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Abstract

The clinical incorporation of radiobiology into theranostic nuclear medicine for cancer
treatment is still an emerging field. The complexities involved in personalising therapy using
radionuclides must be investigated from a cellular level, to improve treatment outcomes and
predict dose response for patients. This thesis studied an unexplored therapeutic use of an
easily accessible diagnostic radionuclide, '8F, which demonstrated a maximum in vitro cell
kill effect of up to 90% at 30 Gy in a radioresistant prostate cancer cell line, LNCaP C4-
2B. The relative biological effectiveness of 0.42 was observed at 50% cell survival, when
compared to an external beam x-ray irradiation. The dose rate effects that heavily impact the
repair probability of cells were also manipulated for the '8F irradiation, showing a maximum
of 12% difference in the cell survival at 15 Gy between a G-factor difference of 0.7 and
0.9, triggering cell cycle arrest in the G2/M phase. Finally, using !"’Lu patient images,
two dosimetry software platforms, OLINDA/EXM and MIM Encore, were compared in
a proof-of-concept biodistribution and activity prescription of %*Cu, ®*Ga and '8F, giving
MIM/OLINDA activity ratios between 0.5 and 3.5 for six organs of interest. These studies
collectively attempted to build a foundation for the personalisation of theranostics in nuclear
medicine, while exploring novel modes of therapy using radionuclides with multiple decay

pathways.
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CHAPTER 1

Introduction

We have entered a burgeoning era of nuclear medicine with the number of potential
therapeutic and diagnostic radionuclides dramatically increasing along with the targeting
agents, as the race to find the “perfect" theranostic, both a THERApeutic and diagNOSTIC,
radioisotope or radioisotope pair bound to a highly specific targeting agent is underway.
Alpha («), beta-minus (5~) and Auger electron emitters are being reconsidered anew in
radionuclide therapy, with a myriad of new radioisotopes with varying energies and half-lives
present in research and clinical trials. There has been a major shift in the focus of cancer
radiotherapy from an external beam radiotherapy unit that targets large tumours or primary
sites, towards a more targeted and personalised approach through systemic radionuclide
therapy. This can be attributed to the high mortality rate of metastatic cancer, accounting
for 90% of cancer related deaths.! Targeting specific up-regulated receptors on cancers, as
well as trying to understand the immune-triggering doses of radiation treatment has been a
topic of interest for the past two decades. More recently, the importance of personalisation
of cancer treatment has been highlighted, as a “one-size-fits-all" approach has been used
throughout the history of radiotherapy and must be improved upon to increase treatment
efficacy.

Radiobiological studies have regained interest in hopes of developing a treatment
planning system in radionuclide therapy that allows for personalisation, with parametrisation
of patient specific tumour characteristics potentially leading to an improved efficacy.? For
external beam radiotherapy, the radiobiology has been relatively well documented due to
the constant rate of dose delivery, the method of delivery through a controlled beam, and
most importantly, the large amount of patient data available from clinical follow-ups and
surveillance.® Radionuclide therapy differs in such a way that the decay of the radionuclide

and thus the constantly decreasing dose rate, the biological uptake, retention and clearance,



inhomogeneous uptake within a tumour volume, longer treatment times leading to a need
to take into account tumour dynamics, and finally the off-target effects resulting from
the agents’ limited specificity must all be taken into consideration when encapsulating
radiobiology of radionuclide therapy as a whole.?

The importance of translational research is accentuated when elucidating the
radiobiological parameters in radionuclide therapy. Basic scientific research including
in silico, in vitro and in vivo experiments effectively simplifies the myriad of variables
by working in a controlled environment; a crucial step in isolating the impact of certain
effects that can later translate to further work and eventually clinical trials. Thus, ongoing
discussions between researchers and clinicians on the concerns of both the lab and the clinic
is imperative for a breakthrough in developing a personalised theranostics platform through
an improved understanding of the radiobiology in radionuclide therapy.

This thesis investigate the methods to improve the efficacy of radionuclide therapy from
an in vitro standpoint, by formulating a protocol then setting up a series of novel experiments
to observe the radiobiological effects and potential treatment ideas for a new radionuclide
modality. Chapter 2 introduces the project’s motivation through a literature review on the
overarching theme of cancer and its treatment, also focusing on the advancements and the
recent improvements in nuclear medicine. Chapter 3 investigates the use of a potential
radiosensitiser for use in radionuclide therapy, and attempts to characterise the suitable
cell lines to use in the subsequent in vitro experiments. Chapter 4 formulates a novel
protocol on the theoretical and experimental methods in using radionuclides in an in vitro
setting. Chapter 5 presents on the potential use of positron emitters as a new radionuclide
therapy modality in the treatment of cancer. The experiments were performed as a proof-
of-concept. Chapter 6 follows up on the use of a positron emitter fluorine-18 ('*F), used
in the previous chapter, and expands further to investigate the dose-rate effects, the Lea-
Catcheside G-Factor, various in vitro assays to explore how the cell lines respond in high

dose rate irradiation. Chapter 7 explores the challenges of clinical dosimetry in therapeutic



nuclear medicine, and utilises two dosimetric software platforms to perform a proof-of-
concept prescriptive dosimetry from a therapeutic surrogate radionuclide to positron emitting
radionuclides. The conclusion and future work from the work in this thesis is summarised in

Chapter 8.






CHAPTER 2

Literature Review

2.1. Cancer Treatment

Cancer is a disease describing the uncontrolled proliferation of mutated cells that can
hinder the function of healthy cells. This is due to the deregulation in cell division as a result
of sufficient damage induced in the DNA through endogenous or exogenous factors. Over
14.1 million new cancer diagnoses were made in just 2012 alone, with an estimated 32.6
million people living with cancer, diagnosed in the past 5 years, and a total of 8.2 million
deaths that year.* The rising incidence and prevalence has made cancer a global epidemic,
reflecting the urgency in the search for a cure.

Described in the highly influential reviews by Hanahan and Weinberg in 2000 with “The
Hallmarks of Cancer”, and later in 2011 with “Hallmarks of Cancer: The Next Generation”,
there are six distinct hallmarks, two emerging hallmarks and two enabling characteristics
present across a myriad of cancer types.!> The hallmarks, shown in Figure 2.1, include the
cancer cells’ abilities to invade and metastasise, avoid apoptosis, self-sustain growth factors,
avoid growth suppression, self-vascularise and lastly, overcome telomere shortening. The
emerging hallmarks are believed to be the abilities to avoid immune destruction and change
the metabolism of the cells, and the enabling characteristics appear to be the inflammation
that promotes tumours and the genomic instability that causes further mutations. To briefly
summarise these hallmarks and characteristics, cancer cells have the ability to evade most of
the body’s regulatory signals; whether it be the signals that trigger cell death or reduce the
over-proliferation, the cells evolve in such a way that they become self-sustaining and self-
regulating. The key argument in these reviews is the importance behind deconstructing the

underlying principals observed in the enigma that is cancer. Through this process, coupled
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FIGURE 2.1. Reproduced diagram of the hallmarks of cancer!

with the singular goal of the researchers and clinicians to find a cure, Hanahan and Weinberg
strongly believe that the origins of carcinogenesis will be exposed.

Currently, there is no absolute treatment formulated to permanently eradicate cancer
cells. Despite the curative intent of the treatments, many result in unpredictable side
effects or recurrence. Regardless, major developments have been made in the treatments
that are available, with dramatic improvements across multiple modalities. Broadly, these
include surgery, chemotherapy and immunotherapy, radiotherapy, radionuclide therapy and
hormonal therapy. Coupled with the improvements in the treatment methods, the ability to

screen for cancer has also been improved. Early detection has the potential of dramatically



changing the prognosis, as the approach in treating the cancer is not as cost, time or
physically demanding for the patients.

For the treatment of cancer, there are two categories referred to as local and systemic.
Local treatments deal with the primary tumour site and the closely surrounding areas,
whereas the systemic treatments tend to deal with the metastases, although primary sites are

treated consequently.

2.1.1. Local Treatment

For larger primary tumours, the initial step would be to perform a local treatment,
usually in the form of external beam radiotherapy (EBRT), surgery, or a combination of
both. EBRT uses a high energy x-ray beam, generated from a linear accelerator (LINAC),
to irradiate a volume of tumour whilst avoiding the vital organs and surrounding structures.®
Surgical procedures are not performed on large tumours due to a potential risk of harm to
the surrounding tissue as well as a risk of promoting metastases, hence a combination of
EBRT or chemotherapy and surgery is commonly performed to shrink the cancer before
resection, referred to as neoadjuvant therapy.” Resected tumours can then be followed up
with adjuvant therapy of the tumour bed, or salvage therapy in the case of recurrence.?

Fractionated EBRT is a commonly practiced treatment regimen and its efficacy has
improved dramatically in the last 30 years from the improved understanding of the
radiobiological effects on the cells.>!® The underlying concept behind the fractionation is
to reduce the normal tissue complication probability (NTCP) whilst maintaining a certain
level of tumour control probability (TCP) in a given dose delivery.!"-? The key components
to consider are described in the “five R’s of fractionation": Repair, Redistribution,
Radiosensitivity, Reoxygenation and Repopulation.!!:1?

Repair is the primary reason for fractionation, as the NTCP is reduced by irradiation

using a lower dose. Multiple damage pathways can lead to tumour control, but can be broadly

be grouped into lethal, sub-lethal and potentially lethal damage. Lethality is favoured for the
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tumour cells, as opposed to the repairable, sub-lethal damage preferred for the normal tissue.
The tissue or DNA repair half-life is a crucial parameter to consider, as the fractionation
schedule is heavily dependent on the normal tissues’ ability to repair itself to prevent further
development of cancer.

Redistribution refers to the cell cycle and the individual cells’ distribution within this
cycle, as DNA damage is the main target for tumour control in radiotherapy. Figure 2.2 is
a simplified cell cycle, where the radiosensitivity varies from the most sensitive in the M
and G2 phase, and least sensitive in the S phase. If DNA damage is induced, it activates a
cell cycle checkpoint that triggers cell repair or cell cycle arrest that can potentially lead to
programmed (apoptosis) or unprogrammed (necrosis) cell death. By fractionating the dose
delivery in EBRT, the likelihood of targeting the cells at a more radiosensitive stage may be
achieved.

Radiosensitivity is the variation in the intrinsic sensitivity to radiation damage for the

both the healthy and cancerous cells and tissue. For the healthy cells, a limitation is placed on



how much dose can be delivered if a target of interest is close to a radiosensitive tissue such as
the spinal cord. For cancer cells on the other hand, if a certain cell type is known to be more
radioresistant than others in the same heterogeneous tumour volume, if the prescribed dose

of radiation does not take this into account the treatment would be considered ineffective.
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FIGURE 2.3. Diagram of the ROS formation from the radiolysis of water
(Reproduced from Le Caer et al., 2011)"3

Reoxygenation takes into account the vascularisation of the tumour volume; the main
damage pathway for EBRT is through the formation of reactive oxygen species (ROS),
initiated by the ionisation or excitation of the water molecules in the irradiated target. A
schematic of the processes involved is shown in Figure 2.3.13 The damage to the DNA
or cells is therefore done indirectly, and it heavily relies on the presence of water and
oxygen in the vasculature to cause damage to the cancer cells. Low levels of oxygenation in
tumour volumes is referred to as hypoxia, and can be a limiting factor when irradiating with
indirectly-ionising radiation. Attempts to overcome this is done by fractionating doses of
EBRT where the outer, more oxygenated regions of a hypoxic tumour can be targeted with

each fraction. The tumour generally becomes inflamed after the first fraction, followed by a



shrinkage if successful. The reduction in the size causes the previously hypoxic volume to
be within closer proximity of vasculature, allowing for a gradual complete targeting of the
tumour in theory.

Repopulation considers the ability for both the tumours and healthy tissues begin
to proliferate or regenerate after the dose is delivered. Healthy cells and tissue can be
categorised into early and late responding, where the former impacts the fractionation
schedule more so than the latter. Large fractions in a shorter amount of time, or
hypofractionation, must be avoided for early responding tissue, as the regeneration of
healthy tissue cannot compete with the damage. For late-responding tissue, the time is
less of an issue, but the amount of dose per fraction can impact its repopulation. Tumour
repopulation is an important factor in the timing of the fractionation schedule. Although
there are variabilities between tumour type, they generally have a repopulation rate similar
to that of an early responding healthy tissue. One crucial difference is that an accelerated
repopulation can be triggered if the time between the fractions is too long, leading to an
aggravation of the disease. Taking both factors into account, a suitable dose and interval
between the fractions are established.

Advancements in EBRT has led to the use and development of proton and heavy ion
therapy, a technique that takes advantage of the Bragg peak to improve localisation of the
target lesion while minimising irradiation of the nearby critical structures.®!415 Although
originally proposed in 1946 by Wilson, proton therapy only received United States Food and
Drugs Administration (US FDA) approval in 1988 and heavy ion therapy has still yet to be
approved, despite multiple centres existing globally.'*!5 The low entrance dose deposition,
the high target dose from the Bragg peak and finally the low post-Bragg peak dose are
the three major advantages of using particle EBRT, allowing for the normal tissue to be
spared relative to conventional EBRT.1*16 Recent development of FLASH radiotherapy,
a technique that utilises ultra-high dose rate EBRT to produce a phenomenon referred to

as the ‘FLASH effect’, has roused the scientific community’s interests in the radiobiology

10



of EBRT as limitations such as NTCP and hypoxia can potentially be overcome.!® The
FLASH effect is the reduction in NTCP whilst still maintaining TCP, triggered by using
dose rates exceeding 40 Gy/s, several orders of magnitude higher than the conventional dose
rate of roughly 5 Gy/min.'® The exact biological mechanisms of FLASH are still under
investigation, but oxygen depletion, ROS generation and immune responses have all been
suggested as contributing factors to this phenomenon.!>1¢ The first human clinical trial for
proton FLASH radiotherapy, a technique that utilises the benefits of both proton therapy and
the FLASH effect, is currently underway at the Cincinnati’s Children’s/UC Health Proton
Therapy Center in the USA, and is gaining increasing interest for further research and clinical

translation.!?

2.1.2. Systemic Treatment

With the evidence for suspected metastases, whether before or after a local treatment
is performed, the patient will have to undergo a systemic treatment. This involves any
treatment that targets metastasised cancer cells through the circulatory system and is usually
performed concurrently with a local treatment, although it is also used independently.
Chemotherapy is the most accessible form of systemic treatment. A commonly used class of
cytotoxic chemotherapeutics is the taxane group; the drugs target the cell division function
by damaging the tubulins or the microtubules in the cells to promote cell death. Examples
of the taxane group currently used include docetaxel (Taxotere®) and paclitaxel (Taxol®).!8
Dependent on the aggressiveness of the tumour, chemotherapy can be performed before any
local treatment to stabilise the tumour first. Due to the large amount of physiological stress
the drugs place on the patients, chemotherapy may also not be an option for those with
rapidly declining conditions and other contraindications.

Cancer immunotherapy has been the next advancement in the systemic treatment of

cancer, and is used as an alternative to chemotherapeutics despite its relatively slower

effects. The basic mechanism of action for immunotherapy in cancer treatment has been
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through the blockade of immune checkpoints. A deregulation of the immune-checkpoint
proteins in tumours allows for the evasion of the body’s innate immune response.” 2!
As briefly summarised in Figure 2.4, there are three possible targets of immunotherapy:
increasing the antigen expression of dendritic cells, promoting the production of the T-cells
and overcoming of the immunosuppression by the tumours themselves. Regardless of
the limitations in efficacy across all cancer types, prime target receptors, including the
cytotoxic T-lymphocyte-associated antigen 4 (CTLA4) that causes an immune resistance
by reducing the early T-cell activation, and the programmed cell death protein 1 (PD1) and
its associated ligand (PD-L1) that limits the effector T-cells’ functions therefore allowing
tumour proliferation, are the key to treating immunogenic cancers such as skin cutaneous
melanoma, colon adenocarcinoma and diffuse large B-cell lymphoma. Examples of CTLA4
and PD-1 checkpoint inhibitors include ipilimumab (Yervoy®) and nivolumab (Opdivo®),
respectively.!

Finally, nuclear medicine, the main field addressed in this thesis, specifically uses
radioactive isotopes or radionuclides to either diagnose or treat tumours, although
more specifically its metastases. These radionuclides can be bound to a ligand or
micro/nanoparticle to target receptors specific to certain cancers or take advantage of the
increased metabolic activity of most cancers in general, known as the Warburg effect.?
Some radionuclides such as iodine-131 (*3!I) and radium-223 (***Ra) are used in its
unbound state, utilising the body’s uptake mechanism specific to that ion.?® Details of the

main branches of nuclear medicine are outlined in the section below.

2.2. Emergence of Nuclear Medicine

The rapid development in the therapeutic methodologies aforementioned was only
possible due to the localisation of the tumours and other diseases through imaging
techniques using radioactive isotopes, used in the field of diagnostic nuclear medicine.?

The underlying concept of nuclear medicine is the injection of a bound gamma (7) or
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FIGURE 2.4. Diagram of the three immunotherapy targets, where NK is
the natural killer lymphocytes, B is B lymphocytes and MHC is the major
histocompatibility complex. (Reproduced from Mellman et al., 2011)"

positron (1) emitting radionuclide with a suitable detection modality, either a single
photon emission computed tomography (SPECT) or a positron emission tomography (PET),
respectively. Dependent on the scan of interest, images are obtained at certain time points
to measure uptake or biodistribution of the radionuclide-bound targeting agent to diagnose
diseases.* More recently, with the development of nuclear reactors, the production of
a wider range of radionuclides have become possible, extending nuclear medicine into
therapeutic applications through the use of beta minus (87), Auger electron or alpha («)

particle emitting isotopes.?2

2.2.1. Diagnostic Nuclear Medicine

The diagnostic radionuclides allow for a functional snapshot of the governing biological

mechanisms behind the radiolabelled compounds; co-registration with the anatomical
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images of x-ray computed tomography (CT) or nuclear magnetic resonance imaging (MRI)
completes the comprehensive diagnostic image. The first notion of medical imaging was
initiated through the discovery and study of x-rays by Rontgen in 1895.% The ability to
observe the internal contents of the body non-invasively, although mostly structural features,
quickly opened up a new field of diagnostic medicine. The first emergence of nuclear
medicine was reported to be between the period of 1910 and 1945, with the initial studies
performed by de Hevesy in 1913 with lead nitrate tracers in plants, and by Blumgart and
Weiss in 1927 with intravenous radon measurements.26-28

Following the increased interest in radioactive isotopes during the Second World War
and the improvements in technology that accompanied it, the field of nuclear medicine was
established in the late 1950s. With the development of the scintillation v detector by Anger
in 1958 and the first use of the radioactive isotope technetium-99m (°*™Tc) by Harper et al.
in 1964, the foundation of the diagnostic techniques still used in SPECT today, developed by
Kuhl et al. in the 1970’s, were standardised.*2® The basic principles behind SPECT involves
the detection of a distinct y ray emission peak from a radioactive isotope within the body,
followed up by a scatter and attenuation correction and a filtered back-projection algorithm
to reconstruct an image of the acquired volume. The other major component involved in
SPECT, apart from the physical camera itself, such as the collimator, detector type and
arrangement and the various algorithms assigned, is the choice of radionuclide. The use of
99mTc was the initiator for medical imaging physics, mainly due to the extremely favourable
characteristics it possesses clinically, and currently continues to be the most commonly used
isotope in nuclear medicine.>26

Stemming from the idea of using positron emitting radionuclides for imaging by Wrenn
et al. in 1951, along with the computational algorithms of tomography introduced by Kuhl
et al., PET was established soon after by Phelps et al. during the late 1970s.>?° The
concept of acquiring coincidence annihilation ~ rays using scintillation detectors coupled

with a computational reconstruction algorithm to generate an image in PET is very similar
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to SPECT with a few exceptions. The major differences to be noted are the use of a positron
emitting radionuclide, the circular arrangement of the detectors and the specific detection of
0.511 MeV annihilation photons.

The underlying mechanism of PET detecting the 0.511 MeV photons is the electron-
positron annihilation that occurs after the thermalisation of a positron. When a positron is
emitted from the radionuclide source in the body, it will travel a short distance before it
collides with its anti-particle, an electron, and converts all of their rest-mass energies into
photons. The two photons produced in this event are emitted approximately 180° from each
other in a “back-to-back” emission, and the coincidence detection allows for the detectors on
either side of the annihilation to locate where the signal originated from. A more complicated
algorithm incorporated into the PET scan that is now of common use is the time-of-flight
PET. This algorithm uses equation 2.1, where Ad is the distance away from the midpoint of
the two detectors, At is the difference in arrival time of the  rays, and c is the speed of light,
to accurately reconstruct the data obtained from the annihilation events that are not occurring

at the centre of the detectors.?

_At><c

Ad
2

2.1)

When the time-of-flight calculates the location, it determines the point at which the
annihilation occurred. The exact location of the positron emission is not known, thus the
exact location of the tumour volume cannot be defined. Furthermore, when the annihilation
takes place, the two photons are not emitted at exactly 180°, referred to as photon
noncollinearity, another source of limitation to PET. There are simulation studies currently
being performed to develop an algorithm that incorporates positron range correction,

30-32

although its clinical implementation will take some time. Using the example of a

commonly used positron emitter fluorine-18 (**F), the energy at which the positrons are
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emitted are not monoenergetic, as shown in Figure 2.5. The consequence of the emission
spectrum is the variability in the distance the positron travels before the annihilation
occurs. Not only is there a variability between the positrons of different energies, but the
particles with the same energy can have different ranges depending on the path it takes
during its energy loss; calculating the probabilities of every single emitted positron is not
computationally feasible or required with the limitations in resolution. There will always
be a fundamental limit to PET and SPECT’s spatial resolutions despite the advancements
in algorithms and hardware, but the invaluable tool as non-invasive functional diagnostic

modalities have been revolutionary in cancer medicine.

Positron Emission Spectrum for Fluorine-18

Normalised Probability (%)

0.0 0.1 02 0.3 0.4 0.5 0.6 0.7
Emission Energy (MeV)

FIGURE 2.5. Positron emission spectrum for fluorine-18%

2.2.2. Therapeutic Nuclear Medicine

Beyond the diagnostic use of radionuclides, the regained clinical interest in the
therapeutic branch of nuclear medicine from the improvements and refinements in
molecular biology has allowed for an increase in the implementation of radionuclides in the

treatment of cancer.* Although the first clinical use of radionuclides as a form of cancer
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treatment was performed using 3! in 1946 on thyroid cancer patients, the availability of
nuclear reactors and cyclotrons have limited the production and use of the radionuclides in
therapy.® The available radionuclides in medicine have flourished since the 1940s, especially
for cancer therapy, and have allowed for the fields of brachytherapy and radionuclide therapy
(RNT), specifically, peptide receptor radionuclide therapy (PRRT) and selective internal
radionuclide therapy (SIRT), to be established.®3%35 A non-exhaustive list of radionuclides
used the clinic is provided in Table 2.1, where EC is electron capture. The resultant emission
of internal conversion electrons, x-ray and v photons from the Auger effect and the Auger
electrons are not listed under “Mode of Decay” for simplicity, although their importance is

discussed later.

2.2.3. Theranostics

The various innovative ideas developed in delivering radionuclides directly to the
tumours through receptor or functional targeting have allowed critical patients to extend
their overall survival and potentially improve their quality of life. In 1998, John Funkhouser,
the CEO and president of PharmaNetics at the time, coined the term ‘theranostics’
describing a material that possess both diagnostic and therapeutic properties.’” Although
1311 had been used in such a manner, the prevalence of theranostics had been limited,
stemming from the difficulties in discovering molecular targeting agents for cancer.’’
PRRT, established in the late 1980s, have regained interest especially through the scope of
theranostics in the past two decades, due to the implementations of the new radionuclides
available to the clinic, as well as the discovery and improvements in the specificity of
targeting agents to the cancer cells 34338

For example, in neuroendocrine tumour (NET) patients, the presence of somatostatin
receptors (SSRs) have allowed for a group of compounds called somatostatin analogues

(SSAs), such as lanreotide and octreotide, to control carcinoid syndrome; a condition caused

by the release of vasoactive peptides and hormones by the NETs leading to diarrhoea,
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Radionuclide Half-life Mode of Decay Use
He 20.4 minutes B7:99.7669% PET tracer
BN 9.9 minutes BT 100% PET tracer
150 122.2 seconds BT 100% PET tracer
18R 109.8 minutes BT: 100% PET tracer
64Cu 12.7 hours EC: 61.5%, 37 38.5% PET tracer,
(B~ -therapy
67Cu 61.8 hours £~ 100% 3~ -therapy
67Ga 78.3 hours EC: 100% SPECT
®Ga 67.7 minutes BF: 100% PET tracer
Ny 64.1 hours £~ 100% Brachytherapy,
(B~ -therapy
9mTc 6.0 hours IT: 99.9963%, 3~: 0.0037% SPECT
103pq 17.0 days EC: 100% Brachytherapy
1231 13.2 hours EC: 100% Thyroid
diagnostic
1241 4.2 days BT:22.7%, EC: 77.3% PET tracer
1317 8.0 days £~ 100% Thyroid treatment
& imaging
131Cg 9.7 days EC: 100% Brachytherapy
Ly 6.6 days B~ 100% 3~ -therapy,
SPECT
213Bj 45.6 minutes B7:97.8%, a:: 2.2% a-therapy
223Ra 11.4 days a: 100% a-therapy
25A¢ 10.0 days a: 100% a-therapy

TABLE 2.1. Radionuclides used in medicine3> 3¢

flushing or bronchospasm, seen in roughly 20% of patients.*® Through the modification

of an SSR called tyrosine3-octreotate (a compound similar to octreotide) by conjugating a

tetraxetan (DOTA) complexing agent, the chelation of radionuclides such as %Ga and '""Lu

has allowed for NET to be treated in the theranostic RNT setting, using an initial PET scan
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to plan the treatment and post-injection SPECT scans to monitor the dose delivery as shown

in Figure 2.6.40-41

[**Ga]-DOTATATE [Y77Lu]-DOTATATE
PET Gamma Camera Planar GM Images

Time after injection (hrs] |
Radioactivity retained (MBq)

FIGURE 2.6. Image showing examples of a ®®Ga-DOTATATE PET/CT pre-
treatment scan and '""Lu-DOTATATE SPECT/CT scans at four time points
post-injection. (Reproduced from Aslani et al., 2015)%

SIRT, also referred to as radioembolisation, is another example of a recently developed
technique that has had success in the improvement of quality of life. An example of this
modality, marketed as SIR-Spheres®, utilises *°Y resin microspheres that are embolised
into the target of interest to deliver therapeutic 3~ irradiation, shown in Figure 2.7.4?
Unresectable hepatocellular carcinoma and intrahepatic cholangiocarcinoma can be treated
using SIRT, generally followed up with chemotherapy or surgical resection if a significant
reduction in tumour volume is observed. “°Y not only emits -, but also has a small
probability for a 3~ decay to the first excited state of *°Zr, leading to an internal pair
production. Although the exact branching ratio for the pair production process is still under
dispute, the process allows °Y to be imaged by PET, leading to better estimates in the
dose quantification to the lesion. Centres not interested in the dose quantification choose to

perform bremsstrahlung imaging to obtain images to confirm the embolised volumes using
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the SPECT scanners.

FIGURE 2.7. Image of a catheter delivering the *°Y resin microspheres into
the target liver lesion (Reproduced from Sirtex Website)*?

With all theranostic pairs of radionuclides, the general process is to use a targeting agent
that allows for a chelation of both the imaging and therapeutic radionuclide. Assuming
that the saturation of the receptors that are targeted is not present, either managed by the
administration timing or disregarded due to the high up-regulation of the receptors in certain
cancers, the purpose of the targeting agent is to deliver the radiation to the imaged lesions
and potentially the micro-metastases and other small lesions that the images cannot reveal.

Along with the improvements in image reconstruction algorithms and detector hardware,
although not up to the standard of the treatment planning software used in EBRT, there has
been an improvement in the internal dose calculations or dosimetry, for both the tumours
and the healthy tissues.*»#* Traditional methods have used a ‘one-size-fits-all’ approach
that focuses on avoiding certain critical organs, such as kidney or marrow, but these
methods require a major overhaul to allow for the personalisation of radionuclide therapy
and theranostics.* To address this, protocols have been developed where clinics rely on
dosimetric software, such as the FDA approved dosimetry software Organ Level INternal
Dose Assessment/EXponential Modelling (OLINDA/EXM) developed by RAdiation Dose

Assessment Resource (RADAR) Task Group of the Society of Nuclear Medicine, in their
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analysis.*> OLINDA/EXM contains the decay data for over 1000 radionuclides and can be
used to calculate the absorbed dose of a target organ at a voxel level for realistic phantoms,
but limitations such as the constant tumour volume still needs to be assessed.*> These
limitations can lead to inaccurate dose-response estimates and toxicity reports and thus
crucial to improving the efficacy of treatment planning in RNT.

Furthermore in image-based dosimetry, the partial volume effect (PVE), resulting from
the limitations in the spatial resolution of the hardware that causes a blurring in the images
obtained, can lead to an over or under estimation in the administered dose or treatment
planning.>¢ Several partial volume correction (PVC) algorithms, in-reconstruction or post-
reconstruction, have been developed to overcome these PVE present in both PET and SPECT
imaging, yet varying limitations presented in each method has led to no single algorithm

being accepted as a gold standard.¥’

2.3. Prostate Cancer

Prostate cancer (PCa) is the second most incident cancer in men worldwide after lung
cancer.® It was estimated that 1.1 million men were diagnosed worldwide in 2012, with
the highest rate of incidence occurring in Australia and New Zealand (combined), and
contributed to 25.2% of the 5-year prevalence of all cancers.*® Specifically within Australia,
PCa was estimated to be the most commonly diagnosed cancer in 2017 amongst males,
accounting for 23.1% of all new cancers.* In regards to mortality, it was estimated in
2017 that the risk of a man dying from PCa before turning 85 had become 1 in 30, and
accounted for 12.7% of all cancer deaths.** In Australia, the rising prevalence of PCa from
1982 (3,607 cases) to 2013 (19,233 cases) was most likely due to the improvements in or
implementations of detection methods, along with the increased education and awareness of
the disease.*"3° This is evident from the lowering rates of mortality despite the increasing

incidence.8-50
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2.3.1. Diagnosis and Treatment

The method in detecting PCa commonly involves a combination of a digital rectal
examination and a prostate specific antigen (PSA) serum testing. PSA is a 33 to 34 kDa
serine protease (a cleaver of peptides) believed to be involved in liquefying the seminal
coagulum.’"-32 Although present in the prostate of healthy individuals, in the presence of
PCa it is increased dramatically by up to 10° fold in the blood, thus is used as a primary
indicator when screening for the cancer.3"5* Certain membrane barrier mechanisms of the
prostate prevent PSA from being excreted into the blood circulation in healthy individuals,
but with trauma or progression of a prostate disease, they become prone to leakage that
result in a rise in serum PSA count.>?

When the screening procedure predicts a potential risk of PCa, a histological analysis
is recommended on a biopsy of the prostate to determine the type of PCa and its Gleason
score (GS).”-3455 The GS is a numerical indicator of the aggressiveness of the PCa and is
a summation of two numbers between 1 and 5; 1 indicates normal prostate tissue and 5
indicates poorly differentiated cancer cells.>>% The first number in the summation is used
to describe the cells that make up the majority of the prostate biopsy, and the second number
describes the minority.® As an example, the same GS of 7 can potentially be a 3 + 4 or a 4
+ 3, where the latter has a worse prognosis. Other alternative methods of diagnosis include
magnetic resonance imaging (MRI) or ultrasound (US), both dependent on the availability
of the different modalities in the clinic as well as the recommendations from the clinician.’
Under certain circumstances where the PCa is benign or low-risk, surgery is avoided and an
active surveillance is instructed; most PCa patients are over the age of 65 and unnecessary
treatment may affect their quality of life.”

Over the past three decades, rapid improvements have been made in the treatment of
PCa, with over 80% of the patients diagnosed at an early stage of the disease having a good
prognosis.>” Some of the curative therapies for the primary tumour site include radical

prostatectomy, EBRT, brachytherapy and hormone therapy. Brachytherapy, a form of
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internal radiation therapy separate to RNT, uses a sealed radionuclide source that is used to
irradiate the tumour. The technique, although in its primitive form, was originally suggested
as early as 1901 by Pierre Curie, and its development over the past century has resulted in an
effective form of cancer treatment, especially PCa, for primary tumours and recurrences.*
Fewer side effects, along with comparable 10-year survival rates to a radical prostatectomy
and a reduced cost of the patient treatment, has allowed for the procedure to be a standard
in assisting the tumour shrinkage and management of PCa for all risk groups.® Various
dose-rate brachytherapy implants, ranging from ultra low dose-rate (ULD) (0.01 to 0.3
Gy/h) as permanent, to high dose-rate (HDR) (> 12 Gy/h) for temporary, are used to treat the
prostate gland directly.®® ULD and other lower dose-rate brachytheraphy use sources such as
iodine-125 or caesium-131, whereas the HDR brachytherapy use removable catheters with
a stepping source with iridium-192 or cobalt-60 to remotely control the source movement
within the prostate gland.>

Combinatory or adjuvant therapy mentioned above, such as performing a salvage
radiotherapy to the surrounding tissue after a radical prostatectomy or using chemotherapy
as a follow up to EBRT, is commonly practiced and crucial to intermediate-risk groups due
to their potential risk of metastasis.>® Diagnostic imaging and serum PSA follow up checks
are recommended every three to six months, to confirm a partial or complete remission.>?
Regardless of the curative intent of the therapy, recurrence can occur, detectable either in
the form of biochemical recurrence (BCR), diagnostic or symptomatic examination.> BCR
is diagnosed through three consecutive PSA serum examinations that display a rise in PSA
levels each time, and is currently a main indicator of PCa recurrence.>

If the diagnosis of PCa was given at a later stage in the disease progression, there
would be a higher chance of metastasis and the prognosis is typically worse due to the
aggressive nature of the tumour, and thus will be classified in the high-risk group.>® For

a PCa metastasis, it is common to use chemotherapy and androgen-deprivation therapy

(ADT) to prevent further metastasis and attempt to slow down the proliferation that rely
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on testosterone.” As with all cancers, metastasised PCa is capable of developing resistance
to chemotherapy and ADT, such that using the two modalities become futile and further

implementations must be made in planning a new treatment.’

2.3.2. Castrate-Resistant Prostate Cancer

Castrate-resistant PCa (CRPC) has the ability to proliferate at castrate levels, or low
levels of testosterone (< 1.7 ng/mL), and patients have a mean overall survival of two years.%
Approximately 85% of the patients that are diagnosed with CRPC will have mCRPC, and
palliative therapy using EBRT, chemotherapy, ADT and PRRT are trialled to extend the
overall survival.®* The bone is a common site of metastasis in metastatic PCa patients,
evident in up to 90% of mCRPC patients.®! This is primarily due to the PCa cells favouring
hypoxic conditions in the bone for its growth.®* A common symptom of metastatic PCa
is bone pain associated with the erosion of the bone, although more prominent in mCRPC
patients.®> Currently, the FDA approved Xofigo®, a radium-223 dichloride (***RaCl,) a-
particle emitting therapeutic, has been an effective radio-pharmaceutical to suppress the
disease.?* Due to the short range of the a-particles (< 100 ym) in tissue, those emitted from
the 22*RaCl, will not penetrate though to the bone marrow, resulting in low myelotoxicity
whilst successfully targeting the cancer cells.” Regardless of the effectiveness in targeting
the metastasised PCa, it is still not a curative treatment but aids in removing the symptomatic
bone pain that is often reported in mCRPC.>

Quite recently in the literature, the discovery of the prostate specific membrane antigen

(PSMA) has taken off as a primary target for the treatment of metastasised PCa.3-65

2.3.3. Prostate Specific Membrane Antigen PRRT

PSMA is an 84 kDa, 750 amino acid chain glycosylated type II transmembrane protein,
also known as glutamate carboxypeptidase II, found in various tissues throughout the

body.?3% The term “prostate specific” in this transmembrane protein was coined despite
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its expression in other tissues such as the central and peripheral nervous systems, salivary
glands and kidneys, from its use as a biomarker for PCa and its metastases.®*%- The
up-regulation of PSMA expression in PCa makes it an ideal target for both diagnostic
and therapeutic agents, and many radiolabelled ligands are currently being developed and
trialled.®”-% Despite increasing interest of PSMA, its exact function has yet to be elucidated.

The biggest precursor to the recent boom in theranostics is the clinical translation
of ""Lu-labelled PSMA ligands, most commonly '""Lu-PSMA-617, for the treatment of
mCRPC.”%72 The variety of available PSMA ligands allow for the molecule to be labelled
with different radionuclides whilst retaining very comparable uptake into the tumours
expressing PSMA.%® Thus, at least two different PSMA ligands are used throughout the
course of mCRPC patients’ treatment, starting with the % Ga-labelled PSMA ligand to assess
the suitability of RNT via PET imaging, and following up with '""Lu-PSMA therapy and
the subsequent imaging using SPECT/CT.%-72

2.4. Radiobiology in RNT

Radiobiology is the study on the biological effects and responses from radiation when
exposed to a specific dose from a particular type of radiation. In radiobiological studies, it is
crucial to compare the effects of the radiation of interest to that of a standard or a previously
studied radiation type, referred to as the relative biological effectiveness (RBE), given by

equation 2.2.

RBE Dose of the Reference Radiation Type for a given survival

_ 2.2
Dose of the Test Radiation for the same survival as the Reference (2:2)

Traditionally, it is compared to a standard of 225 or 250 kVp x-rays, but in radionuclide
studies, it is more appropriate to compute the RBE between the radionuclides, for example

between two 3~ emitters with different mean energies like *°Y and '""Lu, by comparing
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the survival fraction (SF) at a given dose from a survival curve.!®2?

Radiobiology of
radiation oncology is relatively well-established due to the prevalent use of LINACs, further
justified by the limited parameters of the radiation used, leading to the development of the
five R’s of fractionation and radiobiology described in Section 2.1.1.1%1> Radiobiology in
radionuclide therapy on the other hand, the core theme of this thesis, has to incorporate the
differences in linear energy transfer (LET), the half-life and dose rate of the radionuclide,
and the energy profile of the emitted particles from the decay. In the clinic, this is further
expanded to biological uptake (inhomogeneous), retention and clearance, binding or
targeting mechanisms, cross-dose and more recently, radio-immune response, bystander

effect and Abscopal effect.?73

2.4.1. Linear Energy Transfer and DNA Damage

The most obvious difference between the dose delivery in RNT to EBRT is the use of
directly ionising radiation sources. Whilst EBRT relies only on the reactive oxygen species
(ROS) to damage the cells’ DNA and organelles, RNT’s use of radionuclides that decay
through «, 5~ and Auger electron emission, with an estimate that approximately 30% of
the DNA damage is from direct damage and remaining 70% is from the indirect damage
from the ROS generation.>7# The differences in the range and the average energy deposited
per unit path length, called LET (keV/um), dictates the choice of radionuclide to use for a
particular type of cancer. Table 2.2 compares the approximate LET of the major radiation

types used in nuclear medicine, and the approximate range for each.”

A simple schematic shown in Figure 2.8 illustrates the major differences between the
therapeutic particles and their LET.*® The RBE increases with LET until approximately 100
keV/um, where the recombination process of the free radicals with each other takes over

and begins to reduce the RBE. For lower LET particles, whilst the damage may be sparse,
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Decay Radiation | Approximate LET (keV/um) Approximate Range in Soft

Tissue/Water
[ Particle ~ 0.2 Roughly half of the energy
expressed in MeV, in cm
Auger Electron ~4~25 Up to 100 pm
« Particle ~ 100 50 to 100 pm

TABLE 2.2. LET and range of radiation types used in therapeutic nuclear
medicine.”

its longer range allows for cross-fire dose delivery and direct irradiation of hypoxic regions.

Auger
Electrons

a Particle B~ Particle

ROS-
mediated
DNA
damage =

70 % ROS

Direct
DNA
damage =
30%

FIGURE 2.8. Diagram of the different particles’ damage to the DNA
(Reproduced from Gudkov et al., 2015)%

The therapeutic aim of RNT is the same as EBRT; to damage the DNA of the tumours
to cause cell death, whilst limiting off-target effects. The basic description of DNA damage
is the same for both RNT and EBRT, categorised into single-strand breaks (SSBs) and
double-strand breaks (DSBs). This can be broken down further into direct DSBs and indirect
DSBs through multiple SSBs. There is a higher chance to induce both direct DSBs and
indirect DSBs compared to EBRT if the mean separation between two ionisation events are

comparable to the diameter of the DNA double helix (= 1.8 nm), but can be compensated
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by the use of a higher dose-rate.’®”” The dose-rate effect is therefore a crucial parameter
that affects the multiple SSBs that result in a DSB, both temporally and spatially. Due to the
intrinsically decreasing dose rate of radionuclides after administration, if the SSBs occur at
a rate slower than the repair time or if two breakages are too far away, the damage is more

likely to be repaired. This is explored further in Section 2.4.2. below.

The details of the repair pathways are beyond the scope of this thesis, but Figure 2.9
below briefly summarises the steps taken after DNA damage.”® As SSBs are induced, the
DNA undergoes base-excision repair (BER), a process used to correct the DNA damage
caused by oxidation, deamination and alkylation. DNA glycosylases recognise the damage
and remove the bases at the point of strand breakage, which is followed by a short or
long patch repair mechanism. With DSBs, a homologous recombination (HR) or a non-
homologous end joining (NHEJ) occurs at the site of damage, where HR is specific to the
S and G2 phases of the cell cycle and NHEJ is present across all phases. HR is more likely
to lead to accurate repair as it uses a homologous template to replicate the damaged portion
of the strands, whereas the NHE] is intrinsically mutagenic from the processing and ligation
steps involved in repair. Although less likely than a HR or NHEJ, BER can still lead to cell
death, especially if the process is overloaded. An unsuccessful repair of the DNA and thus
cell death resulting from apoptosis or necrosis, is the prime target to be considered in the

DNA-based approach in cancer treatment.

2.4.2. Invitro Experiments

Cell or tissue culture (in vitro) research is frequently used in a series of proof-of-concept
experiments for novel studies, to observe the cellular or functional impact of the particular
intervention that is being implemented. Obtained data can be used to model cellular response
for further experimentation and is commonly used as evidence and a foundation for initiating

animal (in vivo) research and clinical trials.
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FIGURE 2.9. Diagram of the successful and unsuccessful repair pathways
from the radiation induced SSBs and DSBs (Reproduced from Arena et al.,
2014)"

In in vitro radiation studies, although the key target is the DNA double helix as mentioned
in the section above, the isolated system of a tumour cell culture is significantly different
to that in a patient due to the lack of the immune system that the tumours are able to
successfully evade. Regardless, the primary function of in vitro studies in radiation research

is the parametrisation of cell behaviour, as fundamental data is obtained from the work is the
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survival fraction (SF), along with the radiobiological parameters o and 3 derived from the

linear quadratic model (LQM) (Eq. 2.3) fitted onto the survival data.

SF = ¢~ (aD+8D?) (2.3)

For a range of irradiated doses D (Gy), the o (Gy!) represents the linear component
depicting the lethal, irreparable damage to the cells (DSBs, spatially and temporally close
SSBs), whereas the 3 (Gy™) represents the quadratic component depicting the sub-lethal,
reparable damage (SSBs).

The SF curve has universally been used to quantify the impact that the radiation has in
vitro, and is obtained from the gold standard radiobiological assay, the clonogenic (colony
formation) assay. The clonogenic assay is a basic assay that allows for the investigator to
isolate the survival of the cells after irradiation.

A colony is defined as a collection of at least 50 cells originating from a single seeded
cell, and thus requires the cell to cycle through 6 mitotic phases to be defined as clonogenic.
The SF (Eq. 2.4) is then plotted against the range of doses used to irradiate the cells before
the LQM is fitted.

SF Number of colonies formed in the irradiated sample

24
Number of colonies formed in the control sample 24)

The macroscopic value of the colonies formed allows for the simplification of the impact
on the cell survival without having to consider the microscopic and functional impact that
is also involved, such as a change in cell metabolism or cell cycle arrest. By obtaining the
« and (3 parameters along with the /[ ratio, the cell lines’ radiosensitivity can be observed
and compared. Finally, from the SF curve, the dose in which the impact of the radiation on
the cell becomes relevant can be revealed, and further in vitro assays can be performed on

the particular doses of transition.
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Other major assays commonly used to supplement the clonogenic assay include cell cycle
and oxidative stress assays, and are used in Chapter 6 of this thesis to elucidate the impact
of the S emitting radionuclide’s irradiation on the cells. The cell cycle assay quantifies
the distribution of the cells in the particular phase of the cycle through the use of propidium
iodide and its ability to fluoresce at different intensities dependent on the phase. It can be
utilised to indicate the dose in which cell cycle arrest is pronounced, as well as the phase
in which the arrest occurs.” The oxidative stress assays measure the percentage of cells
that are undergoing oxidative stress through the use of a dihydroethidium reagent. This cell
permeable reagent measures the intracellular superoxide radicals present by reacting to form
a fluorescing marker detected in the flow cytometer.®

A simplified schematic is given below in Figure 2.10, showing the pathways that can be
studied through the use of a compact flow-cytometric machine, the Guava® MUSE® Cell
Analyzer, as used throughout this project for performing the assays along with the essential

data such as cell viability and count.

2.4.3. Dose-Rate Effects and the Lea-Catcheside G Factor

Various binary misrepair formalism such as repair-misrepair (RMR) and lethal-
potentially lethal (LPL) models exist in the literature based off of the LQM.8%83 These stem
primarily from the differences in dose rate and range that influence the DNA repair kinetics.
As shown by Brenner et al., the time related factors that are present in the RMR and LPL
models all simplify down to the form known to most as the Lea-Catcheside time factor, also

known as the “G-factor", shown in Equation 2.5.76-84

(2.5)
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FIGURE 2.10. Diagram of the pathways of damage or repair in the context
of biological assays (Adapted by McKelvey, 2021, from Pawlowska et al.,
2018)81

where S F' is the survival fraction, D is the total dose, a and (3 are the linear and quadratic
radiobiological parameters (derived from the EBRT cell survival data), respectively, 7' is the
total irradiation time, \ is the decay constant, y is the DNA repair half-life, ¢ and ¢’ are the
times of the first and second SSBs that results in a DSB, respectively.

As with most radiobiological modelling, these applications were developed in the
concept of radiotherapy, and the incorporation of the G-factor is primarily reported for
fractionation schedules, in particular for 2 to 10 Gy per fraction, and dose protraction in
brachytherapy.?*35 Gholami er al. postulated that radionuclide dose-response modelling is
analogous to dose protraction, providing G-factors for radionuclides commonly used in the

clinic.” Similarly, in order to simplify the repair kinetics and in the attempt to correlate
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dose response of novel theranostic radioisotopes, this thesis focuses on the manipulation of

the G-factor in attempt to approach the limit of a radionuclide’s therapeutic efficacy.

2.5. Computational Modelling

The development of Monte Carlo (MC) simulations in the context of tracking particle
transport in physics has been a revolutionary step in fields ranging from high energy physics
and astrophysics to medical physics. In particular, the GEometry ANd Tracking (Geant4) is
a MC toolkit developed by CERN that simulates the interaction events of particles through
matter.363% Whilst originally intended for use in high energy physics, its integration into
medical physics quickly followed, becoming a crucial tool for dosimetry in RNT. TOol for
PArticle Simulation (TOPAS) is the primary Geant4-based simulation toolkit used in this
project, specifically, the radiobiology extension: TOPAS-nBio."%

TOPAS-nBio extends the Geant4-DNA toolkit, which includes low-energy particle
interactions to a sub-cellular level. Instead of simulating a condensed history of particles,
TOPAS-nBio simulates every particle interaction in a given geometry. The models that are
available in the extension, used to simulate and correlate the radiobiological effects, include
the cell, DNA, nucleus and organelle models. In the interest of a simplified radiobiological
outcome, a linear DNA model (Figure 2.11a) is sufficient, although a highly comprehensive

Geant4-DNA full nuclear model (Figure 2.11b) is also available for systems incorporating

the use of computer clusters.”

2.6. Project Aims

The projects reported in this thesis were proposed with the intention of elucidating the
radiobiological effects of radionuclides from the cellular level in the hopes of developing a
personalised platform for the treatment of mCRPC as well as other metastatic diseases using
RNT. Furthermore, the novel method of using 5 emitters as a potential therapeutic agent is

explored, not only to implement a new theranostic modality, but to standardise an approach
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(B) Geant4-DNA full nuclear model
encompassing the whole genome,

(A) Linear DNA model, where the red where the magenta boxes represent
and blue are bases and the yellow is the 23 chromosome territories of varying
sugar-phosphate backbone.”® size.??

FIGURE 2.11. Examples of the available DNA models in TOPAS-nBio®

in the way radiobiology is studied at an in vitro level for radionuclides. The final project aims
to tie the in vitro concepts in a patient dosimetry framework for future clinical application.

The specific aims of the project were:

a) To determine the radiobiological parameters for the cell lines in the in-house
laboratory conditions,

b) To develop a standardised protocol to perform radiobiological in vitro experiments
using short half-life radionuclides,

c) To perform a pilot experiment examining the potential therapeutic effect of the
positron-emitting radionuclide using '®F as an example in vitro,

d) To investigate the cellular damage that '*F has in vitro through the manipulation of
the Lea-Catcheside G-factor, and to determine the biological impact from the varying
dose rates,

e) To explore the feasibility of prescriptive dosimetry for S emitters as a therapeutic,

using multiple time-point images of a patient injected with !”’Lu as a surrogate.
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As cancer therapy is a race against the evolutionary pressure the treatment places upon
it, the more treatment variation that is given to a patient in a shorter amount of time becomes
crucial. Despite the difficulties in completely eradicating cancer, with enough proof to
support the treatment combination, the patient can be offered a potentially better quality

of life until a curative treatment pipeline is developed.6-68-91

35



36



CHAPTER 3

In vitro study of Radiosensitising Effects of Idronoxil® on Prostate

Cancer Cells

This chapter presents the in vitro experiments performed using a radiosensitising agent,
3-(4-hydroxyphenyl)-2H-1-benzopyran-7-ol (Idronoxil®), a synthetic flavonoid derivative,
on three prostate cancer cell lines: LNCaP, LNCaP C4-2 and LNCaP C4-2B. It expands
on the internal report that was prepared for Noxopharm, a Sydney-based start-up biotech
company, that approached our group as an industry collaboration to demonstrate their
product’s radiosensitising effects in vitro on prostate cancer cells.

This project acted as an introduction to the prostate cancer cell lines that could be used
in future investigations, and allowed for the determination of the radiosensitivity associated
with each variant. The main assay performed in this chapter used to determine the efficacy
of the radiosensitiser, incorporated a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) metabolic assay for a survival fraction.”?
For the subsequent chapters, this was optimised and adapted to a colony formation
(clonogenic) assay in a 6-well plate, in preparation for the use of radionuclides that would

generate large amounts of contaminated waste if performed in 96-well plates.
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3.1. Introduction

Noxopharm is a Sydney-based start-up biotech company with a putative radiosensitising
agent, 3-(4-hydroxyphenyl)-2H-1-benzopyran-7-ol (Idronoxil®), a synthetic flavonoid
derivative, for prostate cancer (PCa) radiation therapy. They engaged our group to examine
whether radiosensitising effects could be demonstrated in vitro on prostate cancer cells
with varying levels of radiosensitivity. The mechanism of action has not yet been fully
elucidated, but the radiosensitising effect is hypothesised as the promotion of apoptosis from
the inhibition of DNA repair, resulting from the reduction of the Sphingosine-1-phosphate
receptors.”® Off-target effects have not been reported for this compound.

Cell and tissue culture, known as in vitro studies, require a multitude of optimisation
steps to achieve consistent and reliable results. This is heavily due to the culture environment
that the cell lines must adapt to before it begins behaving characteristically as reported in
literature. Furthermore, if any minor changes are made, such as medium composition or
temperature regulation is altered, the impact on the growth of the cells can be detrimental **
Variability of the robustness between cell line exist, even those with minor phenotype

differences, and only becomes evident after comprehensive optimisation.

3.2. Methods

Three major optimisation steps needed to be performed before the main aim of the
project could be addressed: cell density, dimethylsulfoxide (DMSO) tolerance and ICs, of

the Idronoxil®.

3.2.1. Cell Lines

The PCa cell lines used in this section are presented below in Table 3.1. The LNCaP and
their derivative cell lines were used to due their expression of the prostate specific membrane
antigen (PSMA) receptor, varying dependency on androgen and natural progression of the

disease.%?5% Although these factors are not relevant when determining the radiobiological
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parameters, with the intention of a clinical translation from the work described in this thesis,

a target such as the PSMA receptor is crucial in PRRT, further justifying their use in vitro.

Cell Line Tissue Details Source
Androgen Dependent
LNCaP Human | PSMA Receptor Present | Garvan Institute of Medical Research
48 Hour Doubling Time

Androgen Independent
LNCaP C4-2 Human PSMA Receptor Present American Type Culture Collection
24 Hour Doubling Time

Androgen Independent
LNCaP C4-2B Human | PSMA Receptor Present | Garvan Institute of Medical Research
24 Hour Doubling Time

TABLE 3.1. Cell lines used throughout this project

3.2.2. Cell Culture

The three PCa cell lines were cultured in either T25 or T75 flasks in Roswell Park
Memorial Institute (RPMI, Life Technologies) medium with 10% v/v foetal bovine serum
(FBS, Sigma Aldrich). Cells were maintained in an incubator at 37°C with 5% CO,. Cells
were sub-cultured approximately twice a week, ranging from a ratio of 1:4 to 1:20, by
first washing with phosphate buffered saline (PBS, Astral Scientific), then adding trypsin
(Life Technologies) and placing in the incubator for 5 minutes or until the cells detached.
The standard medium (RPMI with 10% v/v FBS) was added to inhibit the trypsin and
then detached cells were pelleted by centrifuging at 300 g for 3 minutes. Cells were then

resuspended in the medium and reseeded into new flasks at the desired ratio.

3.2.3. Cell Count and Viability Assay

25 to 50 pL of cells resuspended in medium was added to the Count and Viability reagent

to make up a total volume of 200 pL, and was incubated for 5 minutes at room temperature.
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Cells were resuspended by pipetting before counting on the Guava® Muse® Cell Analyser

(Luminex) following the general protocol.

3.2.4. Cell Density Optimisation

The cell density calculations were performed for an 8 day incubation to ensure the cells’
growth were at the exponential phase when plating. In cell culture biology, the confluence
refers to the percentage of the surface of a culture dish that is covered by adherent cells. If the
cells reached 100% confluence, the amount of FBS would not have been sufficient to sustain

a regular pattern of growth and the cells would lose viability from the lack of sustenance.

3.2.5. DMSO Tolerance

DMSO was necessary for the solubilisation of Idronoxil® before adding to the culture
media. Despite the low concentrations of the radiosensitiser that were to be administered
to the cells, DMSO had the possibility of affecting the cell growth and could damage the
membranes and alter the results.”> 1% The clarity of the solution was also visibly affected
with DMSO and solubilised Idronoxil®, as shown in figures 3.1a and 3.1b. Thus, a tolerance
experiment was essential to ensure that the values obtained were not influenced by the

presence of DMSO.

(A) Varying levels of Idronoxil® concentration in (B) Varying levels of Idronoxil® concentration in
tubes a 96-well plate

FIGURE 3.1. DMSO and Idronoxil® effects on solution clarity
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3.2.6. ICsy Determination

The optimisation step for the ICsy were performed to observe the range of values
required for the actual administration of Idronoxil® as a radiosensitising agent. For the
IC5¢ measurements, the control media had DMSO at a percentage that matched that of the
highest concentration of Idronoxil®. The ICs, values were computed through a non-linear
regression (log(inhibitor) v.s. response - Variable slope (four parameters)) on GraphPad
Prism Version 7. This used the logarithm of the concentration and the survival fraction that

was obtained from the MTS assay absorbance values at 490 nm using a spectrophotometer.

3.2.7. SARRP Irradiation and Cell Survival

The SARRP (Xstrahl Inc, GA, USA) irradiation was performed with cells in a T25 flask
containing 5 mL of standard medium.!”! The basic setup is pictured in Figure 3.2, which has
the flasks placed on top of a 3.6 cm Perspex base. An open-field setup (20 x 20 cm?) was
incorporated, with a source-to-axis distance (SAD) of 33.4 cm, giving a dose rate of 4.45 +
0.06 Gy/min using the default x-ray beam energy spectrum of 225 kVp. The doses delivered
using the setup were confirmed using the EBT3 GAFchromic™ films with the assistance
from radiation oncology medical physicists in the hospital.

The Idronoxil® was administered 3 hours post-plating of the cells at a concentration at
the IC;( value calculated in the ICsy determination step. 24 hours after the administration of
the radiosensitiser, the cells were irradiated from 0.5 to 3 Gy in 0.5 Gy increments. The cells
were then incubated for 5 days post-irradiation, before the addition of MTS. The absorbance
readout was taken on the spectrophotometer, and the survival fraction (SF) was calculated
for each dose. The SF was determined by the ratio of the absorbance values in the samples
to that of the control as shown in equation 3.1, and was fitted to a linear quadratic relation
(Eq. 3.2), to obtain the radiobiological parameters « and /3.

__ Absorbance of 490 nm wavelength for sample

SF (3.1

~ Absorbance of 490 nm wavelength for control
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FIGURE 3.2. SARRP irradiation setup

SF = ¢ (aD+8D?) (3.2)

The o and 3 are the linear and quadratic parameters in Gy™' and Gy, respectively, and D is

the dose in Gy.

3.3. Results

The first column in figure 3.3 shows the final optimised cell densities that were used in all
subsequent experiments. LNCaP, LNCaP C4-2 and LNCaP C4-2B had optimal cell densities
of 500, 300 and 300 cells per well, respectively. All cell lines had no impact from DMSO
below 0.5% concentration, as shown in the second column. The ICs, values of Idronoxil®
for the three cell lines, shown in the third column, were 1.5 £ 0.2, 0.9 £ 0.2 and 1.1 £ 0.1
1M, respectively.

Figure 3.4 shows the intrinsic radiosensitivity factor («) for the three cell lines in the
control and treated cell cultures. The control and treated « values for LNCaP, LNCaP C4-2
and LNCaP C4-2B were 0.48 + 0.02 and 0.47 4+ 0.03, 0.36 £ 0.03 and 0.55 + 0.02, and
0.18 £ 0.04 and 0.30 % 0.05 Gy!, respectively. The corresponding /3 ratios derived in the
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FIGURE 3.3. Cell density, DMSO tolerance and ICs, results for A) LNCaP,
B) LNCaP C4-2 and C) LNCaP C4-2B
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0 to 2 Gy region for the purpose of extracting a linear-quadratic relation were 4.4 + 2.7 and

4.9 4+ 7.4 for LNCaP C4-2 and LNCaP C4-2B, but could not be determined for LNCaP.
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FIGURE 3.4. Survival fraction results for A) LNCaP, B) LNCaP C4-2 and C)
LNCaP C4-2B

3.4. Discussion

The comparison of the effects of the radiosensitiser on the cells has focussed on the «
parameter only, shown in column 2 of figure 3.4, as the dominance of the « in the fit of the

curves can lead to a zero or negative (5 value that will result in an unreasonable a/f ratio.
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The « represents the lethal and non-reparable damage to the cells at lower doses, and is
biologically much more important than the 3 parameter, which reflects DNA repair. The «
value is the linear component in the LQ model, and thus the higher the value, the steeper
the slope, indicative of a more radiosensitive cell line. This is reflected in the phenotypic
progression of the three cell lines presented, as the « value is highest for LNCaP, and lowest
for LNCaP C4-2B, indicating the increasing radioresistance with progression.!??

For the cell lines LNCaP C4-2 and LNCaP C4-2B, there is an evident effect of Idronoxil®
on the « parameter, indicative of increasing radiation response in comparison to the control.
Due to the high radiosensitivity of the LNCaP cell line, no significant effect of Idronoxil® on
the cell survival was seen, as the radiation independently may have saturated the observable
impact. The maximum difference on the survival for LNCaP C4-2 and LNCaP C4-2B
was found to be at 1 Gy, with 12 and 9% difference in survival between the control. The
convergence of the cell survival data past this point was most likely due to the irreparable
damage negating the repairable, effectively masking the radiosensitiser’s effects. For LNCaP,
the intrinsic radiosensitiviy has made the 5 component irrelevant, and so would more likely
be modelled using a linear model over the LQ model 3

The values for 2.5 and 3 Gy were omitted in column 1 of figure 3.4 for the generation
of the o and (8 parameters for the control. This was due to the same biological endpoints
observed that would affect the J parameter when calculating the radiobiological parameters.

For the o/f ratio derivation where the uncertainty in the values is larger than the value
itself, it is indicative of the low radiosensitivity of the cell lines irradiated for the range of
doses that they were exposed to. The higher the a/f ratio, the more radiosensitive it is. Thus,
the implications of this high uncertainty is that the range of doses used to irradiate the cell
lines were insufficient to properly quantify the cell lines’ response to irradiation. For the
sake of this project, the effect of the radiosensitiser was already present at the lower doses,

but for a more robust dataset, a wider range of absorbed doses should be explored.
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3.5. Conclusion

Idronoxil® has shown promising results in the more radioresistant prostate cancer cell
lines used in this study. However, to ensure that the effects can be translated successfully
into in vivo models, the actual mechanistic pathways of the drug should be further elucidated.
This would then lead to the utilisation of an appropriate assay to quantify the effects of
Idronoxil®, as a metabolic or proliferative assay may underestimate the impact that the drug
has on the cell radiosensitivity.

To explore the efficacy of the radiosensitising effect of Idronoxil® in radionuclide
therapy, the assay must be altered to a colony formation assay due to the production of
contaminated waste from the procedure. Longer-lived radionuclides will require extended
periods of decay-in-storage for the materials used, and exposure risks and shielding
measures must be assessed for up-scaling the administered radioactivity to achieve dose

targets.

46



47



CHAPTER 4

I8F in vitro Experimental Protocol

This protocol chapter has been prepared with the following headings with the intention
of submitting to the Nature Protocols journal: Abstract, Introduction, Development of the
Protocol, Applications, Overview, Limitations, Materials and Equipment, Setup, Procedure,
Timing and finally, Anticipated Results.

The chapter discusses the necessary steps needed to perform in vitro experiments using
short half-life radionuclides for radiobiological studies, and the importance of developing a
methodology that can be utilised as a gold standard. The key in experimental success is to be
aware of the limitations posed by the radionuclide or cell line of choice, and thus is heavily
emphasised at the beginning of the protocol. The results presented as examples and expected
results are from experiments performed using a positron emitter '8F as the radionuclide due
to its widespread availability and relatively low cost, on the metastatic castrate resistant
prostate cancer cell line LNCaP C4-2B. The novelty of this protocol is in the incorporation
of the radiobiological parameters at an early stage of planning that can be implemented into
the user’s desired assays, along with practical solutions to overcome issues of short half-life
radionuclides.

The protocol in this chapter was finalised after the completion and review of the
experiments performed in Chapter 6 and therefore developments have been made after
publication in Chapter 5. The proof-of-concept of fractionation experiment in the context
of RNT performed in Chapter 6 was also based on this protocol.

The tentative author list is as follows: Takanori Hioki, Yaser H. Gholami, Kelly J.

McKelvey, Kathy P. Willowson and Dale L. Bailey.
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PROTOCOL: in vitro Irradiation using Short Half-life
Therapeutic Radionuclides for Radiobiological Studies

4.1. Abstract

In the isolated system of in vitro studies, irreparable damage to the cell can be optimised
through the choice of radionuclide used; the energy or range along with the yield of
the emitted particles, the number of decays before stability and the half-life are some
key elements that are considered. The focus in this protocol is on the shorter half-life
radionuclides, as the higher intrinsic dose rate has the potential of overcoming the DNA
repair pathways and mechanisms triggered both temporally and spatially. Despite this,
the difficulties faced with handling these radionuclides with strict time constraints limit
the prevalence of such in vitro studies performed in the literature. Here, we introduce
an efficient methodology to manage the processes required for the full radiobiological
characterisation of a cancer cell line, using a short half-life radionuclide of choice. Although
certain limitations of equipment and radionuclide availability exist, the manipulation of
specific radiobiological parameters such as the Lea-Catcheside G-factor allows for the
comparison against the theoretically achievable cell survival in a standardised protocol for

an insight into the radiobiological dose-response effects.

4.2. Introduction

In vitro work has been a foundation for many pilot experiments and proof-of-concept
studies, used to justify further cell studies to pave the way for in vivo studies or clinical
trials. The 1solated system of a cell culture environment allows for researchers to investigate
the raw impact of the chosen intervention, thus allowing for a simpler parametrisation crucial

in biological modelling.
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The fundamental form of radiobiological studies using radionuclides has been present
since the initial discovery of radioactive isotopes in medicine.’® 19 With the improvement in
technological advances, there was a shift from radionuclides to external beam radiotherapy
(EBRT) in the form of x-ray machines and linear accelerators (LINACs), leading to
the radiobiology of such controlled sources of radiation to be substantially developed
and implemented into treatment planning systems, whilst the radiobiological studies of
radionuclides fell behind.1¢-104

In the past two decades, the discovery and implementation of highly specific radionuclide
tracers have highlighted the importance of the radiobiological effects in therapeutic nuclear

2105107 §ome of these include dose-rate effects, Lea-Catcheside G-factor and

medicine.
other spatial and temporal effects relating to the radionuclide, to antigen expression or
immune related responses such as the bystander and the Abscopal effects.”> 19110 Although
a myriad of in vitro radiobiological studies for radionuclides have been performed and
reported throughout the literature, there has not been an effective development towards a
protocol that is used as a gold standard.!''~1" Thus, this protocol aims to begin standardising,
for the cell lines and radionuclides that fit a therapeutically desirable criteria, a protocol

that may be used for closer cross-comparisons for further insight into the radiobiology of

radionuclides, in particular, those with shorter half-lives.

4.2.1. Development of Protocol

The development of the protocol was conducted throughout the in vitro investigation
performed in the article Overlooked potential of positrons in cancer therapy in the novel
concept of utilising positrons in a therapeutic setting."* The protocol was fully realised
through further optimisation and experimentation performed in a currently unpublished
work. The clonogenic assay protocol is based off of the Clonogenic assay of cells in vitro,
and the initial work of the radiobiological studies extended in this protocol was performed

in Comparison of radiobiological parameters for *°Y radionuclide therapy and external
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beam radiotherapy in vitro, by our team.”%!5 The foundations behind the procedure is built
on the linear quadratic model (LQM, Eq. 4.1) of the EBRT irradiation, and the extended

linear quadratic model (ELQM, Eq. 4.2) that incorporates the Lea-Catcheside G time-factor

(Eq.4.3) for the use of radionuclides.”®34108
SF = e~(aD+8D%) wn
SF = ¢—(aD+BGD?). w2
. 2 T .
G=2 (%) / e Mdt / e~ g=ht=t) gy
0 - 4.3)

2 A 2 1 — e~ +)T 1 — e~ 2T
_)\—,u(l—e—AT> ( A 2X )’

where SF' is the survival fraction, D is the total dose, o and (3 are the linear and quadratic
radiobiological parameters (derived from the EBRT cell survival data), respectively, 7' is the
total irradiation time, \ is the decay constant, y is the DNA repair half-life, ¢t and ¢’ are the
times of the first and second single strand breaks (SSBs) that results in a double strand break
(DSB), respectively. The DNA repair half-life was not calculated throughout the examples
provided in this protocol but was assumed to be 1 hour in the derivation of the G-factor. This
arbitrary number was chosen for mathematical ease, but also due to the high variability of
doubling time and repair times that can be observed among cell lines; shorter repair half-
life range anywhere from 1 to 30 minutes, and longer times range from an hour up to 20

hours 116-118

4.2.2. Applications

This protocol can be used as a base for a myriad of radiobiological studies in
vitro, including cell survival, relative biological effectiveness (RBE) comparisons and

other radiobiological characterisations stemming from survival curves and the o and f3
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parameters.!*11® Dependent on the half-life of the radionuclide chosen for the investigation,
the early-effect of irradiation can be observed, although the most accessible and reproducible
effect is the delayed-effect of radiation damage beyond 24 hours post-irradiation.'® Repair
enzyme targeting pharmaceuticals such as poly adenosine diphosphate-ribose polymerase
(PARP) inhibitors may potentially be incorporated after the characterisation of the cell

lines. 120

4.2.3. Experimental Design

a) Understanding the logistics
Not all cell lines are suitable for performing a clonogenic assay. This is purely
dependent on the physical characteristics of the cell line, where the more suitable
cells form an adherent monolayer provided there is enough space between adjacent
cells. The survival fraction is calculated with Eq. 4.4, and is used to convert the

number of colonies formed within the clonogenic assay to a survival curve.

SF — no. of colonies in irradiated sample

4.4
no. of colonies in control sample “44)

Regardless of the data available, the cells’ characteristics on doubling time, cell
density for growth, and robust adherence through multiple growth medium changes,
should be thoroughly studied before proceeding. This information will dictate which
radiobiological experiments can be performed, especially within the time frames of
the entire protocol. Cell densities for the chosen sized wells and the flasks must be

determined in such a way that the cells are constantly in an optimal state.

b) Benchmarking experiment with EBRT
The radiobiological impact of EBRT has been established for decades, as the dose

delivery is controlled in comparison to radionuclide therapy. Thus, the LQM has

52



been formulated from the EBRT effects. To create a bridge between EBRT and
RNT, the initial characterisation of the cell lines must be performed using external
beam irradiation. The o and /3 radiobiological parameters will be obtained for the
cell lines using the clonogenic assay, which will be used to determine the RBE of

the radionuclide that will be used in the investigation.

c) Screening radionuclide doses and calculation
From the benchmarking experiment, an estimate of the absorbed dose for a
substantial or desired cell kill will be revealed. A wide range of absorbed doses need
to be administered in the clonogenic assay setup to ensure that a relevant incremental
doses will be administered when observing the effects of the Lea-Catcheside
G-factor. Using the a parameter extrapolated from the screening of doses, the
G-factor can be calculated, with an estimated DNA repair time constant. With the
screening dose experiment’s G-factor as a reference, higher or lower values can
be chosen. This dictates the irradiation time required for any given dose to give
the G-factor of interest, and effectively the activity required to achieve the target

absorbed dose.

d) Performing the optimised irradiation and assays
Depending on the volume of activity available and the laboratory’s capacity to store
radioactive flasks, preparation and experimental time will vary significantly. When
choosing the radiobiological assays to perform, ensure to minimise the number of
flasks being prepared by noting the compatibility of assays that can be performed
together in cells acquired from one flask. Certain assays are not compatible with
others, such as an apoptotic marker assay, as the growth medium must be retained
to count the entire population of cells after a specific time interval. A buffer time in

administering the desired activity must be incorporated when streamlining this step,
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and will be detailed in the steps below. The assays will yield results at different times,

and thus the limitations of the data obtained must be taken into account.

4.2.4. Required Expertise

A high proficiency in cell and tissue culture technique is required throughout the entire
experiment, as the time constraints of short half-life radionuclides leave little room for
delay and any contamination will invalidate results obtained. To perform experimental
procedures involving radiation implicates the investigators’ competence and understanding
on the use and handling of unsealed radioactive sources. The benchmarking involving the
use of an EBRT machine can be performed either by a medical physics specialist in a
radiation oncology department using a LINAC, or trained personnel if using a small animal
irradiator such as the Small Animal Radiation Research Platform (SARRP).!! It is highly
recommended the steps involving the handling of the unsealed radionuclides is performed by
two people. The recording of the activity, time and any other data by a separate individual to
the one performing the physical experiment is crucial for reducing exposure time, and limits

the error that may be introduced with time sensitive steps.

4.2.5. Limitations

Most limitations can be addressed by choosing a radionuclide and cell line suitable for
the clonogenic assay setup. As the title of the protocol suggests, short half-life radionuclides
are preferred due to the amount of waste that can be generated throughout the protocol.
If your facility is capable of storing large quantities of longer half-life radioactive waste,
the protocol can be appropriately adapted. When using radionuclides with relatively longer
half-live, the early and immediate effects of the radiation on the cells will not be observable;
the DNA damage before the initial repair. Furthermore, the delayed effects will be need
to be determined over a proportionally longer time frame compared to the shorter half-life

radionuclides.
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Utilising shorter half-life radionuclides may present difficulties in the repeatability of the
experiments. For comparison between multiple experiments, or research groups, the only
way to achieve an acceptable level of consistency with the dose delivery is to report all of the
residual activity collected, and by applying decay correction. Although a small amount of
variability will not impact the overall results as there is no clear-cut threshold dose between
cell kill and survival, proper reporting of all activities, volumes and times of measurement is
an absolute necessity.

The mode of decay of the chosen radionuclide will dictate the extent of cross-irradiation
from the emitted gamma (), and therefore must be taken into consideration for higher energy
~ emission. This implies that a separate control experiment must be performed comparing
the additional impact the “stray” v may have on the overall survival, as this becomes highly
dependent on the branching ratios of emission and the emitted energies.

Some cell lines are not suitable for a colony formation assay. This may be due to the way
the cells proliferate; a monolayer colony formation is preferred over clusters due to the ability
to distinguish and identify a single colony, defined as being comprised of a minimum of 50
cells originating from a singular cell. Other cell lines, despite forming monolayers, are not
as strongly adherent to the bottom of the well. Unless a treatment of the wells are performed
before the seeding or the laboratory has a cell-plate centrifuge, the staining and washing
process can unintentionally extract the colonies. Each cell line must be tested thoroughly
before proceeding. This particular protocol has not been verified using a 3-dimensional
culture irradiation such as spheroids.

Certain assays require additional steps in the methodology of preparation. For example,
an apoptotic assay that counts the cells in particular stages of apoptosis, and thus, is
essential that the cell debris is collected for a valid result. A separate flask must be prepared
exclusively for such assays, consequently increasing the amount of activity required. Ensure
to note the compatibility of assays that may be performed with one flask to reduce the

amount of resources required.
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Finally, the calculations used in this protocol are based off of the ELQM (Eq.4.2) that
incorporates the Lea-Catcheside G-factor (Eq.4.3). This is a semi-empirical extension to the
standard LQM, and here, assumptions such as the DNA repair time and cell doubling time

are not measured.

4.3. Materials

Biological Materials:

e Cell line(s) of interest: We used a highly radioresistant, metastatic castrate resistant

prostate cancer cell line, LNCaP C4-2B

Reagents: Below does not list the required reagents for the various assays that may be

conducted.

e Suitable cell culture medium
e Phosphate-buffered saline (PBS)
e Trypsin/Ethylenediaminetetraacetic acid (EDTA)

e 1% w/v crystal violet in Methanol

Equipment: Below does not list the standard PPE required for radionuclide experiments. All

listed equipment is sterile unless otherwise mentioned.

e EBRT machine: We used the SARRP

e Dosimetry film or dose verification device: We used a GAFchromic EBT3 Film

e 6-well (or any other preferred) plates

e Short half-life radionuclide: We used an unsterilised saline 'F source, which was
sterilised with a micro-filter prior to use

e Syringes and screw-needles

e Micro-filters

e Calibrated Pipettes

e Pipette tips

e T25, T75, T175 flasks
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e Centrifuge tube

e Centrifuge

e Dose calibrator

e Dose meter

e Shielded fume hood: We used a Pb shielding slab to line the fume hood, and worked
behind a lead shielding panel with a viewing window

e Shielded CO, incubator: We formed a Pb shielding container and ensured that no
radiation was leaking from the incubator

e Flow cytometer: We used a Guava MUSE Cell Analyser for all assays including cell
count and viability

e Data analysis and graphing software: We used GraphPad Prism 8

4.4. Procedure

4.4.1. Understanding the Logistics

Estimated total time: Up to 3 months (each optimisation taking approximately 1 week)
NOTE: Figure 4.1 shows a snapshot of the space required to perform optimisation steps,

which should also be considered in the steps below.

1. Choose a suitable cell line, a relatively short half-life radionuclide, and a series of
assays as these will determine the overall scheduling of the tissue culture.

(i) A pilot clonogenic assay should be performed on the cell line to confirm that
individual colonies formed are distinguishable from each other. This can be
done by seeding a range of cells (i.e., 200 to 1200 in 200 cell increments)
and observing the stability of the cell growth over 6 cell cycles. The methods
described in Franken et al., or an in-house alternative such as the method
described in Hioki et al. should be used."*1!5 The time between irradiation

and harvesting for this assay should be kept consistent throughout the entire
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protocol where possible, and any variations should be noted to observe any
significant effects.

(i1) The chosen radionuclide should be easily accessible to your institution, with
any logistical considerations including delivery dates and times must be
incorporated into the scheduling.

(iii) The radiobiological information that is to be determined will dictate the assays
that will be performed. This will vary the incubation times for the cell lines’
post-irradiation, dependent on the doubling time. One assay may need the
immediate harvesting of the cells and another may require a further 24 hour
incubation or even an entire cell cycle before the assay can be performed.

2. The initial seeding of the smallest flasks (i.e., T25) to be irradiated is calculated
by working backwards from the longest incubation time between the seeding to the
harvesting of cells. To ensure that the control flask of the longest incubation does
not go beyond 80% confluence, an appropriate seeding number is determined. The
limiting factor is the number of cells that is available to be seeded from the larger
flask, and therefore an even larger flask may be required (i.e., T175 instead of a T75).
Two examples on the following page gives possible scenarios for different doubling
times.

(1) Using a simplified arithmetic approach in determining the cell density, it is
possible to continue working backwards to determine whether or not a T75
or T175 is required for the stock cell flask. This is dependent on how many
flasks will be required (i.e., how many different doses will be administered
simultaneously, assays performed and the respective control flasks needed for
each assay). This approximate number needs to be experimentally verified.

(i1) Depending on the cell line, there is a variability of proliferation rate post-
seeding due to the changing environment; some cells are capable of adhering

and return to normal proliferation rate quickly, whereas more sensitive cell

58



lines may require a few hours before adhering properly. Again, this will need
to be investigated through day-to-day observations when passaging (reseeding
into new flasks).
3. By this point, the following should be established to ensure that the remainder of the
protocol runs smoothly.
(i) Observed doubling time of each cell line
(ii) The assays to be performed for the radionuclide irradiation
(i11)) The number of flasks needed per radionuclide experiment (inclusive of the
control)
(iv) Cell seeding number required to achieve 80% confluence of the large stock
flask (i.e., T75 or T175)
(v) Cell seeding number required for the small flask (i.e., T25) to be irradiated to
achieve 80% after the longest incubation time
(vi) Cell seeding number required for the clonogenic assay (i.e., in a 6-well plate)

(vii) The timing between irradiation and harvesting cells for the chosen assays

FIGURE 4.1. Incubator with flasks and plates for optimisation
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NOTE: The percentage confluence in Examples 1 and 2 are guidelines and do not reflect the
true cell count increases over the times described; this can only be verified and scaled via a

counting assay.

Example 1.
Cell doubling time : 48 hours

Longest incubation time post-irradiation : 24 hours

50 % Approx. 75 %
Confluence Confluence

12.5% 25 % o Afurther 48 * Afurther 24

Confluence Confluence hours passed hours passed
e Flasks are Control flask for

e T25 flasks ® 48 hours ezt second assay is
are seeded passed o Flask for nearing 80 %

clonogenic confluence

assay is ¢ Cells harvested
harvested for the second
assay

Example 2.
Cell doubling time: 24 hours

Longest incubation time post-irradiation: 48 hours

20% Approx. 80 %

Confluence Confluence
10 % e 24 hours 40 % o A further 24
Confluence passed Confluence hours passed

e T25 flasks Flasks are o Afurther 24 e Control flask is

are seeded iriadisted hours passed DL L

Flask for the confluence
clonogenic e Cells harvested
assay is for the second
harvested assay
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4.4.2. Benchmarking Experiment with EBRT
Estimated total time: Up to 1 month (each optimisation taking approximately 1 week)

1. Establish an irradiation setup for the chosen EBRT machine, as shown in figures 4.2
for the SARRP or 4.3 for as LINAC (i.e., field size, source-to-surface distance, build-
up and backscatter material, amount of cell medium being irradiated, etc.), and verify
the beam profile and uniformity to ensure that the desired dose can be delivered. Our
dose delivery was confirmed with an EBT3 Gafchromic film. The setup must be
validated by a radiation oncology medical physicist if the irradiation of a T25 flask

has not been established at your centre.

FIGURE 4.2. SARRP irradiation setup with T25 flasks

2. After the verification of dose delivery, irradiate the T25 flasks with one of the three
dose range options below. This step is a screening exercise, thus only one set is
required as opposed to the standard minimum of a triplicate.

(i) For reported radioresistant cell lines, 0 to 10 Gy in 2.5 Gy increments.
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(B) Solid water build-up setup for the
(A) Flasks with solid water filling irradiation

FIGURE 4.3. LINAC irradiation setup with T25 flasks

(i1) For reported radiosensitive cell lines, 0 to 6 Gy in 1.5 Gy increments.
(ii1) For cell lines with unreported radiosensitivity, O to 10 Gy in 2 Gy increments.
3. Perform a clonogenic assay for the flasks using the seeding numbers obtained in
Procedure 4.4.1 and calculate the survival fraction for each dose using equation 4.4.
Three possible trends will be present from the survival curves as shown below in
figure 4.4.

(i) If the trend corresponds to b), then proceed to perform triplicates of the
irradiation, while adding smaller incremental range of absorbed doses at the
“shoulder” of the curve as this heavily dictates the § parameter

(ii) If the trend corresponds to a) or c), repeat the pilot screening by increasing or
decreasing the dose range and increment to encompass the linear and quadratic
region of the survival curve until a trend shown in b) is achieved.

(ii1) If the trend still corresponds to c) after repetition, the cell line may potentially
be too radiosensitive to derive the radiobiological parameters for in vitro

irradiation and should be re-evaluated.
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Survival Curve Examples for EBRT
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FIGURE 4.4. Example survival curves; for the range of irradiated doses: a)
represents a radioresistant cell line requiring higher doses to obtain accurate
radiobiological parameters, b) represents an optimal dose range, and c)
represents a radiosensitive cell line requiring more intervals between 0 and
2 Gy.

4. Once a minimum of three clonogenic assay results are collected for the determined

range of doses, fit the LQM (Eq. 4.1) to obtain the o and /3 values.

4.4.3. Screening Radionuclide Doses and Calculation

Estimated total time: Up to 2 months (each optimisation taking approximately 1 week)
As the cell kill from the EBRT modality is significantly more pronounced than from
the irradiation using radionuclides, a relatively large dose must be delivered to obtain a

comparable survival/kill. This must be determined in a similar process as Procedure 4.4.2,
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but in larger incremental doses up to, and potentially beyond 50 Gy, where practicable.
Ensure that the incubator and work area is prepared and shielded before commencing the
practical component of this section, beginning at step 4).

NOTE: In some circumstances, the amount of activity required to deliver a dose that has
the same endpoint as the EBRT for an RBE comparison is not feasible; it is known that the
efficacy in cell kill is superior for EBRT due to its high dose rate compared to radionuclides.
Although RBE comparisons can be calculated at any survival fraction between the two
modalities, attempt to aim for a point of comparison achievable with all of your cell lines,

for example, 50 or 80% cell kill instead of 99.9% cell kill.

1. Keeping the irradiation time constant (i.e., 24 hours) for all of the doses administered,
calculate the initial activities, and the total activity of the entire batch, needed to

deliver the desired absorbed doses of your chosen radionuclide using the equations

below:
D= £ (4.5)
m
N T
A=A / e Mdt (4.6)
0
_ Aoy oy @.7)
A
E=A Z Eik; (4.8)
D
Ay = —— Am (4.9)
Zi Ellﬂll(l — G_AT)
Where:

e [ = target absorbed dose (Gy)
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o E =total energy delivered (J)

e m = mass of the volume of cell culture medium in the flask (kg)

e A = cumulative activity or total number of disintegration

e Ay = initial activity required to deliver D (Bq)

e T' = total irradiation time (s)

e )\ =decay constant (s~ 1)

e F = average energy of the decay (J)

e x = branching ratio or fraction of total decay that produces the particle of

interest

NOTE: The irradiation time should be chosen in such a way that the activity required
to deliver the highest dose is feasible. The summation in Eq. 4.7 should be simplified
for energy deposited by the particles of interest only for simplicity. For radionuclides
with multiple decay chains, the summation must be performed for every individual
daughter radionuclide that contains the particle of interest, with a x summing to unity

per daughter radionuclide.

Example 3. Using '*F, its decay to '®O goes through two paths in a single step. Each
path has a corresponding branching ratio of 0.9673 and 0.0327 for S emission and
electron capture, respectively. Although the electron capture leads to the emission
of Auger electrons along with characteristic x-rays, for the sake of simplicity, purely

the 51 component of the decay was incorporated into the absorbed dose calculation:

E = AEr = A x 249800 eV x 1.602 x 1072 J x 0.9673

Example 4. In a more complicated example of radioactive decay, the 2> Ac decay to
209Pb has multiple steps of « and 3~ decays, along with the associated characteristic

x-rays, Auger and conversion electrons for most intermediate steps. Although it is
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Calculate activity required for
administration of each dose

Set a minimum buffer time
per dose, setting the shortest
time for the largest dose to
conserve activity used

Calculate the buffer time
decay-corrected activity
required for each dose in
excess of the required
volume

Make the main stock solution
up to a volume of your
choosing and calculate the
activity concentration

Calculate the approximate
volume to transfer to make
the individual stock in excess
of the required volume

Aliquot the calculated
volume to each dose stock
vial and make up to the set

excess of the required

volume

Measure the activity in the
stock vials and calculate the
actual buffer time for the
administration

Administer each dose after
the buffer time and measure
all residual activity to
confirm the activity delivered

Incubate the flasks for the
set period of time

Harvest the cells, ensuring

that all of the activity from

the flask is removed into a
single vial

Measure the residual activity
and if possible, calculate the
administered activity (skip if
half-life is shorter than 2.4
hours)

Plate the cells for a
clonogenic assay and read
out the colony count after
the set incubation time to

measure the survival fraction

FIGURE 4.5. Flowchart of the key steps in Procedure 4.4.3.

entirely dependent on the aim of the study, a simulation to quantify the contribution
of dose from x-ray and electron emissions should be performed as the total absorbed
dose is highly dependent on the geometry. If one decides to simplify this to the
contribution of dose from only o and 3~ particles, then a combination of Eq. 4.8

will be implemented into Eq. 4.10, as shown below:

J n
E=FE,+Es = A _Eiki+ Y Enkim), (4.10)

where the summations correspond to the o and S~ components, respectively.

NOTE: The flowchart given in figure 4.5 summarises the steps elaborated throughout
Procedure 4.4.3.
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. Choose a buffer time; the interval of time between the activity administrations of each
flask, to use in the determination of the stock vial preparation. This buffer achieves
an accurate initial activity that aligns with the calculated values.

NOTE: Ensure that the buffer time is shortest for the largest activity to administer as
it requires less activity to prepare, and therefore manages cost.

. Calculate the decay corrected activity inclusive of the buffer time for each dose,
making the stock volume in slight excess of the volume administered into the flask;

this volume can be altered if limited activity is available.

Example 5. The below makes a stock volume of 1.5 times the required volume in
the flask:

e Required activity: 200 MBq

e Buffer time decay-corrected activity: 230 MBq

e Required radioactive medium volume: 2 mL

e Total volume of stock: 3 mL

e Activity in stock of 3 mL: 230 x 1.5 =345 MBq

. Make up the main stock solution up to a volume of your choosing (i.e., 10 mL)
and calculate the activity concentration of the solution to approximate the volume to
transfer into the dose stock vials.

. Aliquot from the main stock solution to the individual dose stock vials, recording the
activity using the dose calibrator.

. Calculate the actual buffer time from the activities in the dose stock vials, adjusting
the volume to match the desired activity if the buffer time is not feasible.

. Make up each dose stock vial to the total desired volume (i.e., 1.5 times the required

volume).
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10.
11.

12.

13.

14.

15.

. Before the buffer time expires for a particular dose stock vial, remove the culture

medium from the flask, ensuring that as little liquid remains to allow for an accurate

dose delivery.

. Administer the dose into the corresponding flask and place it into the shielded

incubator.

Repeat steps 8 and 9 for all prepared flasks.

After the set incubation period (i.e., 24 hours), harvest the cells ensuring that all
the activity from the flask is removed by gently washing multiple times using PBS,
collecting it into a single tube.

NOTE: For low-adhering cell lines, step 11 can remove cells that may have been
successfully damaged by the irradiation. When measuring the viability, the cells can
either: be combined together after centrifuging the cells collected into the tube after
the PBS wash and performing step 12, or plated separately in the clonogenic assay
to determine whether the irradiation further impacted the adherence of the cells, or,
discarded. This will all depend on the nature of the study.

Measure the residual activity in the collected tube in the dose calibrator and decay
correct to find an estimate of the administered dose; if the half-life is shorter than 10
times the incubation period, then this step can be skipped.

Plate the cells for a clonogenic assay and read out the colony count after the
incubation time (i.e., 7 days).

Calculate the survival fraction for each flask and plot the survival curve; if the dose
response of the cell lines does not achieve the desired endpoint, the dosing interval
must be re-evaluated.

Repeat steps 4 to 14 at least two more times and plot with the EBRT results from

Procedure 4.4.2.
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16. Determine the RBE of the radionuclide against the EBRT at a desired end-point (i.e.;
50% survival), and calculate the Lea-Catcheside G-factor of the RNT irradiation

using Eq. 4.3.

Example 6. For the irradiation using '®F and a Small Animal Radiation Research
Platform (SARRP, Xstrahl), the RBE was calculated at the end point of 50% survival,

shown in figure 4.6.

&
1% — 18F
. 1K . —— SARRP
k- |
g . :
=
L.: 0.1 I '
= o
i i -
= | \|
2 1 | ¢ RBE = 0.42
1 | | /Bsarrp = 3-66
0_01 TIEII'IEIIIIIIIIIIIII'IIIIIIIIIII
0 5 10 15 20 25 30
Mean Absorbed Dose (Gy)

FIGURE 4.6. Example of the RNT and EBRT survival curves for the RBE
analysis: endpoint at 0.5 survival.!!4

4.4.4. Performing the Optimised Irradiation and Assays

Estimated total time: Up to 2 months (each optimisation taking approximately 1 week)
The steps in this section of the procedure are identical to those in Procedure 4.4.3, but is
scaled up to incorporate the biological assays along with the investigation into the G-factor
effects. The incubation time and number of simultaneous flasks set up are the key differences

to be noted. As the irradiation can disrupt the cells’ proliferation, adherence and sensitivity
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to medium changes, if observations such as the cell count upon harvesting was noted, this

must be taken into account prior to commencement of this section.

1. Choose the doses to administer dependent on the nature of the investigation; the dose
that has already achieved a considerable cell kill can be used as an endpoint.

2. Using the G-factor calculated in Procedure 4.4.3 as a point of reference, determine
the range of G-factors to use and calculate the irradiation time required using Eq. 4.3,
along with the associated activities required to achieve the target doses in this time.
NOTE: The higher the Lea-Catcheside G-factor, the shorter the irradiation time to
deliver the same dose, thus resulting in a higher initial activity. For relatively higher
absorbed doses, some G-factor values may not be feasible due to the scaled activities
required.

3. Plan the assays to perform, ensuring to note assays that can be performed at the same
time to utilise as many cells irradiated as possible; the number of flasks to irradiate

double for each assay that cannot be performed simultaneously.

Example 7. For assays such as the apoptotic marker, the harvesting can occur
simultaneously with the clonogenic plating. For other assays such as the cell cycle
requiring further incubation post-irradiation, cells must harvested from a separately

irradiated flask.

4. Follow steps 4 to 12 in Procedure 4.4.3 and harvest the cells according to the

protocols of the chosen biological assay(s).

4.5. Timing

As the timing of this protocol at every experimental step is dependent on the half-
life of the radionuclide, doses to deliver, G-factors investigated, doubling time of the cell
line, assays chosen, and number of replicates, there is no indication on how long each

procedure will take. An estimate is provided in each Procedure section, based on a 24
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hour doubling time cell line. The preparation of activity, along with the harvesting of the
cells post-irradiation is purely dependent on the proficiency of the individual performing the

experiments.

4.6. Anticipated Results

Direct comparison of EBRT and RNT irradiation using the clonogenic assay provides an
RBE as a benchmark to evaluate the efficacy of the radionuclide in affecting cell survival. It
should be noted that this is done to allow for the comparison between different radionuclides,
as the RBE will always be less than unity for therapeutic radionuclides. Figure 4.7. displays
an example of the decreasing clonogenicity of cells with increasing absorbed dose, with a

potential for saturation of efficacy around the higher total absorbed doses.
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FIGURE 4.7. Decreasing colony formation with increasing dose

4.7. Conclusion

Radiobiological characterisation of a cell line is a crucial step towards maximising the

efficacy of using radionuclides in therapy. Although the current method in treating cancer
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patients in trials are not personalised, through the information obtained using a standardised
in vitro protocol, a patient specific prescription of activity for cancer therapy in nuclear

medicine can be achieved.
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CHAPTER 5

Overlooked Potential of Positrons in Cancer Therapy
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Overlooked potential of positrons
in cancer therapy

Takanori Hioki>**/, Yaser H. Gholami%3*, Kelly J. McKelvey>*, Alireza Aslani®®,
Harry Marquis*, Enid M. Eslick?, Kathy P. Willowson'?, Viive M. Howell*** &
Dale L. Bailey?*5**

Positron (B*) emitting radionuclides have been used for positron emission tomography (PET) imaging
in diagnostic medicine since its development in the 1950s. Development of a fluorinated glucose
analog, fluorodeoxyglucose, labelled with a B* emitter fluorine-18 (*®F-FDG), made it possible to
image cellular targets with high glycolytic metabolism. These targets include cancer cells based on
increased aerobic metabolism due to the Warburg effect, and thus, ®F-FDG is a staple in nuclear
medicine clinics globally. However, due to its attention in the diagnostic setting, the therapeutic
potential of B* emitters have been overlooked in cancer medicine. Here we show the first in vitro
evidence of B* emitter cytotoxicity on prostate cancer cell line LNCaP C4-2B when treated with 20 Gy
of 8F. Monte Carlo simulation revealed thermalized positrons (sub-keV) traversing DNA can be lethal
due to highly localized energy deposition during the thermalization and annihilation processes. The
computed single and double strand breakages were ~ 55% and 117% respectively, when compared

to electrons at 400 eV. Our in vitro and in silico data imply an unexplored therapeutic potential for B*
emitters. These results may also have implications for emerging cancer theranostic strategies, where
B* emitting radionuclides could be utilized as a therapeutic as well as a diagnostic agent once the
challenges in radiation safety and protection after patient administration of a radioactive compound
are overcome.

Main

Approximately 90% of cancer related deaths are from metastatic disease and thus the focus of cancer radiotherapy
(RT) in both the scientific and clinical communities is shifting towards a more targeted, personalized approach'.
While the radiobiology of gamma, MV X-rays and particles (e.g., B~ a®*, Auger electron) for therapy have been
well investigated, there is a paucity of in vitro and in vivo studies on the biological impact of the positron (B*)
which could provide a new modality for cancer RT?°. The B* is the anti-matter counterpart of the electron
and its emission from a radionuclide such as fluorine-18 (*®F), leads to the conversion of a proton within the
atomic nucleus to a neutron accompanied by a release of an electron neutrino. This decay process results in two
0.511 MeV photons due to the annihilation of the f* when coming to rest in matter and making contact with an
electron. B* lose their kinetic energy in discrete quantities (= 100 eV) producing ‘rabbles’ of excited and ionized
molecules®. They create an excess-electron/positive-ion pairs inside a spherical nano-volume along its radiation
track (called the B* ‘spur’) and during the post-thermalization process (called the terminal p* ‘blob’) with further
annihilation ionization when they come to rest after positronium (Ps) formation (Fig. 1)7~°.

Each spur and blob on the particle track are a temporal and spatial microcosm of highly reactive species
capable of locally depositing energies up to 100 and 5000 eV respectively®. Thus, a relatively large radiation dose
(i.e., large energy deposition in a small volume) can be delivered when a spur or blob interacts with biomolecules
such as DNA’. Despite these unique radiation properties, the fundamental interactions of p* particles before
the annihilation process and its potential therapeutic impact in vivo/vitro, have not been considered due to its
prominent role in PET to image annihilation photons. The aim of our study was to derive the radiobiological
parameters for '°F p* emission and demonstrate proof-of-concept cytotoxicity data for f* emission in radionu-
clide therapy (RNT). These results may have implications for novel RNT treatment planning strategies, where
B* emitting radionuclides are used as a theranostic.
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Medicine, Royal North Shore Hospital, Sydney, Australia. 3Bill Walsh Translational Cancer Research Laboratory,
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Figure 1. B* track deposits energy in water in through the formation of “spurs” and the terminal “blob”, before a
positronium (Ps) formation and annihilation to generate the 0.511 MeV photons.
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Figure 2. LNCaP C4-2B Clonogenic Cell Survival: '®F p* emission versus SARRP EBRT. Black dotted line
depicts the mean absorbed dose required to reduce cell survival fraction to 0.5.

Using clonogenic assays described in the methods, the cell survival fraction (SF) shown in Fig. 2 demon-
strated > 90% cell kill when LNCaP C4-2B prostate cancer cells were treated with 20 Gy '8F p*. Furthermore,
Fig. 2 shows the relationship between the absorbed dose of 'F p* emission and its impact on cell clonogenicity
compared to X-ray external beam radiotherapy (EBRT) using the small animal radiation research platform
(SARRP—See supplementary data). Both data have a linear quadratic (LQ) trend fitted for the purpose of visuali-
zation and to extrapolate the relative biological effectiveness (RBE). The SF data from '®F are relatively linear up
to 20 Gy, but trends towards an exponential decay at higher doses. SARRP X-ray irradiation induced an expected
LQ trend in cell kill, with a shoulder at ~ 2.5 Gy, and a linear region at higher doses [a/ ratio =3.66; Eq. (3)]. The
calculated mean RBE from Fig. 2 was 0.42 for '*F relative to the 0.5 SF for the SARRP.

Using Monte Carlo (MC) simulation of a linear DNA model in TOPAS-nBio we acquired the frequency of
hits per one million primaries resulting in single strand breaks (SSBs) and double strand breaks (DSBs) from
the emission of p* and B~/electrons, presented as a function of the particle’s kinetic energy in Fig. 3(i),(ii)'*!".
Both B* and p/electrons exhibited a similar trend for SSB with an exponential decrease for particles with higher
kinetic energies (Fig. 3(i)). DSB frequency for both $* and electrons showed an exponential trend as their energy
increased (Fig. 3(ii)). The high fluctuations in the recorded DSB for energies <400 eV is primarily due to the
limitations of the MC package PENELOPE, as the particle transport is not recorded below 100 eV. The spatial
dependency of a DSB also contributes to the fluctuations, as variations in SSBs for a particular energy are signifi-
cantly lower than that of DSBs. Observing the trend of the plot for the linear energy transfer (LET) (Fig. 3(iii)) for
the primary particle simulated, the expected maximum SSB and DSB frequency for both * and electron would
have been at 250 eV for the simulated energies. Although the LET of p* and electrons significantly increase when
they come to rest, B* have relatively higher LET (=7% higher at E=250 eV).

This is also consistent with the blob model where the B* creates an excess-electron/positive-ion pairs towards
the end of its track. In addition to the f* annihilation ionization with outermost valence electrons (which is the
predominant process), a fraction of sub-eV p* can tunnel through the repulsive nuclear potential and annihilate
with core electrons (a phenomena used in Induced Auger Electron Spectroscopy)'?. This creates a vacancy in
the inner electronic shell leading to an emission of high LET Auger electrons and, thus, a f* traversing the DNA
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Figure 3. (i) SSB frequency and (ii) DSB frequency for $* and electrons from the TOPAS-nBio simulation. The
highest difference in the frequency between p* and electrons occurred at 400 eV. (iii) Plot of the primary p* and
electron LET (keV/pm) across the simulated energies.

has a higher probability of causing lethal damage when compared to electrons. This is again consistent with the
trend observed for both the simulated SSB and DSB induced by B* tracks.

The greatest difference in SSBs and DBSs for the emission profiles occurred at 400 eV where f* demonstrated
a 55% integral increase in SSBs compared to electrons, and a 117% increase in DSBs. These results are consistent
with our previous study demonstrating the use of ®Zr and %Cu for dose enhancement in nuclear medicine imag-
ing compared to B~ therapeutic isotopes such as ’Cu, by virtue of their higher ionization properties'®. Another
in vivo study demonstrated that both **Cu (with 38.5% B~) and “’Cu (with 100% p~) were an effective targeted
B~ RNT for subcutaneous human colon carcinoma carried in hamster thighs when radiolabeled with a mouse
anti-human colorectal cancer'®. Although in this study only the ~ emission of %Cu (with decay branching ratio:
38.5% B, 43.9% electron capture and 17.6% B* emission) was considered for therapy, our results suggest that
there could be a noticeable contribution of p* emission in the therapeutic effectiveness of “Cu targeted RNT.

Cell survival curves of X-ray versus B* irradiation of LNCaP C4-2B cells revealed substantial cell kill (= 70%
at 10 Gy) by '*F B* emission. This may be therapeutically significant as previous in vitro studies have shown less
than ~30% cell kill in a range of cancer cell lines by 10 Gy of - emitting radionuclides, *°Y and '7’Lu'>'S. This
suggests that the RBE of ¥F $* emission may be three times higher than §~ emitters depending on the p~ and
B+ emitters being compared. Although these results suggest that other p* emitter isotopes such as * Ga, *Cu
and %Zr could potentially be considered as a therapeutic isotope, due to their differences in positron energy
spectrum, branching ratio and half-life, further in vitro experiments are required to quantify their therapeutic
impact. The MC simulation demonstrated 1.5-fold and 2.2-fold more SSBs and DSBs, respectively, are induced
by B* tracks, when compared to electron tracks. Thus, the direct interaction of a single B* with DNA results in
more lethal (i.e., DSB) damage than for a single electron.

Based on the spur model (Fig. 1), a p~/electron and p* have similar radiation tracks except at sub-keV
energies’™. For a sub-keV electron, the mean separation between two energy deposition events and the formation
of spurs (= 40 nm) is 20 times larger than the diameter of the DNA helix (= 2 nm)”'¢. However, for a sub-keV
B* track (i.e., thermalized *), spurs are formed in a continuous distribution of radiation damage with a higher
density of several electrons and ions. Thus, at sub-keV energies, B have a higher LET compared to 3~/electrons
(Fig. 3(iii))®’. In addition, the total number of ionizations per B* track is greater than per electron due to the
additional ionization occurring at the terminal annihilation event. Moreover, in a * spur the incident p*, sec-
ondary electrons and ions are within each other’s electrostatic/Coulomb field resulting in greater localization of
energy deposition and a higher probability of inducing direct DNA DSB.
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As per convention, the radiobiological parameters of '®F p* emission in our in vitro study were benchmarked
against X-ray therapy. The low mean * RBE of 0.42 compared to X-ray (SARRP) calculated from the cell survival
curve can be attributed to the > 200-fold difference in dose rate between the two modalities (i.e. = 7-21 mGy/min
and 4.5 x 10* mGy/min respectively). For X-rays, the main mechanism of cell kill is through indirect methods
primarily via the production of free radical species.

X-ray EBRT cell survival fraction curves often have a shoulder [quadratic region of LQ model; Eq. (3)] at 2 Gy
contributed by the reconciliation of DNA damage and DNA repair. In LNCaP C4-2B cells this was observed at 2.5 Gy
(Fig. 2) using the SARRP'2. While the lower initial slope observed for '8F 3+ irradiation at this similar dose region
may be due to dose rate differences between SARRP and '8F irradiation, at the higher doses, the clonogenic survival
approaches a deterministic process where the relative difference in number of surviving clonogenic cells is proportional
to the increase in dose [linear region of LQ; Eq. (3)], and thus the corresponding survival curve becomes exponential'”.

Current administration of p* emitting radionuclides in the clinic ensures that the doses absorbed to the
patients in diagnostic nuclear medicine are minimized and reported values for mean effective doses for *F-FDG
range from 3.4 to 13.4 mSv'®. In RNT, therapeutic doses vary significantly due to differences in tumor type,
burden and administration method. For example, absorbed doses range from 1.2 to 540 Gy in thyroid cancer
patients, whereas for prostate cancer reported doses range from 3.4 to 92.5 Gy'*?. The large differences between
diagnostic and therapeutic doses in part explains the lack of investigation into p* emitters as a therapeutic agent.
The abundance of currently available targeting ligands for imaging using p* emitters allow for a “theranostic”
application with the same radionuclide to be feasible using this approach?!.

Our study presents the first in vitro evidence of therapeutic effect of f* emitters in cancer medicine, with an
attractive prospective for future studies. Clinically, the highly penetrating, low ionizing properties of the emit-
ted 0.511 MeV photons mean that the safety and logistics behind the administration of therapeutic doses of p*
emitters must be reconsidered. Although a specialized form of automated/remote injection in a shielded room
will be required, the relatively short half-life, cost, availability and reduced imaging time is justifiable to find the
means of overcoming the limitations presented.

Methods

Cell culture. The human prostate cancer cell line LNCaP C4-2B, (ATCC, Catalogue no. CRL-3315), was
cultured in Roswell Park Memorial Institute (RPMI) medium supplemented with 10% v/v fetal bovine serum
(FBS) and incubated in a humidified atmosphere containing 5% CO, at 37 °C.

SARRP X-ray irradiation. LNCaP C4-2B cells were grown in T-25 flasks in 5 mL of medium for 3 days prior
to the irradiation to ensure approximately 80% confluence of the cells in the flask. Using the SARRP (Xstrahl Inc,
Atlanta, Georgia, USA), the EBRT open-field setup (20 x 20 cm?) was utilized. Flasks were placed at the isocenter of the
beam on top of a 3.6 cm Perspex backscatter base at a source-to-axis distance (SAD) of 33.4 cm to give a dose rate of
4.45+0.06 Gy/min at the flask with the default X-ray beam energy spectrum of 225 kVp. Doses using this setup were
confirmed using EBT3 GAFchromic™ films. Doses ranging from 0 to 7.5 Gy in increments of 2.5 Gy were delivered
by changing the exposure time according to the dose rate. The cells were then harvested for seeding post-irradiation.

18F irradiation. 'SF has a half-life of 109.77 min with a branching ratio of 96.73% B* emission and 3.27%
electron capture’’. The emitted B* has a mean energy of 249.8 keV and a maximum energy of 633.5 keV, cor-
responding to mean ranges of approximately 0.6 and 2.4 mm in water, respectively?>*. The sodium fluoride
(*®F) solution was obtained from Cyclotek NSW (batch number: F181362001) with an activity concentration of
4.14 GBg/mL.

LNCaP C4-2B cells were grown in an identical manner for the SARRP and "F irradiations. Doses were cal-
culated analytically using Eqs. (1) and (2) and were verified in silico using the sphere model (2 cm® volume) in
the OLINDA/EXM software Version 1.1 (Table 1)%.

D:AXEXK (1)
m
- T )
A=Ay feMdt (2)
0

where D (Gy) is the dose delivered, A (Bq) is the cumulative activity, E (J) is the average energy of the emitted
particle,« is the branching ratio (0.9673), m (kg) is the mass of the target volume (2 mL), A (Bq) is the initial
activity, T (s) is the irradiation time and A (s™") is the decay constant.

The initial activity concentrations to achieve 10-30 Gy after 10 half-lives (= 18 h) ranged from 26.2 to
78.6 MBg/mL. Stock activity of '*F was diluted in an appropriate volume of medium to achieve the required initial
activity for each analytical dose including a buffer time, confirmed using a dose calibrator with identical setup.
Dose calibration confirmed the specific initial activity concentration of the radionuclide solution (at pH = 7) and
approximately 1% of the initial activity remaining after 18 h. For irradiation, the '®F medium solution was passed
through a 0.22 um filter to remove biological contaminants and then administered to the T-25 flasks once solu-
tions reached the desired initial activity including buffer time. After 18 h, the radioactive medium was removed,
and cells were washed with phosphate buffered saline (PBS) before harvesting for seeding post-irradiation.
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Measured A, (MBq) Analytical positron dose (Gy) OLINDA dose (Gy)
52.4+0.5 9.7%0.1 10.1£0.1

104.9+1.1 19.4£0.2 20.1£0.2
157.3£1.6 29.1+£0.3 30.2+0.3

Table 1. Dose calculations for the administered '*F activities as determined from experimental (analytical)
and in silico data (OLINDA/EXM).

Figure 4. Linear DNA model in TOPAS-nBio, consisting of the sugar phosphate backbone (blue and red), bases
(white) and volumetric source (green). 100 bases are simulated, with a total DNA length of 34 nm, outer and
base diameter of 2.37 and 1 nm, respectively.

Clonogenic assay. Cell survival was determined using the clonogenic assay post-irradiation delayed plat-
ing (DP) method for both the SARRP and '®F experiments.?® The protocol used is further detailed in the “Sup-
plementary Methods”.

Radiobiological parameters. Using PRISM8 (GraphPad, v8.4.0, San Diego, California, USA), cell sur-
vival data from the SARRP irradiation were analyzed, and the LQ model [Eq. (3)] was fitted to calculate the
radiobiological linear o (Gy™") and quadratic components f3 (Gy™2) from the dose delivered D (Gy)"".

SF = ¢~ («D+5D%) (3)

To calculate the RBE of ®F irradiation, the cell survival data from the radionuclide experiments were plotted
against the EBRT SARRP data, and the RBE determined at the point of 0.5 cell survival fraction. The protocol
used is further detailed in the “Supplementary Methods”

TOPAS-nBio simulation. An MC simulation model was developed in the TOPAS-nBio toolkit to inves-
tigate the sub-cellular damage mechanism at DNA level by B* and electron irradiations. All simulations were
performed using TOPAS-nBio (version 1.0), which uses GEANT4 (Version 10.03.3)'*!. A standard linear DNA
model (a half cylinder base and a quarter cylinder backbone) was simulated on this platform (Fig. 4) and iso-
tropically irradiated with a volume source of f* and electrons using energies ranging from 250 to 1500 eV to
score the single and double strand breakages (SSBs and DSBs respectively)''.

Particles with energies above 1500 eV were not simulated as the cross-section for those energies is significantly
small at DNA level. The number of primary incident particles (primaries) for the p* and electrons was set to 10, with
3 different seed numbers to gauge the spread in acquired values. The results are reported in frequency per million
primaries for each energy. The strand breaks were scored by assuming an energy deposition threshold resulting in
ionization of 17.5 eV, with a maximum of 10 bases between two SSBs to define a DSB!!. The LET for the primary
B* and electron were simulated (GEANT4-NIST Database) in water for a range of sub-keV energies (250-600 eV).
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Supplementary Methods

Clonogenic Assay

The DP method requires the harvesting and plating of cells after the initial DNA/cell repair
processes are complete, typically > 6 hours post-irradiation.?® The time between irradiation and
cell harvesting kept constant at 18 hours post-irradiation. Plated cells were then incubated for
7 days to allow for 6 to 7 cell cycles (LNCaP C4-2B doubling time is 24 hours) to form colonies
of minimum 50 cells.? After 7 days the medium was gently removed, cells washed with PBS
and stained using 0.5 % w/v crystal violet in 50 % v/v methanol. After 15 minutes, the crystal
violet stain was removed, cells washed with deionized water twice and dried overnight before
imaging on a vSpot Spectrum EliSpot reader and analyzed using the colony counting software
(Autoimmun Diagnostika GmbH, Straberg, Germany). SF was calculated using equation
(4).25

No. Colonies: Irradiated Cells

SF = (4)

No. Colonies: Control Cells

Radiobiological Parameters

Doses delivered by SARRP were at a constant rate while *8F doses delivered with a constant
Lea-Catcheside, G factor. Since the 8F dose rate mono-exponentially decays over the
irradiation time, different 18F doses needed to be delivered with a constant G factor for RBE
and SF comparison studies.'® A constant G factor assures an average constant DNA damage
and repair rate for different doses of *8F. Therefore, different ®F doses with constant G factor
can be comparable to doses delivered by X-rays at a constant dose rate, and the initial activities
of 18F were dictated by keeping the G factor a constant. The G factor was calculated to be 0.35
using equation (5).%®

2 1 2 1—e—A+WT 1—e—2AT
6= (=) ( -5 Q
A-pu \1-e=AT A+u 22

where the DNA repair time constant x = ln@ and t is the DNA repair half-life (30 minutes).

Our previous paper discussed the relevance of using the extended LQ model for irradiation
using radionuclides.'® The doses delivered were therefore calculated from the initial activity
minus any residual activity. Due to the short half-life of ®F, the dose delivery was able to
mimic a clinical administration of the radionuclide where the full decay of the radionuclide
contributes to the total dose delivered.
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CHAPTER 6

Lea-Catcheside G-Factor Manipulation for the Optimisation of

Positron Emission Radionuclide Therapy

This chapter details the in vitro experiments manipulating the Lea-Catcheside G-factor
and explores the novel concept of fractionating dose delivery in RNT. The radiobiology of
EBRT both clinically and experimentally has been well established due to its ability to target
large lesions and the dosimetry is independent of any systemic influences when compared to
RNT.104.106.121 AJthough immunological responses from EBRT have been gathering attention
in the past two decades, the treatment planning and delivery methods for RNT has not been
standardised.'®-122

The radiobiology of RNT has been developed from EBRT, and thus the modelling of
RNT dose responses is still a hotly debated topic as it does not incorporate the complexities

of radionuclide dose delivery.”7-123.124

Additionally to the systemic effects of uptake,
retention and excretion, the unique characteristics of the radionuclides themselves including
its half-life, modes of decay and energies of emissions, intermediate daughter nuclides with
their recoil and branching ratios, make the collective impact on the clonogenicity of tumours
immensely difficult to model 105125126

The model utilised throughout this thesis is the extended linear quadratic model (ELQM);
the simplest modification for RNT from the gold standard LQ model used in EBRT dose
modelling.341% Here, the Lea-Catcheside G-factor is used as a base to improve the cell kill
response by manipulating irradiation time.

Although the definition of fractionation is not the same as that used in the EBRT,
positron emission radionuclide therapy (PERT) fractionation discussed in this chapter

attempts to take advantage of the high dose-rate regime of radionuclide decay through

multiple administrations of activity. This methodology can only be realised through short
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half-life radionuclides, making the 31 emitters a prime candidate as a pilot in developing
this novel concept of realising the theranostic implementation of post-therapy follow-up

PET imaging in the clinic.
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6.1. Background

The impact that the dose-rate of the low LET radiation has on the efficacy of tumor kill
had been recognized as early as the 1970s, establishing itself within the relatively new field of
radiobiology.?*127 With the recently reignited interest in RNT for cancer treatment, the vital
role of radiobiology in the therapeutic arm of nuclear medicine has become apparent.? Due
to the limitations in the dosimetry of RNT, the use of “absorbed dose” is not as pertinent
in nuclear medicine when compared to the absorbed doses that EBRT treatment planning

systems rely on.47-128-130 Thjg

is directly related to the concept of dose rate in RNT, a
component that is constricted by the production and the half-life of the radionuclide, along
with the pharmacodynamics and pharmacokinetics of the targeting agent and limitations in
hardware 44105131

The dose-rate plays an important role when attempting to improve TCP and limit NTCP,
and thus is crucial for both EBRT and RNT.76:104.106.121 yz7i¢, EBRT, fractionation of dose
delivery has shown a sparing of the healthy tissue, whilst effectively delivering larger
total doses to the tumor.'¥® RNT, on the other hand, deals with the standard limitations
faced with the administration and off-target effects when increasing the dose-rate or
activity. 56105133134 Thyg 2 more sophisticated treatment planning system needs to be
implemented into RNT dose delivery. The standard LQ model (Eq. 6.1) does not address the

effects that the dose-rate has on the survival but attempts to encapsulate the overall impact

on the survival to output the radiobiological parameters o and 3.3485135

SF = ¢~ (aD+8D?) 6.1)

where SF is the survival fraction, D is the total absorbed dose, o« and [ are the

radiobiological linear and quadratic parameters of the cell line, respectively.
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The simplest of the extended LQ models available (Eq.6.2) is becoming more commonly

utilized when incorporating the dose-rate effect to the radiobiological parameters of

tumors 34125

SF = ¢~ (aD+8GD?) (6.2)

(6.3)

where G is the Lea-Catcheside G-factor, D is the dose rate, ;v is the DNA repair constant
and t' and ¢ are the times for two different SSBs that could result in a DSB, provided the
difference between the times is less than the DNA repair time. The key difference between
the two models is the Lea-Catcheside G-factor; this takes into account the total absorbed
dose, as well as the changing dose rate and the time between the two SSBs that can lead to
a DSB.3+1% [n EBRT, the G-factor converges to unity as the dose rate is constant and the
irradiation time is relatively very short when compared to RNT.”® Theoretically, as the G-
factor for therapeutic radionuclides is much less than that of EBRT, the key to optimisation
of RNT may be in manipulating this factor for dose delivery.

In our recently published article, our team was able to show the first in vitro evidence of
the therapeutic effect of 37 emitters in cancer medicine, utilising the clonogenic assay to
quantify a cell kill of > 90% when the metastatic castrate resistant prostate cancer cell line
LNCaP C4-2B was irradiated with 20 Gy of fluorine-18 (**F) 5+.11 With radiobiological
studies especially with 5~ emitters, a relatively long half-life brings about difficulties

when attempting to safely and efficiently observe its effects, particularly in the early
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stages of cellular damage. By using ST emitters, the relatively shorter half-life allows for
cleaner experimental protocols with a higher dose rate, with the benefit of observing the
radiobiological effects on the cells at an earlier time point.

Lately, considerations of the radiobiological parameters and assays have become a
standard when performing cellular studies utilizing v, MV X-rays and particles (e.g., [3,

a’*, Auger electron) in cancer therapy.?S74.134.136.137

Despite this crucial shift, majority of
the focus in RNT has been on the development of the conjugated targeting agent or looking
for novel 3~ or o** emitting radionuclides without much insight into investigating clinically
relevant radiobiological studies.

This study aimed to expand on the use of the S+ emitter '8F performed in Chapter
5 by manipulating the Lea-Catcheside G-factor in the irradiation and performing various
assays in vitro to elucidate the possible damaging pathways to improve the radiobiological
understanding and efficacy of this new modality in RNT.

We also address the limitations that are brought about in translating the S emission

radionuclide therapy (PERT) into the clinic by developing a dose-rate effect rationale for the

“fractionated" administration of the 5% emitters in the therapeutic setting.

6.2. Methods

There are two main experimental setups in this chapter: the G-factor manipulation, and the
acute versus fractionated irradiation, which is not described in Chapter 4 as it extends on the
standard protocol. All experiments were performed using the mCRPC cell line LNCaP C4-
2B and the general protocol for cell culture, detailed below, was followed. The clonogenic
assay was performed on all experiments, but the cell cycle and oxidative stress assays were

only performed on the G-factor manipulation irradiation.
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6.2.1. General Protocol for Cell Culture: Cell Count and Viability

The cell line was cultured in either T175 or T75 flasks in Roswell Park Memorial Institute
(RPMLI, Life Technologies) medium supplemented with 10% v/v foetal bovine serum (FBS,
Sigma Aldrich). Cells were maintained in an incubator at 37°C with 5% CO,.

Cells were sub-cultured ( “passaged") approximately twice a week, ranging from a ratio
of 1:4 to 1:20 into the new flasks. For the experiment setup, a predetermined cell number
was seeded into a T25 flask containing 5 mL of growth medium to reach the optimal cell
density for the irradiation after 2 days.

Cells were harvested by washing with phosphate buffered saline (PBS, Astral Scientific),
then adding approximately 1 mL of trypsin/EDTA (Life Technologies), before placing into
the incubator for up to 5 minutes. Roughly 9 mL (aiming for a 1:1 of trypsin/EDTA to FBS)
of culture medium (RPMI with 10% v/v FBS) was then added to inhibit the trypsin from
acting further. The detached cells were then transferred to a tube and pelleted by centrifuging
at 300 g for 3 minutes. The supernatant (culture medium and trypsin/EDTA solution) was
removed before tapping the tube to break the pellet up. Finally, the cells were resuspended in
the growth medium, free from trypsin, before a cell count and viability assay was performed.

25 to 50 pL of cells resuspended in medium were added to the Count and Viability
reagent (making up a total volume of 200 pL), incubating for 5 minutes at room
temperature. Cells were then resuspended by pipetting before counting on the Guava®
Muse® Cell Analyser (Luminex) following the vendor’s general protocol. If the number of
cells present in the small aliquot used was too high, the accuracy of both the cell count and
viability was compromised. This was avoided by diluting the resuspended cell stock with
more growth medium or taking out less volume to add to the reagent. Viability of the cells
were confirmed to be approximately 90% or higher to qualify for the experiments. If the
viability fell below this before any administration of activity, the cells were passaged further

and the steps were repeated again before proceeding.
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6.2.2. G-factor Manipulation

The G-factor manipulation irradiation setup was based off of the procedures described in
Chapter 4. As the cell cycle had to be incubated for an extra 24 hours, the number of flasks
and activity required in the stock was doubled.

The volume used to administer the activity was reduced from 5 to 1 mL, as the activity
required for the irradiation decreased proportionally using this optimisation. Equation 6.3
was used to determine the G-factor of '8F, provided in Table 6.1. After confirming that the
irradiation times were feasible, three G-factor values were chosen for this experiment: 0.7,

0.8 and 0.9, corresponding to 103, 61 and 28 minutes of irradiation, respectively.

Irradiation _ .
Irradiation Time (s) G-Factor
Time (min)
0.17 1 0.99
28 1680 0.90
61 3660 0.80
103 6180 0.70
160 9600 0.60
240 14400 0.50

TABLE 6.1. Calculated G-factors assuming a x of 1 hour using Eq 6.3

Three doses were chosen for this experiment: 5, 10 and 15 Gy. This was determined by
the dose response achieved in Chapter 5, as > 90% cell kill was achieved from 20 Gy over
a similar 18 hour irradiation. Theoretically, the increase in G-factor will improve cell kill,
thus a conservative approach was taken for the dose range.

Once the cells were ready for irradiation, the radionuclide solutions were prepared so that
the initial activity required was set to a staggered administration time, creating a buffer time
between the different aliquots when administered. This step was crucial to make the dose
delivery as consistent as possible and maximise reproducibility. When the administration

time was near, the growth medium was taken out from the flask before the radioactive
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solution was pipetted in. After the irradiation time noted had passed, the activity was
removed and washed thoroughly at least 3 times using PBS to prevent further irradiation from
any residual activity. The clonogenic assay was performed on the batch of cells harvested
approximately 2 hours from the initial irradiation. This is well within 6 hours, a time frame
commonly used to distinguish immediate ( < 6 hours) and delayed (> 6 hours) plating,
seeding into 6-well plates before analysing the survival data after 7 days. For the remaining
two assays, the cells were harvested 24 hours post-irradiation.

To ensure that the activity required for each batch of experiments was minimised, one
absorbed dose target was attempted per run with the three G-factors, i.e., 15 Gy target dose
with irradiation times and activities corresponding to 0.7, 0.8 and 0.9 G-factors. The initial
experiment was performed with the 5 Gy target dose to allow for any potential optimisation

and corrections to be implemented using the lowest amount of activity required.

6.2.3. Cell Seeding Optimisation

When harvesting cells post-irradiation to perform assays, an accurate cell count must be
determined for the clonogenic assay seeding. The optimal seeding number was determined
by plating a range of cell numbers in a 6-well plate and monitoring the confluence (surface
coverage) over 7 days. The colonies formed were stained using the procedure in the section

below, before determining the optimal seeding number qualitatively.

6.2.4. Clonogenic Assay

6-well plates were prepared with 5 mL of medium in each well. After performing the
cell count, a specific volume of cells corresponding to the number of cells required to be
seeded was gently pipetted into the well. The plates were then maintained in an incubator
at 37°C with 5% CO, undisturbed for 7 days. Medium from each well was removed after
the incubation time, gently washed with PBS, before 1 mL of 0.5% w/v crystal violet in

50% v/v methanol was added. The stain was removed after 15 to 30 minutes of staining
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and was gently immersed in a water bath to remove the residual stain. The plates were then
dried overnight before being imaged and analysed on the vSpot Spectrum EliSpot reader
(Autoimmun Diagnostika GmbH, Straberg, Germany). The survival fraction (SF) was then

be calculated using equation 6.4.

Number of Colonies in a Well with Treated Cells

SF =
Number of Colonies in a Well with Untreated Cells

(6.4)

There are two variations to the clonogenic assay: the immediate plating (IP) and delayed
plating (DP). The definition of IP and DP varies with the time between the treatment and
plating steps outlined above, where IP is less than 6 hours and DP is more than 6 but no
later than 24 hours post-treatment. Radiobiological studies are recommended to be IP, and is

therefore used throughout this experiment. !

6.2.5. Cell Cycle Assay

An appropriate volume of 70% v/v of ethanol was prepared, and stored in the freezer
at -20 °C. Due to the stability of the solution, the ethanol was prepared on the day of
the experiment. After performing the cell count, the cells were centrifuged at 300 g for
5 minutes. The supernatant was then discarded and the cells were resuspended in 1 mL
of PBS per 10° cells and centrifuged again at 300 g for 5 minutes. The supernatant was
discarded again, but roughly 50 uL of PBS per 10° cells was left in the vial. 1 mL of the
ice-cold ethanol solution prepared at the beginning was then added drop-wise whilst on a
light vortex. The sample was left for at least 3 hours in the freezer at -20 °C before 200
L of the frozen cells were transferred to a 1.8 mL vial. The cells were centrifuged at 300
g for 5 minutes and the supernatant discarded before re-suspending in 250 pL. of PBS per
5x10° cells. Again, the cells were centrifuged at 300 g for 5 minutes and the supernatant

discarded before re-suspending the cells in 200 pL of the Cell Cycle Reagent. The samples
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were incubated in the dark at room temperature for 30 minutes and resuspended by pipetting
before the readout on the Guava® Muse® Cell Analyser (Luminex) following the vendor

protocol.

6.2.6. Oxidative Stress Assay

After performing the cell count, an intermediate solution (IS) was prepared by combining
1 pL of the Oxidative Stress Reagent with 99 uL. of Assay Buffer. A working solution (WS)
was made by diluting the IS by 1:80 ratio with the Assay Buffer. From the sample solution,
10 pLL was taken out and combined with 190 L of the WS and placed in the incubator at
37°C with 5% CO, for 30 minutes. The sample was resuspended by pipetting before readout

on the Guava® Muse® Cell Analyser (Luminex) following the general protocol.

6.2.7. Acute versus Fractionated Irradiation

The cells in a T25 flask were irradiated with 16.7 &= 0.5 MBq of ®F in 0.5 mL of growth
medium. After 28 minutes, 2.7 = 0.1 MBq of '®F in 0.5 mL was administered to raise
the total activity in the flask back to the initial activity in 1 mL. This was repeated once
more, with the total radioactive growth medium totalling 1.5 mL. Two “top-up" activities
were administered before the flask was incubated to irradiate. For the comparative study,
the acute irradiation administered 28.9 4= 0.7 MBq of '8F in 1.5 mL before incubating. The
activities corresponded to absorbed doses of 2, 1 then 4.11 Gy for the three fractions in order,
compared to 7.11 Gy in one administration for the acute irradiation, both delivered over a

total of 18 hours.

6.3. Results

The survival fraction data from the G-factor manipulation experiment is tabulated below

in Table 6.2 and plotted in Figure 6.1. As G-factor approached unity, the impact on cell
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survival increased, although a convergence between the 0.8 and 0.9 G-factors at 10 Gy was

observed.

Survival Fraction

Dose G Factor | Mean Colony Count SF
Control - 2923 £45.5 100.0 £ 15.6
0.7G 314.7 £ 16.6 107.6 £ 5.7
5 Gy 0.8G 199.7 + 36.0 68.3 + 12.3
09G 188.3 +49.1 64.4 £16.8
0.7G 100.3 + 31.6 343 £10.8
10 Gy 0.8G 59.1 £10.7 202 £3.7
09G 67.8 £ 15.7 232 +54
0.7G 63.4 + 26.6 21.7+9.1
15 Gy 0.8G 351 £ 104 120 £ 3.6
09G 28.2 +£16.3 9.6 £5.6

TABLE 6.2. Mean colony count and survival fraction data

Lea-Catcheside G-Factor Experiment

TS T
. j:“ B
01 o 0.7 G
: 0.8 G ‘
: - 09G
1072 T T T | T T T T | T T ‘
0 5 10
Dose (Gy)

FIGURE 6.1. Survival curve from the G-factor experiment
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The cell cycle assay results are tabulated in Table 6.3 and graphically depicted in Figure
6.2. With the exception of set of 0.7 G-factor irradiation, as the absorbed dose increased,
the was a shift in the distribution from the G0/G1 to the G2/M phase, indicating a cell cycle
arrest. The 15 Gy irradiation at 0.7 G-factor on the other hand showed a S phase arrest. The

most prominent G2/M phase cell cycle arrest was observed for the cells irradiated 15 Gy at

0.8 and 0.9 G-factors.

Dose G Factor GO0/G1 (%) S (%) G2/M (%)

Control - 524+ 3.6 11.3+£32 | 352+1.6
0.7G 509 +7.3 94+ 1.8 39.5+£55

5 Gy 0.8G 545+0.8 7.7+0.3 37.8 £ 0.8

09 G 553+ 2.1 74 +0.2 37.2+ 1.9

0.7G 485+ 1.8 7.8 +£04 40.6 = 1.4

10 Gy 0.8G 459+ 2.6 8.1+£0.5 42.8 + 2.1
09 G 435+2.8 7.2+0.8 455 +3.2

0.7G 43.0+ 04 11.8+08 | 450+0.8

15 Gy 0.8G 35.1 +0.1 10814 | 539+ 14
09G 35.1+£24 105+1.3 | 54.1 £38

TABLE 6.3. Percentage of population in each phase of the cell cycle

The oxidative stress assay results are tabulated in Table 6.4 and visualised in Figure 6.3.
An increase in intracellular ROS was observed with increasing total absorbed dose, but the
impact of the dose rate was not evident over the three doses.

The clonogenic assay results from the fractionation of activity administration is tabulated
in table 6.5. The colony counts were noted to be significantly higher due to the stability of
the cells post-administration in the experimental setup, and the SF difference between the
acute and fractionated was observed to be 7%.

Note that for all statistical analyses performed, the significance level o was set to 0.05.
A one-way analysis of variance (ANOVA) was performed on all untreated samples in the

same experiment to compare the impact of biological and technical replicates on the colony

95



E G0/G1
ES
O G2/M

CONTROL

5 Gy

10 Gy

15 Gy

0.7G

08G

09G

FIGURE 6.2. Cell cycle assay results from the G-factor experiment

Dose G Factor | ROS Positive (%) ROS Negative (%)
Control - 129+24 855+ 1.3
0.7G 129+ 0.9 86.2 + 0.3
5 Gy 0.8G 16.7+ 0.2 82.24+0.3
09G 14.7 £ 3.5 84.4+39
0.7G 19.0 + 0.8 79.9 + 0.6
10 Gy 08G 18.8 +3.4 80.1 = 3.6
09G 19.0 £2.2 80.3 +2.3
0.7G 26.6 + 0.7 71.3+04
15 Gy 0.8G 223459 764 +5.9
09G 283 +5.3 70.5 + 4.8

TABLE 6.4. Percentage of population with and without intracellular ROS

formation across multiple days.

There was no statistically significant difference in the

mean colony counts between all of the controls performed as replicates for both the G-

factor comparison (F(8, 18) = [0.79], p = 0.62) and the fractionation (F(5, 12) =[0.92], p =
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FIGURE 6.3. Oxidative stress assay results from the G-factor experiment

% (SN SN CNC

10 Gy 15 Gy

E3 ROS Positive
E3 ROS Negative

« CONTROL

7.11 Gy Irradiation | Mean Colony Count SF
Control 402.2 + 36.4 100 £ 9.1
Acute 133.1 £ 14.0 33.1£35

Fractionated 163.3 £24.4 40.6 £ 6.1

TABLE 6.5. Survival from the acute versus fractionated irradiation with a
total absorbed dose of 7.11 Gy

0.50) experiments from the ANOVA. The results indicate that from the methods performed,

regardless of whether they were biological or technical replicates, the untreated cells behaved

consistently across the experiments performed.

A second ANOVA was performed between the controls and treated samples to determine
if the treatment had a statistically significant effect on the clonogenicity of the cells. The
analysis revealed that there was a statistically significant difference in mean colony counts
between the samples (F(11, 96) = [112.49], p = 9.18x107%). A Dunnett’s test post-hoc was
performed to determine if the clonogenicity of each treated sample group was significantly

different from the control. This was done by comparing the difference between the mean of
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each treated sample group (z;) and the mean of the control group (zy) with Dunnett’s test

statistic when the group means are not equal, given in equation 6.5.

1 1
|T; — o :td,/W—jL—, (6.5)
n; Un

where Dunnett’s critical value ¢, is 2.797 from Dunnett’s Table (sample size of 12 and 96
degrees of freedom), W is the mean squares within the sample groups obtained from the
ANOVA and n is the sample size of the groups.

Three controls were independently examined between the groups, and with the exception
of one sample group (5 Gy irradiation at 0.7G), all p-values were given as 0. This indicated
that the treatments were statistically significant in impacting the clonogenicity of the cell
lines.

Finally, to determine if the variation in G-factor impacted the clonogenicity with the same
absorbed dose, an ANOVA was performed. For the three total absorbed doses 5, 10 and 15
Gy, the output was (F(2, 24) = [35.09], p = 7.51x10®), (F(2, 24) = [9.56], p = 8.85x10%)
and (F(2, 24) = [8.99], p = 1.22x107%), respectively. As the results indicated a statistically
significant difference with varying G-factors over all absorbed doses, a post-hoc Tukey HSD
(honestly significant difference) was performed to determine which groups were responsible
for this observation. This was done by comparing the g-statistic for Tukey’s test (given in
equation 6.6 with the critical q value q.,.;; of 3.532, taken from the Studentised range q table.

Trmaz — Tmin
q= T/n’ (6.6)
where W is the is the mean squares within the sample groups obtained from the ANOVA and
n is the sample size of the groups. For all three total absorbed doses, there was a statistically
significant difference between 0.7 and 0.8 G, and 0.7 and 0.9 G, giving q statistics of 10.07
and 10.43, 5.97 and 4.90, and 4.65 and 5.60 for the two G-factor comparisons at 5, 10 and

15 Gy, respectively. The difference between 0.8 and 0.9 G were not statistically significant
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for all three absorbed doses, giving q statistics of 0.36, 1.58 and 0.95 at 5, 10 and 15 Gy,

respectively.

6.4. Discussion

As hypothesised, the increasing impact on cell survival with the higher dose rate
irradiation was evident at each of the three total absorbed doses. Comparing the 0.8 and 0.9
G-factors, this effect was less accentuated. This can possibly indicate a threshold at which
cell kill effects are diminished with increasing initial activity at given absorbed doses.

Although direct DSB generation is the ideal trigger resulting in cell death, as 3 particles
are low LET, it is more likely that a cluster of SSBs leading to misrepair induced by NHEJ
is the pathway responsible for the loss of clonogenicity. The irradiation times of 0.8 and
0.9 G-factors were below or around the assumed DNA half-life of an hour, whereas the
0.7 G-factor was nearly double. To increase the efficiency of the treatment, an accurate
measurement of the DNA repair half-life that leads to a proper calculation of the G-factor
must be performed. For example, a DNA repair half-life of 30 and 120 minutes at the 0.9
G-factor would lead to a decrease (0.82) and increase (0.95) in G-factors for the same 28
minute irradiation time, respectively. Therefore, it can be hypothesised that the saturation
point of damage is dictated by the repair half-life more than the actual G-factor value itself,
implying that radiation resistance of particular cell lines can only be overcome at extremely
high dose rates, comparable to that of EBRT.

Observing the shift in distribution across the cell cycle phases with increasing total
absorbed dose, 24 hours post-irradiation displayed an evident cell cycle arrest at the G2/M
phases. Despite the assay not being able to distinguish between the G2 and M phases, this
shift was concordant with the survival fraction results implying that the G2/M checkpoint
prevented cells from entering the mitotic phase, and led to apoptosis or necrosis.

The difference between the 5 and 10 Gy to the 15 Gy was not only the percentage of

cells in the G2/M phase, but also for those in the S phase. The S phase population for all
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three 15 Gy exposures were comparable to the control, suggesting either a S phase arrest
compared to the lower doses were observed, or the transition to the G2/M had not fully
completed. The assay performed at the 24 hour time-point is merely one snapshot of the
cell population transitioning through the cell cycle. The delays in this progression appears to
be more prominent at higher total absorbed doses, and therefore multiple time points post-
irradiation may be required to understand the dose-rate responses to the cell cycle arrests in
different phases.!*

In the oxidative stress assay, an expected result of increasing ROS positive cells with total
absorbed dose was observed. Although the therapeutic effect under investigation was from
the 8T particles, the emitted v were increasingly available to generate additional intracellular
ROS, leading to a maximum increase in ROS of 15.4% at 15 Gy (0.9 G-factor). The variation
in the G-factor did not affect the production of the ROS, hinting that the impact of the
increasing dose-rate on the survival was due to the direct strand breakages from the S+
particles. Multiple time-points should also be investigated for the oxidative stress assay to
monitor the time required to reach the maximum ROS generation possible, which may reveal
a correlation with the DNA repair half-life of the cell line.

A previous study by Gholami et al. calculated the intrinsic limitation to the G-factor
for a selection of commonly used clinical radionuclides, where the radionuclide is allowed
to decay infinitely (G,).”® It was shown that shorter half-life radionuclides have a higher
G, and therefore therapeutic efficacy, as their higher initial dose rate allows for the DNA
damage to overcome or compete with its repair and proliferation. Regardless, the G-factor
manipulation has allowed for the increase in cell kill. This indicates that if a more targeted
agent can be developed, it can allow for a higher dose rate to be delivered with the same
activity delivered currently to the lesion of interest, effectively increasing the G-factor of the
radionuclide in the clinical setting.

The concept of fractionating the irradiation in this experiment was brought about by

attempting to manipulate the irradiation time to ensure a high G-factor dose delivery in the
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first two fractions, as shown in figure 6.4. The activity after the final fraction administration
was not removed intentionally to mimic a clinical scenario as close as possible, where the
decay cannot be “switched off". The total absorbed dose was identical, but the total activity
delivered was less for the fractionation due to the changing volumes with the additional

fractions.

.= 107 Activity Decay over the Irradiation Time
T T T

7 T
[ Fraction 1 (2 Gy)
JFraction 2 (1 Gy)
[ Fraction 3 (4.11 Gy)

= = Single Administration (7.11 Gy)

Activity (Bq)

5 6 7
Irradiation Time (s) x10*

FIGURE 6.4. Fractionation of activity in the in vitro setup

From the considerations of the dose-rate effects, Dale (1996) notes the competition of
repair and proliferation with damage that leads to a certain dose rate or time, coined as
“critical dose rate" (Dcm) and “critical time" (7,.;;) where any additional dose deposited
becomes “wasted".!% Although this concept is oversimplified, it forms a valid theoretical
baseline of how total absorbed dose should be used in the observation of cellular response.
The critical time and dose rate for the cell line was calculated for the fractionated
administration using equation 6.7 and 6.8 and plotted in figure 6.5. The theoretical absorbed

dose that would impact the cell kill was calculated to be 5.44 and 5.49 Gy for acute
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and fractionated irradiation, respectively with a critical time of under 4 hours. Further
investigations should be performed where the activity is removed from the flask at this time

point to compare the survival with the theoretically saturated point of damage.

0.693

Deit = ———— 6.7

' @Tdoubling ( )
1 :

Tog = —ln(—2 %) (6.8)
A Oél)Ojjdoubling

where, « is the linear radiobiological component of the cell line, T}oup1ing is the doubling
time of the cell line, \ is the decay constant and DO is the initial dose rate.
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FIGURE 6.5. Dose rates in the individual fractions

The survival results indicated that although acute administration had higher efficacy of
an average of 7% cell kill, fractionation had comparable impact on the cell survival with less
activity. There are obvious limitations with the administration of fractionated activities in the

clinical setting; primarily, the selectivity, uptake and retention cannot be guaranteed in the
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same precision as an in vitro setup. The clinically synonymous application of fractionation
currently is the dosing schedules in RNT, for example, every 6 weeks for Lu-PSMA therapy,
but the proof-of-concept that less activity can be used for substantial clonogenic effects show
promising results when the implementation of PERT can be incorporated into the treatment

pipeline.!14

6.5. Conclusion

Therapeutic radionuclides with relatively shorter half-lives are still uncommon. Through
the investigation into the therapeutic effect of 5% emitters, if the manipulation of the G-factor
can be translated in a clinically feasible method, already available diagnostic radionuclides
can be incorporated into the theranostic setting.

The impact of the dose rate on the cellular response, in particular the G2/M cell cycle
arrest, indicates that RNT still has unexplored potential of radiobiological optimisation in
the context of the theranostic radionuclides in use. An ideal radiobiological assay that was
not incorporated due to the limitations of time would be the YH2AX assay to identify SSBs
and DSBs. This can further pinpoint the modes of damage and repair in the arrested phases
of the cell cycle, completing the full characterisation of the damage profile in altering the
G-factor. The results would assist in potentially elucidating the most efficacious interval to
deliver the fractionated doses, by monitoring the various magnitudes of the SSBs and DSBs
post-irradiation.

By manipulating this G-factor, the significantly shorter irradiation allowed for the
isolated effects of 5% on the survival to be observed compared to the results in the previous
chapter. Despite this, to clinically implement the removal of the activity once the desired
dose is delivered is currently not possible. Although to identify the isolated therapeutic
effects that 51 particles possess in the clinic is difficult with the current technologies, it
would be impractical to utilise S emitters as a stand-alone theranostic agent. Regardless,

this does pave way for the targeting of micrometastatic lesions and circulating tumour
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cells, which would effectively act as a secondary form of adjuvant radionuclide therapy.
Further investigation on the effects would need to be performed to fully consolidate the

incorporation of 57 in the therapeutic context of nuclear medicine, detailed in Chapter 8.

104



105



CHAPTER 7

Prescriptive Dosimetry of Positron Emitters in PERT using a

Theranostic Radionuclide Surrogate

This chapter details a proof-of-concept dosimetric analysis required for the clinical
implementation of 51 emitters as a theranostic agent for PERT.

The effective clearance of the theranostic agent in nuclear medicine is determined by
both the physical half-life of the radionuclide, along with the biological clearance rate of the
targeting ligand to which the radionuclide is bound. Time activity curves (TACs), generated
by the analysis of multiple time-point imaging, provide data on the cumulated activity of the
tracer in the organs of interest, allowing for dosimetric analysis that can lead to treatment
response evaluation, along with prediction of radiotoxicity related complications for dose-
limiting organs,!38-141

Multiple time-point imaging for a single administration of a theranostic agent is not often
performed clinically; the personalisation of RNT is still an emerging field in standard clinical
nuclear medicine. Sites that perform such imaging protocols implement them for the purpose
of dosimetry in research or clinical trials, which allows for the collection of data to be utilised
in various analyses.”"!3® In this analysis, three time-point imaging of a neuroendocrine
tumour patient administered with '”’Lu-DOTATATE was analysed to perform prescriptive
dosimetry for 87 emitters, to act as a surrogate to determine the activities required to deposit
an equivalent dose to the organs of interest. The 3, 24 and 120 hours post-injection images of
the patient allowed for the longer half-life of !"’Lu to act as a surrogate for the shorter half-
life radionuclides, '8F, ®*Ga and ®*Cu, that is the subject of PERT. The results were generated
from two dosimetry software, OLINDA/EXM and MIM Encore, and also compared for
the purpose of correspondence between an adult body phantom and patient image derived

dosimetry data.*>-142
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7.1. Background

The prospective use of a predictive 57 radionuclide-based dosimetry in the treatment
planning for RNT has recently been explored by our group in the publication % Cu Treatment
Planning and %’ Cu Therapy with Radiolabelled SARTATE ([%*Cu/ %’ Cu]MeCOSAR-
Octreotate) in Subjects with Unresectable Multifocal Meningioma — Initial Results for
Human Imaging, Safety, Biodistribution and Radiation Dosimetry.* This is the first time
that ®*Cu and %’Cu have been used in humans as a theranostic pair. The use of both copper
radionuclides in the planning and therapy, allows for the simplification of the potentially
intricate biodistribution variabilities that are encountered when using different elements in
the treatment pipeline, as the chelation chemistry involved is not dissimilar. The use of
BT emitters as a theranostic agent, the main concept explored in this thesis, intrinsically
bypasses the potential shortcomings of the differences in uptake, retention and clearance
rates between the diagnostic treatment planning radioligands and its theranostic counterpart.

The comparatively shorter half-life of 57 emitters is a clinically favourable characteristic
in initial staging or follow-up scans, but becomes a limitation when attempting to perform a
personalisation of treatment through pre-treatment dosimetry. To improve the understanding
of the individuals’ variabilities in the radioligand uptake, whether it be due to the innate
patient differences or disease burden, multiple time-point imaging must be performed for
both improved lesion detection and accurate biodistribution data. To harness the potential
advantage of dose-rate effects in PERT, shorter half-life radionuclides are more appropriate.
Alternatively, to produce and administer the increased amount of radioactivity to patients
with a target of matching the dose to that delivered by current therapeutic and theranostic
radionuclides the production of these PERT-suitable radionuclides may not be feasible.

The current treatment schedule of '"’Lu-PSMA in the clinic has been arbitrarily defined
as every 6 to 8 weeks. Although not explicitly stated, this can stem from multiple rationales:
ensuring the clearance of the relatively longer-lived radionuclide in highly avid lesions from

the previous administration does not interfere with reporting, matching the frequency of
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standard of care tests (e.g., blood tests, PSA) and therefore, allowing time for noticeable
changes to the these levels, to promote the recovery of normal tissue from potential radiation
damage, and even potentially to prevent the development of treatment failure due to
developing radioresistance.!314! Purely considering the total dose delivery and physical
half-life of the radionuclide, PERT would allow for the implementation of a shortened
interval between each cycle, provided that the dose to the normal tissues can be managed.

Although the data presented in this chapter is extracted from a '""Lu-DOTATATE
patient who had three imaging time-points at 3, 24 and 120 hours post-injection, it aimed
to demonstrate a proof-of-concept study, using the clearance data to model a TAC for the
shorter-lived 87 emitters. This allowed for the quantification of radioactivity required for
administration, using two dosimetry software platforms, OLINDA/EXM and MIM Encore,
to generate dosimetry results with the intention of matching the absorbed doses from '7"Lu
therapy.#5142

Limitations of variability in methods and software exist in current radionuclide
dosimetry, addressed comprehensively in An International Study of Factors Affecting
Variability of Dosimetry Calculations, Part 1: Design and Early Results of the SNMMI
Dosimetry Challenge ' The article is for '"’Lu SPECT imaging, but the steps involved in
the generation of dosimetric data is synonymous in the field of nuclear medicine with PET
imaging data for PERT. To briefly summarise, the analysis begins with the collection of
quantitative images, followed by a segmentation process to define volumes of interest (VOI).
The activities in the VOIs are then generated from standard phantom data or voxelised
activity maps, and a curve-fitting regression is performed to compute time-integrated activity
values to generate cumulated activity or absorbed dose maps. Finally, the computed data
are combined to output the absorbed dose at the organ specific or voxelised level. Even
with such a structured approach, sources of variability exists at each step, attributing to the
challenges faced in clinical dosimetry. Figure 7.1 shows the MIM Encore workflow output

of the auto-segmented VOI and the associated dose maps for the dosimetry calculations.
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FIGURE 7.1. MIM Encore - Processing window in the surrogate radionuclide
dosimetry workflow

7.2. Methods

7.2.1. MIM Organ Dosimetry: Integrated Activity

Quantified SPECT images at approximately 3, 24 and 120 hours post-injection from a
patient administered with a single dose of 7.6 GBq of '"’Lu-DOTATATE was loaded into
the MIM Encore program.!#? An artificial intelligence, auto-segmentation of the organs
was performed on the low dose CT image at the 24 hour time-point and processed with the
quantified images using the in-house dosimetry workflow. The output of the data, given as
the integrated total activity concentration per unit volume (Bg/mL x mL), was taken to be the
non-decay corrected data; the effective clearance of the radioligand was therefore obtained
for the organs of interest: kidneys, liver, lungs, red bone marrow, spleen, thyroid and the
remainder of the body in the field of view of the scan. The output dose values are all density

corrected with a CT-based density map.
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7.2.2. OLINDA Regression: Dosimetry Analysis

The integrated activity at the three time points for the !”’Lu data was converted into
percentage of the injected dose (% ID), used as input for the OLINDA/EXM software.*
Multiple iterations of regression curve fitting were performed to achieve R? ~ 1 on a triple-

exponential decay relation, given in equation 7.1. The A, B and C' values are collectively

1

9

the initial % ID for each organ, the a, b and c are collectively the decay constants in hours™
and ¢ is the time in hours. This output TAC generated the cumulated activity (Bqx hr/Bq)
of the radionuclide at each organ of interest, along with the absorbed dose per unit activity

(mGy/MBq) and effective dose per unit activity (mSv/MBq).

% ID(t) = Ae™ " + Be ™! 4 Ce™*! (7.1)

To generate the effective clearance of the 3" emitting radionuclides, the '”’Lu data was
decay corrected to produce the theoretical biological clearance values of % ID. The decay
factors for '8F, ®®Ga and **Cu were applied to the biological clearance data, and effective
clearance values of % ID were obtained for the three radionuclides. An identical process
of regression curve fitting was performed for the 5% emitters on OLINDA, with the same
dosimetric outputs as '”’Lu generated. Each organ absorbed dose was then matched to that
of "7Lu, to quantify the activity required by the 3T emitters to deposit the same amount of

energy.

7.2.3. MIM Encore: Surrogate Dosimetry Workflow

An in-house workflow in MIM Encore was utilised to generate the TAC and absorbed

dose to organs for comparison with the OLINDA data.'#?

This surrogate dosimetry
workflow extends on the analysis performed in section 7.2.1., and incorporates the user
input radionuclide decay factor automatically, correcting for the physical decay and changes

in the TAC fit. The process performed through OLINDA along with the manual removal

and application of the decay factor was done within the single workflow. The output data
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was collected in the same format as OLINDA, with the exception of cumulated activity and

effective dose which were omitted.

7.3. Results

The results from section 7.2.1. are given in table 7.1. Out of the nine organs that were
defined by the artificial intelligence auto-segmentation of the low dose CT, six organs were
converted to % ID.

The parameters resulting from the regression curve fitting of the clearance data to
equation 7.1 for section 7.2.2. are given in table 7.3, where A and B are the effective and
biological clearances of 17, respectively, and C, D and E are the effective clearances of
%4Cu, ®®Ga and '®F, respectively. The OLINDA outputs of the cumulated activity and dose
deposition are given in table 7.4. The MIM surrogate radionuclide dosimetry results from

section 7.2.3. are given in table 7.7

Time Passed From Injection (hr) | 2.93 | 25.60 | 118.40
Kidney (% ID) 2.10 1.89 0.68
Liver (% ID) 3.25 2.78 1.70
Lung (% ID) 1.92 0.51 0.28
Bone (% ID) 4.82 1.92 1.15
Spleen (% 1D) 0.40 0.26 0.11
Thyroid (% ID) 0.03 0.01 0.00
Remainder of Body (% ID) 46.3 15.1 94

TABLE 7.1. Percentage injected activity of 7’Lu-DOTATATE in 6 organs of
interest and remainder of body at three time points, generated by MIM Encore
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77Lu - Effective Clearance % ID Regression Parameters

A B C a b c

Kidney 2.22E+00 2.68E+00 6.20E-05 1.31E-02 7.64E+00 1.91E+00
Liver 1.59E+00 1.42E+00 3.11E-01 8.11E-03 1.75E-02 2.57E-03
Lung 3.71E-01 5.99E-01 3.57E+00 2.65E-01 1.07E-02 3.87E-01
Red Marrow 1.93E+00 2.22E+00 2.03E+00 8.72E-03 1.06E-01 1.68E-01
Spleen 2.96E-01 9.86E-02 3.86E-02 1.26E-02 7.02E-02 1.29E-01
Thyroid 2.05E+00 9.40E-01 7.59E-03 1.69E+00 1.92E+00 7.93E-03
Remainder of Body 1.40E+01 3.20E+01 1.21E+01 1.03E-01 1.04E-01 6.44E-03
B

177Lu - Biological Clearance % ID Regression Parameters

A B C a b c

Kidney 2.24E+00 2.68E+00 6.20E-05 9.44E-03 7.64E+00 1.91E+00
Liver 1.75E+00 1.15E+00 4.20E-01 3.77E-03 1.53E-02 6.40E-04
Lung 3.17E-01 6.00E-01 3.76E+00 3.27E-01 6.42E-03 3.87E-01
Red Marrow 2.11E+00 2.21E+00 2.17E+00 5.14E-03 1.58E-01 1.64E-01
Spleen 3.26E-01 7.41E-02 6.81E-02 9.13E-03 1.83E-01 2.15E-01
Thyroid 2.15E+00 8.29E-01 7.59E-03 1.69E+00 1.92E+00 3.65E-03
Remainder of Body 1.44E+01 3.20E+01 1.46E+01 1.39E-01 1.22E-01 3.70E-03
C

4Cu - Effective Clearance % ID Regression Parameters

A B C a b c
Kidney 1.04E+00 1.03E4+00 6.45E-02 6.55E-02 6.09E-02 8.71E-02
Liver 6.38E-01 8.25E-01 1.86E+00 5.34E-02 5.53E-02 6.83E-02
Lung 2.32E-03 2.05E+00 3.31E-01 4.40E+00 1.09E-01 2.69E-01
Red Marrow 3.82E-01 4.82E+00 3.68E-01 2.12E-01 9.09E-02 2.05E-01
Spleen 5.65E-02 1.56E-01 2.08E-01 7.73E-02 7.22E-02 7.36E-02
Thyroid 8.46E-03 1.18E-02 1.04E-02 1.35E-01 1.01E-01 1.15E-01
Remainder of Body 4.75E+01 5.27E+00 1.35E+00 1.10E-01 7.02E-02 1.80E-01
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%8Ga - Effective Clearance % ID Regression Parameters

A B C a b c
Kidney 2.65E-01 2.79E-01 3.20E-01 3.09E-01 3.15E-01 3.02E-01
Liver 3.83E-01 5.10E-01 4.88E-01 3.63E-01 3.02E-01 3.07E-01
Lung 2.72E-01 2.79E-01 2.45E-01 3.21E-01 3.03E-01 3.09E-01
Red Marrow 6.09E-01 9.77E-01 3.64E-01 3.19E-01 2.83E-01 3.59E-01
Spleen 7.43E-02 4.82E-02 5.13E-02 3.33E-01 3.19E-01 3.34E-01
Thyroid 3.45E-03 3.09E-03 4.17E-03 3.21E-01 3.04E-01 3.13E-01
Remainder of Body 5.39E+00 9.62E+00 4.70E+00 3.41E-01 2.92E-01 3.55E-01
E

I8F - Effective Clearance % ID Regression Parameters

A B C a b c
Kidney 4.96E-01 5.03E-01 7.34E-01 3.35E-01 3.02E-01 3.07E-01
Liver 5.50E-01 8.18E-01 1.40E+00 3.50E-01 3.66E-01 2.93E-01
Lung 4.81E-01 5.23E-01 6.53E-01 3.34E-01 3.66E-01 2.97E-01
Red Marrow 1.41E+00 1.44E+00 1.11E+00 3.20E-01 3.00E-01 3.14E-01
Spleen 1.10E-01 1.00E-01 1.21E-01 3.40E-01 3.11E-01 3.01E-01
Thyroid 8.30E-03 7.46E-03 6.63E-03 3.14E-01 3.36E-01 3.53E-01
Remainder of Body 2.06E+01 5.13E+00 1.25E+01 3.20E-01 3.48E-01 2.87E-01

TABLE 7.3. OLINDA analysis: regression parameters for TAC fitting for the
A) effective and B) biological clearance of '""Lu, C) effective clearance of

%4Cu, D) effective clearance of ®®*Ga and E) effective clearance of '*F
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A B

7Lu Bg*hr/Bq | mGy/MBq 64Cu Bg*hr/Bq | mGy/MBq
Kidney 1.70E+00 4.95E-01 Kidney 3.59E-01 9.95E-02
Liver 3.98E+00 1.87E-01 Liver 5.41E-01 2.81E-02
Lung 6.66E-01 6.06E-02 Lung 2.00E-01 1.87E-02
Red Marrow 2.54E+00 1.32E-01 Red Marrow 5.66E-01 2.68E-02
Spleen 2.52E-01 1.23E-01 Spleen 5.72E-02 2.93E-02
Thyroid 2.65E-02 1.12E-01 Thyroid 2.70E-03 1.29E-02
Remainder of Body | 2.32E+01 4.08E-02 Remainder of Body | 5.14E+00 1.03E-02
C D

%8Ga Bg*hr/Bq | mGy/MBq BR Bg*hr/Bq | mGy/MBq
Kidney 2.80E-02 4.52E-02 Kidney 5.54E-02 3.82E-02
Liver 4.33E-02 1.34E-02 Liver 8.58E-02 1.39E-02
Lung 2.56E-02 1.35E-02 Lung 5.07E-02 1.24E-02
Red Marrow 6.38E-02 1.61E-02 Red Marrow 1.27E-01 1.53E-02
Spleen 5.28E-03 1.56E-02 Spleen 1.05E-02 1.55E-02
Thyroid 3.40E-04 8.87E-03 Thyroid 6.70E-04 9.01E-03
Remainder of Body 6.20E-01 6.65E-03 Remainder of Body 1.23E+00 7.30E-03

TABLE 7.4. OLINDA cumulated activity and dosimetry output for A) !"’Lu,
B) %Cu, C) ®®Ga and D) '®F

%Cu (GBq) | %Ga(GBq) | '|F (GBq)
Kidneys 37.79 83.19 98.43
Liver 50.53 105.97 102.16
Lungs 24.60 34.07 37.10
Red Marrow 37.31 62.11 65.36
Spleen 31.88 59.87 60.26
Thyroid 66.05 96.05 94.56
Remainder of Body 30.00 46.47 42.33

TABLE 7.5. Activities required to match 7.585 GBq '"’Lu dose to organs for

%4Cu, Ga and '®F
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FIGURE 7.2. Graphical representation of activities required to match 7.6
GBq '"Lu dose

%Cu (mGy/MBq) | ®Ga (mGy/MBq) | 'F (mGy/MBq)
Kidneys 1.26E-01 5.83E-02 5.12E-02
Liver 4.42E-02 2.31E-02 2.39E-02
Lungs 2.96E-02 2.70E-02 2.76E-02
Red Marrow 1.44E-02 8.33E-03 7.87E-03
Spleen 9.99E-02 2.94E-02 3.48E-02
Thyroid 1.74E-02 1.38E-02 1.17E-02
Remainder of Body 1.26E-02 8.33E-03 9.92E-03

TABLE 7.6. MIM surrogate dosimetry workflow output

64cy | 8Ga 18R
Kidneys 1.27 1.29 1.34
Liver 1.57 1.72 1.72
Lungs 1.58 200 | 222
Red Marrow 0.54 0.52 | 0.51
Spleen 3.41 1.88 2.24
Thyroid 1.35 1.56 1.29
Remainder of Body 1.23 1.25 1.36

TABLE 7.7. MIM/OLINDA activity ratio for 6 organs and remainder of body
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FIGURE 7.3. Graphical representation of the activity ratio between MIM and
OLINDA outputs
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7.4. Discussion

The results given in this chapter are based purely on organ dose, and were performed
to provide an insight into the safety and biodistribution of the shorter half-life tracers.
Optimisation is required to take the treatment efficacy into account, with tumour lesion
dosimetry analysis in particular, but the initial values of the one-dimensional concept of
absorbed dose are all presented in this chapter. Although the activities required for the three
(7 emitters to match the organ dose of ""Lu is relatively high, the concept of using what
are conventionally diagnostic radionuclides at therapeutically equivalent levels rationalises
this. The dose could be delivered, for example, weekly over four weeks.

Addressed throughout this thesis, there is still a common misconception that the
absorbed dose from RNT is equivocal to that of EBRT. Furthermore, the determination
of the relative biological effectiveness (RBE) of the procedure is crucial, especially if the
treatment planning is to be implemented clinically using the methods described in this
chapter. The RBE takes into account the modes of DNA damage, particle v.s. ionisation and
the formation of reactive oxygen species, biologically effective dose, dose rate and overall
treatment regimen, all which impact the efficacy of the dose absorbed to the target. Thus,
this deceptive concept of absorbed dose implies that the activities required to deliver an
equivalent dose of '”’Lu to the organs is still difficult to accurately quantify in relation to its
radiobiological effects, even between radionuclides, and also neglects any immunological
responses.

The linear energy transfer of Auger electrons are orders of magnitude higher than both
B~ and BT particles (0.2 kev/um v.s. 4 to 25 kev/um). Those that have multiple modes of
decay such as **Cu with a cocktail of emitted particles (~ 18% 7, ~ 39% 3~ and ~ 43%
Auger electrons from electron capture (EC)) will introduce further inaccuracies associated
with the treatment efficacy of the absorbed dose in the calculations performed in this chapter.

This, compounding with the higher dose rates, both from the higher activities required and
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the shorter half-life, makes the predictive off-target effects immensely difficult to manage
from the absorbed dose values.

Although the tumour lesion dosimetry is not performed here, if an identical quantity
of dose as ""Lu could be deposited into a volume of interest, but in a drastically shorter
amount of time, the probability of creating complex, irreparable DNA damage is significantly
higher; this was addressed in Chapter 6, regarding the intrinsic limitations of certain clinical
radionuclides, as their G-factor in systemic treatment is heavily restricted by the half-life.
Further investigation identifying the retention time of the tracer within the tumour across
a longer time frame will lower the activities required to deposit the target dose, effectively
resulting in a lowered normal organ dose.

As with any radiobiological studies that are being integrated into therapeutic nuclear
medicine, the concepts of tumour control probability (TCP) and normal tissue complication
probability (NTCP) utilised in fractionated EBRT must be taken into consideration,
especially with the higher dose rates of radionuclides for use in PERT. The radiobiological
justification between the hypofractionation schedules (higher doses per fraction and a
shortened overall schedule) that are implemented in EBRT, should be incorporated when
determining the upper limit of activity in the administration of shorter half-life 5% emitters.
Current fractionation schedules of RNT, as mentioned above, are arbitrarily defined as 6 to
8 weeks between administration. If the recovery and repair of the dose-limiting organs can
be determined, by taking NTCP into account, the interval between the PERT administration
can be shortened.

Discrepancies between the OLINDA and MIM Encore results stem predominantly from
the definition of the organ volumes and the density correction methods when converting the
cumulated activity or integral activity to dose.!¥? CT-based density correction maps take
into account any heterogeneity in organ density; a necessary feature in personalisation of
treatment planning. Highest disparity was observed for the '®F results of red marrow and

4Cu results of spleen, with ratios of 0.51 and 3.41, respectively. The MIM contour of the
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bones did not isolate the red marrow, resulting in a ratio of <1. The fluctuations in variability
across organs display the importance of the personalisation of therapy; for the analysed
patient, the actual mass of the spleen was smaller than the average used in OLINDA (82
g v.s. 183 g), which would have led to a significant overdosing if standard phantom masses
were used to prescribe the activities.

The computed dosimetry results from both OLINDA and MIM Encore of ®*Ga, despite
having a shorter half-life and higher 3% emission energy than '8F, show that the dose
deposition is equally efficient per unit of activity. This is attributed to the energy absorption
from the low energy x-rays and Auger electrons produced in the EC process - a branching
percentage of approximately 10.5%. The decay chains of both ®*Cu and %Ga, from the
contributions of Auger electrons with the /3 particles, can allow for a potential improvement
in the treatment efficacy that may be realised in PERT, compared to '8F with a smaller

fraction of Auger electron emission from EC (=~ 3.3%).

7.5. Conclusion

This chapter demonstrated a proof-of-concept biodistribution dosimetry study of
utilising therapeutic radionuclide clearance data to prescribe the tolerable activity of S+
emitters. Variability of using different software involved in dosimetry is a clinically

recognised limitation #5131

The standardisation of the type of scan, whether it be a planar
or tomographic, along with the dosimetric analysis, must be normalised for the purpose of
consistent pre-treatment evaluation for therapy.

The underlying concept behind using 57 emitters for therapy takes into account both the
shorter half-life of the radionuclide to intrinsically increase the dose rate, but also to harness
the therapeutic effect of the particle itself. With radionuclides such as **Cu, a combination

therapy of 5T and 5~ with low energy x-rays and Auger electrons should be explored further

to improve the treatment outcome for patients with metastatic disease.
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CHAPTER 8

Conclusion and Future Work

8.1. Conclusion

The work presented in this thesis highlighted the importance of interdisciplinary
collaboration toward the goal of personalised treatment in RNT. Current means of
determining the prescribed dose is based on parameters such as the tumour size, extent of
metastasis and the general condition of the patient to handle potential side effects from
the off-target effects of the treatment.”5 Although personalisation is achieved to a certain
extent, it does not differentiate one patient’s cancer characteristics from another or the
variations in uptake between patients, thus is not capable of extracting the full benefits
of the prescribed dose. As the data obtained from in silico, in vitro and in vivo studies
can collectively begin to reveal the essential parameters needed to improve the efficacy
of treatment in the clinic, the importance of fundamental research is exemplified, and is
reflected throughout this thesis.

No gold standard exist for in vitro radionuclide irradiation investigations. This is
predominantly due to the difficulties faced if one were to take into account different
half-lives, modes of decay and branching ratios coupled with a spectrum of emitted
photon energies. While Chapter 4 detailed a protocol for short half-life radionuclides, this
methodology was created to act as a template, adaptable to most therapeutic or theranostic
radionuclide, provided that the cells irradiated are suitable for a clonogenic assay. The
protocol aimed to suit the needs and experimental outcomes of any radiobiological project,
with key notes and points embedded to minimise optimisation time.

In the midst of developing a standardised protocol for in vitro radiobiological RNT
studies, a thought experiment on the therapeutic potential along the thermalisation track

of T before positronium formation and annihilation was brought about. These discussions
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led to the investigation of the strand breaks on a simple, linear DNA model in TOPAS-nBio,
eventually allowing for the protocol “in-development" to be tested with a novel modality
in RNT, coined as PERT, explored in Chapter 5. High activities of ST emitters described
would currently be difficult to implement into the clinic, but the impact on the clonogenicity
of the cancer cells demonstrated that investigation into the fundamental physics can lead to
the unexpected development of novel concepts.

To address and overcome some of the limitations posed by the escalated doses required
in the possible PERT implementation in the clinic, the manipulation of the Lea-Catcheside
G-factor performed in Chapter 6 demonstrated that cells may exhibit a certain limit to their
dose response when a high dose rate is achieved, similar to the recombination of the ROS or
free radicals in EBRT. The fact that higher LET particles causes irreparable DNA damage
more efficiently would imply that no ceiling should exist, and therefore an intrinsic limitation
may potentially exist in this experimental structure. The small pilot study “fractionating"
dose delivery did not improve the dose response when compared to the “acute”, but it
demonstrated that the impact on the clonogenicity can still be achieved by partitioning the
activity. Clinical implementation of fractionated dose delivery in PERT therefore would
become more feasible whilst maintaining the treatment efficacy through the development of

a highly specific targeting agent.

8.2. Future Work

8.2.1. Radiobiological Assays

A large collection of assays are available to further characterise the dose-response from
a radiobiological perspective. Some assays which were not included in this thesis due to the
difficulties in optimisation were the v-H2AX and apoptosis assays. Once these results can
be collected, an effort to standardise the radiobiological assays should be made to allow for

a catalogue of radiobiological parameters for various cancer cell lines available.
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Furthermore, multiple time-points should be investigated for the assays due to the
delayed effects of radiation as well as cellular response. This will complete the full picture

of the radiobiological characterisations attempted throughout this thesis.

8.2.2. Extending the in vitro Experiments

Before the progression along the translational research pipeline, the efficacy of the
emitter '8F when labelled to targeting agents such as PSMA-11 (PSMA-HBED-CC) must be
explored. As PSMA ligands are internalised into PSMA receptor expressing PCa cells, the
source-to-target geometry and temporal variability of the site of the 3+ emission changes
dramatically. Further optimisation must be performed to determine the ratio of uptake to
determine the efficacy of the internalised radionuclide. This must be accompanied by a more
sophisticated in silico dosimetry platform to estimate the difference between fractions of
internalisation, and results will be compared with the unlabelled PERTS results in Chapters

5 and 6.

8.2.3. in silico Experiments

Expanding on the use of the two dosimetry software platforms in Chapter 7, investigation
into the tumour lesion retention must be performed. Increasing the number of patient scans
will also allow for a detailed statistical analysis on variability of organ and lesion volumes,
along with improved biodistribution data for prescriptive dosimetry. Dose response from
patients can also be used to explore the clinical relative biological effectiveness between the

surrogate radionuclide and any novel tracers that are currently being developed.
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