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Abstract

The amino acid glutamine is, besides glucose, a major nutrient for tumour cells, supplying
energy and building blocks for the endogenous synthesis of biomolecules. Apart from the
Warburg effect, which characterises the metabolism of the majority of tumours and refers to
aerobic glycolysis despite the presence of oxygen, tumour cells can also be reprogrammed to
be “glutamine addicted”. This describes a higher dependency on glutamine compared to non-
malignant cells due to upregulation of various steps in the metabolic pathway. This may be an
indication for using a radiolabelled glutamine analogion as an alternative to the gold standard
in positron emission tomography (PET), which is 2-[*F]-fluoro-2-deoxy-D-glucose (2-
[*®F]FDG). 2-[*®F]FDG faces some limitations including non-specific uptake in immune cells,
which is why this tracer is also applied for imaging of inflammation and infection. The aim of
this thesis was to establish an automated production method of (2S,4R)-[*8F]4-fluoroglutamine
([*®F]4-FGIn) on an ELIXYS FLEX/CHEM automated synthesizer based on two previously
reported methods. This included the development of purification and quality control methods.
Subsequently, the goal was to conduct in vitro [*8F]4-FGIn uptake studies in tumour cells and

comparison with the uptake of 2-[*®F]FDG and tritium-labelled glutamine.



Zusammenfassung

Die Aminosdure Glutamin ist neben Glukose ein Hauptenergielieferant fir Tumorzellen und
stellt eine Kohlenstoff- und Stickstoffquelle fur die endogene Biosynthese diverser Molekiile
dar. Der sogenannte Warburg Effekt beschreibt eine Veranderung des Glukosestoffwechsels,
welche in den meisten Tumorarten auftritt, aufgrund derer aerobe Glykolyse selbst unter
sauerstoffreichen Bedingungen bevorzugt wird. Tumorzellen kdnnen jedoch auch genetische
Verénderungen in Richtung einer erhdhten Abhéngigkeit von Glutamin erfahren, welche durch
Hochregulierung diverser Schritte im Stoffwechsel von Glutamin zustande kommt. Dies konnte
eine Indikation fir die Entwicklung eines radioaktiv markierten Glutamin-analogons sein,
welches als Alternative fiir die in der Positronen-Emissions-Tomographie (PET) weit
verbreitete 2-[*®F]-fluoro-2-deoxy-D-glucose (2-[*®F]FDG) dienen konnte. Trotz groRen
Erfolgs hat 2-[*®F]FDG diverse Limitationen, wie zum Beispiel die unspezifische Aufnahme in
Immunzellen.  Deshalb  wird dieser PET-tracer auch zur Bildgebung von
Entziindungsgeschehen und Infektionen verwendet. Ziel dieser Masterarbeit war es somit, eine
automatisierte Produktionsmethode von (2S,4R)-[*®F]4-fluoroglutamine ([*®F]4-FGIn) auf
einem ELIXYS FLEX/CHEM Synthesemodul aufzusetzen, basierend auf zwei publizierten
Methoden. Dies inkludierte die Etablierung von Methoden zur Aufreinigung und
Qualitatskontrolle. Daraufhin sollte die in vitro Aufnahme von [*®F]4-FGIn in Tumorzellen mit

der von 2-[*®F]FDG und Tritium-markiertem Glutamin verglichen werden.
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1. Introduction

Cancer remains one of the leading causes of death worldwide and its incidence is on the rise
despite continuous progress in treatment and research. Methods established in the field of
nuclear medicine have a great impact on research, diagnosis, and therapy of cancer, exploiting
radioactive decay of nuclides for imaging biomolecular processes and for irradiation of tumour
cells. For the development of suitable radiopharmaceuticals for specific targeting of tumour
cells while ensuring low exposure of healthy tissue, biological differences of tumour and non-
malignant cells need to be studied in detail. Cell metabolism in tumours significantly differs
from that of normal mammalian cells. The first has mainly been characterised by an alteration
of glycolysis, which has been thoroughly studied and is found in most tumour types. This
characteristic is successfully exploited in tumour imaging with positron emission tomography
(PET) using the radioactively labelled glucose analogion 2-[*8F]-fluoro-2-deoxy-D-glucose (2-
[*®F]FDG). Later, glutamine started to receive attention as a principal nutrient and target of
metabolic reprogramming in malignant cells.! While glutamine metabolism lacks a clinically
implemented radiotracer, a variety of PET-tracers is used for imaging of different aspects of
other metabolic pathways, such as amino acid transport and fatty acid degradation.? Developing
efficient production methods for PET-tracers can be challenging due to complex syntheses with
short-lived radionuclides, in addition to common challenges faced in chemical synthesis of non-
radiolabelled pharmaceuticals. However, the establishment of novel radiotracers may allow for
a more detailed understanding of complex tumour metabolism and thus aid the development of
therapeutic strategies to combat cancer. Moreover, limitations of 2-[*®F]FDG in tumour
imaging, in particular non-specific uptake due to a variety of non-malignant causes, are further

reasons why alternatives are sought.®

2. Theoretical Background

2.1 Significance of glucose and glutamine metabolism in tumours

Glucose and glutamine are two main nutrients which cells in higher organisms depend on.
Oxidation of their metabolites reduces coenzymes which in turn sustain the electron transport
chain with electrons to produce energy in the form of adenosine triphosphate (ATP), as well as
nicotinamide adenine dinucleotide phosphate (NADPH), which contributes to redox

homeostasis. In addition to glucose providing carbon for biosynthesis of macromolecules,
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glutamine is also a source of nitrogen for biosynthesis of nucleotides and nonessential amino

acids, and has been shown to facilitate the import of other amino acids.*

An increased uptake of glucose in tumour cells compared to normal tissue was first discovered
approximately 100 years ago by O. Warburg. Tumour cells can be metabolically reprogrammed
to use glucose for aerobic glycolysis instead of oxidative phosphorylation. Thus, lactate is
produced in excess, which drives tumour growth. As a consequence, aerobic glycolysis in the
presence of oxygen has been referred to as the “Warburg effect” and defines 70-80 % of cancers
in humans.>® Initially, Warburg attributed this phenomenon to a loss of mitochondrial function,
however more recent hypotheses rather imply that the Warburg effect is a result of metabolic
reprogramming of tumour cells. In the majority of tumours, an interplay of several factors
sustains aerobic glycolysis. These are based on altered signalling, activation of oncogenes and
the transcription factor hypoxia-inducible factor-1 (HIF-1), and impairment of tumour
suppressor function.® Important examples of altered signalling are the activation of the receptor-
tyrosine kinase—PI3K-Akt-mTORC1 pathway and inactivation of the 5' adenosine
monophosphate-activated protein kinase (AMPK) pathway. Glucose uptake is also influenced
by oncogenes KRAS and BRAF and loss of function of the tumour suppressor mutant p53. The
serine/threonine kinase Akt influences localization of glucose transporter GLUTL1 at the cell
surface and stimulates hexokinase activity and thus glucose phosphorylation. Transcription

factor c-Myc increases conversion of glucose-derived pyruvate to lactate.’

Glutamine is a non-essential amino acid per definition, as it is produced endogenously. This
occurs via amidation of glutamic acid with ammonia, or via transamination and amidation of
a-ketoglutarate (a-KG) derived from glucose.® However, tumour cells can be characterised by
a higher need of glutamine than can be met by endogenous biosynthesis, in which case the
amino acid can be considered essential.® An increased dependency of tumour cells on glutamine
was first reported by H. Eagle in 1956, who found that HelLa cells require it for survival.
Following this, in the 1970s, it was found that glutamine is a main player in oxidative

metabolism in HelLa cells, hepatoma and lymphoma.?

Due to its essential role for tumour cell survival, different aspects of glucose metabolism have
been explored as potential targets for cancer therapy. An example with promising results in
preclinical studies is 2-deoxy-D-glucose (2-DG). After phosphorylation it is not metabolised
further and inhibits general glycolysis in the cell. In vitro, 2-DG has been effective in hindering
proliferation in some cancer cell lines, but in vivo assays delivered mixed results, indicating

that 2-DG may on the contrary also aid survival of tumour cells. Another potential anticancer
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agent that has moved on to clinical trials is Lonidamine. It is suggested to suppress glycolysis
by inhibiting hexokinase 2. However, results included high toxicity and a lack of survival
benefits for the patients. In combined therapy Lonidamine was more successful, but this was
accompanied by high liver and pancreatic toxicity.!? Glutamine metabolism may be a potential
alternative target for therapeutic strategies and several aspects are being explored therefore.
These include the inhibition of transporters and metabolic enzymes. Furthermore, the use of
glutamine mimics or glutamine depleting agents is being discussed. For most of the drugs that
have been developed application is limited due to toxicity, or they merely obtained the status
of “preclinical tools”. However, glutaminase inhibitor CB-839 has entered several clinical
trials. It has shown effective anti-tumour activity in triple negative breast cancer and

haematological malignancies in pre-clinical studies.?

While the development of therapeutic strategies targeting tumour dependency on glucose has
encountered setbacks, this characteristic has been successfully exploited otherwise in nuclear
medicine, namely for molecular imaging. The establishment of techniques for imaging
glutamine metabolism may aid the prediction of tumour response to therapy targeting

glutaminolysis and aid the development thereof.

2.2 Nuclear medicine and imaging

One main technique in molecular imaging is positron emission tomography (PET), which
exploits the radioactive decay of radionuclides and is thus attributed to the field of nuclear
medicine. For an increased spatial resolution and associating functional with anatomic
information PET is coupled with computed tomography (CT), which is based on x-rays, in
multimodal scanners.* Nuclear medicine refers to the application of radioactive
pharmaceuticals in physiological and functional studies of organs and in diagnosis and therapy
of a large variety of disorders.!! The right choice of radiopharmaceutical for a certain clinical
application depends on its availability and production costs as well as on multiple physical and
biochemical factors. Physical properties include the half-life of the radionuclide, the type and
energy of the emission and which daughter nuclides are produced in the decay process.
Biochemical considerations are related to in vivo targeting and retention, stability and toxicity.*?
Besides biochemical toxicity of the radiopharmaceutical, the radiation exposure of the patient
needs to be evaluated, which is influenced by the effective half-life and the type and energy of

the radiation.3
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The effective half-life is constituted by the physical half-life of the radionuclide and the
biological half-life of the radiopharmaceutical. The first refers to the time it takes until half of
the radioactivity has decayed. The half-life must be long enough to allow for sufficient
remaining radioactivity by arrival at the target after the synthesis of the pharmaceutical and
administration to the patient. At the same time, exposure of the patient and the environment
must be limited.*2 For successful targeting in therapy and imaging, the biological half-life must
fit the physical half-life. The biological half-life is dependent on the time it takes until the
molecule reaches its target, its metabolism and rate of excretion (pharmacokinetics). Therefore,
dosimetry studies are performed to evaluate the pharmacokinetics with regard to exposure of

healthy tissue to radiation.?

In general, more metallic than organic radionuclides are available for use in nuclear medicine.
Organic radionuclides can directly be attached by covalent bonds or introduced by isotopic
substitution to molecules that are directed at a specific target in the organism, in which case the
organism cannot differentiate between the radiolabelled and the original molecule. Bifunctional
chelating agents are needed to attach radiometals.* There are three main classes of compounds
used for radiolabelling; small molecules, peptides and antibodies. With increasing size,
pharmacokinetics range from fast to slower, and pharmacodynamics are influenced less by
radiolabelling with radiometals using chelators.’™> Examples of radiopharmaceuticals used in
the clinic with fast kinetics are perfusion tracers that are correspondingly labelled with
radionuclides with short half-lives; nitrogen-13 and oxygen-15 (10 and 2 min, respectively), in
the form of [**NJammonia and [*°O]water.'® Longer-lived radionuclides are more prevalent in
therapy but are also used in imaging for labelling of antibodies which have slower
pharmacokinetics. An example is zirconium-89 with a half-life of 3.3 days, that is used for

antibody labelling for PET-imaging.'’

The type of radiation is another key factor influencing the choice of radionuclide for diagnostic
or therapeutic strategies. Alpha- and beta-emitters are suitable for therapy as they have a high
linear energy transfer (LET), which refers to ionisation per length of travel. B-emitting
radionuclides can additionally emit enough gamma radiation to be made use of in imaging for
following the distribution of the pharmaceutical during therapy. Thus far B-emitters have been
dominating in radiotherapy. Radiotherapy can take place in form of external beam radiation or
targeted radionuclide therapy (TRT), otherwise called endoradiotherapy.'? Using the same
targeting vector for diagnosis and therapy while varying the radionuclide for the respective

purpose is referred to as theranostics.*® With TRT comes the possibility to deliver radioactivity
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specifically to the desired target and minimize irradiation of healthy tissue. Examples of
common TRT radiopharmaceuticals in clinical use are Y"’Lu-DOTATATE for neuroendocrine
tumours, [**1]iodide for thyroid cancer and Graves’ disease and [Sr]strontium chloride for
pain palliation in bone metastasis.'?'8 For therapy with external beam radiation the location of
the lesions must be known precisely for selective destruction of tumour cells and avoiding

damage of healthy tissue. The location can be determined by anatomic or functional imaging.*3

Gamma radiation is exploited for imaging in nuclear medicine. This is provided by
radionuclides decaying by isomeric transition or electron capture. It can be measured well from
outside the body due to a lower LET, an essential aspect for imaging. Another option is the use
of positron emitters, as two 511 keV annihilation photons are produced in the collision of a
positron with an electron. Single-photon emission computed tomography (SPECT) and positron
emission tomography (PET) are the techniques that exploit these two types of radiation sources,
respectively, for visualizing biochemical processes in the body.*® The y-emitter that is used the
most in SPECT is technetium-99m for diagnosis of disorders of the brain, liver and heart,
among others.*® lodine-123 is another SPECT radionuclide, used as a diagnostic marker for
disorders of the thyroid. Another radiometal that is common in PET-tracers is gallium-68 with
a half-life of 68 minutes. Its production is convenient as it is available from a radionuclide
generator by decay of germanium-68, however radiolabelling via a metal-ligand complex is
necessary and this changes the molecule to a higher extent.** Its major application is in the form
of radiolabelled peptides 8Ga-DOTATOC, %8Ga-DOTATATE and Ga-DOTANOC, which
target somatostatin receptors that are overexpressed in different types of neuroendocrine
tumours.?® The use of gallium-68 labelled peptides for diagnosis and following with therapy
using the ""Lu- or *°Y-labelled tracer equivalents is a classic example of theranostics.®
Radiopharmaceuticals in PET based on small molecules are labelled with non-metal
radionuclides such as fluorine-18 and carbon-11. Carbon-11 is used especially for brain
imaging, labelling amino acids and other metabolic tracers such as [*!C]acetate used in
cardiology and prostate cancer imaging.* From all metabolic tracers, the working horse of PET
however is 2-[*8F]-fluoro-2-deoxy-D-glucose (2-[*®F]FDG), which accounts for approximately
95 % of PET studies (by 2020).2*

2.3 2-[®F]JFDG-PET/CT and its limitations

The first in human trial of 2-[*F]JFDG was conducted in 1976, and until the early 1990s the
radiotracer was used in academic settings, mainly for studying the brain. From then on, its

clinical use increased drastically, also owing to a higher number of cyclotrons available for
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production and shipping to other sites. Over time, a variety of application fields was discovered,
the main being oncology.?* The success of 2-[*®F]FDG as a PET-tracer depends on various
factors: fluorine-18 has advantageous physical properties, as it is an essentially pure positron
emitter, with low positron energy. This results in a short length of travel within cells, which in
turn is positive for spatial resolution. Due to a lack of fluorine in natural biomolecules, isotopic
substitution is not possible, which would be ideal for maintaining pharmacological properties.
Nonetheless, as the atom is small and molecules can be labelled directly with this radionuclide,
structural changes are minimal compared to labelling with radiometals.?> The applicability of
2-[*8F]FDG-PET in oncology is due to an increased rate of glucose consumption in many types
of malignant cells, already demonstrated by Otto Warburg early in the last century. Based on
these metabolic alterations 2-[*®F]JFDG-PET allows for differentiation between normal and
cancerous tissue.?®> The increased need for glucose in tumour cells is met by upregulation of
glucose transporters GLUT1 and GLUT2 and hexokinase activity.?? Equally to glucose, 2-
[*8F]FDG is phosphorylated by hexokinases. It has been considered to thus be metabolically
trapped, due to slow dephosphorylation to be able to exit the cell, ascribed to low levels of the
corresponding enzyme.?® Nevertheless, its exact mode of action remains unclear and recently it
was shown that 2-['*®F]FDG is metabolised also beyond phosphorylation.?* Apart from
oncology, 2-[\®F]FDG-PET is also implemented in cardiology and neurology, for example for
imaging energy turnover of the cardiac muscle and evaluating dementia'* as well as in infection

and inflammation.?

The extensive and diverse application of 2-[*®F]FDG also bears disadvantages for tumour
imaging. High background glucose uptake can hinder the effective distinction of tumour and
healthy tissue, which is especially the case for malignancies located in the brain. This is why 2-
[*®F]FDG has been discussed to be ineffective for imaging gliomas.? There are non-malignant
causes for uptake that include a number of benign tumour types, and there are indications for
the use of 2-[®¥F]FDG in imaging of infection and inflammation.? The reason for this is that 2-
[*®F]FDG uptake in the tumour microenvironment (TME) is not solely ascribed to tumour cells,
but also to inflammatory cells surrounding them, such as activated macrophages, which may
even exhibit a higher uptake. This is an important consideration especially for chemotherapy
patients that are more prone to infections.®2’ This phenomenon can cause an apparent disease
progression in the case of immunotherapy, referred to as “pseudoprogression”, due to high
immune stimulation and recruitment of immune cells to the TME during the first stages of
treatment, for example in the case of lymphoma treatment using rituximab.?®2° The Warburg

effect is not limited to tumour cells but can also occur in immune cells upon infiltrating the
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TME, as they need to adapt their metabolism due to nutrient deficiencies in the harsh
environment in the TME.* Thus, there is a competition between these two cell types for both
glucose and glutamine in a shared pool in the TME. It has been shown in different tumours that
the highest glucose uptake in the TME is in immune cells and that of glutamine is in tumour
cells. These findings suggest that 2-[*®F]JFDG-PET images may be influenced by tumour
infiltrating immune cells which may provide an explanation for regional uptake variation.3! The
existence of 2-[18F]FDG-negative tumour types, as well as tumours with insufficient uptake for
reaching the desired sensitivity, also calls for alternative radiotracers. Examples are certain
types of hepatomas, tumours in the gastrointestinal tract, renal cell carcinomas and lymphomas.
Furthermore, the majority of advanced breast cancer cases is associated with bone metastases.
While 2-[®®F]FDG-PET is efficient for detecting osteolytic breast metastases, sclerotic bone

metastases are not diagnosed.?

Non-specific uptake in myocardium, muscle and fatty tissue is possible and ascribed to glucose
transporter 4 expression in these tissues. In skeletal muscle, uptake is enhanced significantly by
the patient exercising before 2-[*F]FDG administration. This can also occur through muscle
activation due to stress. In addition, the use of insulin shortly before the PET-scan also drives
skeletal muscle uptake. Brown adipose tissue (BAT) is also well known to display non-specific
uptake. It is abundant in new-borns and occurs in lower amounts in adults, with higher
prevalence in women and people with low body mass index.® While it is usually found around
the neck and above the clavicula, risk of misinterpretation mainly occurs in the case of atypical
location of brown fat.?532 Its function is thermogenesis, triggered by cold temperature and food
ingestion, which means that keeping the patient warm and special dieting before the scan may
be necessary to restrict glucose influx into BAT and increase 2-[**F]JFDG uptake in

malignancies.®2

To summarize, there are several sources of potential misinterpretation of images obtained with
the PET-tracer gold standard 2-['®F]FDG. On the one hand, non-specific uptake can lead to
false-positives in tumour imaging and on the other hand there are 2-[*®F]FDG-negative lesions

that this imaging technique fails to detect.

2.4 Metabolic imaging in tumours

Thus, the development of further radiotracers for PET-imaging of various metabolic pathways
is desirable. A selected number of existing tracers and their application shall be mentioned here.
14-(R,S)-[*®F]-fluoro-6-thiaheptadecanoic acid ([*®F]FTHA) can be used to evaluate fatty acid
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metabolism. This can also be done via another tracer, [*1C]palmitate, which has the advantage
of isotopic labelling, meaning it has the same metabolic fate as the non-labelled free fatty acid.
High proliferation rates in tumours call for imaging techniques based on nucleoside
metabolism. [*8F]fluorothymidine ([*8F]FLT) has been developed for this purpose and has been
used for lung, breast, and colon cancer staging. Though as it shows lower uptake than 2-
[*®F]FDG it is more suitable for assessing treatment response. Due to generally high metabolic
rates and nutrient consumption of tumour cells, labelling amino acids and assessing uptake by
their corresponding membrane transporters, which are often overexpressed, is a much-explored
strategy. Examples are [*1C]methionine ([*!*C]MET) and [*'C]tyrosine in brain tumours, as well
as [‘8F]fluoroethyltyrosine ([*®F]FET). [®®FJFET  and 6-[‘8F]fluoro-L-3,4-
dihydroxyphenylalanine ([*F]JFDOPA) target the large amino acid transporter (LAT1), which
is overexpressed in some tumours such as pancreatic and lung carcinomas.? As mentioned,
metabolism of glutamine is, next to glycolysis, a major aspect that is reprogrammed and
amplified in cancer cells. This explains why there is a significant interest in establishing an

imaging technique that is based on this amino acid.

2.5 Glutamine metabolism

As discussed, despite the success and widespread use of 2-[*F]FDG-PET, there are some
scenarios in which its application is not suitable. Enhanced glycolysis and lactate secretion
(Warburg effect) is only one aspect of the altered metabolism of cancer cells and has in fact
been shown to be insufficient for cancer cell survival by itself. The other source of energy that
can be affected is mitochondrial metabolism, via the tricarboxylic acid cycle and oxidative
phosphorylation, which are driven by glutamine, making it a highly interesting target in tumour
imaging.33-3 Besides being used for protein and nucleotide biosynthesis, glutamine is involved
in the biosynthesis of glutathione (GSH) and nonessential amino acids (NEAAS), and provides

anaplerosis, sustaining the tricarboxylic acid (TCA) cycle.*
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Figure 1: Overview of glutamine metabolism in the cell. Created with BioRender.com, adapted from
Yoo et al. and Altman et al.»® For abbreviations and corresponding full forms see text and List of
abbreviations.

Nucleotide biosynthesis is pivotal for fast proliferation and glutamine provides the essential
nitrogen. Five glutamine amide nitrogen atoms are needed in total for purine and pyrimidine
biosynthesis.®” In addition to that, aspartate, created in the conversion of glutamine to
glutamate, is involved in several steps in the nucleotide biosynthetic pathway.3¢ Apart from
nucleotides, glutamine in the cytoplasm is used to produce hexosamines, asparagine (Asn) and
glutathione. Glutathione consists of glutamate, cysteine (Cys), and glycine. Glutamine can be
converted to phosphoserine and o-KG, and these to glycine, and there is an exchange
mechanism between glutamate and cystine, which is reduced to cysteine in the cell.! Nitrogen
from glutamine-derived glutamic acid is used in the production of serine, alanine and aspartate.
Its carbon and nitrogen can be incorporated into proline, ornithine and arginine.3’” In vitro
experiments have shown that a minimum of 50 % of non-essential amino acids used for protein

biosynthesis in cancer cells originate from glutamine.?

In the mitochondria glutamine is converted to glutamate by amidohydrolases (GLS, GLS2).
Glutamate that is not exported to the cytosol is further metabolised by glutamate dehydrogenase

(GLUD) or aminotransferases to a-KG, which is introduced into the TCA cycle, generating
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energy for the cell. The TCA cycle provides guanosine triphosphate (GTP), which is converted
to ATP, and nicotinamide adenine dinucleotide (NADH) and flavine adenine dinucleotide
(FADH2). NADH and FADH®: enter the electron transport chain to produce ATP as well, by
oxidative phosphorylation. Citrate is utilized for fatty acid biosynthesis in the cytosol. Aspartate
is another metabolite that is exported from mitochondria and is pivotal in hypoxic conditions
and for NADPH generation, which is needed for reduction of oxidized GSH (GSSG).%¢

2.6 Metabolic reprogramming of tumour cells toward “glutamine addiction”

Tumour cells can be genetically reprogrammed to a higher glutamine dependency. An
important example are c-MY C-driven cancers. c-MY C belongs to the MY C oncogene family,
which regulates the expression of a lot of different genes whose products influence cell growth,
metabolism, differentiation and more, promoting tumour progression.® It has been suggested
that cells transformed by MY C are unable to use glucose to sustain the tricarboxylic acid cycle,
even in cases with high glucose availability, and instead depend on glutamine to maintain it.
This has been linked to the progression of lymphomas, neuroblastoma, and small cell lung
cancer in humans. The oncogene is responsible for the expression of enzymes involved in
nucleotide biosynthesis; direct transcriptional regulation is exercised by c-MYC for three out
of five of the glutamine-using biosynthetic steps. It induces increased glutaminolysis through
higher expression of glutamine transporters and metabolising enzymes, such as glutaminase,
which catalyses the conversion of glutamine to glutamic acid. One of the transporters, SLC1A5,
takes part in mTOR complex 1 (mMTORC1) activation by exchange of glutamine with essential
amino acids, especially leucin, from the extracellular environment, which then directly activate
mTORCL1. This is a protein complex involved in metabolic reprogramming of cancer cells
supporting cell growth.3%37 SLC1A5 is also induced by K-Ras, another example of an oncogene
known to boost glutamine uptake. K-Ras also causes an increased translation of enzymes that
catalyse aspartate and a-KG synthesis, contributing to nucleotide biosynthesis and ATP
generation.3® A transcription factor that plays an important role in cancer progression is HIF-
o, especially under hypoxic conditions. HIF-1a leads to higher levels of glucose metabolizing
enzymes and transporters, and lactate production. Lactate stabilizes HIF-2a, which
transactivates MY C. Furthermore, it has been found that HIF-2a regulates SLC1A5 expression
in hypoxia.®®3® Thus, Glutamine uptake is increased in hypoxic conditions. By reductive
carboxylation (RC) of a-KG after the conversion of glutamine, citrate is generated, which is
used in the cytosol for lipid biosynthesis. This makes up for reduced citrate production in the

TCA cycle by lower input of pyruvate due to increased lactate production. This alternative
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citrate source has been shown to be essential for the survival of clear cell renal cell carcinoma.2®
There is a number of further influences which includes tumour suppressor p53 driven activation
of GLS2 expression, NRF2 (nuclear factor, erythroid derived 2, like 2) promotion of GSH
production from glutamine, and JAK2-V617F mutation and protein kinase C{ (PKC() loss that

increase glutamine metabolism through GLS activation and serine synthesis, respectively.!
2.7 (2S,4R)-[*®F]4-fluoroglutamine synthesis

Qu et al. first reported the synthesis of optically pure [*F](2S,4R)-4-fluoroglutamine in 2011.4°
To achieve this, several challenges had to be overcome. Fluorine and carboxylic groups are
electron withdrawing, which can promote the epimerisation of positions 2 (a.-amino group) and
4, the position of the introduced label, throughout the synthesis. Basic conditions further
promote epimerisation of the o-amino group. The amide group can hydrolyse, converting
glutamine to glutamic acid. Glutamine and glutamate can cyclize to pyroglutamic acid, in this
case yielding 4-fluoropyroglutamic acid, that has been reported as a common impurity in the
preparation of the radiotracer. When radiolabelling via bi-molecular nucleophilic substitution
(Sn2), elimination of the tosylate group can occur, with reaction temperature and basicity
having a significant influence. Furthermore, considering the half-life of fluorine-18, the
possible duration of the overall synthesis is limited, and the label should ideally be added

towards the end to allow for enough time for in vivo application of the product.

*2FIKF,

0 0
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Figure 2: Overview of reaction steps in (2S,4R)-[*®F]4-fluoroglutamine synthesis. With Tmob=2,4,6-
trimethoxybenzyl, Ts=tosyl, Boc=tert-butoxycarbonyl, tBu=tert-butyl, MeOH=methanol,
TFA=trifluoroacetic acid
Qu et al. also described the synthesis of (2S,4S)-tert-butyl-2-(tert-butoxy-carbonylamino)-5-
0x0-4-(tosyloxy)-5-(2,4,6-trimethoxybenzylamino)-pentanoate). This (2S,4S)-tosylate
precursor for [*8F]4-FGIn synthesis is now commercially available and can be used directly for
fluorination (Figure 2). The first step is the separation of [*®F]fluoride from the oxygen-18
water, which radionuclide production at the cyclotron delivers, which is achieved using an ion
exchange cartridge. 18-crown-6 as a neutral phase transfer catalyst and KHCO3s as a mild base
for elution of ['®F]fluoride have been established by Qu et al. as better alternatives to the

commonly used Kryptofix® 222 and K2COs, as that standard method led to formation of all
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stereoisomers in the reaction mixture.*® Further optimization was achieved by using methanol
instead of acetonitrile, improving elution according to X. Zhang et al.*! This is followed by
azeotropic drying with acetonitrile to ensure dry conditions for the addition of the precursor and
for the reaction. The reaction mixture containing the radiolabelled intermediate needs to be
purified in order to remove unreacted [*®F]fluoride and other radiochemical impurities. The
second reaction step is constituted by global acidic deprotection yielding (2S,4R)-[*¢F]4-

fluoroglutamine.*°
2.8 Potential application of (2S,4R)-[*®F]4-fluoroglutamine

Glutamine is a nonessential amino acid, but it is considered essential in cancer cells, as they
have a higher requirement than can be met by endogenous biosynthesis, which leads to the
assumption that a distinction between tumour cells and normal tissue by means of a glutamine-
based PET-tracer should be feasible. Renal cell carcinoma, glioblastoma, blood and pancreatic
adenocarcinoma are examples for cancers that are known to depend on glutamine.?63¢ As
discussed, using a PET-tracer based on glutamine may be preferrable to 2-[*¥F]FDG in some
cases and can be used to investigate glutamine metabolism and potentially detect specific
genetic changes and hypoxia, which may be relevant for determining adequate, personalised
treatment. Since Qu et al. published the above-mentioned synthesis method“, several in vitro
and in vivo studies have been conducted, assessing metabolism of the radiotracer and uptake in
glutamine-addicted tumour cells and mouse models. The first studies included [*¥F]4-FGIn
uptake assays in the 9L tumour cell line, and SF188-Bcl-x. tumour cells with up-regulated c-
MYC gene, thus “glutamine-addicted”, by Qu et al. and Lieberman et al. These demonstrated a
higher [*®F]4-FGIn than 2-['*®F]FDG uptake in the latter, providing first indications for the
feasibility of the application of this radiotracer as an alternative to the gold standard in tumour
imaging.*%4? N-MY C-amplified neuroblastoma has also been shown to prefer [®F]4-FGIn over
2-[*®F]FDG and displayed higher uptake of ['®F]4-FGIn compared to neuroblastoma without
this genetic transformation. N-MY C-amplification is connected to worse prognosis due to
aggressiveness of the tumour. Thus, the authors discuss [*®F]4-FGIn-PET as a valuable tool to
distinguish between the two types, aiding therapy planning, as characteristics of N-MYC-
amplified tumours may be potentially targeted in treatment.*® Valtorta et al. reported that in
some cases, multiple myeloma (MM) can be 2-[*F]FDG-PET negative and MM cells are
glutamine addicted, characterised by high expression of glutamine transporters and uptake of
the amino acid from the TME. The authors also discuss that [*®F]4-FGIn can be helpful to study
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the metabolism of MM to determine differences among cell subpopulations, to assess response

to therapy, and for designing new therapies targeting specific metabolic characteristics.*

First in-human experiences have been reported in recent years which have yielded valuable
information about the potential application of the novel PET-tracer and its metabolic fate in
vivo. [*8F]4-FGIn has been shown to be taken up more specifically in gliomas and to result in
a more efficient demarcation of the tumours in the brain than 2-[*®F]JFDG, which has a higher
background uptake.?® Nevertheless, for glioma imaging alternative tracers based on amino acid
targeting the LAT1 transporters, that are overexpressed in high grade gliomas, are already well
established, such as [\!C]MET and [*®F]FET.*® PET assays by Dunphy et al. included patients
with different cancer types which were successfully depicted by ['®F]4-FGIn-PET. This was
especially the case for aggressive tumours with genetic alterations affecting glutamine
metabolism and included tumours in the breast, kidneys, pancreas, colon, and lung. In addition,
they compared bone uptake in [*F]4-FGIn-PET and [*®F]sodium fluoride ([*®F]NaF)-PET and
observed half as much uptake of label than with the latter, without impeding the detection of

metastases in the bones.*6

To summarize, considering the limitations of the PET gold standard 2-[*®F]FDG and the
enhanced metabolic contribution of glutamine in certain tumours, radiolabelled glutamine may

be a suitable candidate for an alternative metabolic tracer for application in PET.
3. Aim and Hypothesis

Glutamine is, besides glucose, a principal nutrient for cancer cells, generating energy and
providing carbon and nitrogen for macromolecule biosynthesis. Several tumour cell types even
exhibit a higher dependency on or “addiction” to glutamine due to metabolic reprogramming.
Therefore, radiolabelling this amino acid has a lot of potential for assessing tumour metabolism
via PET/CT and serving as an alternative to the well-established 2-['8F]JFDG. This is relevant
due to limitations of the latter for certain applications, but also the potential to predict genotypes
or hypoxia from a [®F]4-FGIn scan, which may be relevant for the exploration of new
therapeutic strategies. Successful synthesis of [*®F]4-FGIn has been reported before and

automated synthesis has been established on different radiosynthesis modules.

The first aim of this work is to set up a reliable automated synthesis on an ELIXYS
FLEX/CHEM automated synthesizer, including a purification method for the intermediate and
suitable quality control methods. Based on the reference literature we hypothesize that

radiosynthesis of [®F]4-FGIn is achievable with sufficient radiochemical yield, as well as
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radiochemical and stereochemical purity for in vivo application in the future. The second aim
is the evaluation of in vitro [*8F]4-FGIn uptake in two tumour cell lines and comparison to the
PET gold standard 2-[*®F]FDG, as well as [*H]GIn as a reference. Due to the Warburg effect
and the role of glutamine as another primary nutrient in tumour cells, it is expected that the

uptake of all radiotracers is significant.

4. Materials and Methods

4.1 Production of (2S,4R)-[*®F]4-fluoroglutamine

4.1.1 General

Unless otherwise stated, all chemicals were commercial products and used without further
purification. Water was purified with a Milli-Q® Direct 8 water purification system from Merck
Millipore before use. Phosphate buffered saline (PBS, pH=7.4) was obtained from
MORPHISTO GmbH (Offenbach am Main, Germany). The precursor for the ['8F]4-FGIn
synthesis, (2S,4S)-tert-butyl-2-(tert-butoxy-  carbonylamino)-5-o0xo-4-(tosyloxy)-5-(2,4,6-
trimethoxybenzylamino)-pentanoate, was purchased from ABX advanced chemical compounds
(Radeberg, Germany) and from Memorial Sloan Kettering Cancer Center (New York, USA).
Non-radioactive standard 4-FGIn was also purchased from the latter. The precursor was stored
long-term at -80°C under inert atmosphere. For short-term storage it was kept at -20°C under
inert atmosphere. Chromafix® PS-HCO? cartridges were obtained form Macherey-Nagel
(Duren, Germany, Lot No. 96.038). Oasis® HLB Light cartridges were purchased from Waters
(Milford, MA, USA, Lot No. 125B35222A). Syringes and needles were obtained from B. Braun
Melsungen AG (Melsungen, Germany). Millex® filter units were obtained from Merck
Millipore Ltd. (Cork, Ireland).

[*F]fluoride was produced via the *8O(p,n)'8F reaction on the in-house GE PET-TRACE 800
cyclotron. Typically, between 6 and 15 GBq were produced with a 55 pA beam current. To
obtain low activities needed for small scale manual syntheses, normally between 90 and 150
MBq, the target was flushed with [*®O]H20 after routine 2-[*F]FDG syntheses without
additional radiation.
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The elution efficiency of [®F]fluoride from Chromafix® PS-HCO3™ cartridges using 0.18 mL
KHCO3 (8 mg/mL) in 1 mL 18-crown-6 in MeOH (8 mg/mL) was assessed by measuring the

trapped and eluted radioactivity with a dose calibrator.

[*8F]4-FGIn was synthesized using an ELIXYS FLEX/CHEM automated synthesizer and
PURE/FORM automated radiopharmaceutical HPLC purification and formulation platform and
ELIXYS software by SOFIE Biosciences (Culver City, California, USA). Two methods for
purification via semi-preparative HPLC were established. The first included a SUPERCOSIL™
LC-ABZ+ 250 x 10 pm, 5 pm column (Supelco™ Analytical, Cat# 59179) with a 20-90 %
acetonitrile (ACN)/water gradient within 30 min at a 5 mL/min flow rate. In the second method
purification was done with isocratic MeOH/water (8:2) mixture + 0.1 % formic acid at 5
mL/min flow, using a Gemini® 5 um C18 110 A 250 x 10 mm column (Phenomenex, Part No.
00G-4435-NO).

4.1.2 Module preparation

A Chromafix® PS-HCOgs cartridge was placed in-between the designated fittings of cassette
1. An Oasis® HLB Light cartridge was conditioned with 5 mL EtOH, 10 mL air and 10 mL
water and mounted onto the PURE/FORM unit. The output line of cassette 1 was connected
with the PURE/FORM input line for transfer to the HPLC system. A Falcon™ tube was filled
with 6 mL of water and the rinse line of the purification unit placed into the tube. The elute line
was placed into a Falcon™ tube filled with a minimum of 3 mL of ethanol (EtOH). The dilution
reservoir was filled with 18 mL of water. A product vial was prepared and connected to the
output line of cassette 2 via a 0.22 um, 33 mm sterile filter. A 18G needle with a 0.22 um, 13
mm sterile filter was added to the product vial for ventilation. The cold trap was filled with
EtOH and dry ice.

0.18 mL KHCOs (8 mg/mL) and 1 mL 18-crown-6 in MeOH (8 mg/mL) were filled into vial
1.1 (cassette 1, vial 1). Vials 1.2 and 1.3 were each filled with 1 mL ACN. Vial 2.1 (cassette 2,
vial 1) was filled with 1 mL of trifluoroacetic acid (TFA) and 10 uL anisole. 1 mL of EtOH
was added to vial 2.2. Vials 2.3 and 2.12 were filled with 1 and 2 mL of PBS, respectively. 5
mg of precursor were brought to room temperature and just before the start of the synthesis
dissolved in 0.6 mL acetonitrile and added to vial 1.4. The activity line of cassette 1 and the

delivery gas line were connected to the irradiation vial after [*8F]fluoride production.
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4.1.3 Radiosynthesis

4.1.3.1 Fully automated HPLC-based synthesis
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Figure 3: Scheme of the automated synthesis on the ELIXYS module, created with BioRender. Pink
path refers to purification via semi-preparative HPLC, green path shows alternative flow when using
cartridges only. Fading lines indicate waste path.

[*®F]fluoride was trapped on a Chromafix® PS-HCOz~ cartridge (3 min) and eluted with 0.18
mL KHCOs3 (8 mg/mL) in 1 mL 18-crown-6 in MeOH (8 mg/mL) into reactor 1 (3 min). 1 mL
of ACN was added (2 min), and this was evaporated at 90°C under argon/vacuum (8 min), then
cooled to 35°C. Again 1 mL of ACN was added (2 min) and evaporated at 90°C (8 min), then
cooled to 45°C. 5 mg of precursor dissolved in 0.6 mL ACN were added and the reaction
mixture stirred at 80°C (15 min), then cooled to 35°C. 2.4 mL of water (or 2.4 mL of mobile
phase in semi-preparative purification method 2) were added and the mixture was transferred
to the PURE/FORM purification unit. The intermediate was eluted after 21-22 minutes for the
first method and after 6-7 minutes for the second method and collected in the pre-filled dilution
reservoir. The contents of the dilution reservoir were trapped on a preconditioned Oasis® HLB

light cartridge. The cartridge was rinsed with 6 mL of water and the intermediate eluted with
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2.5 mL of EtOH into reactor 2. The total duration of the formulation was 15 minutes. EtOH
was evaporated at 65°C (7 min). 10 pL anisole in 1 mL TFA were added and the mixture heated
at 65°C for 5 mins, then evaporated at 65°C (4 min). 1 mL of EtOH was added and evaporated
at 65°C (7 min). 2 mL of PBS (pH 7.4) were added and the contents of reactor 2 transferred
through a sterile filter into a product vial. Then 1 mL of PBS was added into reactor 2 and again
transferred to the product vial. All above mentioned reaction and evaporation steps were
conducted whilst stirring with a magnetic stir bar. The total sequence run time added up to 2
hours for purification method 1 (1h55min), and the duration was 15 minutes less for the

sequence with the second purification method.

4.1.3.2 Fully automated cartridge-based synthesis

For the modified purification involving cartridges only (Figure 3), the reaction mixture with the
intermediate was diluted with 2.4 mL of mobile phase after the reaction and transferred over
the PURE/FORM HPLC system directly into the dilution reservoir, prefilled with 60 mL of
water. The contents of the dilution reservoir were trapped on 4 consecutive pre-conditioned
Oasis® HLB Light cartridges and washed with 10 mL of water. 5 mL of EtOH were used for
elution of the intermediate into reactor 2. The duration of the synthesis using this purification

method was 1 hour 40 minutes.

4.1.3.3 Small scale synthesis

For manual small-scale syntheses of the intermediate, normally between 90 and 150 MBq of
[*®F]fluoride were trapped on a Chromafix® PS-HCOs~ cartridge and then eluted with 0.18 mL
KHCOs (8 mg/mL) in 1 mL 18-crown-6 in MeOH (8 mg/mL) into a reactor with a stir bar on a
magnetic stirrer. Azeotropic drying was achieved by twice adding 1 mL of ACN under N2 and
evaporating at approximately 75°C. While keeping the reactor closed and under an N:
atmosphere, 0.1-1 mg of precursor in 0.6 mL ACN were added and reacted for 15 mins at 80°C.
The reaction mixture was diluted with 2.4 mL water and the conversion to the intermediate was
determined with the established HPLC method.

4.2 Quality control of radiolabelled intermediate and [*®F]4-FGIn

Radiochemical purity of the intermediate and of the product were determined on a HITACHI
Chromaster System with a GINA Star 5.9 software, 5160 pump, 5310 column oven and a
Raytest Gabi Star radioactivity detector. Absorbance was measured at 254 nm with a 5410 UV
detector. A Gemini® 5 pm C18 110 A LC 250 x 4.6 mm column (Phenomenex, Part No. 00G-
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4435-E0) was operated at room temperature with MeOH/water (8:2) mixture + 0.1 % formic
acid as a mobile phase, with a 1 mL/min flow rate. Residual anisole can also be determined
with this HPLC method (tr~4.5 min).

Radiochemical purity and stereochemical purity of the product were determined by co-injecting
with non-radioactive standard 4-FGIn on a Chirex® 3126 (D)-penicillamine 150 x 4.6 mm
column (Part No. 00F-3126-EO, Phenomenex,) with ImM CuSOg as the mobile phase with a 1
mL/min flow rate, at room temperature. It was operated on a Shimadzu HPLC system with a
CBM-20A communications bus module, DGU-20A5R degassing unit, LC-20AD pump, and
GINA Star software (version 10.4). A RamonaStar radioactivity detector and SPD-M20A
photo-diode array detector was used for UV measurement at 254 nm.

Thin layer chromatography (TLC) was conducted on silica using a 2-propanol/acetic acid/water
(3:1:1) mixture as a mobile phase. For amino acid detection a ninhydrin solution consisting of
0.2 g ninhydrin and 0.5 mL acetic acid in 100 mL acetone was applied, with subsequent heating.

Fluorine-18 was detected with a Gita star raytest detector (Elysia Raytest, software version 6.3).

4.3 Cell culture and cell uptake assays

4.3.1 Material

Gibco™ RPMI Medium 1640 (1x), 500 mL; Minimum Essential Medium (MEM (1x)), 500
mL; Dulbecco’s Modified Eagle Medium (DMEM (1x)), 500 mL; Dulbecco’s phosphate
buffered saline (DPBS), without calcium, without magnesium, 500 mL; 0.05% trypsin-EDTA
(1x), 100 mL, and fetal bovine serum (FBS) were all obtained from Thermo Fisher Scientific
(Waltham, MA, USA). CELLSTAR® sterile cell culture flasks 250 mL, 75 cm?, PS (Greiner
Bio-One GmbH, Frickenhausen, Germany) and BioL.ite 175 cm? vented flasks, (Thermo Fisher
Scientific, Rochester, NY, USA) were used for cell cultivation. Cells were incubated in a
Thermo electron corporation incubator. Cells were counted on a LUNA™ Automated Cell
Counter from BioCat with LUNA™ Cell Counting Slides with Trypan blue, 0.4% solution,
liquid, sterile filtered from SIGMA Aldrich (St. Louis, MO, USA). 50 mL Falcon™
Polypropylene Conical Tubes, 30 x 115 mm (Corning Science Meéxico) were used for
centrifuging in a Rontanta 460 RC Hettich centrifuge. Cell Scrapers, PE Blade, PS Handle, 32
cm (large), were obtained from Thermo Fisher Scientific (Mexico). MultiScreen® filterplates
DV, 0.65 um, clear, hydrophilic PVDF, and vacuum pump were obtained from Merck Millipore
Ltd. (Darmstadt, Germany). A PerkinElmer Wizard 2 gamma counter was used for measuring

samples containing fluorine-18, using 5 mL tubes, 75 x 12 mm, PP, from Sarstedt AG & Co.
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KG (NUmbrecht, Germany). Samples containing tritium were measured on a HIDEX 300SL
Automatic TDCR Scintillation Counter (Turku, Finland) with a MikroWin Software, Version
4.44, using ULTIMA GOLD™ scintillation cocktail (PerkinElmer, Waltham, MA, USA, Lot
No. 77-22041, 5L) in miniature 6 mL polyethylene vials from PerkinElmer (Waltham, MA,
USA).

L-[3,4-*H]glutamine 37 MBg/mL in 2% ethanol (ART2306) was received from Hartmanns
Analytics, Braunschweig, Germany. 2-[*%F]FDG was obtained from the routine in house

production at the University Hospital Vienna, Austria.
4.3.2 General

RPMI Medium 1640 (1x) with L-glutamine and 10% FBS was used for cultivating the HT29
cell line. MEM (1x) with Earle’s Salts, NEAA, 2 mM L-Glutamine and 10% FBS was used for
cultivating the HT1080 cell line. DPBS was used for washing cells and for diluting radioactivity
for uptake assays. 0.05 % trypsin-EDTA (1x) was used for detaching cells. MEM (1x) with
Earle’s Salts, NEAA, without glutamine and FBS was used for [3,4-3H]glutamine uptake
experiments. DMEM (1x) without glucose and FBS was used for 2-[*®F]JFDG uptake
experiments. Culture media and trypsin were kept sterile at 2-8°C, DPBS at room temperature.

Uptake media were stored not sterile at 2-8°C.

Both cell lines were generally cultivated in 75 cm? sterile flasks, at 37°C and 5 % CO2. Medium
(11 mL) was changed every 1-2 days. Cells were usually split when 80-90% confluent. For this,
medium was removed, and the cells were washed with 5 mL of DPBS. 2 mL of 0.05 % trypsin-
EDTA were added, and the flask incubated at 37°C for 3-5 minutes until cells were detached.
5 mL of culture medium was added to the trypsin and the 7 mL transferred to a falcon. 10 puL
of cell suspension were removed and diluted with 10 uL of trypan blue for cell counting on a
LUNAT cell counter. The cell suspension in the falcon was centrifuged at 1200 RPM and room
temperature for 4 minutes. The medium was decanted, and the cell pellet resuspended in

medium, and a fraction transferred to a new flask.

4.3.3 Uptake assay in 6-well-plates (“uptake assay 1”)

HT29 and HT1080 cells (300.000 cells per well) were seeded in 6-well-plates 2 days before the
experiment. The medium was removed from the wells, and each well washed with 1 mL DPBS.
1 mL of uptake medium was added to each well. Between 30 and 70 kBqg 2-[*®F]FDG was
pipetted to each well, the same activity was used for each well within one experiment. The

plates were incubated for 60 mins at 37°C. The supernatant of each well was transferred to a
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gamma counter tube, 1 mL of DPBS was used to wash each well and added to the supernatant.
1 mL of trypsin added to each well and the plates were incubated until the cells were detached.
The cell suspensions were transferred to gamma counter tubes and 1 mL of DPBS used for
washing each well and was added to the suspensions. For each cell line the cells of 2 wells were
counted and the average used to normalize the activity to the cell number per well for the cell
lines. The tubes were measured on the gamma counter for 30 seconds each. A reference with

the total initial activity was also measured.

The uptake assay was performed accordingly with [3,4-3H]glutamine, similar to *H-glutamine
assay casein short. 0.05 kBqg were added to each well with an incubation time of 30 minutes.
The samples were prepared by pipetting 100 uL into 2 mL of scintillation cocktail and shaking
overnight, then measured on a scintillation counter for 60 seconds each. For recovery reasons,

a reference with the total initial activity was also measured.
4.3.4 Uptake assay in a MultiScreen® (“uptake assay 11”)

Cells were generally seeded in 75 cm? sterile flasks 2 days before the experiment. Unspecific
binding in the MultiScreen® wells was pre-blocked for 30 minutes with 100 pL of respective
uptake medium per well. The cells cultivated in the flasks were scraped and counted. Cell
suspensions were distributed to falcons, centrifuged at 1200 RPM at room temperature for 4
minutes and the cell pellets resuspended in respective uptake media, to give a cell concentration
of 140 000 cells per 90 pL. 90 uL of the cell suspensions were pipetted into each well. “Blank”
wells were prepared by adding 90 pL of medium without cells. The plate was incubated for 30
minutes at 37°C for settling of the cells. 60 pL of radioactivity (corresponding to approximately
24 kBq of 2-[*®F]FDG and [*®F]4-FGIn or 0.2 kBq of [3,4-3H]glutamine, in DPBS) were
pipetted into the wells. The plate was incubated for 60 minutes at 37°C. Medium was removed
by suction with a vacuum pump followed by two washing steps with 100 uL of DPBS until no
further drying of the filters was observed. The filters with 2-[*®F]FDG and [*®F]4-FGIn were
then punched into gamma counter tubes, which were measured for 30 seconds each. Filters with
[3,4-*H]glutamine were transferred to tubes for measurement in the scintillation counter and
covered with 2 mL of scintillation cocktail. The tubes were shaken overnight and measured in
the scintillation counter for 60 seconds each. For all measurements 3 tubes with 60 uL of total

activity added to the wells were measured as references and count as 100 % recovery.
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4.3.5 Data evaluation

Data was evaluated on Microsoft Excel. Among the multiscreen uptake experiments 3 outliers
were detected and were not considered in the evaluation. Data sets with high similarity that
were to be compared were analysed with a t-Test to determine a significant difference (95%

confidence interval). The % uptake was always normalized to 100.000 cells.

4.4 Establishing calibration curves for fluorine-18 and tritium measurements

Triplicates of 17 dilutions of 2-['8F]FDG in DPBS with different activity concentrations were
prepared, 1 mL of each sample was measured for 30 seconds. 14 dilutions were within the linear
range of the gamma counter and the measurements were used for establishing the calibration

curve after subtracting blank measurements.

Triplicates of 11 dilutions of [3H]GIn in DPBS were prepared and 100 pL of each dilution in 2
mL of scintillation cocktail was measured for 60 seconds on the scintillation counter after
shaking overnight in the dark. The blank was measured with 3 scintillation tubes with only
scintillation cocktail and subtracted from the counts measured for the samples. The two lowest

dilutions were in the range of the background and thus not included in the calibration curve.

5. Results

The nomenclature used in the report of the results is in accordance to the consensus by Coenen

et al.*” and the amendment by Herth et al.*®
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5.1 Radiosynthesis

5.1.1 Release efficiency of [*®F]fluoride from Chromafix® PS-HCOs™ cartridge

Table 1: Release efficiency of [*®F]fluoride from Chromafix® PS-HCO3 cartridge using 0.18 mL
KHCO;3 (8 mg/mL) in 1 mL 18-crown-6 in methanol (8 mg/mL)

Loaded activity [MBq] Retained activity [MBq] % Eluted (decay corrected)

88 10 89
305 38 88
278 22 92
106 14 87
103 13 87
116 22 80
107 12 90
101 9 91

95 6 94

Average release efficiency 89+4

5.1.2 Reaction temperature

Reaction temperatures were varied between 70, 80 and 90°C in the first syntheses.
Radiochemical conversion (RCC) to the intermediate and resulting stereochemical purity of the
final product for the different reaction temperatures are summarized in Table 2. The precursor
used for establishing the first purification method and the reaction temperature was of the batch
obtained from ABX advanced chemical compounds (Radeberg, Germany). As it resulted in the
second highest RCC and best stereochemical purity, a reaction temperature of 80°C was applied

in subsequent syntheses.
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Table 2: summary of first syntheses on the ELIXYS module with varying reaction temperatures, RCC
to the intermediate and stereochemical purity of the final product compared to the references.
Unavailability of data is marked “N/A”.

Results of first syntheses References
(n=3) (n=1) (n=1) Qu X. Zhang Y. Zhang
et al. etal. et al.

(2011)*  (2016)* (2019)*

Reaction T 70 80 90 70 70 90
(°C)

RCC (%) 742 11 14 20 N/A N/A

Stereochemical 83+4 91 76 89 90+5 >95
purity (%)

Table 3: RCC in small scale synthesis with precursor batch 1 obtained from ABX advanced
chemical compounds and batch 2 obtained from Memorial Sloan Kettering Cancer Center

Date RCC (%)
day 1 85
day 1 82
Batch 1 + 3 days 58
+ 3 days 19
+ 1 month 22
day 1 82
+ 5 days 36
Batch 2 * 6 days %0
+11 days 9
+ 2 weeks 52
+ 1 month 32

5.1.3 Establishment of purification methods

The previously reported® purification using semi-preparative HPLC with a reverse-phase
column and an acetonitrile/water mobile phase has been adapted by including a gradient. After
testing different ratios and gradients, eluting with 20-90 % acetonitrile over 30 minutes resulted
in the best separation and recovery among the trials. Figure 4 shows a characteristic
chromatogram from a synthesis with this purification method, with the intermediate being
eluted after 22 minutes. RCC in this case was 11 %, and precursor of the first batch was used

(ABX advanced chemical compounds, Radeberg, Germany).
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Figure 4: example chromatogram of a purification on a SUPERCOSIL "LC-ABZ+ column, 20-90 %
ACN/water (30 min), 5 mL/min flow, with intermediate peak at 22 minutes

The second semi-preparative purification method was adapted from the analytical HPLC
method used to characterise the intermediate and from X. Zhang et al.#* The intermediate is
purified via a Gemini® C18 column, with methanol/water (8:2) + 0.1 % formic acid mobile
phase and 5 mL/min flow. Figure 5 shows a corresponding chromatogram from the
PURE/FORM unit, with the intermediate peak at 6.5 minutes. RCC was 93 % and the precursor
used was from the second batch (Memorial Sloan Kettering Cancer Center, New York, USA).
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Figure 5: example chromatogram from an automated synthesis with on a Gemini® C18 column,
methanol/water (8:2) + 0.1 % formic acid, 5 mL/min flow with intermediate peak at 6.5 minutes
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The third and final purification method established does not include semi-preparative HPLC

but is based on solid phase extraction (SPE). For this, four Oasis® HLB Light cartridges are

conditioned, connected and mounted onto the PURE/FORM unit. Table 4 summarizes the

results from the conducted automated synthesis using the three different purification methods

in comparison to the references.

Table 4: Summary of synthesis parameters and results for all 3 established purification methods, in
comparison to references. Unavailability of data is marked “N/A”. “Precursor 1 and “Precursor 2”

Reaction T
(°C)

RCC (%)

Purification
method

tr of interm.
(min)

Duration of
synthesis
(min)

RCY (%)

RCP (%)

Stereochem.
purity (%)

34

Qu et al.
(2011)%

70

20
SPE

N/A

N/A (10 %
non-corr.)

99

89

n=5

X. Zhang
etal.
(2016)*

70

N/A

Agilent XDB-
C1s,
MeOH/water
(7:3)

12 -13

80+3

N/A (non-corr.
21 £ 3 %;
according to
synthesis
duration
35+3%

>08

n=59

Y. Zhang
et al.
(2019)*

90

N/A

SPE

65+5

18+4

>90

>95

refer to the two different precursor batches.

n=5

Method 1
+

precursor
1

80

8+5

SUPER-
COSIL®
LC-ABZ+

ACN/water

20-90 %
30 min
gradient

22

115

<8.3

n=2

Method 2
+

precursor
2

80

69; 93

Gemini®
C18,
MeOH/
water (8:2)

100

no final
product

no final
product

no final
product

n=5

Method 3
+

precursor
2
80

78 +11
SPE

100

20+3



5.1.4 Quiality control

The analytical HPLC methods for characterizing intermediate and product were set up
according to Qu et al.”s methods.*® The RCC of the intermediate was determined on a Gemini®
C18 column with methanol/water (8:2) + 0.1 % formic acid and a 1 mL/min flow rate. Free
[®F]fluoride eluted after around 2.5 min, the intermediate after approximately 6 min. A
characteristic chromatogram is shown in Figure 6, derived from a synthesis with precursor from
the second batch, with 88 % RCC.
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Figure 6: example chromatogram for determining RCC to intermediate (te=6"19), on a Gemini® CI18
column, methanol/water (8:2) + 0.1 % formic acid, 1 mL/min flow

Radiochemical and stereochemical purity were determined with a chiral HPLC method, as seen
in Figure 7. The product eluted after around 11 minutes, always confirmed by co-injecting non-
radioactive standard 4-FGIn. Radiochemical purity additionally had to be determined by the
above-mentioned method, for recovery of residual intermediate. The product eluted after
approximately 3 minutes. Free [*®F]fluoride can additionally be determined with the established
TLC method, with which fluoride remains at the spotting line while the radiolabelled

intermediate and product have higher Rs-values.
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Figure 7: chromatogram of product [*®F]4-FGIn spiked with non-radioactive standard 4-FGIn, on a

Phenomenex (D)-penicillamine column, ImM CuSQ,, 1 mL/min flow, with product peak at 11 min.

5.2 Cell uptake assays

Table 5: Summary of cell uptake assays. *Incubation time of 30 min, all others 60 min.

Uptake Assay | Uptake Assay 1
HT29 HT1080 HT29 HT1080
[3,4-*H]GIn *23+02% *3.3+£0.7%
58+12% 7.8+15%
(n=1) (n=1)
2-[®FJFDG 39+06% 79+37% 125+33% 139+47%
(n=3) (n=3) (n=5) (n=5)
[3,4-*H]GIn 21+05% 40+2.6%
(n=5) (n=5)
[®F]4-FGIn 1.9+0.9% 22+08%
(n=4) (n=3)

The results of the uptake assays are summarized in Table 5. Uptake in a 6-well-plate (further

referred to as “uptake assay 1”) resulted in a significantly lower 2-[*®F]FDG uptake per 100.000

cells than the MultiScreen® method (further referred to as “uptake assays 11””) (p < 0.001). In

addition, the difference in 2-[*®F]FDG uptake between the two cell lines was significant in

uptake assays I, with a higher uptake in HT1080 cells (p=0.005), but not in the MultiScreen®

method (Figure 9).
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What can be derived from the uptake assays |1, and was the case for both cell lines, was a higher
uptake of 2-[*®F]FDG than of either of the glutamine derivatives. However, no significant
difference was encountered between [*®F]4-FGIn and [3,4-3H]GIn uptake (Figure 8). For the
two glutamine tracers a difference in avidity between the cell lines could also not be determined.

* %k
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= HT1080

#HT29

o N B OO

DG [3,4-3H]GIn [18F]4-FGIn

% uptake of total activity per 100.000 cells

2-[°F]

T

Figure 8: Average % uptake of 2-[**F]FDG (n=5), [*®F]4-FGIn (n=5) and [3,4-*H]GIn (n=3 for
HT21080, n=4 for HT29) per 100.000 HT29 and HT1080 Cells (uptake assay 1)

25

#HT29
15

10

% uptake of total activity per 100.000 cells

uptake I a uptake

Figure 9: Comparison of average 2-[**F]FDG uptake per 100.000 cells in HT1080 and HT29 cells
determined with uptake assays | and |1
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6. Discussion

6.1 Radiosynthesis

6.1.1 Release efficiency of [*®F]fluoride from Chromafix PS-HCOs~ cartridge

For the elution of [*8F]fluoride from the anion exchange cartridge, typically the base K2COs is
used with the phase transfer catalyst Kryptofix® 222. However, it has been reported that the
reaction is sensitive to basicity, and epimerization to all four stereoisomers is caused by this
phase transfer catalyst. It has been shown that a much better optical purity of the product is
ensured by replacement of these two agents by KHCO3 and 18-crown-6, and additionally
substituting the eluent acetonitrile with methanol. X. Zhang et al. reported a minimum of 95 %
release efficiency of ['®F]fluoride with the alternative combination, which was not achieved
within this work.** The values ranged from 87 to 94 %, with one lower exception (80 %).
Indeed, it must be noted that these values were determined during the manual small-scale

syntheses, and release efficiency in the automated syntheses on the module may deviate.4%4

6.1.2 Reaction temperature

Since a synthesis with 90°C reaction temperature yielded in product with lower stereochemical
purity than previous syntheses with lower temperature (Table 2), a reaction temperature of 80°C
was implemented for all subsequent syntheses. However, reacting at 80°C and 90°C was only
tested once each on the ELIXY'S with precursor from the batch obtained from ABX Advanced
Chemical Compounds. Thus, to determine a correlation between temperature and stereoisomer
formation, it would be necessary to repeat the synthesis under these conditions. Furthermore,
Y. Zhang et al. reported much higher stereochemical purity (>95 %)*°, despite heating the
reaction mixture at 90°C, yet they do not discuss the motivation behind or impact of using a

significantly higher reaction temperature than what was reported in previous publications.

6.1.3 Establishment of the purification method

First, a purification method via semi-preparative HPLC on the ELIXYS was established, due
to a reported improved radiochemical yield (by 20 %) by X. Zhang et al. in comparison with
purification via SPE.*! With the first purification method the intermediate peak eluted after 22
minutes. Generally, two to three further peaks appeared in the radio trace. A broad double peak

eluted between approximately 6 and 10 minutes and a minor peak after around 19 minutes. One
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major peak with a short retention time was expected due to unreacted [*8F]fluoride. The small
peak eluting just before the intermediate may be structurally very similar to the latter, thus it
might be a side product or partly hydrolysed intermediate. However, it was only a minor

impurity (<1 %) and baseline separated from the intermediate.

On the ELIXYS synthesis module the reactor is an open vial that is closed off during adding
and reacting steps, however there is no inert atmosphere maintained throughout the synthesis.
Small scale manual syntheses were conducted to test whether an inert atmosphere positively
impacts RCC of the precursor to the intermediate, and to attempt an alternative purification via
solid phase extraction cartridges. Despite variation, higher RCC to the intermediate than in the
previous automated syntheses (Table 2) and higher than was reported by Qu et al. (20 %)*°, was
achieved in the manual runs (Table 3). This was suspected to be due to the decreased exposure
of the reaction mixture to air compared to syntheses on the ELIXYS. However, when returning
to automated synthesis for the establishment of the second semi-preparative HPLC purification
method, the second precursor batch was used (Memorial Sloan Kettering Cancer Center, New
York, USA) and more than 80 % conversion was then also achieved via automated synthesis
(see Table 4). Thus, exposure to air during the synthesis could not have been the sole cause of
the low conversion rates while establishing the first purification method. The second precursor
batch had been stored at -80°C under inert gas, while the first precursor batch had been stored
at only -20°C (as stated in the description received from the company). In addition, as can be
seen in Table 3, RCC seemed to decrease after several syntheses had been conducted with
precursor from the same aliquot from ABX. Synthesis with an aliquot of the second precursor
batch also resulted in higher conversion in the first run, but this fluctuated over the following
syntheses without a clear decreasing trend. Overall, stability of the precursor should be
evaluated in the future but there are indications that it is significantly influenced by the storage

conditions, which may explain the better RCC achieved with precursor of the second batch.

The second semi-preparative purification method was adapted from the analytical HPLC
method implemented for determining the conversion rate of the precursor to the intermediate,
so it was thought suitable for separation of the compounds on a semi-preparative HPLC column.
In addition, this was done successfully by X. Zhang et al., who also used a semi-preparative
HPLC method consisting of a C18 column and 73.5% MeOH, 26.5% water + 0.1 % formic acid
and analytical HPLC of the intermediate with the analytical equivalent of the column and an
almost identical mobile phase (75 % MeOH and 25% water, 0.1% formic acid).*
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While radiochemical yields with the first purification method via semi-preparative HPLC were
low (<3.8 %, non-decay corrected), the final yields in the syntheses with the second method
using the second precursor batch could not be determined due to technical problems
encountered with the PURE/FORM, to prove a higher final yield due to a significantly
improved conversion rate (see Figure 4 and Figure 5 in comparison). Syntheses using the
second precursor batch with the two semi-preparative HPLC purification methods would have

to be repeated to compare the final yields with the improved conversion rate.

The SPE purification method was based on Qu et al. and Y. Zhang et al.’s reported methods*%4°,
who used an Oasis® HLB 3cc Vac cartridge (sorbent mass was not stated). Due to
unavailability of the reported cartridge, the Oasis® HLB Light cartridges were used instead,
which possess the same chemical properties and are only shaped differently. None of the
attempts in the manual small-scale syntheses were successful however, despite diluting the
reaction mixture with up to 50 mL of water and using up to four consecutive cartridges to
account for a higher sorbent mass in cartridges used in the references. It proved difficult to
manually load such a large volume onto four consecutive cartridges, which is why a set up with
N2 was assembled, that loaded the cartridges with the diluted reaction mixture by blowing N2
into a dilution flask and trapping the contents on the cartridges. This was an improvement in
terms of practicality and radiation protection; however, trapping of the intermediate was still
not efficient. Overall, manual syntheses were only successful up to conversion to the
intermediate. The cartridge method was nevertheless set up on the ELIXYS. Indeed, it finally
resulted in the most successful and reproducible syntheses of the three methods (Table 4) and
was finally the method used to produce [*8F]4-FGIn for the in vitro experiments. Radiochemical
yield was 20 £ 3 % on average, which is comparable to Y. Zhang et al.’s reports®.
Radiochemical and stereochemical purity could not quite match the purities reported in the

references, with 94 + 5 % and 84 + 6 %, respectively.

The total synthesis time of the SPE method was equal to synthesis with the second semi-
preparative HPLC method (~100 min), in which the intermediate is eluted approximately 15
minutes earlier than in the first semi-preparative purification method. Moreover, it could
possibly be shortened further by adapting the formulation steps - such as decreasing the dilution

volume or reviewing the necessity of the rinse step.
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6.1.4 Quality control

To determine the purity of the produced (2S,4R)-['®F]4-FGIn, it must be noted that for
radiochemical and stereochemical purity three methods have to be used: TLC for determination
of free [*®F]fluoride, a chiral HPLC method for the stereochemical purity and RP-HPLC for
residual [*®F]F-intermediate. In detail, to test whether only one HPLC system can be used to
determine stereochemistry and unreacted intermediate, several tests were performed by
injection of the radiolabelled intermediate and [*®F]fluoride. It seems that unconverted
intermediate is not recovered by the chiral method, which is demonstrated by comparing Figure
7, Figure 10, Figure 11 Figure 12. Figure 10 is a chromatogram obtained after injecting the non-
purified intermediate (69 % conversion), while Figure 11 shows a measurement of [*8F]fluoride
with the same HPLC method. The shapes (extreme tailing) and retention times (5.57 and 5.68
min) of the two peaks are very similar, which leads to the assumption that Figure 10 only shows
the unreacted [*F]fluoride and the intermediate was actually not eluted. Figure 7 shows the
chromatogram of a product with the chiral HPLC method, with the product peak at 10.5
minutes, and a peak at 16 minutes. Characterizing the product with this chromatogram leads to
100 % radiochemical purity (assuming that the peak at 16 minutes is due to a stereocisomer) and
93 % stereochemical purity. However, when injecting the same product onto the RP-HPLC
used for characterizing the intermediate, the product peak (~3 min) is not the only peak (Figure
12). There are two more small peaks between 6 and 7 minutes, which corresponds to the
retention time of the intermediate, resulting in only 84 % radiochemical purity. Thus, it has
been shown that it is not sufficient to evaluate radiochemical purity with the chiral analytical

HPLC method and the purities stated in the reference papers should be taken with caution.
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Figure 10: measurement of the not purified intermediate (69 %) with the chiral HPLC method.
(tr=5.57 min, extreme tailing)
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Figure 11: measurement of pure [*®F]fluoride with the chiral HPLC method (tr=5.68 min, extreme
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Figure 12: chromatogram of [*8F]4-FGIn (region 1) on a Gemini® C18, methanol/water (8:2) + 0.1 %
formic acid (8/2), 1 mL/min flow. Same product mixture as seen in Figure 7

Average radiochemical purity of the product over all successful automated syntheses was 93 +
6 % (n=10), according to the chiral HPLC method. For synthesis with semi-preparative
purification, it was 91 + 8 % and with the SPE method 94 + 5 %. A slightly better stereochemical
purity was achieved in the syntheses with SPE purification than with the first purification
method (see Table 4). Except for Y. Zhang et al.’s results, who reported radiochemical purities
of >90 %, the references mostly stated significantly higher percentages (>97 %), determined
with the same chiral HPLC method. Stereochemical purities published range from 85 %
upwards, the highest reported by X. Zhang et al. and Lieberman et al. (98 % and 91 + 8 %,
respectively) and where thus also higher than those achieved in this work.4%-4249 Based solely
on the retention time, the peak at 16 minutes could not be identified as a specific stereoisomer,
as a reference standard was not available, but this peak always appeared in the quality control,

even in the case of a product with a single peak in the HPLC method of the intermediate which
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would suggest 100 % radiochemical purity. Qu et al. reported the product (2S,4R) to have had
a retention time of 11 min, the (2R,4S)-isomer eluting after 15 min and the (2R,4R)-isomer
after 18 min“®. While the retention time of the product aligns and was confirmed by co-injecting
with non-radioactive standard 4-FGIn with the same stereochemistry, it can only be assumed
that the second peak represents the stereoisomer with inverted stereochemistry (2R,4S).
Therefore, comparing with the reported retention profiles, the peak deriving from a
stereoisomer is the most plausible explanation. Nevertheless, Y. Zhang et al. additionally
reported the formation of [8F]F-Glu (tr ~22 min) by hydrolysis of the glutamine (tr ~15 min)*°.

Both explanations need proof with reference standards.

High radio- and stereochemical purity are pivotal to ensure that the image obtained via PET is
derived from that specific radiolabelled species and can be interpreted accordingly. For the
commonly used PET-tracer 2-[18F]FDG, the release criteria for in-human application according
to the European Pharmacopoeia (9™ edition) include a minimum radiochemical purity of 95 9%,
and maximum stereochemical impurity of 10 % in form of 2-[*®F]fluoro-2-deoxy-D-mannose.>*
The radiochemical purity was achieved in some [*8F]4-FGIn syntheses, however it should be
guaranteed and should in the future always be confirmed with the RP-HPLC method as
discussed above. In terms of stereochemical purity of the final product there is also room for
improvement. A higher and more rapid transport into the cell of the stereoisomers that are
analogs of natural L-glutamine has been shown with in vitro experiments.*® Thus it is not
sufficient to synthesize a radiochemically pure [®F]F-GIn, but high optical purity of at least the
o-amino group is necessary for a successful transport of the radiotracer into the cells. While the
maximum uptake in 9L tumour cells of the (2S,4S)-isomer after 60 minutes has been shown to
be comparable to the (2S,4R)-isomer, the first exhibited faster kinetics and intracellular levels
were much lower at later time points. In glutamine-addicted SF188bclxl tumour cells, the
(2S,4R)-isomer reached a higher uptake within 30 minutes, but was lower after 60 minutes.*°
Thus, uptake and retention can be dependent on the stereochemistry and in the future the
impurity eluting after around 16 minutes in the chiral HPLC method and the cause of its

formation should be identified and diminished.

6.2 Cell uptake assays

6.2.1 Discussion of the results

A summary of the cell uptake results is found in Table 5. Uptake assays | demonstrated a higher
FDG uptake in HT1080 than in HT29 cells. Comparing the uptake of the three radiotracers
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using uptake assays Il, 2-[\®F]FDG uptake was significantly higher than of the glutamine
derivatives. Both cell lines showed no significant difference in uptake of [*®F]4-FGIn and [3,4-
3H]GlIn.

Since the cell lines are not known to exhibit glutamine addiction, but both depend on
glucose®>%3, it was not expected that uptake of the synthesized product would be higher than
that of 2-[*®F]FDG, however similar uptake rate to [*8F]4-FGlIn in the first 60 minutes has been
reported in non-glutamine addicted 9L tumour cells by Qu et al.*? Thus, the difference after
incubation for 60 minutes could also have been less pronounced. In addition, they reported that
the uptake rate of [3,4-3H]GIn up to 60 minutes was lower compared to [8F]4-FGIn in both the
glutamine addicted SF-188bclxI and non-glutamine addicted 9L tumour cell line.*42 In vitro
uptake studies by Ploessl et al. have suggested that [*®F]4-FGIn is transported into the cell
mainly via the SCL1AS5 transporter, the same as L-glutamine.*? Thus, it would be interesting if
the non-naturally occurring fluorinated analogion is taken up even more rapidly. Apart from its
transport, according to enzymological studies by Cooper et al., metabolism of (2S,4R)-4-FGIn
involves some of the same enzymes as L-glutamine metabolism, with differences in the
conversion rates. For example, they found that interestingly 4-FGIn was a better substrate of
the kidney isozyme of glutaminase (GLS1), which is expressed in most cancers. It seems the
chemical properties of the fluorine atom can aid enzymatic transformation. However, it can also
hinder it, as they showed in the case of synthetases, which did not convert 4-FGIlu back to 4-
FGIn in their in vitro studies, which would be the case for the naturally occurring analogue.>*
The conversion rate by different glutamine aminotransferases was lower than for L-GIn%*, In
this case it would be expected that preferably [3,4-°H]GIn is metabolised, as it is

indistinguishable from glutamine.

Studies of protein incorporation of [*F]4-FGIn in 9L and SF-188bclxI cells increased up to 2
hours, with 72 and 62 %, respectively, and was similar to [3,4-*H]GIn*?%5, At the same time 4-
FGIlu is minimally incorporated into protein.> This is an interesting aspect, as [*®F]4-FGIn
derived [*®F]4-FGlu may be less built into protein than [3,4-*H]GIn derived glutamate, and
protein incorporation is relevant as a way of trapping of radioactivity in the cells. Conversion
of 4-FGlIn to 4-FGlu via glutaminase and then to a-KG by alanine aminotransferase has been
demonstrated in vivo, which generates free fluoride.>* Via in vivo metabolism studies
Lieberman et al. found that, within their experimental conditions, activity that was not trapped
within tumour in vivo was mainly ascribed to [*®F]4-FGIn (70-80 % approximately), and small
fractions each (around 8-9 %) were due to the metabolites [*®F]4-FGlu and free [*8F]fluoride,
one hour after injection.*? It is unclear however, whether [*8F]fluoride was derived from efflux
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from the cells, or from defluorination of the radiotracer in the plasma. Efflux of glutamine is
regulated in part by extracellular concentrations of other amino acids through shared membrane
antiporters.*® 2-[*®F]FDG is transported into the cell by glucose transporters, followed by a
rapid phosphorylation by hexokinase. In this form it is metabolized and cleared from the cells

slowly.%657

Overall, the results of the uptake assays comparing the radiotracers are not surprising, due to
similar metabolism of the two glutamine tracers, known glucose avidity of the two tumour cell
lines, and metabolic trapping of 2-[*F]FDG in tumour cells. It is however difficult to compare
the results to available in vitro data, as the radiotracer kinetics and metabolic patterns certainly
differ between tumour cell lines and there was no data found specifically for the two cell lines
used in this work. Even then, uptake may vary between experiments due to factors such as
incubation time, proliferative index of the cells, cell starving prior to uptake, activity, and use

of different incubation media.>8>°

6.2.2 Discussion and comparison of the experimental methods

The first uptake experiments were conducted in 6-well-plates with 2-[*®F]FDG only. The
remaining experiments were conducted with a MultiScreen® system allowing a high
throughput of experiments. Before availability of the [8F]4-FGIn PET-tracer, a pre-experiment
was conducted (via uptake assay Il) with [3,4-3H]GIn using different incubation times to
determine if a sufficient cell uptake is reached at 30 minutes, as the in vivo pharmacokinetics
by Grkovski et al. showed a highest standardized uptake value after 30 minutes in 70 % of
lesions they evaluated.® In this work it was found, that [3,4-3H]GIn uptake increased until at
least 60 minutes of incubation (Table 5). Therefore, an incubation time of 60 minutes was

implemented for the subsequent experiments in order to compare all three radiotracers.

The cell numbers per well that were seeded varied due to different extents of cell death while
scrapping. To ensure enough repeats, in one uptake assay Il the cell number per well of the
HT29 cell line was only 75.000, which was markedly lower than in the other experiments, and
this resulted in the highest 2-[*8F]FDG and [3,4-*H]GIn uptake (28.0% and 8.9%, respectively,
vs. the average % uptake listed in Table 5). Similarly, for the HT1080 cell line, in one
experiment the cell number per well was 87.000, which resulted in the highest 2-[*®F]FDG and
[*®F]4-FGIn uptake of all experiments (25.8% and 3.8%, respectively vs. average % uptake
listed in Table 5). In order to minimize the influence of high cell number variation on the results,

only the results from experiments with 110.000-140.000 cells per well were used in the
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calculation of the average uptake values. In the future, testing of the cell number should be

performed.

The differences in results among uptake assays | and 11 show that the experimental set up highly
influences the outcome. Naturally the question arises, which experiment is more suitable. The
coefficient of variation (CV) (of multiplicate of same experimental condition) in uptake assays
I ranged from 1 to 20 % with an average of 7 £ 6 % (n=6), while in uptake assays Il they ranged
from 2 to 44 with an average of 16 + 8 % (n=32). Lower variation coefficients indicate that the
results obtained with uptake assays | were more reproducible than those obtained with the
MultiScreen® method. While conducting the experiments several sources of errors or
inconsistencies, as well as advantages and disadvantages of both experimental methods became

obvious and shall be discussed here.

The experimental setup using the MultiScreen® is particularly appealing due to the possibility
to conduct high throughput experiments. Within one experiment, just one well-plate, several
different conditions can be tested and compared, while ensuring a sufficiently high number of
replicas in a shorter time. The 96-well-MultiScreen® plates allow for the use of multichannel
pipettes which reduces the pipetting workload compared to what would be necessary to achieve

the same throughput with the regular well plates.

The first step with uptake assay Il was the pre-wetting of the filters with medium. In some cases,
it was observed that the plate, which has tiny openings under each well for the later removal of
medium with the vacuum pump, leaked in some areas. After the first couple experiments it was
properly checked already during the pre-wetting whether all wells were leakproof. It might
falsify the results, if uptake medium with activity is lost during incubation and not available for

cell uptake. This is one possible cause for high variation among the wells.

As mentioned, in the results of two experiments via uptake assay |1, it was visible that the cell
number had a significant impact on the uptake. On the one hand, using less than 100.000 cells
per well resulted in a higher uptake, on the other hand, a high cell number might lead to blocking
of the filters, or to multi-layer formation and subsequently reduced uptake in the lower cell
layers. Using the 6-well-plate uptake experiments, the cell number has to be determined within
the experiments as well. However, microscopy is possible and therefore determining the actual
transferred, attached, and viable cells in comparison to the MultiScreen®. In the uptake assay
I, there is a higher DPBS amount when incubating. In a pre-experiment it was found that cells
fully detached when incubated in pure DPBS, which in this case was not an issue as cells were

not required to be fully attached to the wells for the uptake. However overall nutrient
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concentration from the medium is lower. In addition, as in the smaller wells of the 96-well-
multiscreen the dilution of the radiotracers made up 40 % of the total volume, and pipetting this
volume onto the cell suspensions surely leads to higher activity concentration than in the uptake
assays |. This could be a possible explanation for a higher 2-[*®F]FDG uptake in the assays

using a MultiScreen® compared to uptake assays I.

Higher uptake values in uptake assays Il than in the uptake assays | might also be due to
inefficient drying of the filters which may falsify the cell uptake values. In some cases, medium
was not removed equally from the wells, and the filters were still moist. However, remaining
activity that should be counted to the supernatant fraction should not have such a big impact,
as the filters were washed twice with DPBS, so in the remaining moisture on the filters there
should ideally only be traces of radioactivity left. CV was even much more pronounced in the
case of the blank wells however, with an average of 45 % (+ 21 %). In the uptake | experiments
the supernatant is removed with a pipette from the wells, and they are washed, but still there
may always a small amount of activity not accounted for in the supernatant and added to the

cell fraction.

In the uptake | experiments the issue was encountered that when measuring [3,4-H]GIn in the
gamma counter, 200 pL of the total cell suspension was measured in 2 mL of scintillation
cocktail, however the cells tended to clump together after sitting for some time and it was
difficult to resuspend them. Those measurements were not used in the end due to insufficient
initial activity for measurements on the scintillation counter. However, it is a noteworthy
practical advantage of the uptake assays Il, that the total amount of cells (on the filter) is

measured in the scintillation counter, and no further pipetting is necessary.

To summarize, the MultiScreen® method has a lot of potential for high throughput experiments,
and after a few repeats and experience with the handling, the potential sources of errors could

increasingly be prevented or evened out.

7. Conclusion

In the course of this work, the automated synthesis of (2S,4R)-[*®F]4-fluoroglutamine on a
FLEX/CHEM automated synthesizer (SOFIE Biosciences, USA) for potential application as a
PET-tracer was successfully set up. Three methods of purification of the radiolabelled
intermediate were established, two using semi-preparative HPLC and one employing SPE

cartridges, whereas the latter showed the most promising results. Furthermore, methods for the
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quality control of the intermediate (RP-HPLC) and the final product (chiral HPLC) were
implemented. With the SPE method the average RCY of the product was 20 + 3 % (n=5) and
the RCP was 94 + 5 %, both of which are comparable to Y. Zhang et al.’s reported results. The
average stereochemical purity of 84 + 6 % was lower than in previous reports and can therefore
be further improved. It was shown that RCP of the product should additionally be validated
with the RP-HPLC method in order to determine residual intermediate. Uptake of the
radiotracer in HT29 and HT1080 cells was approximately 2 % of the total activity per 100.000
cells for both cell lines, which was similar to [3,4-3H]GIn, but significantly lower than 2-
[*®F]FDG uptake. Therefore, it must be further evaluated whether (2S,4R)-[*®F]4-FGIn is a
candidate for cancer diagnosis and also whether it is superior to 2-[*®F]FDG in terms of

selectivity of tumour cell versus immune cell uptake.
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Appendix |

Calibration curves for determination of fluorine-18 and tritium
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calibration curve for 18F measurements on the
gamma counter
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Appendix 11

Production of [*8F](2S,4R)-4-fluoroglutamine on an ELIXYS

Abbreviations:

ACN
EtOH
H.0
HPLC
KHCOs
MeOH
pL

mg
mL
nm
PBS
SPE
TFA
TLC

Tosylate precursor

FLEX/CHEM automated synthesizer

Acetonitrile
Ethanol

Water

High performance liquid chromatography

Potassium hydrogen carbonate
Methanol

Microliter

Milligram

Milliliter

Nanometer

Phosphate buffered saline
Solid phase extraction
Trifluoroacetic acid

Thin layer chromatography

(25,4S)-tert-butyl-2-(tert-butoxy-
carbonylamino)-5-oxo-4-(tosyloxy)-5-
(2,4,6-trimethoxybenzylamino)-
pentanoate
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A. General preparation:

1
2
3.
4

6.

B.
1.

. Turn on argon and compressed air on control panel and hot cell.

. Turn on general power switch below the hot cell.

Start ELIXYS tablet and program.
Purge HPLC system with starting solvent composition (depending on purification

method), then test constant pressure on column.

Purification option 1: Column: SUPERCOSIL™ LC-ABZ+ 250 x 10 um, 5 um. Mobile

phase: 20-90 % ACN/water, 30 min gradient. Flow rate: 5 mL/min.
Purification option 2: Column: Gemini® 5 um C18 110 A 250 x 10 mm. Mobile phase:

MeOH/water (8:2) + 0.1 % formic acid, isocratic. Flow rate: 5 mL/min.

Purification option 3: purification via SPE only, without HPLC. Instead of 1 SPE

cartridge, 4 are prepared and connected (see 3" point of module preparation section).
Reaction mixture containing intermediate can be transferred into dilution reservoir

(prefilled with 60 mL of water) via HPLC position without a column.

Run PURE/FORM automated cleaning protocols for purification and formulation unit.
During these, continue with further preparation.

Bring aliquot of 5 mg of tosylate precursor to room temperature, keep dry and dark.

Module preparation:

Prepare cassettes:

1.1 Connect red lines of each cassette with its own.

1.2 Check length of transfer line with reactor.

1.3 Check that stop-cocks at the bottom of the cassettes are in the right positions.

1.4 Fill all reactant and cleaning vials except for the precursor.
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Synthesis vials:

= 0.18 mL KHCO3 (8 mg/mL) + 1 mL 18-crown-6 in methanol (8 mg/mL)

2x 1 mL ACN

1 mLTFA + 10 pL anisole

—
=

— 1 mLEtOH
— 1mL PBS (pH=7.4)
=

2 mL PBS (pH=7.4)

Cleaning vials:

= 5x 2 mL acetone
= 5x 1 mL water

= 5x empty

1.5 Place vials into cassettes upside down, according to positions in schemes in the

sequences:
Vial Position Cassette 1 Cassette 2
1| KHCOs3(8 mg/mL)(0.18 mL)
+ 18-crown-6 in MeOH | TFA (1 mL) + anisole (10 uL)

(8 mg/mL) (1 mL)

2 ACN (1 mL) EtOH (1 mL)

3 ACN (1 mL) PBS (1 mL)

4 precursor in ACN (0.6 mL) empty

5 / empty

6 water (1 mL) acetone (2 mL)

7 water (1 mL) acetone (2 mL)

8 water (1 mL) empty

9 acetone (2 mL) empty

10 acetone (2 mL) water (1 mL)

11 acetone (2 mL) water (1 mL)

12 empty PBS (2 mL)
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1.6 Mount cassettes with vials onto ELIXYS and lock with red knobs.
1.7 Insert Chromafix® PS-HCOs™ cartridge between blue tubes in cassette 1 and clasp into

fixture on module.

2. Place two clean reactors with magnetic stir bars into the module.

3. Condition an Oasis® HLB light cartridge with 5 mL EtOH, 10 mL air and 10 mL water,
connect in-between corresponding lines on PURE/FORM and clasp into fixture.
Connect waste 1 line with [*80]H,0 waste.

Connect green line of cassette 1 with PURE/FORM input line (valve 1).

Connect final product output line of PURE/FORM with one black line of cassette 2.
Put not needed lines into waste flask.

Check if PURE/FORM waste is full.

 ® N o un &

Fill “rinse” Falcon™ tube with 6 mL of water and make sure the line reaches the

bottom of the tube.

10. Fill “elute” Falcon™ tube with a minimum of 3 mL of EtOH and make sure the line
reaches the bottom of the tube.

11. Fill dilution reservoir with 18 mL of water.

12. Connect yellow line of cassette 1 with a yellow needle.

13. Connect argon line with a red needle.

14. Prepare product vial with a yellow sterile filter on a red needle and connect to green
line of cassette 2.

15. Add a red needle with small white sterile filter to product vial for ventilation.

16. Fill cold trap with EtOH and dry ice.

17. Obtain fluorine-18 at cyclotron.

18. Connect activity line of cassette 1 and argon line with activity vial. Make sure yellow
needle of activity line reaches the bottom of the activity vial.

19. Dissolve precursor in 0.6 mL ACN, transfer to a vial and add to cassette.

20. Close hot cell and start synthesis.
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C.

w N =B O

U

During synthesis:
= Visually check trapping of activity on Chromafix® PS-HCO3™ cartridge.
= Observe relative activity changes in reactors and on cartridges.
= If possible, check reactor cameras for successful transfer and drying steps, or
select “override” until complete.
= During purification collect fraction of radiolabelled intermediate (eluting after
~22 min when using purification option 1, after ~6 min using option 2) in

dilution reservoir by selecting “product” in purification menu.

. After synthesis:

Fill external cleaning vial with 1 mL of water and connect activity line and gas line.
Start cassette cleaning protocol and select “continue” at first prompt.

Add 1 mL of acetone to same cleaning vial at corresponding prompt and select
“continue”.

Cleaning continues automatically up to the last step.

At last prompt, use a syringe to push 1 mL of water, then 1 mL of acetone through
black line of cassette 2, which was used for transfer from PURE/FORM.

Use HPLC menu to flush HPLC system with pure MeOH over a HPLC position without

a column.

Tracer-specific quality control:

Radiochemical conversion to intermediate: column: Gemini® 5 um C18 110 A LC 250

X 4.6 mm. Mobile phase: methanol/water (8:2) mixture + 0.1 % formic acid. Flow
rate: 1 mL/min flow rate

Residual anisole in product: see method above, UV measurement at 254 nm.

Radiochemical purity of product: see method above.

Stereochemical purity of product: co-injecting with non-radioactive standard 4-FGIn.

Column: Chirex® 3126 (D)-penicillamine 150 x 4.6 mm. Mobile phase: 1mM CuSOa,
Flow rate: 1 mL/min. UV measurement at 254 nm.
Free fluoride: TLC stationary phase: silica. Mobile phase: 2-propanol/acetic

acid/water (3:1:1)
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