehicle, AZD3965, BAY 87-2443 or AZD3965 and BAY 87-2243. A post-treatment scan
was conducted 72 hours after the last dose of AZD3965

AZD3965 or the corresponding vehicle was dosed twice-daily orally, BAY 87-2243 or the
corresponding vehicle dosed orally roughly 2 hours after the AM dose of AZD3965 daily.

Control mice received a combination of vehicles.

2.12.Statistical analysis

Unless otherwise stated statistical significance was assessed using a two-tailed Student’s t-

test. P-values below 0.05 were considered as significant.
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Chapter 3.  Diffuse large B-cell ymphoma and Burkitt

Lymphoma are potential targets for AZD3965 treatment
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3.1. Introduction

As summarised in Table 2 and Table 3 previous preclinical studies using AZD3965
demonstrate that MCT4 expression can preclude sensitivity to MCT1 inhibition (84, 118,
134). MCT4, which is overexpressed in a number of cancers, can compensate for the loss of
MCT1 activity by exporting lactate allowing cellular metabolism and growth to continue
unimpeded. Therefore, the identification of cancer types where MCT4 expression is
particularly low will be key to ascertaining a disease area where MCT1 inhibition is most

likely to be clinically efficacious.

3.2. Aims

Two potential areas of interest are diffuse large B-cell ymphoma (DLBCL) and Burkitt
lymphoma (BL). The work in this chapter will describes the identification of DLBCL and BL, as
cancer types consistently low in MCT4 (mRNA and protein) making them attractive areas in

which to further characterise the in vitro effect of AZD3965.
The aims of this chapter are:

e To assess the gene expression of MCT1 and 4 in cancer cell lines using publically
available data to determine cancer type where low MCT4 expression is a common
feature.

e To determine MCT 1 and 4 protein expression profile in a selected patient population

via IHC.

3.3. Identifying candidate cell lines from SLC16A1 (MCT1) and

SLC16A3 (MCT4) expression in human cancer cell lines

Cell lines with high expression of MCT4 have been shown to be refractory to MCT1 inhibitor
treatment (118). We therefore sought to identify potential disease areas where low MCT4
expression is most prevalent based on publically available mRNA expression data (Affymetrix
ul33p2) from the Cancer Cell Line Encyclopaedia (CCLE) in order to select disease area(s) for
further in vitro investigation (160). To do this we first categorised cell lines by tumour type,
using available primary site and histological subtype metadata. Tumour categories with > 4

representative cell lines were pre-selected. We then compared the RMA (Robust multi-array
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averaging)-normalised expression levels of SLC16A1 (MCT1) and SLC16A3 (MCT4) mRNA in
11 solid cancer types and 8 haematological cancer types representing 610 cell lines (Figure

3-1).

MCT1 mRNA expression was found to be largely consistent across disease sub-types possibly
reflective of its physiologically less tissue-specific expression pattern. There was little
difference in median expression across the categories (8.45-9.61) although particular cell
lines within these categories could be considered as having high or low MCT1 mRNA
expression such as the neuroblastoma cell line, IMR-32 and NSCLC cell line, NCI-H1373,

respectively.
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Figure 3-1: MCT1 and MCT4 mRNA expression across disease subtypes

A subset of 610 cell lines from CCLE (Affymetrix U133 +2) with gene expression data for MCT7 and MCT4 were categorized by disease type. Disease
categories were sorted by the median of MCT4 expression. Individual hematological and solid cancers cell lines are displayed as Bl and M respectively.
Abbreviations used: acute lymphocytic leukaemia (B/T-ALL), small-cell lung cancer (SCLC), diffuse large B-cell lymphoma (DLBCL), chronic myeloid
leukaemia (CML), acute myeloid leukaemia (AML), non-small-cell lung cancer (NSCLC).



In contrast, MCT4 mRNA expression was highly variable between disease sub-types, median
values ranging from 4.7-9.6. MCT4 mRNA levels were particularly low in a number of

haematological cancers, as evidenced in Figure 3-2.
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Figure 3-2: Summary of MCT1 and MCT4 mRNA expression in the Cancer Cell Line
Encyclopedia

Scatterplot of normalized MCT1 and MCT4 expression in cancer cell lines from the Cancer
Cell Line Encyclopedia. Hematological and solid cancers are indicated as B and
respectively.

Haematological malignancies with low MCT4 included DLBCL, BL, B-cell acute lymphocytic
leukaemia (B-ALL) and plasma cell myeloma. Conversely most solid tumour types had notably
higher MICT4 levels with pancreatic adenocarcinoma having the highest average expression.
Neuroblastoma cell lines were a notable exception to this, in that they appear to have the
desired MCT profile based on mRNA expression data. There was also great diversity in the
expression of MCT4, within several solid-tumour cell line cohorts, such that there are

examples of cell lines with very high and very low expression of MCT4 in a given disease. A
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good example of this is in SCLC where there are examples of high (SW-1271) and low (NCI-
H1048) MCT4 expressing cell lines.

3.3.1. Diffuse Large B-cell lymphoma

DLBCL is the most common form of non-Hodgkin lymphoma accounting for around 5,000
annual cases in the UK (161). The median age at diagnosis is approximately 60 years old.
DLBCL is a genetically diverse disease and several classification systems have been described

using gene expression profiling (162).

The Cell of Origin (COQ) classification system describes distinct subgroups enriched with
genes associated with different stages of B-cell development; Activated B-cell (ABC-DLBCL),
Germinal centre B-cell (GCB-DLBCL), primary mediastinal B-cell lymphoma (PBML) (163).
These subgroups are associated with expression of genes associated with a particular
development phase of B-cells. Additionally, they are characterised by distinct drivers of
tumourigenesis for example ABC-DLBCL is commonly driven by constitutively active NFkB
signalling. Common features in GCB-DLBCL include BCL2 translocations and PTEN deletions
which are found in 34% and 15% of patient samples respectively. These different subgroups
also have distinct prognostic profiles with GCB-DLBCL having better prognosis than the rarer
ABC-DLBCL subtype (164). In addition, GCB and non-GCB tumour types can be identified
using surrogate IHC markers (158). Despite the available information on the distinct drivers
of these genetic subtypes and their prognostic relevance are yet to impact on the ways

patients are treated (165).

An alternative molecular subgroup termed, Consensus cluster classification (CCC), is based
on gene expression analysis in DLBCL patient samples where genes involved in oxidative
phosphorylation (OXPHOS), B-cell receptor signalling (BCR) or the Host-Response are found
to form three distinct clusters (166). The OXPHOS signature includes multiple subunits of the
ETC complex and TCA cycle. Subsequently OXPHOS cell lines are found to exhibit increased
expression of mitochondrial proteins, enhanced glucose oxidation, decreased lactate
production and increased fatty acid oxidation (167). The BCR subset show enrichment of
genes in the B-cell receptor signalling cascade such as Spleen tyrosine kinase (SYK) and cell
cycle regulatory genes such as CDK2 (166) The two classification systems are independent of
each other such that a particular COO subtype is not associated with a certain CCC subtype in

tumours (166).
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The standard of care for DLBCL is currently a combination of cytotoxic drugs and antibody
therapy and steroid, typically R-CHOP therapy; R-Rituximab, C-Cyclophosphamide, H-
(Hydroxy)doxorubicin, V-Vincristine, P-Prednisolone. The incorporation of anti-CD20 antibody
rituximab has been demonstrated to be superior to CHOP therapy in elderly and younger
patients (168, 169). Although curative in around 50% of cases, 30-40% of patients become
refractory with dismal outcome, accounting for the vast majority of mortality associated with
DLBCL (170, 171). Additionally, a number of patients are not able to tolerate the aggressive
chemotherapy schedule owing to toxic side effects therefore there is scope to improve

patient survival in both such cases using more targeted agents.

3.3.2. Burkitt Lymphoma

BL is a much rarer but highly aggressive B-cell ymphoma characterised by c-MYC
translocations most commonly with the /IgG heavy chain locus. The pathogenesis of BL is
therefore heavily driven by this aberrant activation of c-MYC, a potent oncogene. c-MYC
translocations are found in approximately 90% of cases but MYC is also commonly mutated
in BL (172, 173). In contrast to DLBCL cases of sporadic Burkitt lymphoma are more common
in young adults and children, indeed, BL is the most common form of non-Hodgkin
lymphoma (NHL) in children. There are three distinct types of Burkitt lymphoma; endemic,
sporadic and immunodeficiency-associated Burkitt lymphoma. Endemic Burkitt lymphoma is
most common in sub-Saharan Africa and is associated with infection with Epstein-Barr virus
(EBV). Sporadic Burkitt is the most commonly observed form in the western world although it

represents only 1-2% of all non-Hodgkin lymphoma diagnoses.

BL is currently treated with a variety of short-term high-dose combination chemotherapy
regimens with high response rates such as R-CODOX-M (Rituximab, cyclophosphamide,
vincristine, doxorubicin, methotrexate) / R-IVAC (Rituximab, ifosphamide, etoposide,
cytarabine). Recently the inclusion of rituximab has been shown to improve event free
survival in adult BL (174). However, as with DLBCL, when refractory cases occur the
aggressive nature of the disease mean 5-year survival rates are very low, approximately 10%

(175, 176).
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3.4. Expression of MCT1 and MCT4 and CD147 in DLBCL and BL

cell lines

Publically available mRNA expression data suggested DLBCL and BL cell lines possess the
required MCT profile consistent with sensitivity to MCT1 inhibition. It is also important to
note that mRNA expression does not necessarily translate to the level of protein or indeed to
functional MCTs expressed at the plasma membrane. We therefore profiled the MCT1 and
MCT4 protein expression in a range of DLBCL and BL cell lines by western blot analysis aiming
to confirm the suggested MCT phenotype from mRNA data (Figure 3-3). MCT1 was
detectable in all cell lines although the level of expression was variable across the cell panel.
Raji showed the highest level of MCT1 expression and Farage showed the lowest level of
expression. We observed that the vast majority of the cell lines analysed expressed
undetectable levels of MCT4, with the exception of BJAB. The chaperone glycoprotein,
CD147 was detectable across the cell panel, but with a variable molecular weight, which can
be attributed to the various glycosylation states of CD147. Of the cell lines examined by
western blot, BL-41, CA46, Daudi, Raji, Pfeiffer, RIVA and Toledo had publically available
mMRNA data. BL-41 were found to have the highest MCT1 expression by both mRNA and
protein. All cell lines with low MCT4 mRNA also had low or undetectable MCT4 protein.
These data suggest that cell line gene expression appears to be a reasonably approximation

to identify cell lines with the appropriate MCT phenotype.
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Figure 3-3: Characterization of MCT1 and MCT4 expression in BL and DLBCL cell lines
Western blot showing the expression of MCT1 (54 kDa), MCT4 (49 kDa) and CD147 (42 kDa)
in the panel of DLBLC and BL cell lines representative of two blots. Samples are whole cell
lysates from untreated cells.

We also confirmed plasma membrane expression of MCT1 and MCT4 in a sub-set of cell lines
via immunohistochemistry. Here CA46, Raji, Ramos and BJAB all show high homogeneous
staining for MCT1 but only BJAB shows MCT4 staining (Figure 3-4). The majority of staining

for both transporters can be seen localized to the plasma membrane.
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Figure 3-4: Imnmunohistochemical staining of MCT1 and MCT4 in B-NHL cell lines
Paraffin embedded cell pellets were prepared from B-NHL cells cultured under normal
conditions.

3.5. Immunohistochemical characterisation of MCT1 and MCT4

in DLBCL and BL patient samples

We next examined a cohort of 120 DLBCL and 10 BL patient samples by
immunohistochemistry for both MCT1 and MCT4 protein using antibodies developed by
AstraZeneca. The staining procedure and antibody optimisation was developed in
collaboration with Dr. Chris Bacon and Anna Long using cell line samples and a selection of
both of normal and tumour control tissues. Staining of patient BL/DLBCL samples was
performed by the MRC/EPSRC Newcastle Molecular Pathology Node. H-scores (Scored 0-300)

were calculated based upon the coverage (% of cells) and intensity of staining (Section 2.10).
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Figure 3-5: Heat map distribution of MCT1 and 4 scoring in BL and DLBCL patient
cohorts.

BL and DLBCL patient samples were scored for intensity and extent of staining to produce a
single expression score (H-score). Individual cases were sorted by MCT4 expression.
Representative examples covering the range of MCT1/4 expression are marked (i-iii) with
corresponding IHC images available in Figure 3-6. H-scores, Cell of Origin status and sample
identifiers can be found in Appendix B.
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All DLBCL samples were positive for MCT1 staining although there was a large range in the
intensity of staining with H-scores of 20 to 300 (Figure 3-5). The median H-score for MCT1
was 230/300 in the DLBLC samples indicating that the majority of samples had medium to
high expression of MCT1. In contrast, only 26% of the specimens were positive for MCT4, of
these 10% of the full cohort were only very weakly positive (H-score < 10). Tumour cell
staining of MCT1 and 4, where present, was localised to the cell membrane (Figure 3-6).
There was however varying amounts of MCT4 expression in stromal cells as distinguished by
morphology and staining for the B-cell marker Pax5 (data not shown). Figure 3-6i and ii show
representative staining for high MCT1 and low MCT4 H-score in BL and DLBLC respectively
Figure 3-6iii is an example of DLBCL specimen with high MCT1 and 4 H-score.
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Figure 3-6: Representative MCT1 and 4 staining in BL and DLBCL patient cohorts.
Representative images corresponding to the indicated H-scores (i-iii) in Figure 3-5.

The cohort of DLBCL samples contained 39 ABC and 81 GCB samples (32 and 67%
respectively) (Figure 3-7). The proportion of MCT4 negative samples (H-score = 0) between
Cell of Origin subtypes was identified as 72% and 74% of ABC and GCB respectively and was

very comparable (P = 0.83 Fisher’s exact test) (Figure 3-8).
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Figure 3-7: Distribution of COO subtypes in DLBCL cohort
Cell of origin subtype classification as assessed by IHC.

The DLBCL cohort also contained a number of samples with MYC rearrangement as
previously detected by fluorescence in situ hybridisation (FISH) (Unpublished data: Dr. Chris
Bacon—Newcastle University). Of the samples which were successfully analysed 14 of 84
showed evidence of MYC rearrangement two of which were double-hit lymphomas with MYC
and BCL2 translocations. MYC rearrangement in these samples was not associated with
altered MCT1 expression (P = 0.32). Median MCT1 H-scores were 265 (MYC rearranged) and
220 (Not rearranged).
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Figure 3-8: COO sub-types do not exhibit specific expression profiles of MCT1/4
Summary of immunohistochemical staining using H-scores for MCT1 and MCT4 in 120 DLBLC
samples. Cell of origin classification are shown as B(ABC), m(GCB).

BL tumour specimens were less variable with a uniform high MCT1 with maximal H-scores for
MCT1 in all samples and an absence of MCT4 protein in most cases although two samples
from ulcerated intestinal BL tumours showed weak MCT4 staining concentrated to a small

percentage of cells (H-score <10).

3.6. Discussion

Analysis of gene expression data (CCLE) showed the majority of DLBCL and BL cell lines to
have comparatively low MCT4 mRNA expression, which would be predicted to render them
susceptible to MCT1 inhibition. This is in contrast to a number of solid tumour types which
also express appreciable levels of MCT4 mRNA. Indeed, MCT1 and 4 co-expression has been
reported in a wide number of solid tumours, for example, in pancreatic adenocarcinoma

(104)

Our analysis of BL indicates high levels of MCT1 protein expression largely in the absence of
MCT4. MCT4 expression in BL where observed was extremely minor and associated with
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ulcerated samples with high levels of inflammation which is potentially more consistent with

MCT4 expression in macrophages as part of an inflammatory response (177).

Doherty et al. previously reported high levels of MCT1 expression in BL correlating with high
MYC expressing tumours, as well as MYCN, in MYCN amplified neuroblastoma (84). In such
tumours, concurrently low MCT4 expression was also a common feature. However, the same
study also included analysis of 129 DLBCL patient samples and showed DLBCL to have
comparatively low MCT1 expression as well as increased expression of MCT4 (GSE4475). This
is in contrast to our IHC data where MCT4 expression was undetectable in the majority of
DLBCL patient specimens. We also found no association between MYC rearrangement and
MCT1 expression which may have been expected based on the role of MYC in the

transcriptional regulation of MCT1.

Aside from post-transcriptional regulation of mRNA, which can of course influence protein
translation and expression, the discrepancy between our data and that previously published
may stem from methodological differences between IHC and gene expression analysis. IHC
allows for information to be garnered about the location of a given protein within a cell but
also which cells in a mixed population express that protein. Gene expression data will reflect
a mixed cell population and not exclusively tumour cells; for example, in our IHC samples we
observed MCT4 positive immune infiltrate, which could not be distinguished by gene

expression analysis.

Previously, a subset of SCLC patient samples was identified as exhibiting high MCT1 and low
MCT4 expression and (99). There was however a wide range of expression in both MCT1 and
4 across the patient cohort as a whole and this preferred phenotype represented the
minority of patients where high MCT1 expression was found to be a poor prognostic factor.
Therefore, identifying that low MCT4 expression is a common feature in DLBCL, in not only
immortalised cell lines but also, more importantly, in patient samples regardless of COO
classification, makes DLBCL an attractive patient population to target with MCT1 inhibition
where patients have become refractory to current treatment options. Our analysis of MCT1
and 4 expression in cancer cell lines also highlights the potential for investigation into other
disease types particularly in haematological malignancies such as B- and T-cell acute
lymphoblastic leukaemia, chronic lymphocytic leukaemia, blast phase chronic myeloid

leukaemia and mantle cell lymphoma.
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Chapter 4. Anti-tumour activity of AZD3965 in BL and
DLBCL models

84



4.1. Introduction

As previously discussed, the majority of pre-clinical data suggest that MCT4 expression is
associated with resistance to MCT1 inhibition, offering a compensatory mechanism for
lactate efflux (118). Consistent with this, knockdown of MCT4 sensitises cells to MCT1
inhibitors whereas over-expression of MCT4 or upregulation by HIF-1a activation increases
resistance to MCT1 inhibition (99). Therefore our findings that, low MCT4 protein expression
is found in the majority of DLBCL and almost all BL tumours suggest that MCT1 inhibition
warrants further investigation in these diseases (Chapter 3). DLBCL and BL are both highly
aggressive, highly proliferative malignancies (172). As such they demonstrate a particularly
glycolytic phenotype thought to be due to an increased need for biosynthetic intermediates
(178). Despite this, to date no studies have been reported on use of an MCT1 inhibitor in
DLBCL. Together this provides a strong rationale for exploring the efficacy of AZD3965 in this

setting.

The efficacy of AZD3965 and structurally related inhibitors has been investigated in a number
of tumour models (Table 2). These and alternate approaches to MCT1 inhibition using less
specific inhibitors or genetic approaches are discussed in Section 1.5. Previous literature data
on MCT1 inhibition suggests a mixture of anti-proliferative and cell death effects in tumour
cell lines with negligible expression of MCT4. In these settings MCT1 inhibition prevents

lactate efflux attenuating cellular proliferation.

In vitro efficacy of AZD3965 has been examined in a number solid tumour models including
small cell lung cancer, glioblastoma, colon adenocarcinoma and breast adenocarcinoma
(Section 1.5.2.) (84, 98, 99, 132). In these solid tumour models growth inhibitory responses
are partial. For example in SCLC, under normoxic conditions AZD3965 had maximal growth
inhibitory responses of approximately 40% in cell models which lacked MCT4 expression,
(99). In vivo MCT1 inhibition has been demonstrated to increase median survival by 30% in
an intravenous Burkitt lymphoma model and also attenuates tumour growth in SCLC and
breast adenocarcinoma xenograft models (84, 99). The in vivo efficacy of MCT1 inhibition in

vivo has also been shown to be potentiated by radiotherapy or metformin treatment (133).
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4.2. Aims

Having identified a number of BL and DLBCL cell lines without MCT4 by analysis of available
gene expression data, western blotting and immunohistochemistry (Section 3.4); we aimed

to use these models to examine the activity of AZD3965 in vitro and in vivo.
In each cell line in vitro we aimed to determine:

e The extent of lactate accumulation
e The effect this had on tumour cell growth

e The effect on tumour cell viability

In addition, we also aimed to examine the in vivo efficacy of AZD3965 treatment in a BL

model.

4.3. MCT1 inhibition causes lactate accumulation in BL and

DLBCL cell lines which express MCT1 but lack MCT4

As a key transporter of lactate, one of the primary pharmacodynamic endpoints predicted
following inhibition of MCT1 is an increase in intracellular lactate. We analysed the

intracellular lactate concentrations in our cell panel using a biochemical assay (Figure 4-1).

The basal level of intracellular lactate varied across the cell panel potentially reflecting
differences in glycolytic flux, ranging from undetectable levels to 7 pg.mg™ protein. Vehicle
treatment had no effect on this intracellular lactate (<10 pg.mg?). A number of published
studies have measured lactate <24 hours (133). We therefore measured intracellular lactate
following 24 hour treatment with AZD3965 (1 uM). All MCT4 negative cell lines showed a
significant increase in the level of intracellular lactate relative to vehicle control (P <0.05).
This dose was chosen as previous studies indicated it was a dose associated with a maximal
growth inhibitory response but was unable to inhibit MCT4 activity (119, 138). In these cell
lines the mean lactate concentration was 49 pg.mg?, with fold increases ranging from 4.6 to
33.3 fold of control. There was, however, great variability, both in terms of the absolute
levels of lactate achieved and the fold-increase over vehicle treated cells. The highest
intracellular lactate concentrations achieved following AZD3965 treatment were measured in
Farage cells (>100 pg.mg™), which were observed to be particularly proficient at acidifying

media, as indicated by the change in phenol red indicator colour in the media (red to yellow)
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evident during cell culture under basal conditions. This is in line with a high rate of lactate/H*
efflux and may indicate an especially glycolytic phenotype. BL cell lines, Raji and Ramos
displayed the greatest fold-increase over vehicle treated cells because of their particularly
low basal intracellular lactate concentrations. Basal levels of intracellular lactate were
undetectable in Raji and AZD3965 induced a 33-fold increase in basal lactate concentrations

in Ramos.

In contrast, the MCT4 expressing cell line, BJAB, did not demonstrate significantly elevated
intracellular lactate following AZD3965 treatment (P = 0.16). This supports the compensatory

role of MCT4 as an alternative lactate transporter following MCT1 inhibition in these cells.
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Figure 4-1: AZD3965 increases intracellular lactate in human lymphoma cell lines
Intracellular lactate was measured in cells following exposure to AZD3965 (1 uM) () or DMSO
(™) vehicle for 24 hours as described in Section 2.5. Values shown have been normalised to
protein content via BCA assay. The mean concentration of intracellular lactate following
treatment with AZD3965 in MCT4 negative cell lines is indicated (--). Data shown are the mean
+ SEM of at least three independent experiments. P-values were calculated using an unpaired
Student’s t-test (*P < 0.05, **P < 0.01 ***P < 0.001).
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4.4. Time and dose-dependency of lactate accumulation in

CA46 cells

After demonstrating that 24-hour exposure to AZD3965 was sufficient to observe significant
increases in intracellular lactate we sought to determine how rapidly lactate accumulation
could be detected and whether it was maintained over a period that would be consistent
with any potential growth mediated effects of the compound. In CA46 cells AZD3965 induced
a rapid accumulation of intracellular lactate which was detectable after 30 minutes exposure
at a dose of 100 nM or greater (Figure 4-2). At lower doses, (10 nM) lactate accumulation
occurred at a slower rate. Despite this, the time to reach maximal concentration of lactate,
Tmax, Was observed at 6 hours across all tested doses of AZD3965. Conversely, the maximal
concentration achieved, Cmax, showed some dose dependency after 6 hours (82-105 pg.mg™
protein) but increases from 10-1000 nM were not dose proportional and levels were
equivalent after 24 and 72 hours. Also, whilst the intracellular lactate remained significantly
elevated relative to control, after 72 hours, lactate was not maintained at peak levels with a

notable reduction from 6 to 24 hours. Levels between 24 and 72 hours were largely similar.
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Figure 4-2: AZD3965 triggers a rapid and sustained accumulation of lactate in CA46
cells

Intracellular lactate was measured in CA46 cells following exposure to AZD3965 (10-1000 nM)
or DMSO vehicle at the indicated time-points (0.5-72 hours) as described in Section 2.5. Values
shown have been normalised to protein content via BCA assay. Data shown are the mean +
SEM of three independent experiments.
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4.5. Growth inhibitory effects of AZD3965 in Burkitt and DLBCL

cell line models

The effect of AZD3965 treatment on lymphoma cell proliferation was investigated in cell lines
over 72 hours using an XTT assay. Data were normalised to DMSO vehicle treated cells and
expressed as percentages of control. Any cell growth between cell seeding and dosing was
also accounted for. AZD3965 potently inhibited the growth of both BL and DLBCL in cell lines
where significant lactate accumulation was observed. The half-maximal growth inhibitory
concentration or the concentration associated with 50% growth inhibition (Glsp) values
ranged from 3-40 nM (Figure 4-5). In contrast, AZD3965 did not affect the proliferation of
BJAB cells (Glso> 10 uM) which express MCT4 and consequently do not exhibit lactate
accumulation following AZD3965 treatment. The maximal level of growth inhibition observed
in AZD3965 sensitive cell lines ranged from 64-99% (Figure 4-3, Figure 4-4). BL41 and RIVA
were marginally less sensitive than the other MCT4 negative cell lines which all shared Glsg
values below 10 nM and = 90% growth inhibition. The remaining cell lines exhibited

comparable levels of sensitivity.
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Figure 4-3: AZD3965 has growth inhibitory activity in BL cell lines

Exponentially growing Burkitt lymphoma cells were treated with increasing concentrations of
AZD3965 for 72 hours before assessing metabolic activity in the cell population as a surrogate
for cell number using an XTT assay, as described in Section 2.6. Individual dose-response
curves are shown for BJAB (A), Daudi (B), BL41 (C), CA46 (D), Raji (E) and Ramos (F).
Metabolic activity as a percentage of control was calculated relative to DMSO (0.01%) treated
control cells after correcting for proliferation between seeding and dosing To. Data shown are
the mean =+ SEM of between three and nine independent experiments.
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Figure 4-4: AZD3965 has growth inhibitory activity in DLBCL

Exponentially growing Diffuse Large B-cell lymphoma cells were treated with increasing
concentrations of AZD3965 for 72 hours before assessing metabolic activity in the cell
population as a surrogate for cell number using an XTT assay, as described in Section 2.6.
Individual dose-response curves are shown for Toledo (A), RIVA (B), Pfeiffer (C), OCILY18 (D)
and Farage (E). Metabolic activity as a percentage of control was calculated relative to DMSO
(0.01%) treated control cells after correcting for proliferation between seeding and dosing To.
Data shown are the mean + SEM of between three and nine independent experiments.
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Although lactate accumulation appears a prerequisite for sensitivity to AZD3965 neither Glsg
values nor the maximal growth inhibition observed were found to correlate with the level of
lactate accumulation observed. For example, Farage were subject to the highest
concentrations of intracellular lactate by around two-fold but shared a similar Glsowith a

number of other cell lines including OCILY18, Raji and Ramos.
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Figure 4-5: Sensitivity of B-NHL cell lines to AZD3965

Glso values as determined by XTT assay after 72 hour treatment with AZD3965. Glso was
defined as the dose required to inhibit the metabolic reduction of XTT by 50%. Data shown are
the mean + 95% CI of between three and nine independent experiments.

4.6. AZD3965 is predominantly cytostatic as a monotherapy

As the XTT assay is a measure of metabolic activity within a cell population it does not
definitively indicate an alteration in cell number or inform the mechanism behind any such
changes (Section 2.6.1. ). We therefore performed cell counts across the cell panel following
72 hours exposure to AZD3965 or a known cytotoxic agent, doxorubicin. Doxorubicin is
utilised as part of combination chemotherapy regimen, R-CHOP, for the treatment of both BL
and DLBLC. A dose of doxorubicin (1 M) was chosen based on previous dose-response data
using daunorubicin in Raji where this dose was associated with ~95% growth inhibition by

XTT assay following 72 hour exposure (119).
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Cell viability was assessed using trypan blue. Viable cells with intact plasma membranes are
non-permeant to trypan blue whilst those who have lost membrane integrity through late-
apoptosis or necrosis stain blue. We found that despite profound reductions in cell number
relative to vehicle treated control there was little evidence of reduced cellular viability
suggesting an anti-proliferative cytostatic rather than a cytotoxic effect (Figure 4-6).
Following 72 hour exposure to AZD3965, a significant decrease in cell viability relative to
vehicle treated control was detected in one cell line only. A decline of approximately 15% in
cell viability was detected in Farage cells however the observed reduction would be
insufficient to account for such a marked reduction in cell number (P = 0.005). In contrast to
the response to AZD3965, all cell lines exhibited significantly reduced cell viability > 50%

following exposure to the topoisomerase Il poison, doxorubicin (1 uM) (P < 0.001).
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Figure 4-6: AZD3965 is cytostatic in DLBCL and BL which lack MCT4

Exponentially growing BL or DLBCL cells were treated with AZD3965 (100 nM) or doxorubicin
(1 uM) for 72 hours before performing cell counts using a hemocytometer. Cell number (A)
data are shown as a percentage of each corresponding cell line matched DMSO (0.01%)
treated control population. Cell viability (B) as assessed by trypan blue exclusion are shown
as percentage of trypan blue excluding cells. Data shown are the mean + SEM of three
independent experiments.

A previous report has shown treatment with 100 nM of two other selective MCT1 inhibitors
(AR-C122982 and AR-C155858) to be initially growth inhibitory but induce a protracted cell
death following extended incubations of 72 — 120 hours in Raji cells (84). We took 100 nM,

equivalent to a Glss dose determined over a 72 hour incubation, and looked for evidence of
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cell death after a 120 hour drug incubation. We observed a maximum of 24% reduction in
cell viability after 120 hours in Raji (P = 0.023), substantially less than the reported 50%
reduction reported by Doherty et al. under comparable conditions with AR-C155858 (84). In
contrast, CA46 cells did not show any appreciable change in cell viability (>95% of vehicle

control) after a 120 hour drug incubation (Figure 4-7).
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Figure 4-7: Extended incubation with AZD3965 does not induce substantial cell death
CA46 or Raji cells were treated with AZD3965 (100 nM) for 120 hours before performing cell
counts using a heamocytometer. Cell number (H) and cell viability () data are shown as a
percentage of the respective cell line matched, DMSO (0.01%) treated control population. Cell
viability was assessed by trypan blue exclusion. Data shown are the mean + SEM of three
(CA46) or four (Raiji) independent experiments.

4.7. AZD3965 causes lactate accumulation ex vivo

Before testing the efficacy of AZD3965 in vivo we wanted to confirm that acute oral
treatment with AZD3965 (2 hours) was sufficient to induce significant lactate accumulation in
comparison to tumours from vehicle treated mice (Figure 4-8). The chosen oral dose of
AZD3965 (100 mg.kg?) is sufficient to yield non-protein bound plasma concentrations of
AZD3965 consistent with MCT1 inhibition (99). Subcutaneous Raji or CA46 tumours were
allowed to establish in NSG mice to an approximate volume of 500 mm? and then dosed with
a single oral dose of AZD3965 (Section 2.5.3. ). Basal levels of lactate were higher in vivo

versus in vitro. Although statistically significant (P < 0.05), the degree of lactate accumulation
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relative to control tumours was less pronounced than observed in this cell line in vitro. The
protein-normalised lactate concentrations were also lower in vivo in both CA46 and Raji,

relative to the cell-line matched in vitro measurements.

CA46 Raji
50- 50-
* *kkk
40
FI|l—| | | FI||—| 40_
€ <
Q (]
g 30 —:JE 5 L
S 2 307 m
=T} (oT1]
£ 20- . £ =
o0 O v n
= = 20 o
£ 101 £ °
= >
: 5 | e
- - 10-
0 o
-10 0

Control AZD3965 Control AZD3965

Figure 4-8: Acute oral treatment with AZD3965 induced lactate accumulation in BL
tumour xenografts

Concentrations of tumour lactate were measured in subcutaneous BL xenografts taken 2 hours
following oral administration with AZD3965 (100 mg.kg) or vehicle as indicated. Intracellular
lactate concentrations were determined ex vivo by biochemical assay and normalised to
protein as described in Section 2.5. P-values were calculated using an unpaired Student’s {-
test (*P < 0.05, **P <0.01 ***P < 0.001).

4.8. AZD3965 monotherapy substantially reduces CA46 cell

proliferation in vivo

Having shown that the necessary elevation in intracellular lactate could be detected ex vivo
following AZD3965 treatment we next sought to assess the efficacy of AZD3965 in vivo. CA46
cells were chosen to investigate the in vivo efficacy of AZD3965 as they were representative
of a highly sensitive but predominantly cytostatic phenotype and we were interested to

define what level of in vivo efficacy this may achieve.

96



Drs. Natalie Bell and Simon Bomken (NICR), engineered CA46 tumour cells to ectopically
express firefly luciferase allowing their growth to be determined by bioluminescent in vivo
imaging following intravenous inoculation as described in Section 2.11. Briefly, the tumour
cells were engineered to express the luciferase gene so upon intraperitoneal injection of
luciferin a luminescent signal can be detected which is proportional to the number of CA46
cells present in the mouse. This allows disease progression burden and localisation to be
tracked non-invasively in an intravenous model. The intravenous model more accurately
recapitulates human BL versus subcutaneous models of lymphoma, in that tumour

engraftment is evident in the spleen, bone marrow of and the kidneys of mice.

Initial tumour engraftment was confirmed 6 days after the inoculation of CA46 cells as
described in Section 2.11. On commencement of dosing, treatment groups had comparable
levels of engraftment (P > 0.05 unpaired t-test). Mice were treated orally with either
AZD3965 (100 mg.kg?) or vehicle (both administered twice-daily Monday to Friday and once-
daily at weekends) for a period of 24 days. This dosing schedule was similar to that used
previously and was found to be well tolerated with no significant changes in body weight

observed (data not shown) (99, 133).
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Figure 4-9: Efficacy of AZD3965 in an intravenous in vivo model of Burkitt lymphoma
NSG mice were transplanted with luciferase-expressing CA46 cells and treated with AZD3965
(100 mg.kg™", BID) or vehicle control for 24 days, following successful engraftment (6 days).
Scans were performed at 3,10,17 and 24 days of treatment as described in Section 2.11. Data
points show the mean + SEM of n=8 vehicle treated n=7 AZD3965 treated animals on a linear
scale.
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Figure 4-10: AZD3965 attenuates CA46 xenografts growth

NSG mice were transplanted with luciferase-expressing CA46 cells and treated with AZD3965
(100 mg.kg™", BID) or vehicle control for 24 days, following successful engraftment (6 days). A,
the individual responses of mice treated with vehicle or AZD3965 pre-treatment (day 0) and
post-treatment (day 24). Comparisons of paired samples pre-treatment and post-treatment.
Significance was assessed by paired two-tailed t-test. Comparison between treatment groups
before and after treatment. Significance was assessed by unpaired two-tailed f-test (*P < 0.05,
**P < 0.01 ***P < 0.001). B, Scans were performed at 3,10,17 and 24 days of treatment as
described in Section 2.11. Data points show the mean + SEM of n=8 vehicle treated n=7
AZD3965 treated animals.
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Bioluminescence was measured using the IVIS Spectrum® 3 days after the start of treatment
and at weekly intervals to determine total tumour burden. AZD3965 treatment for 24 days
was associated with a profound and statistically significant cytostatic response, inhibiting
tumour burden relative to vehicle treated animals by 99%, as ascertained by

bioluminescence imaging (P = 0.0029 unpaired two-tailed t-test) (Figure 4-9).

Luminescence signal was significantly higher in vehicle treated mice post treatment (day 24)
in comparison to pre-treatment levels consistent with increased engraftment (P = 0.0055
paired t-test) (Figure 4-10, Figure 4-11). The post-treatment signal was not significantly
elevated in the AZD3965 treated group (P > 0.05 paired two-tailed t-test) (Figure 4-10, Figure
4-12). Although not statistically significant, a small but consistent increase in flux values
across the timecourse was observed in the AZD3965 treated group indicating some tumour
progression still occurred under treatment as indicated by increasing flux values (Figure 4-9,

Figure 4-11)

16 23 30

Figure 4-11: Bioluminescence of CA46 xenografts following treatment with AZD3965
Representative images of an individual mouse from AZD3965 and vehicle treated groups
showing the expansion of luciferase-expressing transduced CA46 cells over time. Mice prior
to treatment period (day 6) and during treatment are shown on different radiance scales
(p/sec/cm?/sr) to avoid excessive image saturation.

The bioluminescent signal was localised to the femurs, spleen and head of mice. Tissues
taken at necropsy confirmed substantially reduced signs of engraftment in AZD3965 treated

animals evidenced by the complete lack of human CD20 staining in spleen and bone marrow
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sections and normal spleen weight in contrast to vehicle treated mice which showed
enlarged spleens positive for human CD20 (Figure 4-13). Only 8% (1/13) of recovered femurs
from AZD3965 treated mice showed engraftment in contrast to 86% (12/14) of vehicle

treated mice.
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Figure 4-12: Time course of CA46 engraftment in mice receiving AZD3965
Representative images of an individual AZD3965-treated mouse showing the expansion of
luciferase-expressing transduced CA46 cells over time on a consistent radiance scale

(p/sec/cm?/sr).
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Figure 4-13: AZD3965 reduces spleen and bone marrow engraftment of BL

Spleen weights were recorded post treatment, a representative image of an enlarged vehicle
treated spleen is shown alongside a spleen taken from an AZD3965 treated mouse. Also
shown are the individual spleen weights for each mouse (A). Reference non-engrafted spleen
weights of NSG mice are typically 0.025-0.03 g (data not shown) (159). Representative
immunohistochemical analysis of human CD20 in spleen sections and bone marrow sections
from mice treated with AZD3965 or vehicle control. Scale bar = 200 uM (B)
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4.9. Discussion

AZD3965 had a highly potent and significant growth inhibitory effect, inducing lactate
accumulation across a panel of BL and DLBCL cell lines. The accumulation of intracellular
lactate following MCT1 inhibition in cell lines lacking MCT4 is consistent with a blockade of
lactate efflux. In contrast, the MCT4 expressing cell line, BJAB, did not accumulate lactate nor
were they subject to growth inhibitory effects of AZD3965. In MCT4 negative cells
intracellular lactate was comparable between 24 and 72 hour measurements which may
indicate either an equilibrium between lactate generation and utilisation or that lactate
generation via glycolysis ceases and only the remaining lactate is trapped within the cell.
AZD3965 caused a rapid accumulation of lactate in CA46 (< 30 min) and to better define Tmax,
associated with tested doses of AZD3965 an increased number of timepoints giving a higher

resolution timecourse may be necessary.

AZD3965 appears to induce a predominantly growth inhibitory effect rather than a cytotoxic
response even under prolonged exposures. This is in line with published data using knock-
down approaches and low-specificity MCT1 inhibitors where MCT1 inhibition did not induce
cell death under standard growth conditions (108). A statistically significant 24% drop in cell
viability was observed in Raji following 120 hour exposure but to a lesser extent than
previously suggested using the similarly potent and selective compound AR-C155858 (84).
This suggests some cell death may occur, but conversely the very limited cell death in CA46

cells, suggests that a purely cytostatic response may be evident in responsive tumours.

Interestingly, the degree of lactate accumulation did not correlate with levels of MCT1
expression or magnitude of antiproliferative effect as indicated by Glsg value. This suggests
MCT1 expression alone may be a poor predictor of cell line sensitivity to AZD3965 treatment.
It remains unclear whether there is a threshold concentration of intracellular lactate beyond
which cells cannot continue to proliferate or whether the basal phenotype of the cell
influences this threshold such that certain cells can tolerate a higher concentration of lactate
than others can. It is notable, considering the vast plasticity between metabolic pathways,

that targeting a single transporter, MCT1, has such profound effects on cell proliferation.

In respect to lactate accumulation, AZD3965 caused a greater fold-accumulation in CA46 and
Raji cells in vitro (> 10-fold), than when grown as subcutaneous xenografts in vivo (2-3 fold).

In addition to differences between the in vitro and in vivo environments, in vitro lactate
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measurements were made following longer exposure to AZD3965 which may partly explain

the higher lactate concentrations observed.

Despite the profound growth inhibition observed in vivo, we also detected increasing tumour
burden across the treatment period. We hypothesise that AZD3965 does not induce CA46
cell death in vivo in line with our in vitro observations. The pharmacokinetics of AZD3965
necessitate twice-daily dosing in order to maintain plasma drug levels consistent with MCT1
inhibition (138). Similarly, twice-daily dosing of the compound is also under investigation in
first-in-man studies. In doing so, the dose-limiting toxicities associated with higher doses that
are necessary to maintain active concentrations throughout for 24 hours will hopefully be
avoided (179). Therefore, our once-daily dosing over weekends may have potentially allowed
for some level of increased proliferation as MCT1 inhibition is not maintained throughout the
entire treatment period and so this may have led us to underestimate the efficacy of
AZD3965. Alternatively, a minor clone within the tumour cell population may have developed

adaptive resistance to AZD3965 which may account for the increase in tumour burden.

A sub-set of DLBCL lines have been classified by Consensus cluster classification (CCC) using
gene expression profiles enriched in oxidative phosphorylation (OXPHOS) genes or B-cell
receptor signalling (BCR) (Section 3.3.1.) (167, 180). Perhaps surprisingly, we identified no
discernible difference between, Farage and OCILY18 (BCR) and Pfeiffer and Toledo (OXPHQOS)
in their sensitivity to AZD3965. (167), (181). Although we did not assess the relative
contributions of oxidative phosphorylation and glycolysis in these lines, previous reports by
Caro et al. show that the functional differences (OXPHOS vs. BCR) in OCR contribution are
greatest in terms of mitochondrial fatty acid oxidation of palmitate, but that OCR was not
different between OXPHQOS and BCR subtypes being fuelled by glucose (167). This suggests
that Pfeiffer and Toledo may not exhibit increased OXPHQOS in standard RPMI media
conditions with high glucose (11 mM) and no palmitate or other fatty acids, which might
explain why the comparable responses to MCT1 inhibition between OCR and BCR subtypes
were observed in this study. An alternative classification system, Cell of origin (COO), splits
DLBCL into cells derived from germinal centre B-cells (GCB) or activated B-cells (ABC). Both
GCB and ABC-DLBCL are represented although RIVA, represent the only activated B-cell (ABC-
DLBCL) line studied (182, 183). Since RIVA are not as sensitive as the other MCT4 negative

cell lines tested in terms of maximal growth inhibition without other examples of ABC-
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DLBCL, we cannot definitely conclude whether this is a property linked to Cell of Origin

status.

Although in the context of the BL and DLBCL lines studied here, lactate accumulation in the
absence of MCT4 appears necessary for the growth inhibitory effects of the compound,
lactate accumulation per se is not sufficient to denote sensitivity to AZD3965. Previous work
in the neuroblastoma cell line, SH-SY5Y, show that despite the desired MCT profile and
lactate accumulation, growth inhibition was not observed (119). Similarly the SCLC cell line,
COR-L103 were as resistant to AZD3965 under normoxic conditions but became more
sensitive under hypoxic conditions (99). AZD3965 also significantly inhibited growth of COR-
L103 xenografts but did not cause tumour regression. This is consistent with AZD3965 having

growth inhibitory rather than cytotoxic effects.

Here we show AZD3965 has a profound cytostatic effect in BL and DLBCL, including in an in
vivo model of BL. These effects are associated with increased intracellular lactate in cells
lacking MCT4. This corroborates previous work, with other MCT1 inhibitors in Raji cells but
now confirms the efficacy of the clinical candidate, AZD3965 in a wider cohort of BL cell lines,
and demonstrates efficacy in a novel disease area, DLBCL. However, the lack of cell death in
vitro or inability to induce tumour regression in vivo, indicates a need to identify effective

combination strategies in order to reduce tumour burden.
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Chapter 5. Metabolic consequences of MCT1 inhibition
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5.1. Introduction

The increased generation of lactate as an end-product of glycolysis even under aerobic
conditions is believed to support the increased anabolic demands cancer cells have for ATP
and biosynthetic intermediates (184). We have demonstrated in Chapter 4 that interfering
with the removal of this lactate from cells by inhibiting MCT1 causes a rapid and sustained
accumulation of lactate which is detrimental to cell proliferation. However, how lactate

accumulation interferes with cellular metabolism to limit proliferation is less clear.

A number of studies have reported downstream metabolic changes following MCT1
inhibition but these show varying effects depending upon the cell model being studied. In
glycolytic MYC amplified cells lacking MCT4, Doherty et al. reported that treatment with an
MCT1 inhibitor AR-C122982 increased levels of early glycolytic intermediates, G6P and F6P,
and decreased levels of pyruvate and other downstream metabolites (84). They proposed
lactate accumulation to reduce the availability of NAD* in the cell, which undermines
glycolytic flux that requires NAD™ for the conversion of GAP to GBP. This favours the
formation of DHAP over GAP. Consequently this reduces flux through the ATP-generating
phase of glycolysis, reducing levels of 3-PG and pyruvate, thereby leading to decreased

cellular concentrations of ATP and undermining proliferation (84).

Similar changes in G6P, F6P and pyruvate were observed by Bola et al. (133). However,
different conclusions were made in their small cell lung and gastric cancer models. They
conclude the metabolic response to MCT1 inhibition is increased glycolytic flux as cells can
no longer import lactate for oxidation, somewhat mimicking the response to hypoxia (133).
This corroborates earlier studies showing under certain circumstances lactate is also utilised
as oxidative fuel. Consequently, MCT1 inhibition may target the hypoxic portion of solid
tumours, forcing normoxic cells to switch from lactate oxidation to glucose utilisation, and

thereby starving obligatory glycolytic hypoxic cells (108).

Recent reports suggest there are conditions where MCT1 inhibition can also have
detrimental effects on the growth of MCT4 expressing cells by inhibiting pyruvate export and
increasing oxidative metabolism in breast cancer (98). Here MCT4 is unable to compensate
for the loss of pyruvate transport as a result of MCT1 inhibition, due to the 150-fold lower
affinity of MCT4 for pyruvate. In this context MCT1 inhibition causes cells to undergo

transcriptional changes to adopt increased oxidative metabolism through upregulation of
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components of the electron transport chain, such as NDUFB3, and enzymes involved in the
TCA cycle, such as succinate dehydrogenase. In such cells pyruvate levels increase under
MCT1 inhibition without any impact on glycolytic flux contrary to earlier examples.
Collectively these studies indicate inhibition of MCT1 can be detrimental to cell proliferation

by interfering with cellular metabolism.

5.2. Aims

This chapter will discuss the in vitro metabolic changes that occur as a consequence
AZD3965 treatment in DLBCL and BL cell lines, and the ex vivo effect of treatment in BL
tumour xenografts. In addition, the creation and metabolic characterisation of a resistant cell
type based on the BL cell line CA46 with a partial acquired resistance to AZD3965 treatment

will be described.

5.3. MCT1 inhibition triggers an increase in TCA cycle

intermediates in vitro

To determine the effects of inhibiting lactate transport on other metabolic pathways, 130
intracellular metabolites (Appendix D) were analysed by LC-MS with assistance from L.
Rowcroft (AstraZeneca). Three BL lines (CA46, Daudi and Raji), two DLBLCs (Farage and
OCILY18) and two neuroblastoma (IMR-32 and SH-SY5Y) cell lines were prepared in vitro for
analysis following 2 hour inhibition with AZD3965 (100 nM) or DMSO control (Figure 5-1,
Appendix E). Samples were prepared and analysed as previously described (133).
Neuroblastoma cell lines, IMR-32 and SH-SY5Y had previously been shown by us to be
relatively insensitive to the growth mediated effects of the compound despite significant
lactate accumulation and undetectable levels of MCT4 protein and were included with an

aim to determine a potential resistance mechanism (119).

Lactate accumulation in AZD3965 treated cells was observed by the LC-MS method in the
majority of cell lines, in line with biochemical measurements of intracellular lactate, with the
exception of Farage. Fold increases in intracellular lactate were lower than values from the
biochemical assay but similar to ex vivo measurements in CA46 and Raji xenografts following
2 hour exposure to AZD3965 (~ 2-fold). Small increases were also detected in Farage but

these did not reach statistical significance (P = 0.35 unpaired Student’s t-test). Since, lactate
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is produced as an end-product of glycolysis, we also looked for changes in other glycolytic
intermediates. MCT1 inhibition increased the levels of the early glycolytic intermediates G6P
and F6P, and GAP. Strong reductions in FBP (Logz FC > -3, P < 0.037) were detected in CA46
and Daudi cells but these metabolites remained unchanged in the other cell lines examined.
FBP is an important positive allosteric regulator of pyruvate kinase and therefore reduced
levels of FBP may trigger a reduction in glycolytic flux by reducing the production of pyruvate

(185).

109



yl_L Cysteine_1

b
Q
<, |
b Q b |
] o © = ]
© © T S o @
T o | -8 - oo S5 5 o I | oo 8 8 a
[SE o © | I(OI o © ) n © '09 | & o |
os Ea oa e 2 e s 2 o S5 e o ge & S o
m O o 0 (] O 0@ = = = 7] ® c () © < = 0]
| £8, 9¢ L£aa 88w 3 28 ecES 83 foegw o == 0253 2<E 529 o3
Eop 8RE® 2 L BT8O0 88 s8 Sncs5 =E=EBEALLS EE 3828050230 £2
WS 352 ,8503355553€Eangxm225525382823838082855hoo8283 088808553832
D = o = = = 32 =2 = o = =
“’|<|<|‘°|g|°|'G|O|0|U|U|T"|"L|""|LL|E|°5|olo|o|olo|°’|°’|°’|O|°’|I|§|'Q|E|E|§|Z|‘5|°'|°'|°'|°‘|°'|°‘|;mltlw'aﬂﬁglz]zlqslz
u u
Raji l Log, FC
Farage @ 3.00
0.00
OCILY18 @ -3.00
IMR-32 l l
SH-SY5Y l

Figure 5-1: In vitro metabolic changes following acute treatment with AZD3965

Metabolic changes following 2 hour treatment with AZD3965 in BL (CA46, Daudi, Raji), DLBCL (Farage and OCILY18) and neuroblastoma (IMR-32,
SH-SY5Y) cells. Significant (P-value < 0.05) and substantial (+/- 0.5 Logz fold change) alterations in intracellular metabolite concentrations relative to
time-matched DMSO controls, are labelled by metabolite name. Abbreviations used: aKET B (a-ketoglutarate or oxoglutarate), AMP (Adenosine
monophosphate), CMP (Cytidine monophosphate), dCMP (2'Deoxycytidine monophosphate), dUMP (2'-Deoxyuridine 5'- triphosphate), dUTP (2'-
Deoxyuridine 5'- triphosphate), Fructose-1-P (Fructose-1-phosphate), Fructose-6-P (Fructose-6-phosphate), FBP (Fructose bisphosphate), Glucose-1-
P (Glucose-1-phosphate), Glucose-6-P (Glucose-6-phosphate), glutathione red (Reduced glutathione),GAP (Glyceraldehyde-3-phosphate), GBP
(Glycerate bisphosphate), IMP (Inositol monophosphate), Mannose-6-P (Mannose-6-phosphate), NAD (Nicotinamide adenine dinucleotide) PG
(Phosphogluconate), Pserine (Phosphoserine), Ribose-5-P (Ribose-5-phosphate), Ribulose-5-P (Ribulose-5-phosphate), TMP (Thymidine
monophosphate), UDP-glucose (Uridine diphosphate glucose), UMP (Uridine monophosphate), Xyulose-5-P (Xyulose-5-phosphate).
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Figure 5-2: Summary of the AZD3965-induced changes in glycolytic and TCA cycle
intermediates in B-NHL

Concentrations of intracellular metabolites significantly altered (P-value < 0.05) relative to time-
matched DMSO control, which are substantially altered (+/- 0.5 Logz fold change) are labelled
by metabolite name. A number of metabolites were not detectable in both vehicle-treated and
AZD3965-treated samples consequently log. FC values could not be derived. Metabolites
exclusively detected in AZD3965 treated cells were isocitrate (Daudi) and GBP (Farage).
Abbreviations used: aKG (a-ketoglutarate or oxoglutarate), F6P (Fructose-6-phosphate), FBP
(Fructose bisphosphate), G1P (Glucose-1-phosphate), G6P (Glucose-6-phosphate), GAP
(Glyceraldehyde-3-phosphate), GBP (1,3-Bisphosphoglyceric acid).
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Across all cell lines we observed increased levels of various TCA cycle intermediates as shown
in Figure 5-2. The distribution of changes is also shown for CA46 in detail (Figure 5-3) and
highlights alterations in metabolites throughout the cycle. Elevated levels of citrate can
inhibit PFK1 however since we also observed accumulation of GAP, which comes
downstream of this enzyme in the glycolytic pathway this suggests this did not occur to a
great extent (186). Unfortunately, alterations in two important regulators of TCA cycle
activity, succinyl-coA and oxaloacetate could not be determined as these metabolites could

not be detected within the QC sample from which integrals are matched.

One of the most consistent and marked changes observed were decreases in serine and
phosphoserine. Although potentially interesting due to the magnitude of effect, decreases in
serine and phosphoserine were also observed in resistant SH-SY5Y cells so the importance of
this observation is unclear. We also observed decreased levels of aspartate in all cell lines
with the exception of IMR-32. Aspartate has been shown to play an important role in

nucleotide and protein synthesis (39, 187).
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Figure 5-3: TCA cycle pathway analysis in CA46 cells

Log. fold changes in metabolites are plotted onto the KEGG pathway database (Hsa00020)
using the R/Bioconductor package Pathview (188). Significantly (P < 0.05) altered metabolites
are colour coded by log; fold change. In this example, data are taken from CA46 cells after 2
hour treatment with AZD3965 (100 nM). Metabolites not significantly altered by drug treatment
(black nodes), those which failed LC-MS quality control (patterned nodes) or metabolites which
were not part of the profile of quantifiable metabolites (non-shaded nodes) are also shown.

There are a number of similarities between AZD3965-resistant neuroblastoma and sensitive
B-NHL cell lines in terms of the acute metabolic changes that occur following MCT1
inhibition. We observed increased levels of TCA cycle intermediates including; citrate, a-KG
and fumarate in both groups. However, a number of glycolytic intermediates from the
energy generating steps of glycolysis were specifically increased in IMR-32 and SHSY5Y which
showed increased concentrations of 3-PG, PEP and pyruvate. This is in direct contrast to the
reduced levels of these late-glycolytic intermediates observed in cells sensitive to MCT1

inhibition by Doherty et al., and could that glycolytic flux is not impeded in these cells.
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5.4. Acute treatment with AZD3965 alters metabolite profiles

ex vivo

Following confirmation of lactate accumulation after 2 hour exposure to AZD3965 relative to
a vehicle control, ex vivo in Raji and CA46, tumour material was sent for metabolomic
analysis GC-MS (S. Solanki - Imperial College London). Raji and CA46 xenografts will be

discussed separately.

Raji xenograft analysis revealed 36 significantly altered metabolites across a profile of 130
metabolites. Ex vivo we observed increased concentrations of intracellular glucose and
glutamine. Increases in the TCA cycle intermediates, fumarate and malate, and increased
levels of several amino acids (alanine, glutamine, aspartic acid, threonine and tryptophan)
were also observed. Metabolites within the glycolytic pathway were also augmented by
MCT1 inhibition. Increased concentrations of PEP were the highest both in terms of
magnitude and significance, and the glycolytic intermediate, glyceraldeyde-3-phosphate
(GAP) was also increased. The concentration of a smaller number of metabolites were
decreased by AZD3965 treatment including a number of saturated (palmitic and stearic acid)

and non-saturated (linoleic acid) fatty acids (Figure 5-4).
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Figure 5-4: Metabolic alterations in Raji xenografts triggered by acute treatment of
AZD3965

Changes in intracellular metabolites 2 hours after treatment with AZD3965 (100mg.kg")
in Raji xenografts. 130 metabolites were analysed using GC-MS by S. Solanki (Imperial
College London). Concentrations of metabolites that were significantly altered (P value <
0.05) relative to time-matched vehicle control, which are substantially altered (+/- 0.5 Log>
fold change) are shown. Shapes are coloured according to log. fold change and sized by
P-value where larger shapes equate to a lower P-value value.

In contrast, metabolite analysis (GC-MS) in CA46 xenografts revealed a limited number of
alterations in comparison to Raji tumours and did not replicate any of the alterations
identified in Raji with the exception of a significant elevation in lactate, albeit a more subtle
change in CA46 tumours (Log2FC; CA46= 0.34, Raji= 0.62) (Figure 5-5).
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Figure 5-5: Metabolic alterations in CA46 xenografts triggered by acute treatment of

AZD3965
A, Log.FC changes following 2 hour treatment with AZD3965 (100mg.kg-') in CA46

xenografts relative to time-matched vehicle controls. Changes in intracellular metabolites.

Samples were analysed using GC-MS by A. Sikka (Imperial College London). B, shows

the individual metabolite intensity values (relative concentration) that were significantly
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5.5. A model of acquired resistance to AZD3965 displays an

altered metabolic phenotype

We have shown AZD3965 induces a very significant cytostatic effect in CA46 cells. CA46 cells
were chosen as a model where AZD3965 was cytostatic both in vitro and in vivo. To
determine whether we could induce an acquired resistance to AZD3965 treatment we
created an AZD3965-resistant cell line model (CA46-R). CA46 were initially cultured in
continuous exposure to AZD3965 (10 nM) over a period of 5 weeks after which, reduced
sensitivity to AZD3965 through a 72 hour XTT assay was apparent (data not shown). We then
increased the concentration of AZD3965 (100 nM) for 3 weeks. We then characterised the
phenotype of these cells in contrast to parental CA46 cells. Once established we found that
these cells maintained their resistant phenotype following removal of AZD3965 for 2 weeks

(data not shown).

5.5.1. Sensitivity

In CA46-R cells the sensitivity to the growth inhibitory effects of AZD3965 were reduced
relative to CA46. The Glso value was increased to 30 nM from 3 nM in parental CA46 cells
(Figure 5-6). In addition, the maximal level of inhibition observed at 10 uM was decreased by
30% in CA46-R. Similarly, CA46-R were able to continue to proliferate, albeit at a reduced
rate, in the presence of AZD3965 as indicated by greater number of cells being present after
72 hour exposure to the compound (Figure 5-7). Under these conditions, as with CA46,
AZD3965 did not induce cell death in CA46-R (Figure 5-8). The resistance mechanism
appeared to be specific to AZD3965 and the targeting of MCT1 as the level of cytotoxicity

associated with doxorubicin treatment was comparable between CA46 and CA46-R cells.
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Figure 5-6: XTT assay of CA46 and CA46-R cells in response to AZD3965

Exponentially growing CA46 or CA46-R cells were treated with increasing concentrations of
AZD3965 for 72 hours before assessing metabolic activity in the cell population as a surrogate
for cell number using an XTT assay, as described in Section 2.6. Metabolic activity as a
percentage of control was calculated relative to DMSO (0.01%) treated control cells after
correcting for proliferation between seeding and dosing To. Data shown are the mean + SEM
of nine (CA46) and six (CA46-R) independent experiments.
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Figure 5-7: Sensitivity to AZD3965 and CA46 and CA46-R cells

Exponentially growing CA46 or CA46-R cells were treated with AZD3965 (100 nM) or
doxorubicin (1 uM) for 72 hours before performing cell counts using a hemocytometer. Cell
number data are shown as a percentage of a, cell line matched, DMSO (0.01%) treated control
population. The significance of any changes relative to DMSO control was assessed using
unpaired Student’s t-tests (*P < 0.05, **P < 0.01 ***P < 0.001). Data shown are the mean +

SEM of three independent experiments.
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Figure 5-8: Cell viability in CA46 and CA46-R cells following AZD3965 or doxorubicin
treatment

Exponentially growing CA46 or CA46-R cells were treated with AZD3965 (100 nM) or
doxorubicin (1 uM) for 72 hours before assessing cell viability by trypan blue exclusion. Data
are shown as a percentage of a cell line matched DMSO (0.01%) treated control population.
Data shown are the mean + SEM of three independent experiments

A reduction in cell doubling time in CA46-R cells could have conceivably led to an
underestimate of the sensitivity to an anti-proliferative agent such as AZD9365. We therefore
examined whether the reduction in AZD3965 sensitivity could be due to a differential
proliferative rate in CA46-R cells (Figure 5-9). However, these were comparable between the
two cell lines. Doubling times in CA46 and CA46-R, derived from cell counts in standard
media over a 96 hour period were 20.57 hours (95% Cl: 19.19-22.16) and 19.84 hours (95%
Cl: 19.13-20.61) respectively.
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Figure 5-9: Doubling times of CA46 & CA46-R cells

Exponentially growing CA46 and CA46-R cells were seeded in their standard drug-free media
and cell counts performed every 24 hours to determine proliferative rate. Doubling times were
determined using an exponential growth equation in Graphpad. Data shown are the mean %
SEM of three independent experiments.

5.5.2. Lactate accumulation

Previously, increased MCT4 expression has been demonstrated to invoke resistance to
AZD3965. We therefore sought to determine whether the reduced sensitivity to AZD3965
was a result of compensatory lactate transport through MCT4. Measurement of intracellular
lactate following treatment with AZD3965 for 24 hours (1 uM) showed significantly elevated
intracellular lactate in both CA46 and CA46-R cells (Figure 5-10), whilst intracellular lactate
concentrations in CA46 and CA46-R cells were also similar across cell types following vehicle
treatment (P > 0.05). The lactate accumulation following MCT1 inhibition was greater in
CA46 cells than CA46-R cells (P = 0.026). However, CA46-R still displays a large increase in
intracellular lactate following AZD3965 treatment, 72% of that displayed in parental CA46
cells, and greater than observed in multiple sensitive cell lines (Daudi, Pfeiffer, Toledo and

RIVA) (Figure 4-1).
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Figure 5-10: Intracellular lactate accumulation in CA46 & CA46-R following AZD3965

treatment

Intracellular lactate was measured in cells following exposure to (W) AZD3965 (1 uM) or (m)
DMSO vehicle for 24 hours as described in Section 2.5. Values shown have been normalised
to protein content via BCA assay. Data shown are the mean + SEM of at least 3 independent
experiments. P-values were calculated using unpaired Student’s t-tests. (*P < 0.05, **P < 0.01
***P <0.001).

We sought to measure MCT4 protein expression by western blot. Consistent with the lactate
accumulation data, MCT4 protein expression remained undetectable in CA46-R. A reduction

in MCT1 expression and CD147 expression was observed in CA46-R cells (Figure 5-11).
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Figure 5-11: Expression of MCT1, MCT4 and CD147 in CA46 CA46-R cells

Protein expression of MCT1 (54 kDa) and MCT4 (49 kDa) and chaperone CD147 shown in
comparison to parental CA46 cells. BJAB are included as an MCT4 expressing control. One
representative blot of two separate lysate preparations is shown.

We reasoned that CA46-R might shift metabolic dependencies in order to circumvent the
growth inhibitory effect of chronic lactate elevation. We therefore examined the relative
consumption and release of metabolic substrates, comparing cell-naive culture medium and
‘spent’ media exposed to cells for 24 hours. This allows for changes in metabolite
composition of the media to be measured following cell exposure which in turn informs the
consumption and uptake of these components. CA46-R cells showed increased glutamine
uptake, decreased lactate release and a minor increase in pyruvate export (Figure 5-12). This
is consistent with a reduced production of lactate and increased oxidation of glucose and
glutamate. This may suggest an increased entry of pyruvate and glutamate into the TCA

cycle.
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Figure 5-12: Extracellular metabolite analysis in CA46 and CA46-R cells

Extracellular metabolite concentrations were measured following exposure to AZD3965 (100
nM) or DMSO vehicle for 24 hours, as described in (Section 2.7.3. ). Values shown have been
normalised to cell number. Data shown are the mean + SEM of 4 technical replicates. P-values
were calculated using an unpaired Student’s t-test. (*P < 0.05, **P < 0.01 ***P < 0.001).

5.5.3. Real-time measurement of OCR and ECAR in CA46 using the

SeaHorse XF Bioanalyser

We reasoned that CA46-R may exhibit an altered metabolic phenotype with a lesser reliance
on glycolysis and therefore performed analysis of the metabolic phenotype of these cells
using the SeaHorse XF Bioanalyser. SeaHorse XF technology allows for real-time assessment
of oxygen consumption rate and extracellular acidification rate, giving a phenotypic measure

of oxidative phosphorylation and glycolysis respectively (Section 2.9)

The basal metabolic phenotype of CA46 and CA46-R cells differed greatly. Basal OCR was
significantly higher in CA46-R cells (Figure 5-13). The raised OCR was shown to be associated
with increased oxidative phosphorylation through acute treatment with the ATP synthase
inhibitor, oligomycin, which highlights the proportion of OCR coupled to ATP generation.
CA46-R also demonstrated a greatly increased reserve oxidative capacity following treatment
with FCCP a protonophore, which dissipates the proton gradient maintained across the
mitochondrial membrane. This altered response is indicative of a shift towards a more

oxidative metabolic phenotype.
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Figure 5-13: Oxygen consumption rate (OCR) in CA46 and CA46-R cells

Oxygen consumption rate in CA46 (1) and CA46-R (M) was normalised to protein
concentration via BCA assay following phenotypic analysis using the SeaHorse XF24.
Abbreviations used: FCCP (Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone)); AA
(antimycin A).

Acute treatment with AZD3965 resulted in a rapid decrease in ECAR in CA46 but not CA46-R
cells (Figure 5-14). CA46-R also demonstrated a reduced basal ECAR which was below ECAR
following AZD3965 in parental cells indicating a reduced production of lactic acid and
decreased glycolytic activity (Figure 5-14). If glycolytic flux in these cells is low, then such an
acute treatment is likely insufficient to detect further decreases in ECAR. The OCR
augmenting compounds, oligomycin, FCCP, and antimycin, had little effect on ECAR in either

CA46 or CA46-R cells.
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Figure 5-14: Extracellular acidification rate (ECAR) in CA46 and CA46-R cells
Extracellular acidification rate was normalised to protein concentration via BCA assay following
phenotypic analysis.

5.6. Discussion

Lactate accumulation via MCT1 inhibition has a number of downstream effects on the
concentration of various cellular metabolites, which impacts upon energy homeostasis
inhibiting cell proliferation (Figure 5-15). Increased levels of early glycolytic intermediates
measured across our DLBCL and BL cell panel are somewhat consistent with previous reports
in solid and haematological cell line models. In the case of the model proposed by Doherty et
al., lactate accumulation as a result of MCT1 inhibition triggers an accumulation of early
glycolytic intermediates including G6P and FBP, and decreased levels of those which make up

the energy generating steps of glycolysis such as 3-PG and 2-PG.

From static measurements, such as those presented here, it is difficult to conclude whether
increased concentrations of a particular metabolite are caused by increased flux through a
given metabolic pathway, or an accumulation due to a bottleneck within that pathway. Also,
not all metabolites passed QC, either because the metabolite could not be detected in the
QC sample or because, the variability between QC samples was > 30%. This is important to
consider when making conclusions about the absence of a metabolite, as it may not

accurately inform as to whether its concentration has been altered by AZD3965 treatment.
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Several commonalities exist between our in vitro and ex vivo data, in particular namely an
increase in TCA cycle intermediates such as fumarate and malate. This, coupled with the
accumulation of early glycolytic intermediates such as G6P and GAP supports a hypothesis
that TCA cycle activity may be increased as a compensatory mechanism following inhibition
of glycolysis. The increased levels of G6P reported here would also be predicted to inhibit
hexokinase and reduce glycolytic flux. More directly lactate also favours the dissociation of

PFK tetramers to less-active dimeric forms reducing glycolytic flux.

However, there were also instances where AZD3965 treatment in vitro had opposing effects
in vivo. For instance, aspartate was reduced consistently in vitro but was elevated in Raji
xenografts. Aspartate has been shown to play an important role in de novo purine synthesis
but also can function as an electron acceptor which may have particular importance if NAD*
pools are lowered by MCT1 inhibition as previously suggested by Doherty et al. where MCT1
inhibition prevents regeneration of NAD* by LDH (39, 84). The metabolic environment of cells
in vitro differs greatly to that experienced in vivo. Cell culture conditions have been
optimized to promote maximal proliferation in these cell lines so contain supra-physiological
levels of several nutrients including glucose (11 mM) and glutamine (2 mM). Also, tumor cells
interact with the surrounding stroma and can experience varied levels of oxygenation in vivo
in contrast to the in vitro situation where a homogenous cell population are cultured under
regulated conditions. A previous model has suggested a complex interplay between hypoxic
and normoxic tumour cells where normoxic cells preferentially utilize lactate as an oxidative
substrate sparing glucose for hypoxic cells which are obligatory glycolytic (109). Additionally
the reverse Warburg hypothesis suggests additional changes in vivo may stem from stromal
cells which export pyruvate and lactate via MCT1/4, providing energetic substrates to cancer

cells (108).

The acute changes in metabolites observed which are suggestive of compensatory increase
in TCA cycle activity, would also be consistent with a more oxidative phenotype. Chronic
exposure to AZD3965 increased OCR and decreased lactate accumulation in CA46-R cells.
CA46-R cells also showed changes in metabolite utilization suggestive of increased oxidation
of glutamine (decreased extracellular glutamine). Glutamine anaplerosis can provide an
alternative substrate for the TCA cycle through the conversion of glutamine to a-
ketoglutarate which may become especially important if pyruvate generation becomes

inhibited by lactate accumulation (189).
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AZD3965 treatment also decreased cellular concentrations of phosphoserine in the majority
of measured cell lines. Serine/glycine synthesis is integrally linked to glycolysis through 3-
phosphoglycerate, which can be diverted to fuel the serine/glycine synthetic pathway. De
novo serine synthesis has been found to occur in vitro, even in the presence of ample
exogenous serine in culture media, indicating that this pathway serves other functions aside
from serine synthesis. For example the conversion of phosphohydroxypyruvate to
phosphoserine by PSAT1 is coupled to the generation of a-ketoglutarate from glutamate and
so contributes towards TCA cycle intermediates (84, 190). Therefore the accumulation of a-
ketoglutarate observed may reduce phosphoserine formation. Potentially, decreased levels
of serine/phosphoserine could indicate a reduction in serine synthesis, which has been
previously shown to decrease PKM2 activity and so favour a more oxidative mode of

metabolism (191).
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Figure 5-15: Summary of in vitro metabolic alterations following MCT1 inhibition with
AZD3965.

Intracellular metabolites which were significantly by 2 hour exposure to AZD3965 (100 nM)
altered in at least 3 of the 7 tested B-NHL cell lines are shown as (M) increased or (M)
decreased.
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We could not identify a distinct metabolic response associated with sensitivity to AZD3965
between our B-NHL cell lines and neuroblastoma cell lines. The TP53 mutational status of all
cell lines used in our study were publically available. Cell lines within our B-NHL cell panel are
known to be TP53 mutant whereas IMR-32 and SH-SY5Y are TP53 wild-type (145, 192, 193).
With the well-established role of p53 in metabolic regulation (Section 1.2.2. ) differences in
sensitivity to AZD3965 could stem from an altered basal metabolic phenotype or greater
metabolic flexibility in cells with wild-type TP53. The potential influence of TP53 status
interest for future investigation and would require identification of TP53 wild-type DLBCL or
BL models with the desired MCT1/4 profile. Publically available gene expression data indicate
that the majority of DLBLC and BL cell lines are TP53 mutant, but there are wild-type cell
lines including DOHH2, OCILY3 and OCILY10 available that have also have high MCT1 and low

MCT4 mRNA expression which would be interesting to examine (160) (Appendix C).
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Chapter 6. Identification of combination approaches to

enhance the efficacy of AZD3965
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6.1. Introduction

AZD3965 potently inhibits cell proliferation in DLBCL and BL models which commonly lack
MCT4 expression. However, as the response is largely cytostatic in vitro and in vivo there is a
clear need to identify effective combination strategies to induce cell death in cells which are

sensitive to AZD3965, in order to achieve curative responses.

6.1.1. Novel targets for DLBCL

As the most common form of B-NHL, there is a lot of interest in developing new, more
targeted therapies for use in DLBCL, which build upon the our understanding of the genetic
basis of the disease (Table 8) (194). Although BL represents a much smaller patient
population there is also interest in using molecular targeted therapies for patients who
cannot tolerate current chemotherapy regimens or for those who have become refractory to
treatment. Some potential targets for therapeutic intervention in DLBCL and BL are discussed

below.

The PI3K (Phosphatidylinositol 3-kinase)/Akt/mTOR (mammalian target of rapamycin)
pathway, transduce extracellular signals from receptor tyrosine kinases to control cell
survival and proliferation. The family of catalytic PI3Ks (a,B,y,8) once activated, generate
secondary messenger, PIP3, attracting Akt to the plasma membrane. Akt is a
serine/threonine protein kinase that mediates various downstream effects including
promoting cell proliferation and survival. mTOR (mTORC1) integrates a diverse range of
signals, including PI3K/Akt signalling and regulates protein translation to control cell
metabolism and cell proliferation. Of relevance to potential combination strategies with
AZD3965, is the finding that aberrant activation of the PI3K/Akt/mTOR pathway results in

distinct effects on cell metabolism and facilitating a more glycolytic phenotype.

Aberrant activation of the PI3K/Akt/mTOR pathway is a common feature of both BL and
DLBCL as well as a number of solid tumours (195). Consequently, a number of agents have
been designed to target the PI3K/Akt/mTOR pathway. One mechanism by which the PI3K
pathway can become aberrantly activated in DLBCL is through the loss of negative regulator,
PTEN (Phosphatase and tensin homolog). PTEN loss is a feature commonly found in GCB-
DLBCL associated with sensitivity to PI3K (196). Akt inhibition has also been shown to have
some efficacy in cell line models of GCB-DLBCL (197). The PI3K/Akt/mTOR pathway is also
activated in BL, through tonic BCR signalling via SYK (198). Also in support of the role of the
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PI3K pathway in BL pathogenesis, the transplantation of bone marrow from mice with
combined constitutive c-MYC expression and PI13K activity triggers the formation of BL like
tumours in recipient mice, but not in marrow from donor mice with only one pathway

activated (199).

A key hallmark of cancer is the evasion of apoptosis which can occur through the
overexpression of anti-apoptotic proteins such as BCL2 which inhibits pro-apoptotic proteins
Bax and Bak to promote survival. BCL2 overexpression is a characteristic of GCB-DLBCL
particularly through translocations (14;18) or mutations or (200, 201). BCL2 overexpression
in ABC-DLBCL is more commonly associated with gene amplification or activation via
aberrant NFkB signalling. Sensitivity to BCL2 specific inhibitor, ABT-199 correlates with the

expression of BCL2 expression in DLBCL cell lines (202, 203).

The B-cell receptor signalling pathway is also activated in a number of B-cell malignancies
including DLBCL and CLL. A key component of the BCR is Bruton’s tyrosine kinase (BTK) BTK
targeting inhibits downstream NFkB signalling which is a major driver of ABC-DLBCL (204).
Ibrutinib, a potent irreversible inhibitor of BTK, is under clinical assessment as a potential

treatment for DLBCL and has already been approved for the treatment of CLL (205, 206).

As mentioned previously, Burkitt lymphoma is characterised by c-MYC translocations but a
number of other cancers are also driven by aberrant c-MYC activation, and various preclinical
in vitro and in vivo models demonstrate the importance of MYC in tumourigenesis (207).
MYC specific small molecule inhibitors have proved difficult to develop. However, the BET
domain inhibitor JQ1 inhibits BRD4 which binds acetylated histones at gene enhancer sites
reducing MYC target gene expression (208). JQ-1 has been demonstrated to be efficacious in

BL and DLBCL (209, 210).
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Novel agent (Target) Combination Phase Population NCT identifier
AT13387 (Hsp90) None 2 Relapsed/refractory patients NCT02572453
AZD2014 (mTOR) +/- Rituximab 2 Relapsed/refractory patients NCT02752204
Bortezomib (Proteosome inhibitor) R-CHOP 2 Untreated patients NCT02542111
Chidamide (HDAC) VDDT 2 Relapsed/refractory patients NCT02733380
CUDC-907 (HDAC) +/- Rituximab 2 Relapsed/refractory patients NCT02674750
Entospletinib (SYK) None 2 Relapsed/refractory patients NCT01799889
Ibrutinib (BTK) R-GEMOX-Dexa 2 Relapsed/refractory patients NCT02692248
Ibrutinib (BTK) R-CHOP 2 Untreated EBV+ patients NCT02670616
INCB18424 (JAK) None 2 Relapsed/refractory patients NCT01431209
Metformin (Complex |) R-CHOP 2 Untreated patients NCT02531308
Metformin (Complex |) DA-EPOCH-R 2 Untreated patients NCT02815397
Selinexor (CRM1) None 2 Relapsed/refractory patients NCT02227251
Sirolimus (mTOR) Methotrexate 2 Relapsed/refractory patients NCT01162551
Tazemetostat (EZH2) Various 2 - NCT02875548
TGR-1202 (PI3K&), Ibrutinib (BTK) TGR-1202 + lbrutinib 2 Relapsed/refractory patients NCT02874404
Lenalidomide +/- R-CHOP 3 Untreated patients NCT02285062
Lenalidomide +/- R-miniCHOP 3 Treated rituximab naive patients NCT02128061
TGR-1202 (P13Kd) +/- Ublituximab 2|3 Relapsed/refractory patients NCT02793583

(Legend on next page)

Table 8: Ongoing Phase Il and lll trials with novel targeted compounds in BL and DLBCL




The advanced search function of Clinicaltrials.gov was used to search for ongoing
interventional phase 2 or 3 clinical trials for the treatment of ‘Diffuse large B-cell lymphoma’ or
‘Burkitt lymphoma’. Trials investigating novel biologicals were not included. Where novel
agents are being tested alongside existing or novel combination therapies this is stated.
Combination acronyms; R-CHOP (Rituximab), R-GEMOX (Rituximab, gemcitabine, oxaliplatin,
dexamethasone), DA-EPOCH-R (Dose-adjusted rituximab, etoposide, prednisone, vincristine,
doxorubicin, cyclophosphamide.), VDDT (Vinorelbine, Liposomal doxorubicin or mitoxantrone

, dexamethasone and thalidomide.

6.1.2. Targeting mitochondrial metabolism in cancer and the role

of Complex | in the electron transport chain (ETC)

Far from being dysfunctional in cancer cells, as originally suggested by Warburg,
mitochondria play an important role in tumorigenesis supplying biosynthetic intermediates
via the TCA cycle but also helping to regulate redox homeostasis and epigenetics (211).
Inhibition of Complex | prevents the oxidation of NADH and increases the generation of ROS
which has been shown to reduce cell proliferation. A number of inhibitors of Complex | have

been described.

Rotenone is a widely used pesticide and piscicide that acts as an inhibitor of Complex |
resulting in an inhibition of the oxidation of NADH (212, 213). The compound is often utilised
as a tool compound for investigating the effects of Complex | inhibition or as a mean to

generate ROS.

Metformin is currently the most commonly prescribed medication for the treatment of type
Il diabetes. Recently there has also been interest in using metformin as an anti-cancer drug
either as a chemopreventative agent or in combination with a range of other treatments.
This interest was originally sparked by retrospective epidemiological studies suggesting a
reduced incidence of cancer in patients receiving metformin (41). There have subsequently
been a great number of preclinical studies using metformin in a range of in vitro and in vivo
models as well as a number of ongoing clinical trials (214). Although still under discussion
there is mounting evidence that metformin inhibits Complex | of the electron transport chain
(46, 47). More recently, a compound developed by Bayer Pharmaceuticals, BAY 87-2243, has

been demonstrated to inhibit Complex | (48).

6.1.3. In vivo combination approaches with MCT1 inhibitors

A number of attempts to combine MCT1 inhibition in vivo have already been investigated

with a number of treatment modalities. One approach has been to investigate MCT1
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inhibition in combination with components of current treatment regimens for particular
diseases. For example, the combination of AZD3965 and ionising radiation had a beneficial
effect, extending the time to reach a defined tumour volume (1,000 mm3) in comparison to
monotherapy or radiotherapy alone but without evidence of inducing any significant
regression in SCLC xenografts (133). The MCT1 inhibitor, 7ACC1 when combined with
cisplatin in cervical cancer xenografts also stabilised tumour volume during treatment and
delayed tumour regrowth on cessation of treatment to a greater extent than either

treatment alone (116).

We have shown that Complex | inhibition in combination with MCT1 inhibition triggers a
rapid induction of cell death in vitro. The combination of parenteral MCT1 inhibitor, AR-
C122982 and Complex | inhibitor, metformin, has previously been reported yielding increased
survival in BL and breast cancer in vivo models (84). Similarly, AZD3965 has also been
investigated in combination with phenformin, a more potent biguanide related to metformin
(215). Here, Marchiq et al. reported a substantial 84% reduction in tumour growth relative to
vehicle-treated mice at (132). These effects were specifically associated with tumour
xenografts with an MCT4 negative phenotype. However, in both cases metformin and
phenformin were dosed orally in drinking water making accurate assessments on dose
received and their clinical relevance difficult. Also, a number of recent reviews have raised
concerns about the physiological relevance of metformin doses used for many preclinical

studies in cancer models (216-218)

6.2. Aims

This chapter will discuss attempts to identify synergistic combination strategies to partner
with AZD3965 in BL and DLBCL in order to induce cell death and increase efficacy. Potential
partners could be largely categorised into two groups; targets under preclinical or early
clinical investigation in DLBCL or those interfering with cellular metabolism. In particular, it
will focus on MCT1 inhibition and combinations which seek to target Complex | of the
electron transport chain. As an extension of these studies the efficacy and tolerability of the
novel combination of AZD3965 and BAY 87-2243 was also investigated in an intravenous

model of BL.
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6.3. Alternative combination approaches

We investigated the sensitivity of 2 BL and cell lines to range of small molecule inhibitors
(Figure 6-1, Table 9). Neither cell line was sensitive to BTK (Ibrutinib), BCL2 (ABT-199) or
PI3K6 (CAL-101) inhibition (Glso >1 puM). These three inhibitors have nanomolar potency
towards their molecular targets and have been shown to reduce cell proliferation/viability by
50% at doses <1 uM in appropriate cell lines (202, 219, 220). CA46 have been previously
reported to be resistant to the BCL2 inhibitor ABT-737 (198). Raji cells were particularly
sensitive to GLS1 inhibition with BPTES and the more potent GLS1 inhibitor CB-839. Raji cells
also showed greater sensitivity to JQ1 although this was less than had previously been
reported in DLBCL cell lines (209). Both cell lines were sensitive to mTOR inhibitor, AZD8055
(Glso < 100 nM), with CA46 cells being marginally more sensitive having lower Glso and higher

maximal inhibition being observed.

AZD3965 | Ibrutinib | JQ1 AZD8055 | CAL- ABT- CB-839 | BPTES

(MCT1) (BTK) (c- (mTOR) | 101 199 (GLS1) | (GLS1)
Myc) (PI3K®) | (BCL-
2)
3nM 4.8 uM 2.9 28 nM >10 uM | 8.8 uM | 6.66pM >10
CA46
(n=5) (n=3) HM (n=3) (n=3) | (n=3) | (n=2) HM
(n=2) (n=2)

6 nM >10uM | 381 85nM |[>10puM | >10uM | 44nM | 912
(n=6) (n=3) nM (n=3) (n=3) (n=3) (n=1) nM
(n=1) (n=1)

Table 9: Glso values in CA46 and Raji
Glso values calculated based on the mean metabolic activity measured by XTT assay across
the indicated number of independent experiments..
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Figure 6-1: Inhibitor sensitivity in CA46 and Raji

Exponentially growing CA46 and Raji cells were treated with increasing concentrations of the
indicated inhibitors for 72 hours. The molecular targets the named inhibitors are indicated in
individual graph titles. Metabolic activity as a percentage of control was calculated relative to
DMSO (0.01%) treated control cells after correcting for proliferation between seeding and
dosing To. Data shown are the mean + SEM of N experiments as indicated in Table 9, single
experiments are shown as means without error bars.

We prioritized the investigation of mTOR inhibitor AZD8055 with AZD3965 as both cell lines
examined, demonstrated sensitivity to both inhibitors alone. Combination index (Cl) values
were calculated using median effect analysis with Compusyn, using equipotent doses of
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AZD3965 and AZD8055 alone and in combination across a range of multiples of Glsp allowing
for computer aided calculation of Cl values across the full range of effect levels in addition to
those corresponding to experimental data points (221, 222). There are various alternative

methods for determining synergy including the use of surface response methods which (223,

224)

Cl = (Dalone)l + (Dalgne)z

B (Dcombination)l (Dcombination) 2

Combination index: Numerators are the dose associated with a given inhibitory effect for
compound 1 and 2. Denominators are the dose of each compound necessary to illicit the same
inhibitory response when used in combination. Cl<1, C1=1, and CI>1 indicate synergism,
additivity, and antagonism, respectively.

Treatment with equipotent doses of AZD3965 and AZD8055 in CA46 and Raji revealed a mild
—moderate synergy at EC;s in CA46 and Raji cells (Cl: 0.46, 0.52 respectively) (Figure 6-2). The
levels of synergism or antagonism between two compounds can vary across different effect
levels. Higher effect levels are more therapeutically relevant in relation to anti-cancer
therapies therefore EC7s was chosen. This can be seen in Raji where the addition of AZD3965

only synergistic at higher effect levels.
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Figure 6-2: Combination of mTOR inhibitor AZD8055 and AZD3965 in CA46 and Raji
cells

CA46 and Raiji cells were treated with equipotent doses of AZD3965 and AZD8055 for 72
hours. Metabolic activity as a percentage of control was calculated relative to DMSO (0.01%)
treated control cells after correcting for proliferation between seeding and dosing To. Data show
the mean + SEM of three experiments (CA46) or two experiments (Raji).

We also performed preliminary experiments in the DLBCL cell line OCILY18 with ABT-199.
OCILY18 has a BCL2 translocation resulting in the overexpression of this anti-apoptotic
protein underlying the sensitivity of OCILY18 to ABT-199 (Glso 5 nM) (203). We determined
the Glsp of ABT-199 to be similar to that previously reported, 22 nM. Treatment with
equipotent doses of ABT-199 and AZD3965 was mildly synergistic with Cl at ECys value of 0.47
(Figure 6-3).
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Figure 6-3: Combination with BCL2 inhibitor ABT-199 in OCILY18

OCILY 18 cells were treated with equipotent doses of AZD3965 and ABT-199 for 72 hours.
Metabolic activity as a percentage of control was calculated relative to DMSO (0.01%) treated
control cells after correcting for proliferation between seeding and dosing To. Data show the
mean + SEM of quadruplicate wells in a single experiment.
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6.4. Targeting oxidative phosphorylation in combination with

MCT1 inhibition

We proposed that MCT1 inhibition in DLBCL or BL may result in an increased reliance on
oxidative phosphorylation as glycolytic activity is inhibited by AZD3965. Concomitant
targeting of MCT1 and OXPHOS may therefore trigger cell death. Initially we ran preliminary

experiments using the potent Complex | inhibitor, rotenone, and metformin.

AZD3965, rotenone or metformin did not affect Raji cell viability when applied as
monotherapy. However, AZD3965 in combination with either Complex | inhibitor caused a

dramatic reduction in cell viability (Figure 6-4).
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Figure 6-4: Combination of AZD3965 with a Complex | inhibitors reduces cell viability
(A), exponentially growing Raji cells were treated with rotenone (5 nM), AZD3965 (100 nM),
combination or a DMSO vehicle control for 72 hours before assessing cell viability by trypan
blue exclusion. Data shown are the mean + SD of two independent experiments. (B)
exponentially growing Raiji cells were treated with metformin (1 mM), AZD3965 (100 nM),
combination or a DMSO vehicle control for 72 hours before assessing cell viability every 24
hours across a 72 hour period by trypan blue exclusion. Data shown are the mean + SEM of
three independent experiments.

The in vitro concentrations of metformin necessary to induce cell death in combination with
AZD3965 were substantially higher than levels achievable in vivo, a phenomenon which has

been the topic of much comment when interpreting preclinical studies using metformin in
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cancer (217, 218). We therefore sought to examine combinations with the potent Complex |
inhibitor BAY 87-2243, which possesses suitable pharmacokinetic properties with which to
enable serum drug concentrations to reach those active in vitro to permit inhibition of
oxidative phosphorylation in vivo (34). We initially measured the response to combination
with BAY 87-2243 in Raji cells as our previous data combining AZD3965 with Complex |
inhibitors had been studied in this model (Figure 6-5). Combination treatment with AZD3965
and BAY 87-2243 induced profound cell death in contrast to either compound as

monotherapy where cell viability remained above 90%.
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Figure 6-5: AZD3965 and BAY 87-2243 induces cell death in Raji

Exponentially growing Raji cells were treated after 24 hours with AZD3965 (5 nM) or BAY 87-
2243 (100 nM) or both in combination a further 72 hours before performing cell counts using a
hemocytometer. Cell number data are shown as a percentage of a cell line matched DMSO
(0.01%) treated control population. Cell viability as assessed by trypan blue exclusion are
shown as percentage of trypan blue excluding cells. Data shown are the mean + SEM of three
independent experiments.

We measured the effect of BAY 87-2243 (100 nM) on oxygen consumption rate in CA46 cells.
Acute treatment with BAY 87-2243 decreased oxygen consumption rate and also abrogated
spare respiratory capacity following treatment with FCCP (Figure 6-6). Previous reports
demonstrate similar effects in melanoma cell models where BAY 87-2243 reduces OCR and

spare respiratory capacity at higher doses than used here (49).
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Figure 6-6: BAY 87-2243 reduces OCR and spare respiratory capacity

Oxygen consumption rate (OCR) was measured in CA46 cells. BAY 87-2243 (100 nM) or

vehicle was added after establishment of a baseline measure of OCR. OCR was normalised

to protein concentration via BCA assay following phenotypic analysis using the SeaHorse

XF24. Abbreviations used: FCCP (Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone));
AA (antimycin A).

As observed with Raji, CA46 were also insensitive to BAY 87-2243 monotherapy in vitro which
likely reflects the metabolic profile of BL; a rapidly proliferating glycolytic tumour type (Figure
6-5, Figure 6-8). CA46-R cells were more sensitive to the growth inhibitory effect of BAY 87-
2243 than parental CA46 cells consistent with a more oxidative metabolic phenotype

exhibited by these cells (Figure 6-7).
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Figure 6-7: Increased sensitivity in CA46-R to BAY 87-2243

Exponentially growing CA46 or CA46-R cells were treated with increasing concentrations of
BAY 87-2243 for 72 hours before assessing metabolic activity in the cell population as a
surrogate for cell number using an XTT assay, as described in Section 2.6. Metabolic activity
as a percentage of control was calculated relative to DMSO (0.01%) treated control cells after
correcting for proliferation between seeding and dosing To. Data shown are the mean + SEM
of between three and nine independent experiments

In contrast to the disparate sensitivities to AZD3965 and BAY 87-2243 monotherapy, both
CA46 and CA46-R were similarly sensitive to the combination (10 nM of each compound).
After 72 hour exposure to combination treatment cell viability for CA46 and CA46-R were 37

and 34% respectively (Figure 6-8).
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Figure 6-8: AZD3965 and BAY 87-2243 induces BL cell death

Exponentially growing CA46 or CA46-R cells were treated after 24h with AZD3965 (10 nM) or
BAY 87-2243 (10 nM) or both in combination a further 72 hours before performing cell counts
using a hemocytometer. Cell number data are shown as a percentage of a cell line matched
DMSO (0.01%) treated control population. Cell viability as assessed by trypan blue exclusion
are shown as percentage of trypan blue excluding cells. Data shown are the mean + SEM of
three independent experiments.
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6.5. AZD3965 and BAY 87-2243 increase ROS

We investigated the levels of intracellular reactive oxygen species as a potential mechanism
for the induction of cell death (Section 2.8). ROS plays a role in tumourigenesis increasing
mutation rates through the induction of DNA damage, but high levels of ROS can also induce
cell death (225). MCT1 inhibitors and BAY 87-2243 have previously been reported to increase

intracellular ROS but have not been tested in combination (49, 84).
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Figure 6-9: Positive and negative controls for Cell-ROX assays

Cellular debris was excluded using the FSC-SSC plot expressed in arbitrary units. Positive
controls were prepared in CA46 cells using menadione (100 nM) for 1 hour prior to analysis.
Negative controls were prepared using N-acetyl cysteine (NAC) pre-treatment for 1 hour before
menadione or vehicle treatment. Intracellular ROS was measured flow cytometry for CellROX
fluorescence (FL-1). Representative plots of 2 experiments.

We demonstrated the ability to detect changes in intracellular ROS using menadione and N-
acetyl cysteine (NAC) to increase and decrease ROS respectively (Figure 6-9).The mechanisms
by which these compounds modulate ROS are described in Section 2.8.1. N-acetyl cysteine
was able to abrogate the increase in ROS generated as a result of menadione treatment. N-

acetyl cysteine alone was also able to reduce intracellular ROS below that observed in vehicle

treated cells.
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Figure 6-10: AZD3965 and BAY 87-2243 both increase intracellular ROS

CA46 cells were treated with vehicle, AZD3965 (100 nM), BAY 87-2243 (100 nM), or
combination for 48 hours and analysed by flow cytometry for CellROX fluorescence (FL-1).
Representative plots of 2 experiments.

Both AZD3965 and BAY 87-2244 increased fluorescence of Cell-ROX which is indicative of
increased ROS. BAY 87-2243 and MCT1 inhibitor AR-C122982 has previously been shown to
increase ROS. However, we did not observe a substantial increase in ROS on combination
treatment therefore it seems unlikely that the significant shift in cytotoxicity observed with

the combination is due to ROS (Figure 6-10).

6.6. In vivo efficacy of AZD3965 combined with BAY 87-2243

We decided to further investigate the combination approach in vivo using BAY 87-2243. BAY
87-2243 has been demonstrated to be well-tolerated and stabilise disease in vivo in
melanoma, lung adenocarcinoma and prostate tumour models (48, 49, 226). However, it
shows no efficacy in glycolytic models such as renal cell carcinoma in line with its mechanism

of action, inhibiting oxidative phosphorylation (226).

Initially we established that dual oral administration of AZD3965 and BAY 87-2243 at doses
individually shown to be safe in vivo could be tolerated in non-tumour bearing mice (49,
134). AZD3965 was administered twice-daily at 100 mg.kg. BAY 87-2243 (1 - 9 mg.kg!) was
administered once-daily. There was no major weight change observed in combination during
the dose escalation, weight changes associated with the maximum tested BAY 87-2243 dose

in combination with AZD3965 are shown in Figure 6-11.
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Figure 6-11: AZD3965 in combination with BAY 87-2243 in well tolerated in non-tumour
bearing mice

Weights recorded at the indicated intervals were compared to individual mouse weights at the
beginning of treatment to give a % change. Data points show the mean + SEM % change taken
from 3 mice per treatment group.

To address whether MCT1 inhibition combined with Complex | inhibition can induce tumour
regression in vivo we inoculated mice intravenously with luciferase expressing CA46 cells
(Figure 6-12). We chose to extend the period of engraftment to 12 days before
randomisation to ensure the radiance signal pre-treatment was well within the dynamic

range of the IVIS® allowing us to be able to reliably detect tumour regression.
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Figure 6-12: Study format for the assessment of AZD3965 and BAY 87-2243 in vivo
Twelve days post implantation mice were assigned to one of four treatment groups and treated
as indicated. Following a drug-free wash-out period tumour burden was measured at the
indicated intervals using bioluminescent imaging (Section 2.11.2.).
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Tumour engraftment was not monitored during treatment since a lethal drug interaction had
been observed in pilot studies where four animals receiving BAY-872243 alone or in
combination died under anaesthesia. These animals displayed no histological evidence of any
underlying major organ toxicity associated with combination drug treatment (data not
shown). We therefore hypothesise the interaction to be between BAY 87-2243 and the
isoflurane used to anaesthetise mice for bioluminescent imaging. We suggest this having
shown AZD3965 does not interact under anaesthesia and that BAY 87-2243 in combination

with AZD3965 is well-tolerated.

Animals were randomised to treatment groups receiving either AZD3965 (100 mg.kg™?, BID),
BAY 87-2243 (9 mg.kg?, OD), or the combination, for 14 days. Prior to commencement of the
treatment regimen the mean level of engraftment between prospective treatment groups

were comparable (P > 0.05 by two-way ANOVA).
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Figure 6-13: Efficacy of the combination of AZD3965 and BAY 87-2243 in vivo

NSG mice were intravenously inoculated with luciferase-expressing CA46 cells and allowed to
engraft for 12 days prior to treatment with AZD3965 (100 mg.kg™', BID), BAY 87-2243 (9 mg.kg"
', OD) or the combination of AZD3965 and BAY 87-2243, for 14-days. Control and
monotherapy-treated mice received the relevant vehicle controls. Mice were re-imaged at
intervals from 72 hours following treatment. A, bioluminescent signals for mice within each
group. The individual responses of mice treated with vehicle or AZD3965 pre-treatment (day
12) and post-treatment (day 29). Comparisons of paired samples pre-treatment and post-
treatment. Significance was assessed by two-tailed paired t-test (*P < 0.05, **P < 0.01 ***P <
0.001)

Post treatment, 72 hours after a final dose, engraftment was significantly increased in control

and BAY 87-2243 treated mice (P = 0.018 and 0.013) respectively as assessed by a two-tailed
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paired t-test. As observed in our previous in vivo experiment, AZD3965 monotherapy
treatment caused a strong growth inhibitory effect, with pre and post treatment flux values
being comparable (Figure 6-13). Emphasising this, the mean radiance signal in the AZD3965
treated group was just 1% of the control group at the end of the study. The combination of
AZD3965 with BAY 87-2243 led to a reduction in mean tumour burden compared with the
pre-treated value in 4 of 5 mice, with signal intensities being reduced by between 9.5 to 267
fold (P = 0.01 by Pearson X2 test). This is consistent with the induction of lymphoma cell

death in vivo.
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Figure 6-14: Visualisation of the efficacy of the combination of AZD3965 and BAY 87-
2243 in vivo

NSG mice were intravenously inoculated with luciferase-expressing CA46 cells and allowed to
engraft for 12 days prior to treatment with AZD3965 (100 mg.kg™", BID), BAY 87-2243 (9 mg.kg"
1, OD) or the combination of AZD3965 and BAY 87-2243, for 14-days. Representative images
taken of a mouse from each treatment group are shown pre-treatment (day 12) and post-
treatment (day 29). Images are displayed on a single radiance scale, due to the wide range in
signal intensities pre and post treatment which necessitates post-treatment control images are
overexposed in order to detect signal pre-treatment.

The change in burden post-treatment can be visualised in representative mice (Figure 6-14).
The signal distributions show engraftment of both femurs pre-treatment. Post-treatment,
mice which received vehicle or BAY 87-2243 treated images are over exposed and so prevent
localisation of tumour burden. However, displaying the images at a higher scale reveals

similar patterns of engraftment of femurs and the chest area (Figure 6-15).
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Figure 6-15: Visualisation of the progression of CA46 post-treatment in vivo.

NSG mice were intravenously inoculated with luciferase-expressing CA46 cells and allowed to
engraft for 12 days prior to treatment with AZD3965 (100 mg.kg™', BID), BAY 87-2243 (9 mg.kg"
1, OD) or the combination of AZD3965 and BAY 87-2243, for 14-days. Representative images
taken of a mouse from each treatment group are shown pre-treatment (day 12) and post-
treatment (day 29, 34, 41, 48). Pre and post-treatment images are displayed on separate
scales.

150



Post-treatment, mice previously receiving AZD3965 alone progressed at a rate comparable to
control animals indicating continued dosing would be necessary and maybe sufficient for
disease control (Figure 6-16). Similarly, despite the reduction in tumour burden following
combination treatment, on cessation we observed regrowth such that at the end of the
study (day 48) radiance values in the combination group were similar to those in control mice

at day 29 (Figure 6-16).
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Figure 6-16: Progression of CA46 post-treatment in vivo.

NSG mice were intravenously inoculated with luciferase-expressing CA46 cells and allowed to
engraft for 12 days prior to treatment with AZD3965 (100 mg.kg™", BID), BAY 87-2243 (9 mg.kg
', OD) or the combination of AZD3965 and BAY 87-2243, for 14-days. Control and
monotherapy-treated mice received the relevant vehicle controls. Mice were re-imaged at
intervals from 72 hours following treatment. Scans were performed at 12, 29, 34, 41 and 48
days of treatment as described in Section 2.11. Data points show the mean + SEM on a
logarithmic scale.

The treatment regimen was well tolerated, with no significant decrease in body weight
relative to control mice receiving vehicle gavages although some mild weight loss was
observed most likely associated with the dosing regimen which involved 3 gavages per day

(Figure 6-17).
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Figure 6-17: The oral dosing regimen of AZD3965 and BAY 87-2243 is well tolerated
Weights recorded at the indicated intervals were compared to individual mouse weights at the
beginning of treatment to give a percentage change value. Data points show the mean + SEM
% change.

6.7. Discussion

AZD3965 monotherapy produces a potent growth inhibitory effect in BL and DLBCL, however
additional strategies are required to augment this activity, the most promising of which
would be to identify combinations that could selectively trigger tumour cell death. We
examined BL cell lines CA46 and Raji as these had the greatest amount of pre-existing data
relating to the effects of AZD3965 monotherapy. These cell lines lacked sensitivity to the
majority of the tested inhibitors. Previous studies have shown BL model, Ep-Myc to be
sensitive to a dual mTOR/PI3K inhibitior (227). However, here we also identified BL cell lines
to be sensitive to the selective mTOR inhibitor AZD8055 monotherapy, and when we tested
AZD8055 in combination with AZD3965 we observed mild to moderate synergy. Additional
preliminary studies in DLBCL also suggest AZD3965 sensitizes cells to BCL2 inhibition in cells

harbouring BCL2 translocations.

We identified that Complex | inhibition using metformin in combination with AZD3965 was
highly cytotoxic to CA46 and Raji cells and considered this a better strategy to pursue.
However, metformin was only efficacious at millimolar doses in vitro which are not

achievable in vivo. Human steady state plasma concentrations following a typical anti-
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diabetic dose (2 g.day!) result in plasma metformin levels of 0.86 mg.L™ (5.2 uM) (228). In
mice, similar plasma concentrations to those achieved clinically in man (i.e. 5 uM), are only
evident following administration of a very large 250 mg.kg* oral dose of metformin (229).
Therefore even at high oral doses, plasma concentrations fall well short of in vitro
concentrations required to see the dramatic combination effects. Importantly, metformin
does not readily diffuse across cellular membranes and is reliant upon active transport
mechanism such as organic cation transporters and therefore tumour transporter expression
can also influence the intratumour drug concentrations attained. The relevance of in vitro
metformin concentrations to mouse models and ultimately to potential human utility have

been discussed (216, 217).

Despite this, due to its preclinical efficacy in cancer models and the widespread safe clinical
use of metformin there is great interest in investigating the potential efficacy of metformin in
cancer. Currently there are over 100 open clinical trial investigating the efficacy of metformin
for treatment and prophylaxis of various cancer types. However, the first randomised
controlled trial to report results, which studied metformin in combination with gemcitabine

and erlotinib in PDAC, failed to show any additional survival benefit (230).

We selected a more potent Complex | inhibitor, BAY 87-2243, with favourable
pharmacokinetics, to further investigate the combining Complex | inhibition with AZD3965.
Our results investigating the combination of AZD3965 and BAY 87-2243 in vivo compare
positively with recent reports combining MCT1 inhibition with Complex | inhibition using
biguanides, metformin and phenformin in vivo. Our data also uniquely show a reduction in
tumour burden in vivo as a result of combination treatment using an MCT1 inhibitor.
However, as reported by Marchiq et al. tumour growth was observed on cessation of
treatment (132). This may indicate the need for a longer treatment period to eliminate
residual disease. Unfortunately, we were unable to monitor disease progression by
bioluminescent imaging throughout the dosing period due to a severe adverse reaction to
anaesthesia in mice receiving BAY 87-2243. Therefore, it is more difficult to draw conclusions
about the effect of the combination on tumour growth. For example, if we had been able to
observe a consistent trend towards decreasing tumour burden throughout the treatment
period then it may have been reasonable to assume that a longer treatment period may have
eradicated the tumour. Despite the relatively low metformin concentrations achievable in

vivo, the combination of metformin supplied in drinking water with an MCT1 inhibitor has
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been shown to be efficacious, and led to some animals surviving beyond 80 days following

cessation of combination treatment (84).

The combination with an oral small molecule inhibitor of Complex | clearly enhances the
effects of AZD3965 in vivo. However, the development of BAY 87-2243 was stopped after its
withdrawal from phase | clinical trials due to safety concerns as a result of severe adverse
events which were not predicted by preclinical pharmacology (severe vomiting). This was
despite efforts to reduce the dose and alter the formulation (231). Aside from metformin and
phenformin there is a sparsity of other inhibitors which target Complex I, with potential
utility. In addition to clinical examination of metformin, phenformin was also used clinically
but withdrawn due to the risk of lactic acidosis estimated to be 40-64 cases for every
100,000 patient years (232). Whilst not acceptable for the management of diabetes this may
present an acceptable risk profile for patients with refractory B-NHL. Speculative approaches
with which to disrupt OXPHOS alongside MCT1 inhibition include targeting the mitochondrial
HSP90 (TRAP-1) using the preclinical candidate Gamitrinib (233, 234). Gamitrinib has been
shown to specifically target TRAP-1 clients including, succinate dehydrogenase (SDHB),
leading to a reduction in OCR in prostate and glioblastoma cells (235). Another approach
would be to use VLX600, which is undergoing Phase | clinical trial (NCT02222363) and causes
mitochondrial dysfunction causing partial inhibition of respiratory complexes |, Il and IV.
VLX600 also attenuates spare respiratory capacity in similar way as observed here with BAY
87-2243 (53). The finding that VLX600 also triggered a shift towards a glycolytic phenotypic
with increased production of lactate may be particularly pertinent for any attempts to

combine with AZD3965.

There are similarities with our MCT1,; resistance model, CA46-R, and that generated by
Doherty et al. and referred to as Raji®. Both exhibit reduced sensitivity to AZD3965 and AR-
C122982 respectively although it is difficult to compare the relative shifts in sensitivity as
data is only reported at a single dose of AR-C122982 (100 nM). Neither were associated with
an increased expression of MCT4. Increased OCR and decreased ECAR were observed in both
cases indicating increased oxidative metabolism reduces sensitivity to MCT1 inhibition. In
support of this, both models showed increased sensitivity to inhibition of Complex | alone,
although the magnitude of sensitisation in Raji® was far greater than observed in CA46-R

cells with Raji® cell number being reduced by around 95% after just 24 hours of metformin
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alone. This may be a reflection of the less specific nature of metformin particularly when

used at millimolar concentrations.

The CA46-R resistance phenotype was associated with similar basal levels of intracellular
lactate compared to parental cells, but lower AZD3965-induced lactate accumulation and
decreased expression of MCT1 and CD147. This is distinct from the Raji® model which
exhibited increased basal levels of intracellular lactate and did not report alterations in MCT1
or CD147. No reported changes were described in Raji® with respect to MCT1 inhibitor
induced lactate accumulation. Collectively these studies suggest OXPHOS a likely adaptive
change but that this may have different consequences depending on the tumour examined.
However, the dual targeting of OXPHOS with AZD3965 could have broad potential in BL, even

in the presence of a partial acquired resistance.
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Chapter 7.  General Discussion
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This thesis examines the novel, potent and selective monocarboxylate transporter 1 (MCT1)
inhibitor AZD3965 and its potential use as a treatment for BL and DLBCL tumours reliant
upon MCT1 function. The experimental work reinforced MCT4 expression as a major intrinsic
resistance factor to the effects of AZD3965 treatment and consequently this should be used
as the basis for patient selection. The IHC methods established can be applied to tumour
biopsies prospectively, to determine whether patients should be enrolled on AZD3965
treatment or offered an alternative therapy. The studies suggest DLBCL and BL are priority
tumour types for clinical investigation, given the frequently low or negligible expression of

MCT4, combined with a comparatively high glycolytic and proliferative rate.

7.1. Establishing a disease setting for AZD3965

The sensitivity of BL to AZD3965 and other MCT1 inhibitors has been previously
demonstrated in vitro and in vivo in the BL cell line, Raji (84, 138). We have expanded this to
a wider panel of BL cell lines and importantly made the first identification of DLBCL as a
target disease for AZD3965 using preclinical data showing a substantial cytostatic effect
(Chapter 4). Encouragingly, using IHC, we were also able to show that low MCT4 expression is
a common feature in both BL and DLBCL patient samples independent of COO (GCB/ABC-
DLBCL) classification (Figure 3-5, page 77). DLBCL as the most common form of B-NHL (8
cases per 100,000) represents a more prevalent disease population than BL (0.3 cases per
100,000) and is therefore more likely to be investigated clinically (236). Previous studies have
shown cell lines from the OXPHOS subtype to be less glycolytic, which we postulated may
produce a disparity in the sensitivity to AZD3965 between OXPHOS and BCR subtypes (167).
However, CCC classification did not influence sensitivity to AZD3965 in vitro. Whether this is
also true across a larger panel of ABC-DLBCL cell lines or within in vivo models where the
tumour microenvironment can influence cellular metabolism is not clear and may warrant

further investigation.

Both BL and DLBCL predominantly respond well to aggressive multi-agent chemotherapy
However, around a third of DLBCL patients become refractory to treatment where prognosis
with salvage therapies is poor (237). A small proportion (~10%) of BL cases also become
refractory to treatment. Therefore, the lack of cytotoxicity of AZD3965 does not exclude the
potential for clinical utility as a palliative care option in those patients who are refractory to

standard treatment. A number of cell lines used here were originally established from
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patients following treatment which might suggest that AZD3965 refractory patients will be
sensitive to AZD3965. The median age of DLBCL patients is approximately 70 years of age and
as the most common form of lymphoma in the elderly, a proportion cannot tolerate standard
of care treatment R-CHOP treatment (236, 238). In such patients a well-tolerated agent may

also be an important palliative treatment option

Although we have focussed on BL and DLBCL here, a number of other tumour types may
warrant further investigation as they exhibit low MCT4 gene expression including B and T-cell
acute lymphoblastic leukaemia and mantle cell lymphoma (Figure 3-1, page 71). However,
this is not a common feature of all hematological cancer types as acute myeloid leukaemia
and Hodgkin lymphoma cell lines show a more varied expression of MCT4. There are also
examples of solid tumours which exhibit low MCT4 expression but the distribution of
expression makes potential patient selection for early development more challenging than in
BL/DLBCL. Although our data show MCT1+/MCT4- expression is a requirement for sensitivity
to MCT1 inhibition in BL and DLBCL, MCT1+/MCT4- does not uniformly denote intrinsic
sensitivity to AZD3965. In previous work we have demonstrated relative resistance in
neuroblastoma cell lines despite low MCT4 expression and significant intracellular lactate
accumulation (119). In addition, the SCLC cell line NCI-H1048 only exhibited a partial
response under normoxic conditions despite significant AZD3965-induced lactate

accumulation (134).

7.2. Metabolic consequences of AZD3965 treatment

The degree of lactate accumulation observed in BL and DLBCL compares favourably with
previous findings under comparable experimental conditions in different cell types. /n vivo
lactate accumulation in Raji and CA46 subcutaneous xenografts was also comparable with
fold increases reported in SCLC xenografts (~2-fold) (133, 134). A greater number of studies
have measured extracellular lactate some of which show reduced extracellular lactate
following MCT1 inhibition consistent with the inhibition of lactate efflux (Table 2-Table 3).
The accumulation of early glycolytic intermediates such as G6P is consistent with the
accumulation of lactate having a feedback inhibitory effect on glycolysis (Figure 5-15, page
127) (84). However our studies also reveal a concurrent increase in multiple TCA cycle
metabolites not previously reported, as most studies have focussed on glycolytic

metabolites. This may be reflective of increased oxidative metabolism.
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The in vitro and in vivo metabolic response to AZD3965 revealed some dissimilarities. This
may be due to the different methodologies used to interrogate in vivo (LC-MS) and in vitro
(GC-MS) samples. Despite a large number of metabolites detectable by both methods,
certain metabolites detected by GC-MS could not be detected by LC-MS and vice versa.
Differences between the in vitro and in vivo response may also be attributed to the
environmental factors (Chapter 5). In vivo there are also additional considerations around the
interaction between tumour cells and the surrounding microenvironment and stroma, the
availability of nutrients and varying oxygenation states each of which may influence the
metabolic response to AZD3965. This is rather different from the in vitro environment where
cells are constantly exposed to optimal levels oxygen and nutrients such as glucose and
glutamine. This offers several avenues for further investigation. For example, it would be of
interest to examine the effect of media composition on sensitivity to AZD3965 through
reduced concentrations of glucose and glutamine in order to more accurately reflect
physiological concentrations. The importance of MCT1 function under glucose deprivation
has been investigated in oxidative tumour cell lines, where lactate uptake through MCT1 and
subsequent oxidation is able to compensates for the loss of glucose (108, 239). Increased
glutamine oxidation has also been reported in MYC expressing B-cells under glucose
deprivation (18). Sensitivity to non-specific MCT1 inhibitor 3-bromopyruvate, sensitises cells
to glutamine deprivation however whether this also applies to a truly specific MCT1 inhibitor

is unclear (96).

Under hypoxic conditions cells become obligatory glycolytic which might suggest increased
sensitivity to MCT1 inhibition although there is also the potential for HIF-1a to up-regulate
MCT4 under such conditions and counteract this sensitivity. However, even in SCLC where
hypoxia is common, a proportion of low MCT4 tumours exist. In SCLC the metabolic changes
observed under hypoxia are somewhat similar to those associated with AZD3965 treatment
albeit to a lower magnitude, supporting the model proposed by Sonveaux et al. where MCT1
inhibition prevents lactate uptake rather than efflux in oxygenated areas of the tumour
limiting glucose availability to the hypoxic regions (108, 133). There is little known about the
role of hypoxia in BL/DLBCL, however, recently HIF-1a expression has been demonstrated to
be a positive prognostic factor for DLBCL patients receiving R-CHOP (240, 241). This in
contrast to solid organ tumours where hypoxia and HIF-1a are usually negative prognostic

factors. As MCT4 expression via HIF-1a activation is a potential resistance mechanism the
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response of BL/DLBCL cell lines to hypoxia and MCT transporter expression would be of

further interest.

7.3. Combination approaches to enhance the efficacy of

AZD3965

In DLBCL and BL, AZD3965 treatment has a profound cytostatic effect over 5 days in vitro and
24 days in vivo. In order to enhance efficacy and induce cell death we examined a number of
novel therapies against targets implicated in B-NHL pathophysiology to combine with MCT1
inhibition. We had initially investigated changes in gene expression following treatment with
AZD3965 using the Fluidigm® platform with an aim to proposing and testing rational
combinations but this was unsuccessful (AstraZeneca placement - data not shown).
Subsequently the majority of work investigating small molecule inhibitors was concentrated
in BL cell lines where the rationale may not be as strong as for DLBCL as they lack the
relevant pathway activation to denote sensitivity to a given agent (e.g. BCL2 overexpression,
PTEN deletion) which may explain the limited sensitivity as monotherapy and as combination

treatments.

Postulating that the increase in TCA cycle metabolites we had observed may suggest
increased sensitivity to inhibition of oxidative metabolism we had begun to explore Complex
| inhibition using rotenone or metformin prior to the publication of studies combining
metformin with inhibition of MCT1 with pharmacological or siRNA approaches (84, 132). Our
data show a combination of AZD3965 and BAY 87-2243 causes significant cell death in vitro
and the first reported evidence of decreased tumour burden with an MCT1 inhibitor and
Complex | inhibitor in vivo. However, on cessation of treatment we observed growth rates
comparable to tumours which had not received AZD3965 and BAY 87-2243 which indicated
the need for longer dosing or multiple cycles of treatment to achieve curative activity (Figure
6-15, page 150). Whilst this represents a promising strategy, the clinical development of BAY
87-2243 has been terminated and therefore alternate combinations must be sought if they

are to be utilised clinically.

Combination treatment of the low specificity MCT1 inhibitor CHC and doxorubicin have been
shown to produce additive effects in vivo (123). Cytotoxic chemotherapeutics such as

doxorubicin are most efficacious against highly proliferative cells and therefore, as our and
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published data show selective MCT1 inhibitors to be cytostatic, combination with these
agents might not be optimal. Subsequently, it would be of interest to examine the
combination of AZD3965 and an anti-CD20 antibody, rituximab, in vivo to trigger antibody
dependent cellular toxicity and reduce tumour burden. Also in the clinic, replacement of
conventional cytotoxic chemotherapy for more targeted agents such as AZD3965 in
combination with rituximab may avoid some of the general cytotoxicity which limit the
tolerability of standard therapy particularly in elderly patients which may have other

comorbidities as well as reduced liver and kidney function associated with age (242).

7.4. Resistance

Chronic exposure to AZD3965 in vitro led to a partial acquired resistance phenotype through
the adoption of a more oxidative metabolic phenotype (Figure 5-6, page 117). This is
somewhat distinct from a previously reported BL model of acquired resistance to MCT1
inhibition, termed Raji® (84). In both CA46-R and Rajif increased MCT4 expression did not
underlie resistance to the compound. This is in contrast to the intrinsic resistance phenotype
exhibited by BJAB, and other studies showing the induced expression or artificial
overexpression of MCT4 confers resistance to MCT1 inhibitors (84, 134). Both acquired
resistance models exhibited increased oxygen consumption. However, uniquely, we observed
reductions in CD147 and MCT1 (Figure 5-11, page 122). This could result in reduced plasma
membrane expression of MCT1 in CA46-R cells which could be studied by
immunofluorescence microscopy. It would be of interest to explore the resistance phenotype
in CA46-R in more detail, for example, to investigate whether the resistance phenotype is
stable or a more glycolytic and sensitive phenotype remerges following incubation in drug-

free culture for extended periods.

In relation to the induction of resistance the pharmacokinetic profile of AZD3965 requires
twice-daily dosing in vivo in order to maintain drug free plasma concentrations consistent
with in vitro lactate accumulation. In vivo, plasma drug concentrations will obviously
fluctuate in contrast to consistent levels achieved in vitro which may extend the time
required for acquired resistance to occur as the selection pressure exerted in vivo may not be
as great as with a constant incubation in vitro (134). However, since such a significant
cytostatic effect was achieved in vivo over a three week period, it would be interesting to

extend the dosing in such an experiment, to at least the six week period of treatment
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required to elicit resistance in vitro. If any tumour growth were evident upon extended
treatment in vivo, it would be possible to derive a cell line from this and subsequently

characterise the resistance mechanism to compare this with CA46-R in vitro.

The development of acquired resistance could be investigated through a more chronic dosing
schedule, examining any significant outgrowth by isolating tumour cells and culturing in

vitro.

7.5. Potential biomarkers

As discussed, MCT4 expression represents a predictive biomarker, for resistance to AZD3965.
In terms of a relevant pharmacodynamic biomarker in vitro and in vivo data suggest that
intracellular lactate may be a good biomarker to demonstrate target engagement and a
consequent change consistent with the mechanism of action. Whether the magnitude of
change observed in vivo is sufficient to detect in a non-invasive fashion is less clear. However,
we did not observe an alteration in AZD3965-induced lactate accumulation between parental
and less sensitive CA46-R cells, suggesting that lactate accumulation whilst this reflects

target engagement, it may not denote sensitivity or the development of resistance.

Changes in tumour pH have also been investigated which may potentially reflect lactate
accumulation, which would be anticipated to be associated with intracellular acidification.
MCT1 inhibitor induced reductions in intracellular pH (0.1-0.4 pH units) have been reported
in MCT4 expressing multiple myeloma cell lines and greater effects observed in colorectal
cancer cells when combined with ablation of MCT4 (125, 132). However, in previous work,
we were unable to detect alterations in intracellular pH in vitro following treatment with
AZD3965 (119). Also, pilot magnetic resonance spectroscopy (MRS) imaging data did not
reveal an alteration in pH as a result of AZD3965 treatment in vivo (unpublished data) where
biochemical lactate changes were measured ex vivo;, measurements taken from mice with
Raji xenografts who had received AZD3965 2 hours earlier were not significantly different
from pre-treatment values (pre-treatment: 6.98 + 0.14, post-treatment 6.99 + 0.08). Such an
endpoint may be confounded as the maintenance of pH homeostasis is not reliant upon
monocarboxylate transporters alone. A number of other transporters are involved in proton-
coupled transport of substrates and therefore targeting of one transporter can be

compensated for.
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Investigating potential changes in glucose uptake following AZD3965 treatment with FDG-PET
in BL/DLBCL would also be of interest. Both BL and DLBCL exhibit avidity for FDG and FDG-
PET-CT is used clinically for disease staging (243, 244). Doherty et al. show MCT1 inhibition
reduces glucose uptake in Raji cells (78). However, Sonveaux et al. show an increase in
glucose uptake from oxidative tumours following MCT1 inhibition (84, 108). Importantly,
both authors draw conclusions on glucose consumption based on in vitro studies. So how
AZD3965 influences FDG uptake in a DLBCL mouse model would be of interest before looking

toward clinical utility to monitor treatment response.

7.6. Summary

In conclusion, our data support the clinical evaluation of AZD3965 in DLBCL and BL including
the clinical selection of patients with low MCT4 expression based on the profound growth
inhibitory effects achieved using in vitro and in vivo models. AZD3965 may have therapeutic
utility in patients refractory to current therapy or in the palliative management of poor
performance status patients with these diseases. However, approaches to target the
glycolytic phenotype are likely to require combination therapies in order to deliver maximal
patient benefit. We verify here that potent cell death and tumour regression dual can be

achieved through inhibition simultaneous of MCT1 and Complex I.
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Appendix A: Metabolic pathway analysis with Pathview

#Download and load necessary packages
#source("http://bioconductor.org/biocLite.R")
#biocLite()

#biocLite("pathview")
#install.packages("ggplot2")
#biocLite("GOstats")

#biocLite("gplots")

library(pathview)

library(ggplot2)

library(GOstats)

library(gplots)

#2h data only all events
#ANALYSIS REQUIRES COMPOUND NAMES AS KEGG_IDs
my_data = read.csv("~/KEGG_IDs.csv") #Read in CSV

View(my_data)
my_data = my_data[complete.cases(my_data),]

#Remove unicode characters from excel sheet (spaces)
my_dataSKEGG.id = gsub("\xa0", "", my_dataSKEGG.id)

#Filter on P-value
my_data = my_data[my_dataST.Test < 0.05,]

#Filter on 2h data
cpd_fc = my_data[my_dataSTime..h.==2,]SLog2.Fold.Change

#Convert to character vector
cpd_id = as.character(my_data[my_dataSTime..h.==2,]SKEGG.id)
names(cpd_fc) = cpd_id

#Use KEGG pathway IDs to map changes onto given pathways

#TCA CYCLE

pathview(cpd.data=cpd_fc, pathway.id="00020", species="hsa",
limit=list(gene=1, cpd=c(round(min(cpd_fc)), round(max(cpd_fc)))),
low=list(gene="red", cpd="blue"),
mid=list(gene="light grey", cpd="light grey"),
high=list(gene="blue", cpd="red")

#GLYCOLYSIS

pathview(cpd.data=cpd_fc_24, pathway.id="00010", species="hsa",
limit=list(gene=1, cpd=c(round(min(cpd_fc)), round(max(cpd_fc))),
low=list(gene="red", cpd="blue"),
mid=list(gene="light grey", cpd="light grey"),
high=list(gene="blue", cpd="red")
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Appendix B: Patient samples used for MCT1 and MCT4 scoring

by IHC
ID Disease coo MYC FISH MCT1 MCT4
type subtype status
16/611 BL n/a Y 300 0
16/768 BL n/a Y 300 0
16/817 BL n/a N 300 0
16/391 BL n/a Y 300 0
16/818 BL n/a Y 300 0
16/827 BL n/a Y 300 0
16/558 BL n/a N 300 0
16/841 BL n/a Y 300 0
16/511 BL n/a Y 300 2
16/321 BL n/a n.d 300 10
PR29428/07 DLBCL ABC N 170 0
PR32298/07 DLBCL GCB N 240 0
PR42830/07 DLBCL ABC N 300 0
PR3089/08 DLBCL ABC N 220 0
PR9008/08 DLBCL ABC N 290 0
PR13580/08 DLBCL ABC Y 100 0
PR23480/08 DLBCL GCB n.d 300 0
PR29746/08 DLBCL GCB N 20 0
PR43029/09 DLBCL GCB n.d 70 0
PR32817/11 DLBCL GCB n.d 200 0
PR29109/11 DLBCL GCB n.d 20 0
PR23302/11 DLBCL GCB n.d 20 0
PR20297/04 DLBCL GCB Y 240 0
PR28506/05 DLBCL GCB N 130 0
PR40579/05 DLBCL ABC N 110 0
PR14004/04 DLBCL GCB N 100 0
PR25724/06 DLBCL ABC N 170 0
PR28320/06 DLBCL ABC N 170 0
PR40465/06 DLBCL ABC N 100 0
PR16937/07 DLBCL GCB N 140 0
PR19169/07 DLBCL GCB N 280 0
PR21027/07 DLBCL n.d n.d 290 0
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ID Disease coo MYC FISH MCT1 MCT4
type subtype status

PR29951/07 DLBCL GCB Y 300 0
PR5697/08 DLBCL ABC N 50 0
PR15963/08 DLBCL ABC N 150 0
PR25086/08 DLBCL GCB Y 300 0
PR24199/08 DLBCL GCB N 270 0
PR40812/08 DLBCL GCB Y 290 0
PR43968/08 DLBCL GCB N 280 0
PR2676/09 DLBCL ABC Y 120 0
PR19148/09 DLBCL ABC n.d 290 0
PR29270/09 DLBCL GCB Y 300 0
PR29864/09 DLBCL GCB n.d 200 0
PR25618/07 DLBCL GCB 150 0
PR6621/07 DLBCL ABC 260 0
PR2486/07 DLBCL GCB 240 0
PR36972/06 DLBCL GCB n.d 120 0
PR32034/06 DLBCL GCB N 260 0
PR23084/06 DLBCL GCB Y 280 0
PR36304/03 DLBCL GCB N 30 0
PR3902/04 DLBCL ABC N 170 0
PR20367/08 DLBCL GCB n.d 300 0
PR40146/03 DLBCL GCB n.d 280 0
05/13561 DLBCL ABC Y 200 0
1210827 DLBCL ABC N 280 0
PR20761/05 DLBCL GCB N 290 0
PR9693/07 DLBCL GCB N 180 0
07H12708 DLBCL GCB Y 20 0
P06/8605 DLBCL ABC N 300 0
P07/14124 DLBCL GCB N 90 0
P05/7489 DLBCL GCB N 210 0
PR3219/06 DLBCL GCB N 300 0
07H13399 DLBCL GCB n.d 70 0
PR34622/09 DLBCL ABC N 90 0
PR28424/07 DLBCL ABC 20 0
PR13924/07 DLBCL GCB 290 0
PR37065/04 DLBCL GCB n.d 300 0
PR3035/09 DLBCL ABC N 170 0
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ID Disease coo MYC FISH MCT1 MCT4
type subtype status

PR26840/05 DLBCL GCB N 260 0
PR23944/07 DLBCL ABC n.d 200 0
PR1825/05 DLBCL GCB N 300 0
PR41673/08 DLBCL GCB n.d 50 0
08/02315 DLBCL GCB n.d 250 0
04/4472 A5 DLBCL GCB N 280 0
PR22517/06 DLBCL GCB n.d 40 0
07H8249 DLBCL ABC N 80 0
PR21189/06 DLBCL GCB n.d 50 0
PR21012/07 DLBCL ABC n.d 280 0
PR16109/04 DLBCL GCB n.d 230 0
PR15362/08 DLBCL GCB n.d 250 0
PR40855/06 DLBCL GCB 300 0
08/10760 DLBCL ABC 10 0
PR35436/05 DLBCL GCB n.d 260 0
04/12376 DLBCL GCB 300 0
PR11576/15 DLBCL ABC 300 0
PR30622/14 DLBCL ABC n.d 250 0
PR41399/13 DLBCL ABC n.d 130 0
PR31383/13 DLBCL GCB 300 0
PR48484/15 DLBCL GCB 240 0
PR53103/13 DLBCL GCB n.d 160 0
PR31909/14 DLBCL GCB Y 300 0
PR4823/15 DLBCL GCB n.d 110 0
PR41003/14 DLBCL GCB 260 0
PR09549/16 DLBCL GCB 300 0
PR18025/15 DLBCL GCB n.d 300 0
PR47674/14 DLBCL GCB N 300 0
PR47462/14 DLBCL GCB N 300 0
PR33799/13 DLBCL GCB Y 130 0
PR23721/14 DLBCL GCB Y 250 0
PR16506/06 DLBCL GCB N 110 2
PR14330/08 DLBCL GCB N 300 2
713474 DLBCL ABC N 230 2
PR4666/05 DLBCL ABC N 50 2
PR12775/14 DLBCL ABC n.d 90 2
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ID Disease coo MYC FISH MCT1 MCT4
type subtype status
PR06607/15 DLBCL GCB N 30 2
PR15175/11 DLBCL ABC n.d 280 4
PR10234/08 DLBCL ABC 270 5
PR1592/06 DLBCL GCB 100 5
PR36943/09 DLBCL GCB N 200 10
PR43202/11 DLBCL GCB n.d 300 10
PR17512/07 DLBCL GCB N 250 10
PR23739/14 DLBCL ABC n.d 220 15
PR14786/11 DLBCL GCB n.d 100 20
PR24260/05 DLBCL GCB N 180 20
PR33076/04 DLBCL ABC n.d 270 20
PR14748/14 DLBCL ABC n.d 300 20
PR32466/08 DLBCL GCB 220 30
PR20422/06 DLBCL GCB 170 40
PR21162/08 DLBCL GCB n.d 120 40
PR3257/06 DLBCL GCB N 90 60
PR35058/15 DLBCL ABC N 60 80
PR06734/15 DLBCL GCB N 200 90
08H06103 DLBCL GCB N 270 100
PR4068/06 DLBCL GCB N 220 110
PR26201/05 DLBCL GCB N 230 120
P06/16727-4 DLBCL GCB n.d 280 150
PR10496/05 DLBCL GCB N 140 160
PR32255/11 DLBCL ABC n.d 240 170
PR1266/08 DLBCL ABC n.d 300 190
PR15144/06 DLBCL GCB N 260 200
PR41023/06 DLBCL GCB n.d 300 250

Table 10: BL/DLBCL samples stained for MCT1 and MCT4 expression by IHC

Individual cases were sorted by disease type (BL or DLBCL) and then by MCT4 expression.
Cell of Origin status is indicated where defined (ABC/GCB), not determined (n.d) or not
applicable (n/a). Presence of MYC translocation as identified by FISH is indicated as confirmed
(Y), no evidence (N) or not defined (?). BL and DLBCL patient samples were scored for

intensity and extent of staining to produce a single expression score (H-score).
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Appendix C: TP53 mutational status in B-NHL
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Sample Morphology TP53 Structure- MCT1 | MCT4 | PubMed
Name status Function Class
Akata BL MUT n/a 1915267
AKUA BL MUT non-functional 8402660
AS283A BL MUT n/a 2052620
BL113 BL MUT non-functional 2052620
BL-37 BL MUT non-functional 2052620
BL-41 BL MUT non-functional 9.84  4.47 15188009
BL-49 BL MUT non-functional 2052620
BL-60 BL MUT non-functional 2052620
BL-70 BL MUT non-functional 8.76 = 451 15188009
BL-99 BL MUT n/a 2052620
BRG-A BL MUT n/a 9399658
BRG-M BL MUT non-functional 9399658
CA46 BL MUT non-functional 9.19 4.87 8402660
CW678 BL MUT non-functional 8.63 4.89 2052620
Daudi BL MUT non-functional 8.63 4.89 15188009
DG-75 BL MUT functional 9525742
EB-1 BL MUT non-functional 9.17 4.68 15188009
EB2 BL MUT non-functional 8.93 4.85 | 15188009
EB3 BL MUT n/a 2052620
GA-10 BL MUT non-functional 9.30 | 4.85 11482875
JD 38 BL MUT non-functional 2052620
Jijoye BL MUT non-functional 1915267
KK125 BL MUT non-functional 2052620
Louckes BL MUT non-functional 1915267
MC116 BL MUT non-functional 9.19 5.32 2052620
Namalwa BL MUT non-functional 9.54 5.56 2052620
P3HR-1 BL MUT non-functional 2052620
PP984 BL MUT non-functional 2052620
Raji BL MUT non-functional 9.52 5.03 1915267
Ramos BL MUT non-functional 2052620
SG568 BL MUT n.d 8402660
ST486 BL MUT non-functional 8.71 4.72 | 15188009




TE-161-T BL WT n/a 15188009
BJAB DLBCL MUT non-functional 1915267
CTB-1 DLBCL WT n/a 15188009
DB DLBCL MUT non-functional 8.99 4.79 | 15188009
DOHH-2 DLBCL WT n/a 8.41 4.71 = 15188009
Farage DLBCL MUT n.d 2748725
HBL-1 DLBCL MUT non-functional 8412324
HT DLBCL MUT non-functional 9.50 6.28 15188009
KARPAS-422 DLBCL MUT n/a 9.23 4.61 15188009
OCiLY1 DLBCL MUT non-functional 8274734
OCILY17 DLBCL MUT non-functional 8274734
OCILY2 DLBCL MUT non-functional 8274734
OCILY7 DLBCL MUT non-functional 8274734
Ly-8C3 DLBCL MUT non-functional 8274734
NU-DHL-1 DLBCL MUT non-functional 10.11  5.07 22460905
OCILY10 DLBCL WT n/a 9.21 5.12 = 19021061
OCILY18 DLBCL MUT n.d 8574164
OCILY3 DLBCL WT n/a 8.80 | 4.66 @ 19021061
OCILY4 DLBCL MUT non-functional 8574164
Pfeiffer DLBCL MUT n.d 21394100
RIVA DLBCL MUT non-functional 10.01 6.49 22460905
SU-DHL-1 DLBCL MUT non-functional 10.20 4.98 15188009
SU-DHL-10 DLBCL MUT n/a 9.61 5.39 22460905
SU-DHL-4 DLBCL MUT non-functional 9.34 5.03 22460905
SU-DHL-6 DLBCL MUT n/a 9.46 4.73 22460905
SU-DHL-8 DLBCL MUT non-functional 9.16 5.18 = 22460905
Toledo DLBCL MUT n/a 8.63 4.95 22460905
TUR DLBCL MUT n/a 15188009
WSU-DLCL2 DLBCL MUT non-functional 9.60 490 22460905

Table 11: Summary of TP53 status and MCT1/MCT4 gene expression in BL and DLBCL
Relative expression of MCT1 and MCT4 mRNA (RMA-normalised) from CCLE for BL and
DLBCL cell lines listed within the IARC TP53 mutation database (160, 193).
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Appendix D: LC-MS Metabolites

Analyte short name

Name

_Acetoacetyl_CoA

Acetoacetyl coenzyme A

_acetylCoA Acetyl coenzyme A
_adenine Adenine
_adipic_acid Adipic acid
_ADP Adenosine diphosphate
_ADP_ribose Adenosine diphosphoribose
_aKET_B Alpha ketoglutarate
_AMP Adenosine monophosphate
_Arginine Arginine
_Asparagine Asparagine

_Aspartic_acid
_ATP

_benzoic_acid

Aspartic acid
Adenosine triphosphate

Benzoic acid

_cAMP

Cyclic adenosine monophosphate

_cGMP

_cis_aconitic_acid

Cyclic guanosine monophosphate

Cis aconitic acid

_citrate
_citrulline
_CMP
_CoA

Citrate
Citrulline
Cytidine monophosphate

Coenzyme A

_coumaric_acid

Coumaric acid

_Dihydroxy_Acetone_Phosphate

_Creatine Creatine
_Creatinine Creatinine

_Cystine Cystine

_cytosine Cytosine
_dADP 2'deoxyadenosine monophosphate
_dAMP 2'deoxyadenosine diphosphate
_dATP 2'deoxyadenosine triphosphate
_dCDP 2'deoxycytidine diphosphate
_dCmP 2'deoxycytidine monophosphate
_dCTP 2'deoxycytidine triphosphate
_dGMP 2' deoxyguanosine 5-monophosphate

Dihydroxyacetone phosphate
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_dinitrosalicylic_acid

Dinitrosalicylic acid

_dump 2'deoxyuridine monophosphate
_duTpP 2'deoxyuridine triphosphate
_FAD Flavin adenine dinucleotide
_FBP Fructose bisphosphate
_ferrulic_acid Ferrulic acid
_folate Folate

_Fructose__1 P

Fructose-1-phosphate

_Fructose_6_P

Fructose-6-phosphate

_fumarate Fumarate
_G3P Glycerate-3-phosphate
_Galactose_1 Galactose-1-phosphate
_GAP Glyceraldehyde-3-phosphate
_GBP Glycerate bisphosphate
_GDP

Guanosine diphosphate

_glucosamine6P
_Glucose_1_P

_Glucose_6_P

Glucosamine-6-phosphate
Glucose-1-phosphate
Glucose-6-phosphate

_glucuronic_acid
_glutamate
_glutamine

_glutaric_acid

_glutathione_ox

_glutathione_red

Glucuronic acid
Glutamate
Glutamine

Glutaric acid
Glutathione (Oxidised)
Glutathione (Reduced)

_glyoxyllic_acid Glyoxyllic acid
_GMP Guanosine monophosphate
_GTP Guanosine triphosphate
_guanine Guanine
_guanosine Guanosine
_Histidine Histidine
_HPPA

_Hydroxy_glutaric_Acid

Hydroxyphenyl propionic acid
Hydroxymethyl glutaric acid

_Hydroxymethyl_Glutaryl_CoA

Hydroxymethyl glutaryl coenzyme A

_ICcA Indoleacrylic acid
_IMmpP Inosine monophosphate
_inosine Inosine
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_lIsobutyryl_CoA

Isobutyryl coenzyme A

_isocitrate_sp
_lIsoleucine

_lIsovaleryl_CoA

Isoctirate
Isoleucine

Isovaleryl coenzyme A

_itaconic_acid Itaconic acid
_lactate Lactate
_Leucine Leucine
_malate Malate

_maleic_acid Maleic acid

_malonic_acid Malonic acid

_Malonyl_CoA

Malonyl coenzyme A

_Mannose_6_P
_Mesaconic_Acid
_Methionine
_Methyl_Malonyl_CoA

Mannose 6 phosphate
Mesaconic acid
Methionine

Methylmalonyl coenzyme A

_methylxanthine

Methylxanthine

_NAD Nicotinamide adenine dinucleotide
_NADH Reduced NAD
_NADP Nicotinamide adenine dinucleotide phosphate
_NADPH Reduced NADP
_NAG N-acetyl glucosamine
_nicotinic_acid Nicotinic acid
_nitrophenol Nitrophenol
_orotic_acid Orotic acid
_palmitic_acid Palmitic acid

_pantothenic_acid

Pantothenic acid

_Pcreatine Phosphocreatine
_PEP Phosphophenolpyruvate
_PG 6-phosphogluconate
_phenylalanine Phenylalanine
_phthalic_acid Phthalic acid
_Proline Proline

_Proprionyl_CoA

Proprionyl coenzyme A

_Pserine Phosphoserine
_pyruvate Pyruvate
_riboflavin Riblofalvin
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_Ribose_5_P

Ribose 5 phosphate

_ribulose_5_P
_S 5 _Adenosyl_L_Cysteine
_S 5 Adenosyl_L_Cysteine_1

Ribulose-5-phosphate
S-5-Adenosyl-L-Cysteine
S-5-Adenosyl-L-Cysteine-1

_S_5Adenosyl_L_Homocysteine

S-5-Adenosyl-L-Homocysteine

_salicylic_acid
_serine

_shikimic_acid

Salicylic acid
Serine

Shikimic acid

_sorbitol_mannitol

Sorbitol or mannitol

_Xylulose_5_P

_succinate Succinate
_Succinyl_CoA Succinyl coenzyme A
_Threonine Threonine
_thymine Thymine
_TIA 2, trans-3-enol pyruvic acid
_tryptophan Tryptophan
_tyrosine Tyrosine
_ubp Uridine diphosphate
_UDP_glucA Uridine diphosphate glucuronic acid
_UDP_glucose Uridine diphosphate glucose
_UMP Uridine monophosphate
_uracil Uracil
_uridine Uridine
_Valine Valine

Xyulose 5 phosphate

Table 12: Array of metabolites detectable by LC-MS
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Appendix E:

AZD3965 induced metabolic changes in vitro
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Cell line Metabolites Log, FC P-value
CA46 o-ketoglutarate 0.72 0.02364856
CA46 Aspartic acid -0.55 0.01123613
CA46 Benzoic acid 0.76 0.03698818
CA46 Cis-aconitic acid 1.92 0.00186559
CA46 Citrate 2.50 0.03527132
CA46 Fructose bisphosphate -3.16 0.03645213
CA46 Fructose-1-phosphate -1.46 0.01015639
CA4d6 Fructose-6-phosphate 1.38 0.03452481
CA46 Fumarate 1.17 0.00030609
CA46 Glucose-6-phosphate 1.37 0.02149326
CA46 Hydroxy-glutaric acid 0.61 0.00423076
CA4d6 Inosine monophosphate 0.88 0.01666035
CA46 Isocitrate 2.21 0.0233072
CA46 Lactate 0.95 8.63E-05
CA46 Malate 0.66 0.0005867
CA46 Mannose-6-phosphate 1.39 0.0147361
CA46 Phosphocreatine -0.82 0.00559057
CA46 Phosphoserine -4.27 0.00011756
CA46 Succinate 0.62 0.0009613
CA46 Xyulose-5-phosphate -0.84 0.00307755
Daudi o-ketoglutarate 0.95 0.00130228
Daudi Adenosine monophosphate -0.54 0.00417053
Daudi Aspartic acid -0.54 0.02443934
Daudi Cyclic adenosine monophosphate 1.36 0.03651374
Daudi Cis-aconitic acid 2.29 0.00180616
Daudi Citrate 1.86 0.03120898
Daudi Creatine -0.77 0.01865185
Daudi 2' deoxyuridine-monophosphate -0.63 0.03069022
Daudi Fructose bisphosphate -3.20 0.01142309
Daudi Fructose-1-phosphate -1.13 0.00400372
Daudi Fumarate 0.81 0.02688549
Daudi Glucose-6-phosphate 0.59 0.00398842
Daudi Glutamate -0.52 0.00580551




Cell line Metabolites Log, FC P-value
Daudi Glyoxyllic acid 0.66 0.0327116
Daudi Guanosine -2.08 0.01324557
Daudi Lactate 0.97 0.00066579
Daudi Malate 0.90 0.00330235
Daudi Mannose-6-phosphate 0.59 0.02457415
Daudi Orotic acid -1.22 9.34E-05
Daudi Phosphocreatine -2.15 0.0001488
Daudi 6-phosphogluconate 0.93 0.04639125
Daudi Proline -0.86 0.01248772
Daudi S-5-adenosyl-L-cysteine -1.38 0.00186336
Daudi Thymidine monophosphate -0.66 0.00078543

Raji a-ketoglutarate 0.55 0.00422628
Raji Aspartic acid -1.02 0.00748999
Raji cis Aconitic acid 2.19 1.95E-05
Raji Citrate 4.21 0.00637086
Raji Creatine -0.70 0.0101281
Raji 2'deoxyuridine triphosphate 0.62 0.03859534
Raji Fructose-6-phosphate 1.41 0.03921023
Raji Glyceraldehyde-3-phosphate 2.00 0.00063439
Raji Glucose-1-phosphate 0.74 0.013916
Raji Glucose-6-phosphate 0.95 0.03814738
Raji Glutamate -0.59 0.01808727
Raji Hydroxy-glutaric acid 0.87 0.00015756
Raji Inosine monophosphate 1.75 0.00027764
Raji Isocitrate 2.62 0.00238449
Raji Lactate 0.59 0.04441402
Raji Malate 0.50 0.0064463
Raji Phosphoserine -4.75 0.00588106
Farage o-ketoglutarate 1.01 0.00039321
Farage Aspartic acid -0.86 0.01500082
Farage Benzoic acid -0.54 0.03676635
Farage cis-Aconitic acid 1.43 0.00187777
Farage Fumarate 1.24 0.04946194
Farage Galactose-1-phosphate 0.57 0.04257316
Farage Glyceraldehyde-3-phosphate 1.96 0.02487211
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Cell line Metabolites Log, FC P-value
Farage Glucose-6-phosphate 1.88 0.01368217
Farage Glyoxyllic acid 1.63 0.03285017
Farage Isocitrate 2.06 0.03556178
Farage Malate 1.00 0.04061783
Farage Orotic acid 0.93 0.03812001

OCILY18 o-ketoglutarate 1.52 0.00075014

OCILY18 Aspartic acid -0.94 0.00100529

OCILY18 cis-Aconitic acid 2.38 2.59E-06

OCILY18 Citrate 2.76 0.00065383

OCILY18 Cytidine-monophosphate -0.70 0.03042743

OCILY18 2'deoxycytidine monophosphate -0.92 0.01832797

OCILY18 Fructose-1-phosphate -1.34 0.00195119

OCILY18 Fructose-6-phosphate 1.66 0.0049803

OCILY18 Fumarate 0.60 0.0269773

OCILY18 Glyceraldehyde-3-phosphate 1.43 0.00252289

OCILY18 Glucose-6-phosphate 1.87 1.07E-05

OCILY18 Glutamate -0.59 0.01381352

OCILY18 Glyoxyllic acid 1.52 5.60E-05

OCILY18 Hydroxy glutaric acid 1.38 0.00202169

OCILY18 Inosine monophosphate 1.50 7.89E-05

OCILY18 Isocitrate 3.40 0.00017889

OCILY18 Lactate 0.62 0.0065629

OCILY18 Malate 0.56 0.00150088

OCILY18 Mannose-6-phosphate 1.88 0.00027798

OCILY18 Nicotinamide adenine dinucleotide -0.51 0.00945742

OCILY18 Phosphocreatine -0.91 0.00340449

OCILY18 Phosphoserine -4.61 0.00041349

OCILY18 Pyruvate -1.00 0.00038491

OCILY18 Ribose-5-phosphate -0.61 0.0085644

OCILY18 Tyrosine -0.65 0.00239074

OCILY18 Uridine-diphosphate-glucose -1.05 0.00015616

OCILY18 Uridine monophosphate -0.80 4.92E-05

OCILY18 Uridine -1.14 0.0133522
IMR-32 o-ketoglutarate 1.40 0.00020957
IMR-32 cis Aconitic acid 2.05 0.00029976
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Cell line Metabolites Log, FC P-value
IMR-32 Citrate 3.40 1.73E-05
IMR-32 2'deoxyuridine monophosphate -0.58 0.0205305
IMR-32 Fructose-1-phosphate -0.85 0.00038287
IMR-32 Fructose-6-phosphate 1.32 0.00041635
IMR-32 Fumarate 1.85 0.00024637
IMR-32 Glycerate-3-phosphate 1.22 3.46E-05
IMR-32 Glucose-6-phosphate 2.00 4.15E-05
IMR-32 Reduced glutathione 1.43 0.04179682
IMR-32 Hydroxy-glutaric acid 0.59 0.00538379
IMR-32 Isocitrate 2.23 0.00058534
IMR-32 Lactate 0.72 0.00024147
IMR-32 Malate 1.50 9.05E-06
IMR-32 Mannose-6-phosphate 1.87 3.71E-05
IMR-32 Phosphophenolpyruvate 1.74 0.00343812
IMR-32 Phosphoserine -2.74 0.00018128
IMR-32 Pyruvate 0.94 0.00021128
IMR-32 Ribulose-5-phosphate 0.71 0.04060115
IMR-32 Succinate 1.02 9.15E-05
IMR-32 Tryptophan -0.58 0.01842709
SH-SY5Y a-ketoglutarate 1.77 6.81E-06
SH-SY5Y Adenosine monophosphate 0.55 0.02528411
SH-SY5Y Aspartic acid -0.97 8.03E-05
SH-SY5Y cis-Aconitic acid 1.69 0.00024036
SH-SY5Y Citrate 2.45 5.21E-07
SH-SY5Y Creatine 0.72 0.00325851
SH-SY5Y Fructose-6-phosphate 1.25 3.48E-05
SH-SY5Y Fumarate 0.83 0.00234584
SH-SY5Y Glycerate-3-phosphate 0.78 9.17E-05
SH-SY5Y Glyceraldehyde-3-phosphate 1.20 0.00074528
SH-SY5Y Glycerate bisphosphate -1.60 0.00264423
SH-SY5Y Glucose-6-phosphate 1.21 0.00016866
SH-SY5Y Glutamate -0.56 5.79E-05
SH-SY5Y Glyoxyllic acid 1.60 0.00055379
SH-SY5Y Guanosine monophosphate 1.47 0.00870991
SH-SY5Y Hydroxy-glutaric acid 1.04 0.00011156
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Cell line Metabolites Log, FC P-value

SH-SY5Y Isocitrate 1.93 4.42E-05

SH-SY5Y Lactate 0.74 0.0001002
SH-SY5Y Malate 0.62 8.75E-05

SH-SY5Y Mannose-6-phosphate 1.21 0.00173694
SH-SY5Y Orotic acid 1.09 0.00288852
SH-SY5Y Phosphocreatine -0.71 0.00017369
SH-SY5Y Phosphophenolpyruvate 0.55 0.00020893
SH-SY5Y Phosphoserine -4.14 8.81E-05

SH-SY5Y Pyruvate 0.51 0.00285791
SH-SY5Y Ribulose-5-phosphate 0.83 0.00031764
SH-SY5Y Succinate 0.51 0.01035155
SH-SY5Y Uridine-diphosphate-glucose -0.58 0.02061405
SH-SY5Y Xyulose-5-phosphate 0.90 0.00028449

Table 13: Full list of significantly altered metabolites following treatment with AZD3965

in vitro.

Metabolic changes following 2 hour treatment with AZD3965 in BL (CA46, Daudi, Raji), DLBCL
(Farage and OCILY18) and neuroblastoma (IMR-32, SH-SY5Y) cells. Substantial alterations
in intracellular metabolite concentrations relative to time-matched DMSO controls (+/- 0.5 Log>

fold change), with associated P-values below 0.05 (two-tailed t-test) are indicated.
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